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MÉTHODE DE CARACTÉRISATION SOUTERRAINE

D'UNE ENCEINTE DE STOCKAGE DANS LA ROCHE GRANITIQUE

par

R.A. Everitt, C D . Martin et P.M. Thompson

RESUME

Le Programme canadien de gestion des déchets de combustible nucléaire
étudie notamment le concept de stockage permanent des déchets de
combustible nucléaire par enfouissement dans une enceinte excavée dans le
bouclier canadien. Des barrières ouvragées et naturelles serviraient à
isoler les déchets de la biosphère. La caractérisation souterraine et
divers essais sont en cours depuis 1983 dans le Laboratoire de recherches
souterrain (LRS) dans le cadre de ce programme.

Le présent rapport s'appuie sur l'expérience acquise au LRS pour
recommander une méthode de caractérisation souterraine visant à obtenir
des informations permettant de tirer le meilleur parti possible de la
conception de l'excavation et des barrières ouvragées, et à servir de
référence pour surveiller l'installation pendant la période d'exploitation
et au delà.

Les éléments essentiels du programme de caractérisation recommandé sont
les suivants :

1. L'application à la conception et à la caractérisation, d'une méthode
d'observation itérative qui permette d'améliorer progressivement
notre connaissance et les modèles du site, au fur et à mesure que la
construction progresse.

2. L'utilisation de bonnes méthodes de laboratoire et sur le terrain
pour valider les modèles et les valeurs des paramètres, dans la
mesure du possible.

3. La mise en oeuvre d'un programme d'assurance qualité convenable.

4. La mise en oeuvre d'un programme d'examen par les pairs réalisé par
des experts indépendants.

La caractérisation d'une enceinte de stockage et de son milieu environnant
devrait être effectuée pendant toutes les étapes suivantes : évaluation de
site, caractérisation en surface, caractérisation souterraine,
construction, exploitation, déclassement et fermeture. Toutefois, le
présent rapport se limite à l'étape au cours de laquelle les excavations
en profondeur et les forages en surface sont utilisés pour déterminer si
le site remplit les exigences d'un site d'accueil d'une éventuelle
enceinte de stockage.
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AN APPROACH TO UNDERGROUND CHARACTERIZATION

OF A DISPOSAL VAULT IN GRANITE

by

R.A. Everitt, C D . Martin and P.M. Thompson

ABSTRACT

The concept of disposing of nuclear fuel waste by sealing it in a disposal
vault in the Canadian Shield is being investigated as part of the Canadian
Nuclear Fuel Waste Management Program. Engineered and natural barriers
would isolate the waste from the biosphere. Underground characterization
and testing have been under way since 1983 at the Underground Research
Laboratory in support of this program.

This report draws on experience gained at the URL to recommend an approach
to underground characterization to obtain information to optimize the
design of the excavation and the engineered barriers, and to provide a
baseline against which to monitor the performance of the facility during
and following its operation.

The essential elements of the recommended characterization program are:

1. The application of an iterative observational method to design and
characterization where there is a progressive improvement in under-
standing and models of the site as construction proceeds.

2. The use of appropriate laboratory and field methods to validate models
and parameter values to the extent possible.

3. The implementation of a suitable quality assurance program.

4. The implementation of a program of peer review by independent experts.

The characterization of a disposal vault and its environment would be a
continuous process through the periods of site screening, surface charac-
terization, underground characterization, construction, operation,
decommissioning and closure. However, this report is limited to the period
during which underground excavations and surface drilling are used to
determine whether the site meets the requirements for a disposal vault.
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EXECUTIVE SUMMARY

ES.1. INTRODUCTION

The Canadian Nuclear Fuel Waste Management Program has developed a concept
for disposing of nuclear fuel waste in a vault excavated at a nominal depth
of 500 to 1000 m in the plutonic rock of the Canadian Shield. Several
engineered and natural barriers would contribute to the protection of
humans and the natural environment from any adverse effects of the waste.
The barriers would include a corrosion-resistant waste container, a waste
form with low solubility, a low-permeability buffer surrounding the
container, other engineered sealing systems for the remainder of the
excavations and the exploration boreholes, and the surrounding rock and its
groundwater system.

A program of site-specific characterization is needed to evaluate the rocks
and groundwater conditions at candidate sites and, once a site is chosen,
to provide the information necessary to optimize the design of the excava-
tions, the waste emplacement strategy, and the engineered barriers. The
site characterization program will also provide the information needed for
a baseline against which to monitor the performance of the facility during
its operation and following its closure and for the assessment of
environmental effects.

This report describes an approach to underground characterization that
would provide the necessary information for designing and constructing a
disposal vault in plutonic rock, with particular emphasis on granitic
rocks.

The characterization of a site for a nuclear fuel waste disposal vault will
be a continuous process beginning during the siting stage (comprising
sequential site screening and site evaluation substages) and continuing
through the construction, decommissioning, and closure stages. This report
describes the underground characterization technology that could be
implemented during the site evaluation substage and the construction and
operations stages. Activities conducted during the site screening substage
and the decommissioning and closure stages are not included.

ES.2. CHARACTERIZATION APPROACH

The characterization program has the following essential elements:

1. The application of an iterative observational method to under-
ground characterization, design and construction where there is a
progressive refinement in the understanding of the site as
construction proceeds.
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Sometimes referred to as the "design-as-you-go" philosophy, the
observational method incorporates characterization and
monitoring, design for a reasonable range of conditions,
construction and observation, and evaluation, with remedial
measures, design revision and continued observation as required.

2. The use of appropriate laboratoiy and field methods to validate
predictive models to the extent possible.

3. The implementation of a suitable quality assurance program that
assists with the execution of the various tasks involved in the
total characterization effort, but does not hinder or compete
with the overall basic operating philosophy described in (1)
above.

4. The implementation of a program of peer review by independent
experts.

This approach and many of the specific methods discussed in this report
should be applicable to any project requiring the characterization of
underground geotechnical conditions, regardless of the site or host medium,
the details of future regulatory requirements, and the evolution of charac-
terization technology. Their successful application to the underground
characterization, design and construction of AECL's Underground Research
Laboratory (URL) is described to illustrate the approach.

One important aspect of the approach is that no single parameter or
discipline predominates. Rather, contributions from many disciplines must
be effectively integrated to identify factors that have a strong influence
on the performance of the disposal system and to distinguish them from
those of lesser significance, through each of the successive phases of the
site's development.

ES.3. UNDERGROUND CHARACTERIZATION PROGRAM

The underground evaluation program will be undertaken concurrent with the
latter part of the surface-based evaluation program (Davison et al. 1994).
The underground characterization activities can be divided into the
following sequence:

1 — those associated with construction of an exploration shaft,
2 - those associated with excavation of exploration tunnels, and
3 — those associated with excavation of the disposal vault, including

emplacement panels.

The multidisciplinary investigations conducted from the surface during the
siting stage include regional and detailed geological and geophysical
mapping, borehole investigations including geological core logging, geo-
physical testing, determination of geomechanical and hydrological proper-
ties, and the determination of in situ stresses. These investigations
define the tectonic style of the region, the groundwater flow regime, the
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hydrogeochemistry of the area, and the location of major fracture zones in
the rock mass at the disposal site. These studies also determine the
general pattern and extent of smaller scale fracturing, the distribution of
permeability within the fracture zones and the regions of lower
permeability (i.e., moderately and sparsely fractured rock), the mineralogy
of fracture infillings and alteration, and the rock types and their
petrography.

Such investigations would provide the basis for locating the disposal
vault. As a framework for the discussion, this report assumes the disposal
vault is based on the conceptual design described by Simmons and
Baumgartner (1994). In this design, the disposal vault waste emplacement
area requires a plan area of about 4 km2. The spatial locations of the
exploration shafts and tunnels will be dictated by geological information
obtained from the surface-based site characterization and the conceptual
arrangement of the disposal vault. Major permeable discontinuities and the
dimensions and geometry of low-permeability blocks of rock bounded by the
higher permeability zones will be identified.

The underground characterization program conducted during the construction
of the exploration shafts and tunnels is designed mainly to evaluate if the
site characteristics are suitable for a disposal vault and to provide
detailed information for the layout of the waste emplacement panels and
disposal rooms.

The characterization work in the exploration shaft will provide the first
opportunity for continuous and systematic recording of full-scale data with
depth at the site. This work must be done concurrently with the shaft
excavation for there to be reasonable access and for transient
time-dependent phenomena to be recorded.

The exploration tunnel characterization will begin with drilling
exploration boreholes for horizontal development. These boreholes will
provide information to define the orientation and location of the
exploration tunnels. The characterization activities will also include
continuous documentation of the geotechnical conditions actually
encountered in the construction of the exploration tunnels to verify that
they fall within the anticipated design ranges. In situ tests are
conducted in a special test area to select and design the final excavation
and emplacement methods as the exploration tunnel development is being
done.

The characterization of the disposal vault itself begins with exploration
drilling to define the precise location, dimensions, and orientation of the
waste emplacement panels and disposal rooms. Additional characterization
such as geological mapping, hydrogeological testing and geophysical mapping
is conducted in the waste emplacement rooms. The amount of work necessary
at any time is dictated by the site conditions.
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ES.4. CHARACTERIZATION OBJECTIVES

The first element of engineering a disposal facility is to develop and
verify a comprehensive site geotechnical model that reasonably represents
the physical and chemical conditions in, and the responses of, the
geosphere.

The underground characterization program described in this report is
directed at confirming, defining or revising the following components of
the site geotechnical model through the successive stages of vault
development :

1. The general geology of the site potential for economic
mineralization and the search for guides to the dimensions,
history, and fracture pattern of the rock blocks.

2. The location and characteristics of the groundwater flov; network,
including the major fault zones and fractures, and the rock mass
between them. This includes:

the fracture network,
the hydrogeology of the fracture network,
the groundwater chemistry and microbiology, and
the chemistry of the rock and fracture-filling minerals.

3. The information required to design the facility to reduce thermal
effects and excavation damage. This includes:

the mechanical and thermal properties of the rock,
the in situ stress field,
the thermal response of the rock mass, and
the coupled in situ response of the rock mass to induced
effects from excavation and thermal loading.

Whether data collection in these areas will be most intensive during shaft
sinking, or during level development, will depend on the location and
orientation of major structures relative to the excavations.

ES.5. CHARACTERIZATION METHODOLOGY

ES.5.1 GENERAL GEOLOGY

The general geology refers to the size, dimensions and homogeneity of the
plutonic rock body selected, its history of formation and subsequent
deformation and the potential for economic deposits. This information
needed to determine the general geology is obtained from detailed
underground geological mapping supplemented by laboratory investigations
(petrography, geochemistry, petrofabrics rock properties testing); radar
and seismic surveys, and core logging, geophysical surveys, hydrogeological
testing, and hydrogeochemical sampling in boreholes; and in situ stress
measurements.
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The objective of the mapping program is to define the large-scale geologi-
cal structure of the site, such as has been done at the URL and in other
recent studies (e.g., Mandziuk et al. 1989).

ES.5.2 FRACTURE FRAMEWORK

For underground characterization it will be necessary to verify the
fracture-framework component of the site conceptual model. A fracture-
framework model will be derived from surface mapping, regional geophysical
investigations and borehole logging. This model will be extrapolated into
the subsurface on the basis of what is geologically probable or possible,
given an understanding of the regional setting of the batholith, its age,
and its deformation history.

During construction of the facility, underground characterization will be
directed at confirming the location and character of the major fracture
zones recognized, identifying the variations in fracture pattern with
depth, rock type and location (the fracture domains), and defining the flow
paths at a variety of scales. This work will be accomplished by detailed
underground mapping and borehole logging supplemented by in situ radar or
sonic surveys, by single-hole and crosshole tomographic methods, and by
crosshole hydraulic testing. The fracture and litho-structural models must
be developed in concert because fracture patterns commonly vary with the
rock type and structure.

ES.5.3 HYDROGEOLOGY

The objectives of the underground hydrogeological characterization will be
to confirm or define:

1. the location, extent and interconnections of the important high-
permeability fractures and fracture zones,

2. the location, extent and boundaries of unfractured or sparsely
fractured volumes of the host rock,

3. the solute-transport properties of the important fractures and
fracture zones,

4. the response of the solute-transport properties of the regions of
unfractured or sparsely fractured rock to tunnel and room excava-
tion, including the influence of the hydrogeological systems at
the site, and

5. to provide data to test and verify hydrogeological models of the
site (e.g., the drawdown experiment during shaft sinking).

The underground hydrogeological characterization program will consist of:

1. hydraulic testing and instrumentation of pilot boreholes drilled
from the surface to a depth beyond the target facility depth in
close proximity to the proposed shaft locations,



- VI -

2. hydrogeological testing and observations made during shaft
excavat ion, and

3. hydrogeological testing and observations made during tunnel and
room excavation at the facility level.

All boreholes drilled and instrumented during the underground characteriza-
tion activities will be incorporated into the hydraulic pressure monitoring
network developed during the surface hydrogeological investigations. This
will determine the extent of the hydraulic response of the undisturbed rock
mass to the excavation activities and will provide information for the
validation and fine tuning of the hydrogeological model.

ES.5.4 GROUNDWATER CHEMISTRY

The objectives of the groundwater chemistry investigations conducted during
the underground characterization program will be:

1. to determine the groundwater chemistry at increasingly local
scales, with emphasis on potentially hazardous or deleterious
constituents (e.g., radon, uranium, high salts content, micro-
organisms) that may either compromise or complicate the excava-
tion, operating and closure phases as described in Sections 4, 5
and 6,

2. to determine the probable composition of groundwater that will
ultimately come in contact with vault materials,

3. to relate the hydrogeochemistry to the local hydrogeology and so
obtain a better understanding of groundwater movement in the host
rock,

4. to define the rock-water-microbial interactions that may control
groundwater chemistry and its evolution, and

5. to provide estimates of groundwater "age" (or residence time) and
source of dissolved constituents to assist in validating the
performance assessment of the vault.

It will be necessary to determine the groundwater composition around a
vault at local, intermediate and large scales. The large-scale characteri-
zation will form a part of the site characterization performed by surface
boreholes and reconnaissance work.

Intermediate-scale characterization includes the use of surface boreholes
drilled near the planned facility and underground probe holes in the
facility to determine the composition of groundwater in permeable fault
zones or individual fractures. Local-scale characterization includes the
sampling and analysis of groundwater from water rings and from shaft and
level inflows, and a detailed study of the groundwater composition and its
variation in permeable zones close to, but not intersected by, the
excavation.



The types of analysis performed on groundwaters collected in local- and
intermediate-scale characterization programs will depend, to some extent,
on the main purpose of the program. The ^ 0 content of groundwater
surrounding a facility is useful in understanding the hydrogeology of the
area and the "age" of the groundwater. Conversely, data showing the
content and types of microorganisms present in groundwater are unlikely to
assist in understanding the hydrogeology or groundwater age, but may
influence the choice of tracers or explosives used, the buffer and backfill
design and long-term stability of the vault.

In addition to sampling groundwaters for detailed analysis, it is essential
to measure the parameters that may change rapidly after sampling (such as
pH, Eh, Fe2+, HCO"3, and dissolved 0 and other gases) at the time the
sample is collected. The pH, Eh and dissolved 0 can be measured most
conveniently in a "flow cell" through which the groundwater passes before
reaching the atmosphere. A constant flow rate (or preventing back-flow
using check valves) and sealing pH, Eh and dissolved 0 sensors in the flow
cell with back-pressure, where possible, to preventing degassing, ensures
reasonable accuracy in defining the complete geochemistry of the
groundwater.

ES.5.5 IN SITU MECHANICAL PROPERTIES OF THE ROCK MASS

The vault design process will require detailed information at an increas-
ingly local scale throughout the project to identify the in situ mechanical
properties of the rock mass. The selection of appropriate conservative
design parameters requires extensive experience with the behaviour of the
rock mass under the mechanical and thermal loads anticipated in the vault.
Although the preliminary vault design will use design parameters based on
laboratory-scale information obtained from the siting program, the final
design can only be carried out after the underground characterization
program activities have determined these properties in situ at a relevant
scale.

Specific areas of interest include strength and deformability properties,
temperature effects and time-dependent properties. These characteristics
will have a direct impact on the vault layout, construction, methodology,
vault operations, design of the engineered barriers, and monitoring and
decommissioning. The major focus of the geomechanical characterization
will be to obtain sufficient information on the mechanical response of the
rock mass to excavation so that the spacing of the container emplacement
boreholes can be designed and excavation damage in the areas used to con-
struct engineered seals can be minimized.

The characterization of the in situ mechanical properties of the rock mass
will likely comprise the following.

1. Standardized testing according to accepted codes and standards
(e.g., American Standards for Testing Materials), conducted by
accredited laboratories (e.g., Canada Centre for Mineral and
Energy Technology).
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2. Recognition and quantification of the influence on the test
results of sample disturbance caused by microcracking.

3. Determination of the thermal properties and their variation with
local in situ stresses, rock properties and sample disturbance.
The effect of thermal loads on the performance of the rock mass
will be controlled, in part, by the in situ stress state and the
excavation geometry and layout. The analysis of the results must
therefore be reviewed in this context.

4. Investigation and quantification of specimen size on results on
test results.

5. Joint characterization using the index testing methods described
by Barton and Choubey (1977). These methods will provide input
data for the Barton-Bandis joint model, which describes the
coupled mechanical and hydraulic response of joints. Bandis
(1990) describes a model for mechanical joint response, and
Barton and Bakhtar (1987) describe the coupled mechanical-
hydraulic response of the model.

ES . 5.6 IN SITU STRESSES

The in situ stress state in a rock mass at depth must be known before any
design work can be done for the excavations. Unfortunately, a rock mass
has usually been subjected to several cycles of loading and unloading,
which produces faults and fractures. Therefore, the in situ stress state
will vary considerably throughout a rock mass.

In situ stresses in the Canadian Shield were compiled by Herget (1980,
1986). Herget's data set, obtained from overcore results at mining loca-
tions primarily in Ontario and Quebec, indicated a "normal" and an
"extreme" population. Most of the sites are located in the Superior and
Southern Tectonic Province of the Canadian Shield, which consist of Archean
and Proterozoic rocks. This information may be used as a first "approxima-
tion" until site-specific measurements are available.

AECL's experience at the URL indicates that large-scale indirect methods
such as core discing, borehole breakouts, convergence, under-excavation,
microseismic monitoring and crosshole seismic surveys, which can be carried
out in conjunction with exploration construction, provide valuable informa-
tion on the in situ stress state such as relative magnitudes and orienta-
tions to make design decisions. Such methods are extremely useful since
the stresses are determined at the scale of the excavation rather than from
a small sample such as overcoring.

Where additional information is required, overcoring and hydraulic fractur-
ing should be used. The overcore method is generally used in shallow bore-
holes (less than 50 m), although recent developments with the overcoring
equipment now allow stress measurements to be made at depths up to 1000 m.
The hydrofracturing method is preferred for greater depths. Both methods
are limited to some extent by the behaviour of the rock, the overcoring
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method by discing and microcracking of the rock cylinders, the hydrofrac-
turing method by rock anisotropy.

ES.6. NUMERICAL MODELLING

The process of vault design faces the unique problem that the demonstration
of compliance with individual risk requirements can only be done by fore-
casting future effects using predictive mathematical modelling techniques.
It is expected that detailed geotechnical models will be used to predict
the expected conditions and responses to each significant activity under-
taken in the development of the disposal vault. Actual conditions and
responses should be measured and recorded throughout the project so that
they can be compared with those predicted. This will allow the model to be
verified and improved on a continuing basis.

The degree to which the analytical and numerical methods can represent the
relevant processes depends on what is known about the site, the material
properties, the degree of variability within the site and the materials and
the approach and approximations used to model the site. During the staged
evaluation construction and operation of the disposal vault, the degree of
uncertainty, particularly with special variability of material properties
and characteristics, will diminish as the performance of the site,
structures and hydrogeology is characterized by actual visual observation
and monitoring.

New characterization and performance monitoring information will become
available during the underground evaluation, construction and operational
stages of the disposal vault. This data can be compared to the analytical
results and the computer models, and the constitutive equations for
material behaviour can be refined continuously for the various locations
and structures within the vault environment.

During the construction of a disposal vault, observations of the responses
to the construction and characterization activities can guide the refine-
ment of the models to best simulate the actual vault performance in the
near term and to enhance the confidence in the bases for simulating long-
term performance (i.e., over 10 to 10^ a).

ES.7. CONCLUSIONS

These are the essential elements of the underground characterization
program presented in this report.

1. There is an iterative observational approach to design and char-
acterization so that there is a progressive improvement in under-
standing and in the predictive models as characterization and
construction proceed throughout the project.
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2. The approach involves the implementation of a suitable quality
assurance program to complement it.

3. The characterization program is both comprehensive and multidis-
ciplinary as it examines a range of site variables, which can be
ranked according to their relative effect on the design and per-
formance of the facility during each of the successive phases of
development.

To effectively address the design issues, the characterization program
contributions must be multidisciplinary and project-oriented. This inte-
gration will be most effective if contributors from geology, geophysics,
geomechanics, geochemistry, excavation design and hydrogeology work
together on-site as a team in concert with the design, construction,
operations and performance-assessment groups.

Support for these groups will be required in database management and
computer systems support, records management, data entry, design and draft-
ing (primarily three-dimensional borehole layouts and excavation model-
ling) , instrumentation design and manufacture, excavation and drilling
inspection for quality control and project management. Technical support
and specialty services (e.g., peer review, chemical analyses, and photo-
grammetry) will also be required. These services and infrastructure must
be in place at the start of the program before any underground excavation
begins. Preliminary periods of in situ testing and training will be
required betore each major construction phase is undertaken.

The construction contracts must be designed to accommodate characterization
activities and to take advantage of unexpected characterization results so
that the facility design can be optimized. For example, this may include
reserved blocks of time to map at the excavations, and the termination of
construction activities during key periods of hydrogeological monitoring or
sonic testing.

The results from the underground characterization activities should, as
much as is possible, be summarized in a form to facilitate their integra-
tion in the form of geotechnical or numerical models, and allows their
immediate application to design or performance analyses. This will require
the standardization of input/output formats, and consistency in hardware
and software used by the various contributing groups. Further, the data-
base, analysis, drafting and instrumentation systems should be on-site to
allow immediate multiple access and use.

The technologies necessary to implement this underground characterization
program are generally available and have been tested by AECL during the
development of the URL facility. However, improvements are continuing to
be made and specific examples include:

1. The development of crosshole methods capable of defining excava-
tion damage in the first metre around an excavation.

2. The testing and documentation of the correlations between
geophysical, geomechanical and geological results (e.g., varia-
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tions in natural and induced microcrack density and their effect
on the determination of rock properties and in situ stresses).

3. The characterization of fractures zones and channelling within
them using crosshole tomographic geophysical methods.

4. The testing and documentation of the correlations between rock
alteration, fracture mineralogy, and groundwater chemistry.

5. The development and testing of radiometric age dating methods
concentrating on dating the youngest periods of movement within
the fracture zones.



1. INTRODUCTION

ASCL has developed a concept for the disposal of Canadian nuclear fuel
waste. The proposed disposal concept is a method for geological disposal
of nuclear fuel waste. Multiple barriers would protect humans and the
natural environment from both radioactive and chemically toxic contaminants
in the waste. Theue barriers would be the container; the waste form; the
buffer, backfill, and other vault seals; and the geosphere (the rock, any
sediments overlying the rock below the water table, and the groundwater).
Institutional controls would not be required to maintain safety in the long
term.

The activities at a disposal site include the characterization required to
select and license the site and locate the exploration shafts, the sinking
of exploration and access shafts, the excavation of an array of tunnels to
confirm the dimensions and conditions of the underground vault environment,
the excavation of disposal rooms, the emplacement of the waste in
corrosion-resistant containers in engineered sealing materials in the
rooms, and the backfilling and sealing of all the tunnels, shafts and
boreholes.

A program of site-specific characterization is needed to evaluate the rock
and the groundwater conditions at candidate sites and, once a site is
chosen, to provide the information necessary to optimize the design and
construction of the disposal vault, its excavation and the engineered
barriers. The information obtained during the site characterization
program also provides a baseline against which the performance of the
facility will be monitored during its operation and following its closure.

The approach to underground characterization described in this report
provides the necessary information to make design decisions for
constructing a disposal vault. The report emphasizes granitic rocks
because of AECL's experience at the Underground Research Laboratory (URL)
constructed in a large granite batholith in southeastern Manitoba. The
characterization approach comprises an iterative and interactive process of
observation, design, testing and monitoring that should be applicable
regardless of the site selected and regardless of the future design
criteria, regulatory requirements and technology. The report discusses the
selection and application of the methods, and offers recommendations to
enhance them through further study.

1.1 SCOPE OF THIS REPORT

The issues associated with the disposal of Canada's nuclear fuel waste are
discussed in the Environmental Impact Statement (EIS) (AECL 1994).
Canadian regulatory requirements specific to the disposal of nuclear fuel
waste are discussed in Appendix A. • -

Under the Canadian concept, nuclear fuel waste disposal could be implemen-
ted in five sequential stages — siting, construction, operation, decommis-
sioning and closure - over a period exceeding fifty years. Characteriza--



- 2 -

tion would be an ongoing activity throughout this period. However, the
discussion of "underground characterization" is limited in this report to
characterization done in or from underground excavations, beginning with
the excavation of exploratory shafts during the site evaluation substage of
siting and continuing through the construction and operation stages.
Section 2 describes the observational approach and the basic philosophy
guiding the design and characterization of the disposal vault. The design
issues addressed by the underground characterization program are presented
in Chapter 3. The underground characterization of the facility through its
successive stages of development and the application of the information
obtained to the design issues relevant at each stage of development are
discussed in Section 4. Sections 5 to 8 provide a more detailed descrip-
tion of the characterization program during shaft sinking, level develop-
ment, and disposal vault operation including a program of in situ testing.

Additional details on the underground characterization methods are
presented in the appendices.

2. CHARACTERIZATION AND THE DESIGN PROCESS

2.1 INTRODUCTION

The underground characterization program has the following essential
elements:

1. The application of an iterative observational method to design
and characterization where there is a progressive refinement in
the understanding of the site as construction proceeds. The
observational method incorporates characterization and monitor-
ing, design for a reasonable range of conditions, construction
and observation, and evaluation, with remedial measures, design
revision and continued observation as required.

2. The use of appropriate laboratory and field methods to validate
predictive models as far as possible.

3. The implementation of a suitable quality assurance program that
assists with the execution of the various tasks involved in the
characterization effort, but does not hinder or compete with the
overall basic operating philosophy described in (1) above, and

4. The implementation of a program of peer review by independent
experts.

This approach and many of the specific methods discussed in this report
should be applicable to any project requiring the characterization of
underground geotechnical conditions regardless of the site or host medium,
the details of future regulatory requirements, and the evolution of
characterization technology. The successful application of the
observational method to the design of the URL is presented in Appendix B as
an example.
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One important aspect of the approach is that no single parameter or
discipline is predominant. Rather, contributions from many disciplines
must be effectively integrated to identify factors that have a high
influence on the performance of the disposal system and to distinguish them
from those of lesser significance, through each of the successive stages of
the site's development.

2.2 OBSERVATIONAL METHOD

The vault design must minimize the uncertainties in projections of the
vault performance by accounting for the variabilities and uncertainties of
the properties of the rock mass and groundwater systems surrounding the
disposal vault and, where possible, by providing control of the conditions
at the outer boundary of the engineered barriers. However, details of the
variability of the rock properties will remain largely unknown until the
vault is developed through underground excavation. This results from:

1. The limited scale of investigation provided by individual
boreholes.

2. The heterogeneity of the natural environment at the scale of
hundreds of metres common to surface-based borehole
investigations.

3. The existence of natural temporal variability within site condi-
tions (e.g., changes in hydraulic head in response to natural
transient events such as thunderstorms or snowmelt).

4. The changes in the natural environment created as a direct result
of characterization and construction or operation (e.g., the
hydrogeological and hydrogeochemical disturbances caused by
drilling boreholes and by the construction of the underground
openings).

The lack of details on the variability within a selected rock mass is not
unique to the design and construction of a nuclear fuel waste disposal
vault, but is common to all underground construction. Many major under-
ground construction projects such as rail and highway tunnels, dams,
hydraulic-pressure tunnels, underground powerhouses and storage chambers
require a detailed knowledge of the engineering properties of the rock mass
at a particular site, and have been completed successfully. These succes-
ses have been largely attributed to a design approach that accommodates and
adjusts to new observations made as the underground construction advances.

To accommodate the expected conditions and stated design requirements, the
characterization program and the design process must therefore be flexible
and iterative. The "observational method" comprising a continuous cycle of
characterization, model development, testing or assessment, and revision
provides this flexibility and feedback.

The "observational method" to geotechnical project design, construction and
management outlined by Peck (196.9) is a series of necessary and inter-
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related staps that are in concert with good scientific and engineering
practice. These steps in a project reduce the inevitable uncertainties in
predicting the performance of the underground works. The observational
approach involves these steps :

1. Exploration sufficient to establish at least the general nature,
pattern and properties of the geological media, but not necessa-
rily in detail.

2. Assessment of the most probable conditions and the most unfavour-
able conceivable deviations from these conditions.

3. Establishment of a design based on a working hypothesis of beha-
viour anticipated under the most probable conditions.

4. Definition of items to be observed as construction proceeds and
the estimation or calculation of their anticipated values using
the working hypothesis.

5. Estimation of the items noted in (4) under the most unfavourable
conditions compatible with available data on the subsurface
conditions.

6. Selection in advance of a course of action or design modification
for every foreseeable significant deviation of the observational
findings from those predicted by the working hypothesis.

7. Measurement of items to be observed as defined by (4) and evalua-
tion of actual conditions.

8. Modifications to design/construction to suit actual conditions.

Peck notes that, "... when formalized as above, the observational design
method seems somewhat contrived and rigid... . When applied professionally
with subtlety and creativity it leads to successful, satisfactory design."
Our approach to vault design, described by Simmons and Baumgartner (1994),
largely follows the observational method.

The major elements in the observational method in the context of a disposal
vault are shown in Figure 1. They include:

1. characterization and monitoring,

2. design for a reasonable range of conditions,

3. construction and observation, and

4. evaluation with remedial measures, design revision and continued
observation.

In this report, underground characterization is the continuous process of
collecting, compiling and applying geological, geophysical,
hydrogeological, hydrogeochemical, microbial and geomechanical information
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throughout the design, siting, construction, operation, decommissioning and
closure of a disposal vault. "Application" refers to the on-site
compilation and integration of data as they are obtained to be better able
to plan and interpret subsequent excavation and characterization as
required in the observational method.

Appendix B describes the application of the observational method by AECL to
the characterization program during the design, construction and operation
of the URL. The geotechnical information obtained from this characteriza-
tion was used to initiate significant design changes as the facility
evolved. A flexible engineering process with emphasis on observing and
accommodating actual in situ conditions during the development of the
facility allowed AECL to effectively accommodate diverse in situ conditions
and optimize the layout of the experimental test areas.

2.3 ROLE OF MODELLING

The nuclear fuel waste disposal vault project faces a unique challenge
because the demonstration of long-term compliance with the quantitative
risk requirements set by the regulatory agencies will be done by forecast-
ing future impacts using predictive mathematical modelling techniques. An
element of this predictive modelling will be the development and validation
of geotechnical model(s) that represent the important contaminant transport
characteristics and processes of the site, the engineered components, and
the changes caused by the construction and operation of the disposal vault.
Models will be developed and applied to predict the expected conditions and
responses resulting from each new activity undertaken in the development of
the disposal vault. Actual conditions and responses will then be compared
to those predicted, and the model(s) will be verified or updated and
improved on a continuing basis.

The thermal, mechanical and thermal-mechanical analytical methods used in
vault engineering are at various stages of development and vary from rela-
tively simple closed-form analytical methods to sophisticated numerical
methods. The constitutive equations for material behaviour used in the
analyses can also vary from representing linear, isotropic responses to
non-linear, anisotropic responses to changes in physical state when limits
to one state are exceeded (e.g., when the elastic limit is exceeded).

Closed-form analytical methods are seldom used in geotechnical engineering
other than to analyze the initial scope of a problem in order to identify
the processes and parameters that most strongly affect engineering
performance. This is because in real cases the geometry and boundary
conditions responses cannot be defined by simple mathematical expressions;
more than one material type, each with differing material properties, is
usually present; and limits to physical state are often exceeded. In these
situations, the mathematics of the closed-form analytical methods are too
complex to derive and solve.
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Numerical methods (finite-element, discrete-element, finite-difference and
boundary-element methods) have been created to solve such problems with the
help of the data processing capabilities of computers. These methods are
based on the same mathematical principles as the closed-form methods, and
have been used extensively in civil, mechanical, hydraulic, geotechnical
and electrical design. These numerical methods can incorporate any consti-
tutive equations for material behaviour. The success in arriving at reason-
able solutions depends on understanding the general problem, determining
the appropriate material properties, formulating the problem correctly, and
executing an appropriate solution process. The solution process is checked
continuously by comparing and verifying the calculations from numerical
methods with known solutions created by other means such as the closed-form
methods.

Comparisons with other numerical methods are made for more complex problems
where closed-form solutions are not available. Ultimately, the results
must be compared to field observations to evaluate the usefulness of the
solution for predicting the actual field behavior of the materials.

Many computer programs, either general commercial programs or specialized
proprietary programs, have been created and used to analyze thermal, mecha-
nical, hydrological and coupled behavior of both natural and engineered
materials under conditions expected in a disposal vault. The circumstances
under which the computer programs have been used are recorded, reviewed and
published in journals, technical reports and conference papers where they
are open to scrutiny by anyone.

The degree to which analytical methods can represent the relevant processes
depends on the knowledge of the site, the material properties, the degree
of variability within the site and the materials, and on the approach and
approximations used to model the site. As the spatial extent and level of
detail in characterizing and monitoring the performance of the rock mass,
its groundwater systems and the engineered components within the vault
expands during the siting, construction and operation of the disposal
vault, the degree of uncertainty will diminish, particularly regarding the
spatial variability of material properties and the thermomechanical-
hydrological responses.

The details collected at the site during the site screening and early
surface-based site evaluation will be limited to the gross features that
may control the general behaviour of the vault/geosphere system. The data
available for designing the vault and modelling the effects of construction
and long-term performance following closure will also be limited to those
collected directly at the surface and from boreholes drilled from the
surface. These data will define the general pattern and properties of the
site. An example of this is the information gathered from the research
areas on the Canadian Shield in the NFWMP. Together with other sources,
this information has been used to develop alternative conceptual designs
for non-site-specific disposal facilities. Since much of the information
is limited in detail, particularly at the spatial scale needed to design an
actual d-sposal vault, relatively uniform material properties were used in
the analyses to develop conceptual designs to accommodate the basic thermal
and thermal-mechanical responses within the design constraints.
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More detailed characterization and performance monitoring information will
be available during the later surface-based and the underground evaluation
part of the siting stage, and during the construction and operation stages
of an actual disposal vault. Field data will be collected and compared
with the predicted results produced by the computer programs, and the
constitutive equations for material behaviour will be refined continuously
for the various locations and structures within the vault environment.
This approach was used during the siting and construction of the URL.
Several models were examined at the URL:

1. A mechanical model using the ABAQUS program to calculate
mechanical responses for comparison with field data from the Room
209 excavation response test (Lang 1989).

2. A mechanical model using the MCDIRC program to calculate the
time-dependent mechanical responses for comparison with
displacement measurements and acoustic emissions taken during
shaft extension (Wilkins and Rigby 1990).

3. A hydrogeological model using the MOTIF program to calculate the
hydrogeological responses for comparison with the measured and
predicted groundwater drawdown caused by excavation (Davison and
Kozak 1988).

The comparisons showed that the results are affected by the data and
assumptions selected for the models, by the variability in the properties
of the media, and by the the interpretations of conditions from which the
models were created. During the construction of an actual disposal vault,
observations of the responses will guide the calibration and refinement of
the models to best simulate the actual vault and geosphere performance in
the short term and to enhance confidence in the simulations of long-term
performance (over 102 to 10^ a).

This is consistent with our position that the methods we have now are
adequate and would be appropriate to use if we began characterization of an
actual site today. The fact that we would like to improve our modelling
capability does not mean that we cannot adequately and appropriately
represent the conditions at a site for purposes of design, construction,
assessment and licensing right now. In many cases, the type of information
needed for the models can exceed our ability to collect the information.
In these cases the actual conditions have to be approximated. For example,
in geomechanics, much of the rock mass, except for major fracture zones, is
treated as a homogeneous continuum, and joint systems are treated as
strength-reduction factors through rock-mass classification systems (Barton
et al. 1974, Bieniawski 1974) and an empirical failure criterion (Hoek and
Brown 1980) . It is not practical or necessary to characterize each and
every joint in terms of its location, geometry, material properties, and
interconnection with other joints. Thus, the overall effect of the joints
on the rock-mass elastic modulus, Poisson's ratio and strength, as
determined from field response measurements, is averaged for each volume
investigated, and is included within the overall rock-mass behaviour model
(Lang 1989) .
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Similarly, one approach in hydrogeology is to treat the fractured rock mass
as an equivalent porous-medium continuum. Fractures, fracture zones and
boreholes can be treated as discrete features within the models. Ground-
water flow occurs through interconnected networks of fractures or joints
within moderately fractured rock regions. As in geomechanics, it is impos-
sible to characterize each and every joint within such domains. Thus,
their hydrogeological effects in terms of hydraulic conductivity and poro-
sity are determined from field response measurements, and are averaged over
relatively large volumes of the rock mass for inclusion within the hydro-
geological models (Davison and Kozak 1988) .

Sensitivity analyses are performed as part of the overall modelling process
to test how critical the approximations, simplifications and assumptions
are to the model results and to establish the relative importance of
certain physical behaviours to the overall design and performance of the
disposal system. For example, thermomechanical models predict that a
near-surface extension zone can be created in the rock mass from the ground
surface above a disposal vault. This zone is caused by thermal
expansionary uplift of the rocks overlying the disposal vault and
represents a volume of rock in which the effective horizontal stress
becomes "tensile" and there is a potential for opening of subvertical
fractures. If such a zone formed, it is expected that the vertical
components of the hydraulic conductivity of the rock mass in the near-
surface extension zone would increase. However, it is not likely that this
far-field effect can be created experimentally or be monitored effectively
during the operating and closure stages of a disposal vault as part of the
model validation process because it is a large-scale and long-term effect
(Acres et al. 1980a,b, Acres et al. 1985). The significance of this
near-surface extension zone on the long-term performance of the disposal
vault depends on the hydrogeological conditions of the site. On the basis
of analyses performed at the Whiteshell Research Area, an increase in the
near-surface hydraulic conductivities would have a negligible effect on the
long-term transport of contaminants from a disposal vault to the surface
(Chan and Stanchell 1990). Similarly, the sensitivity of the long-term
performance of the disposal vault to excavation-induced damage effects is
likely to be site- and design-specific (Chan and Stanchell 1990).

2.4 PROJECT MANAGEMENT

It is important to recognize that development of a nuclear fuel waste
disposal vault is very different from the development of an underground
mine or a civil engineering project. In many cases, particularly in the
mining industry, thorough geotechnical characterization of a site is not
considered a priority, and the rapid development of the mine is emphasized
instead. At a nuclear fuel waste disposal vault site, the project
management team must recognize the need for a comprehensive and ongoing
characterization program to obtain information about the properties,
characteristics and responses necessary to design, construct, operate and
assess the long-term safety of the disposal vault. In addition, the
project management team must understand that the characterization
activities may affect the construction schedule, anc'l will constitute a
larger portion of the overall project cost than is usual for most civil
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engineering projects. The project must be organized so that comprehensive
characterization activities can be effectively integrated with the design
and construction activities, especially during the period of underground
excavat ion.

In order to achieve the NFWMP objective of assessing the feasibility and
safety of implementing the disposal concept, a reference Used Fuel Disposal
Centre (UFDC) conceptual design was developed. The reference vault
occupies approximately a 4 km area on a single horizon. The vault is
divided into waste emplacement panels by an array of access tunnels. The
panels are grouped inside individual rock blocks separated by fracture
zones (faults). Barrier pillars of sufficient thickness to assure adequate
long-term vault performance separate the waste emplacement panels from the
fracture zones. An extensive underground characterization and testing
program is proposed as part of disposal vault construction, operation and
decommissioning to obtain information necessary to make design decisions.

Nuclear fuel waste disposal would be implemented in sequential stages
(e.g.,siting construction, operation, decommissioning, and closure)
(Simmons and Baumgartner, 1993). For the reference UFDC, these would cover
over eighty years. A proposed schedule for implementation of a used-fuel
disposal centre shows the stages and activities, together with their
expected durations (Figure 2 ) . Characterization of a disposal site and
vault would be a continuous activity throughout the project, beginning in
the siting stage. Underground characterization would begin in about the.
17th year of the siting stage, when underground excavations and subsurface
drilling would be used to determine if a site met the requirements for a
disposal vault, and would continue through construction, operations, and
decommissioning. The stages covered in this paper include underground site
evaluation (a substage of siting), construction and operation of a disposal
vault. Underground evaluation consists of exploration shaft sinking,
exploration tunnel excavation, exploration drilling and monitoring, and
component testing.

The effective coordination and integration of construction and
characterization activities during the development of a nuclear fuel waste
disposal vault would require a dedicated construction management team. Key
areas relating to the successful implementation of the project would
include

(1) an extensive planning and coordination process to allow
continuous input;

(2) appropriate contract formats that allow a high degree of
flexibility to accommodate the evolving requirements and that
take into account the special or unusual aspects of the project
and, where appropriate, established a balance between the
technical quality of the work and production;

(3) detailed quality control and inspection/review procedures for all
project activities, including a records management system,
established prior to the start of construction;
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(4) a comprehensive safety program; and

(5) a well-qualified and experienced construction management
organization. The results from the underground characterization
activities should be promptly summarized in a form that
facilitates integration into geotechnical and numerical models
for immediate application. This would require the
standardization of input/output formats, and consistency in
hardware and software used by the various contributing groups.
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Furthermore, the database, analysis, drafting, and instrumentation systems
should be on site to allow immediate access and use.

Appendix C describes the project management program.

3. DESIGN ISSUES

3.1 INTRODUCTION

The concept proposed for the disposal of nuclear fuel waste permits a
choice of methods, materials, and designs for many of the components of the
disposal system. Choices could be made on the basis of performance,
availability, cost, or practicality. Several such choices relate to
design issues, some of which are listed below. Those issues marked by an
asterisk depend on the underground characterization program for much of the
required input, and are discussed in greater detail in the remainder of
this report.

1. The waste form and immobilization method.

2. The disposal-container materials: titanium alloy, copper, or
other durable corrosion-resistant materials.

3. The container design.

4. The location and configuration of the vault in terms of the
depth, the number of levels, and the location and characteristics
of the natural barriers surrounding the vault.

5. The size, shape and arrangement of the excavated opening.

6. The excavation method (blasting or boring).

7. The location of the waste containers within a disposal room or in
boreholes in the floor, walls or roof of the room.

8. The composition of materials used for the buffer, backfill, and
seals.

If the issues are properly addressed, the resulting disposal vault would
provide adequate protection for the waste by:

1. emplacing the waste in competent, low-permeability rock separated
from important groundwater pathways in the rock by a sufficient
thickness of low-permeability rock,

2. limiting the amount of groundwater that may come into contact
with the waste form so as to reduce the rate of container corro-
sion and waste form dissolution by using the properties of the
natural and engineered barriers,
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3. limiting the peak temperatures of the disposal system components
to values that would not degrade barrier performance,

4. controlling the near- and far-field disturbance in the rock mass
and groundwater systems by optimizing the design and methods for
characterization and excavation, and

5. using properly engineered, long-lived sealing systems.

3.2 VAULT DEPTH AND LAYOUT

One of the most important design issues for the underground characteriza-
tion program is to confirm "the existence of a sufficient volume of rock
with the required design characteristics to contain the vault." The vault
area required is a function of the design of the containers, the emplace-
ment method, the thermal properties and the design temperature limits for
the disposal system components and the mass of waste to be disposed. The
vault may be located in one or more rock blocks depending on the size of
the blocks. Since the disposal vault will be located nominally at a depth
between 500 m and 1000 m, only borehole information and inferences drawn
from surface measurements and soundings will be available to describe the
properties and processes of the vault area of the rock based on the charac-
terization program performed during the site screening substage of siting.

Horizontal tunnels and exploration boreholes will be required to identify
or confirm the size and the properties of the rock blocks(s) needed to
provide the vault volume. It will be important to plan the layout of these
exploration tunnels carefully (i.e., to integrate the locations of the
exploration tunnels with the tunnels required for the actual vault) to
avoid inadvertently reducing the volume of rock available for the disposal
rooms in the operating facility.

It is recommended that the exploration tunnels follow the strike of the
major groundwater features so that the amount of drilling required to
conduct hydrogeological investigations is minimized. This approach was
found to be quite successful when laying out the 240 level of the URL.

The in situ stresses in the Canadian Shield are locally variable and are
controlled by the local geological conditions (Herget 1980, 1986) . Gener-
ally, the vertical stress depends on the density of the overlying rock and
the horizontal stresses depend on the regional tectonic conditions. The
major horizontal stress tends to be significantly greater than the vertical
stress at depths of 500 to 1000 m in the Canadian Shield. The minor hori-
zontal stress is more variable and can be either greater or less than the
vertical stress. High values of horizontal stresses have been noted in
the Canadian Shield (Herget 1980, 1986), and structural geological
features, such as faults, can act as in situ stress domain boundaries,
affecting both the stress magnitudes and orientations (Martin 1989). The
design of the vault will have to consider the orientation of the major and
minor stresses, and so the in situ stress will have to be measured during
the underground characterization program.
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3.3 NATURAL BARRIERS

The relatively high hydraulic conductivities and interconnectivity of
faults and fracture zones in granitic rock make them the preferred paths
for groundwater movement through the rock mass.• The waste emplacement
rooms in the disposal vault should be located in intrablock regions away
from such groundwater pathways, where "intrablock" refers to the regions of
more sparsely fractured rock between the major fracture zones and faults.

The number of intrablock regions required for the layout of a disposal
vault depends on the total emplacement volume needed, the spacing, orienta-
tion, size and hydrogeological properties of the major faults and fracture
zones, and the thickness of intrablock rock mass required between the waste
emplacement area and the faults or fracture zones.

This thickness or waste exclusion distance will be determined by the
contaminant transport properties of the intrablock rock mass, the
groundwater flow in the surrounding rock mass, and the potential for the
various activities during construction, operation and closure, and for
thermal effects to alter the radionuclide transport characteristics of the
rock mass in the exclusion distance or the surrounding groundwater flow
system. Contaminant travel times through the waste exclusion distance from
the location of the emplaced waste to an important groundwater pathway to
the biosphere will be estimated as part of the environmental and safety
assessment for the disposal system to establish the minimum exclusion
distance.

It is expected that some of the faults and fracture zones may need to be
crossed by the disposal vault shafts and/or tunnels to gain access to the
intrablock region(s) where the waste will be emplaced. The waste exclusion
distance at these penetrations will be established using the dimensions and
performance specifications of the shaft and tunnel seals. The rock-mass
quality and strength in the intrablock regions will be high, with an indi-
cation that moderately large underground structures with wall or roof spans
of up to 20 to 30 m can be constructed with a requirement for no, or rela-
tively light, ground support measures (e.g., rock bolts and/or screening).
The rock mechanical properties will not likely be significantly affected
either by heating to temperatures below 100°C (Table 1) or by gamma
radiation (Durham et al. 1986). Neutron radiation dose effects are not
significant (Van Konynenburg 1984).

3.4 EXCAVATION GEOMETRY AND EXCAVATION METHOD

A room-and-pillar vault geometry was selected for the disposal vault to
provide the necessary flexibility to adjust the distribution of the waste
containers within the vault to control the thermal loading and the
extraction ratio. The room size and inter-room spacing can be readily
altered to suit variable geological in situ stress and strength conditions.
For conceptual design purposes, the extraction ratio on the emplacement
horizon has been specified to be about 0.25. The vault configuration used
in the conceptual design study was also modular, with identical emplacement
rooms grouped together into panels, thus permitting concurrent and separate
excavation and waste disposal operations. The configuration also allows
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the prior partitioning of the waste disposal areas into the most
appropriate ground conditions (i.e., intrablock regions), thus avoiding
areas of adverse ground conditions or areas too close to important
groundwater pathways.

Table 1 lists typical physical properties for two granitic plutonic rock
masses in the Canadian Shield studied as part of the NFWMP. Generally, the
mechanical strength of rock in Canadian Shield plutons is sufficiently high
to allow stable openings to be excavated to depths of 1000 m.
Nevertheless, the underground characterization program must determine both
the strength and failure criteria for the rock mass at the specified vault
depth. This will provide the necessary information to design excavation
openings, i.e., rtsom tunnels and emplacement boreholes, to maximize the
stability of the openings in the in situ stress field. At the present
time an integrated average strength to stress factor of at least two has
been used as a design criterion for the inter-room pillars and, where
applicable, for the rock webs around emplacement boreholes.

TABLE 1
LABORATORY

Compressive Strength
- Uniaxial (MPa)
- Triaxial Constants (m&s)

- intact rock m@20-25°C ,s
m@100°C ,s

Young's Modulus (GPa)

Poisson's Ratio

Bulk Density (kg/m )

Thermal Conductivity (W/(m«K))
- 20-25°C
- 100°C

Thermal Diffusivity (mm^/s)
- 20-25°C
- 100°C

Specific Heat (J/(kg«K))

Confined Coefficient of
Linear Thermal Expansion
- (25-90°C) (K"1)

ROCK PROPERTIES

Granite
Lac du Bonnet
Batholith,
Whiteshell

Research Area

187 ± 26

29.8, 1
30.0, 1

67.1 ± 7.8

0.26 ± 0.05

2640 ± 60

3.49 ± 0.35
3.18

1.32 ± 0.23
1.15

1060 ± 200

2.5 x 10~6

Granite
Eye-Dashwa Lake

Pluton,
Atikokan

Research Area

212 + 26

33.6, 1
36.5, 1

73.9 ± 15.2

0.26 ± 0.05

2650 ± 20

3.17 ± 0.22
2.76

1.22 ± 0.23

1014 ± 200

2.8 x 10"6

All values ± one standard deviation.
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Three excavation methods have been proven in plutonic rock and are
appropriate for vault excavation:

1. drill-and-blast or boring methods for large excavations such as
shafts, tunnels and rooms,

2. coring, boring or percussion methods for large-diameter boreholes
such as waste-emplacement boreholes, and

3. coring or percussion methods for small-diameter boreholes such as
characterization and monitoring boreholes.

The underground characterization program should provide the information
needed to select the appropriate excavation method for the construction of
the vault. As discussed in Section 3.5, the amount of excavation damage
created by the excavation process may have important design implications.
Hence the excavation method chosen for the vault must not only meet
standard design requirements such as excavation stability and operational
suitability, but must also be flexible enough to allow changes to the
excavation location, orientation and cross-section. For example, a large-
diameter tunnel-boring machine has little flexibility in this regard, and
is probably not appropriate for any excavations other than the main access
tunnels. In contrast, the drill-and-blast method is extremely flexible and
probably more suitable for the emplacement room excavations. The decision
as to which excavation method to select must consider both flexibility and
excavation damage issues.

3.5 ENGINEERED BARRIERS/EXCAVATION DAMAGE

The creation of a hole in a stressed elastic solid causes an elastic
realignment of the surrounding stresses (Jaeger and Cook 1979). If the
elastic limits of the material are not exceeded, the responses remain
elastic and the stressed solid remains stable. Rock masses are rarely
elastic, isotropic and homogeneous, and so their response to excavation is
likely to extend beyond the anticipated linear elastic strain, particularly
at the zone immediately adjacent to the excavations. The spatial extent of
the disturbance resulting from stress redistribution is controlled by
several factors, including the shape of the excavation, its orientation
relative to the stress field, the frequency and spacing of fractures or
other discontinuities, the properties of the rock and the fractures, and
the magnitude, orientation and anisotropy of the stress field and excava-
tion method. The creation and extent of the damaged zone around an excava-
tion is therefore very site specific.

Excavations within plutonic rock with boundary stresses exceeding a criti-
cal value will display time-dependent microcracking as a stress-relief
mechanism at material temperatures below 150°C (Wilkins and Rigby 1989).
The rate of microcrack initiation and propagation depends on the stress
level and the material properties of the rock. The effect is non-elastic
and irrecoverable since the cracking changes the physical properties of the
rock. The modulus of elasticity and peak strength are reduced and the
Poisson's ratio increases after microcracking occurs. Depending on the
stress conditions, the microcracks may propagate and coalesce to form
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macro-scale fractures in the excavation perimeters. This is often observed
as slabbing and spalling (Martin 1989, Everitt et al. 1989a).

The emplacement of heat-generating waste will heat the rock mass and the
thermal expansion of the minerals within the rock will create strain in the
rock mass and may force microcracks to extend into the rock mass. In addi-
tion to stress caused by the thermal expansion, differential thermal expan-
sion will occur between adjacent dissimilar mineral crystals, resulting in
some microcracking (Wilkins 1987). The amount of microcracking will depend
not only on the temperature but also on the mineral content and distribu-
tion, and the degree of confinement of the rock. Short-term triaxial tests
on intact rock show that the peak strength decreases as the temperature
rises to 100°C. However, increasing confinement pressure tends to lessen
this effect (Jackson et al. 1989).

The excavation methods can also cause damage and change the properties of
the rock immediately surrounding the excavation. The energy imparted to
the rock mass by the excavation process may create damage. The extent and
nature of this damage depends on the total energy transferred to the peri-
meter rock and the degree to which the energy is focussed or dispersed.
For drill-and-blast excavation, experience shows that the effects of blast-
ing occur instantaneously and cannot be practically separated from the
initial component of the stress redistribution. Both change the fracture
population and the near-field characteristics. The degree of potential
perimeter damage depends on the method used (Pusch 1989), the state of
stress, the orientation and distribution of fractures and other
discontinuities, and the controls placed on the design and execution of the
excavation method.

The hydraulic conductivity of the rock mass in the excavation-damaged zone
(EDZ) surrounding an excavation can be increased relative to the surround-
ing rock mass by microcracking of intact rock and any shear displacement
along natural open fractures, and by excavation-induced damage effects.
Theoretical examinations of excavation damage and its effect on local
hydraulic conductivity have been done (Pusch 1989, Kelsall et al. 1982) and
field studies are under way at the URL to measure these effects. Field
studies of massive granite indicate that the mechanical properties of the
excavation-disturbed zone can be affected for several metres away from the
opening. Changes in the in situ hydraulic properties, however, appeared to
be confined to a zone less than 0.3 m thick (Martin and Kozak 1992). Once
a damaged zone is created, an engineered seal may be required to
effectively reduce the hydraulic conductivity of the damaged zone to
minimize any detrimental effects on the overall performance of the disposal
vault. The seal will be designed on the basis of detailed information on
the specific characteristics of the damaged zone and its interconnection to
other important groundwater pathways in the rock mass. The underground
characterization program must determine these characteristics.
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4. CHARACTERIZATION OVERVIEW

4.1 INTRODUCTION

This section presents an overview of the underground characterization
program and its application to design issues during the successive stages
of vault construction and development. Figure 3 summarizes the characteri-
zation, the design issues relevant, the information required to address
these issues and the characterization methods used to obtain this
information.

4.2 CHARACTERIZATION SEQUENCE

Site characterization includes:

1 — site screening and surface-based characterization during the site

evaluation substage,
2 — underground characterization in exploration shafts and tunnels

during the site evaluation substage and
3 - underground characterization in shafts, tunnels, and disposal

rooms during the construction and operation stages.

The characterization performed during surface-based site evaluation will
provide information to select the general location of the surface and
subsurface facilities and to select the location for the construction of an
exploration shaft and exploration tunnels. This characterization involves
airborne and surface-based reconnaissance methods to perform detailed
surface and subsurface characterization as described by Davison et al.
(1994). The underground characterization approach described in this report
follows from the characterization performed for siting and relies heavily
on information obtained during the siting stage.

The main objective of the underground evaluation performed during the
construction of the exploration shafts and tunnels is to confirm that the
underground characteristics of the site fall within the limits derived
during the characterization of the site and that they are suitable for the
design and construction of a disposal vault.

The characterization work performed during the construction of the explora-
tion shaft will provide the first opportunity for continuous and systematic
recording of full-scale subsurface data. This work will have to be done
concurrently with excavation for reasons of access, and to record time-
dependent phenomena such as the stress relaxation around the opening and
changes in the chemistry and rate of groundwater inflow.

Characterization for the construction of exploration tunnels will begin
with exploration drilling from underground stations located off the explo-
ration shaft. The borehole locations will be based on results from the
surface and shaft characterization work, and the boreholes will be used to
define the orientation and location of the exploration tunnels. The char-
acterization of the exploration tunnels will also include ongoing documen-
tation of the underground conditions actually encountered during the
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construction of the exploration tunnels to verify that they fall within the
anticipated design ranges. In situ tests will also be conducted to select
and design the final excavation and emplacement methods.

Vault construction will begin with exploration drilling to define the
precise location, dimensions, and orientation of the emplacement panels.
Additional characterization work (geological mapping, hydrogeological test-
ing, and geophysical mapping) will be conducted in the disposal rooms (and
emplacement holes actually used) to the degree considered necessary by the
on-site characterization team. The amount of underground characterization
work performed during construction will depend on the site conditions.

4.3 CHARACTERIZATION DATA OBJECTIVES

The first element of project engineering for a disposal facility is to
develop and verify a comprehensive site geotechnical model that reasonably
represents the physical and chemical conditions in, and the responses of,
the geosphere (Simmons and Baumgartner 1994, Sinha 1989).

The underground characterization program will be directed at confirming,
defining or revising the following components of the site geotechnical
models through the successive stages of vault development as required:

1. details of natural and induced seismicity and the potential for
tectonic disruption during vault construction and operation, and
following vault closure;

2. details of the geology of the site, including information on the
lithologie variation, and the location, size and history of the
fractures;

3. details of the characteristics of the groundwater flow, the
condition of the site including the precise location and
character of the major fault zones, and the distribution of
sparsely fractured blocks that will likely be favoured for the
location of disposal rooms, including:

the fracture framework, geometry and interconnections,
the physical and chemical hydrogeological properties of the
fracture framework and the host rock,
the groundwater chemistry and microbiology and
the radionuclide-retardation properties of the potential
transport pathways through the rock mass; and

4 . the other information required to design the facility to reduce
thermal effects and excavation damage, including:

the mechanical and thermal properties of the rock,
the in situ stress field,
the thermal response of the rock mass, and
the coupled theritiomechanical-hydraulic response of the rock
mass and its fractures to induced effects from excavation,
thermal loading and sealing.
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The effort devoted to each of these components will vary as construction
and characterization proceeds, as shown in Figure 2. For example, most
characterization to establish the general tectonic stability, the general
geology, the general hydrogeology and hydrogeochemistry, and the biogeo-
chemistry of the site will be done during the siting stage using surface-
based methods. Subsequent underground characterization will be largely
directed towards collating information to confirm and revise the large-
scale models developed earlier in the siting stage.

In contrast, detailed information on the geological structure of the rock
mass, the geometry and characteristics of its fracture framework, and the
rock properties and in situ stresses will be obtained later in the siting
stage by underground characterization. Whether data will be collected in
these areas more intensively during shaft sinking or during level develop-
ment will depend on the location and orientation of major structures
relative to the excavations, and the expected spatial variability in the
properties and characteristics of the rock mass.

4.4 CHARACTERIZATION METHODOLOGY

The methods used to collect characterization information from the under-
ground excavations are summarized in the following sections and in
Figures 4 to 11. The appendices provide further details for each
discipline.

4.4.1 Tectonic Stability

Surface-based investigations carried out during the siting stage will
provide additional information required to define the tectonic style of the
region, including the ambient low-level seismicity and the in situ
stresses. These investigations will also be used to locate the underground
facilities relative to the major fault systems.

The tectonic model of the site will be validated by detailed monitoring of
the ambient seismicity throughout the lifetime of the facility, underground
examinations of fracture zones for evidence of post-glacial (<10 000 a)
faulting, and measurements of the in situ stresses and rock mass strength
to verify the design assumptions.

4.4.2 General Geology

The general underground geology includes the size, dimensions and homoge-
neity of the rock mass into which the vault will be excavated, and its
formation and deformation history. This information will be obtained
during the underground evaluation portion of the siting stage and during
the construction and operation stages as additional excavations are
completed. Detailed underground geological mapping will be supplemented by
laboratory investigations (petrography, geochemistry, petrofabrics), by
radar and sonic surveys, and by core logging and geophysical testing in
boreholes. These results will also contribute to the characterization and
understanding of the fracture pattern, and to the interpretation of the
hydrogeochemistry, rock properties and in situ stress testing.
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measurement of the magnetic susceptibility of the
rock / guide to structural trends, compositional
variations, alteration patterns, and mineralization
potential
measurement of induced magnetic fields / application
as for magnetic above.

measurement of seismic wave transit time for
determination of rock structure.

measurement of electromagnetic pulses to determine
bedrock strucure and location of fractures or fracture
zones.

measurement of the spatial variations in rock resistivity
a ! a Su'de to defining the occurrence of groundwater
bearing fracture zones..

to
en

FIGURE 8: Overview of Geophysical Methods for In Situ Characterization of Excavations
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VAULT LAYOUT

. validate model

.establish/monitor

basdinc pjezometnc
COOdlJJODS

.identify areas of

low flow

NATURAL HARRIERS

. characterize response
of low flow areas to
hydraulK'ally active
features

. define hyrfrogcologicftJ
boundaries

. define channeling

define direction and
fate of groundwatcr flow

EXCAVATION METHODS

. ch&rBCtctuc response of
tow and high flow areas
to excavation.

. characterize response to
drilling

ENGINEERED BARRIERS

. define requirement

.define response

SUMMARY OF HYDROGEOLOGICAL CHARACTERIZATION METHODS AND THEIR APPLICATION
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B H I ES28S1 Primary / secondary application

TECHNIQUE EFFECT MEASURED/ APPLICATION

SINGLE BOREHOLE TESTS

• Pultc
Inject a small volume of water into a packer-isloated zone; measure
tune dependent hydraulic pressure decay.
Tranitnliilvlty, fracture aperture, itorattvlty.

* Injection/ Wllhdrawl Teat

Long lenn witbdrawl/ injection form a single borehole at a constant
flow rate or constant pressure; measure time dépendrai rate of flow
and tune dependent hydraulic pressure change.

TraniroUilvlty, fracture aptrlure, boundary coadliloni.
groundwater quality

* Single-. Multlpte-Sitp Fluid With drawl

Witbdrawl of water from a packer-isolated zone for a short duration at
prc-detennined hydraulic pressure steps; measure withdraw! flow rale
ai each con «ponding hydraulic step.
TranimliiMty, fracture uptrture.

MULTIPLE BOREHOLE TESTS

* Injection/Withdraw! Teat

Long term withdrawl/ iqectioa form a single borehole in a borehole
network at a constant flow nte or constant pressure; measure time
dependent rate of flow and tune dependent hydraulic pressure change
at active and monitoring bot tholes..

Trantmlnlvlty, fracture aperture, boundary condition!.
hydraulic conductivity, groundwater quatlty

TRACERS

Injection of a known volume and concentration of a groundwater
tracer into the packer-isolated zone of single or multiple boreholes
followed by the periodic sampling of adjacent borehole packer
isolated zones to obtain tracer breakthrough data to determine •

Grouodnatcr velocity, traniport porotlry, dbpenMty , lorpttoa
characteristic! of the fracture zone, fracture Interconnecilvlry.

CHEMISTRY
Smrpling and chemical analysis (dements and isotopes).

Chemical characterbltki oferoundwater domain», water/
entinecrcd barrier compatibility, Identification of recharge/
discharge zonei.

AGE DATING
liotoptc content provldei Information on re tide net t ime , recharge
•nd all charge rates, location of bydogeologlcal do malm
undltturbtd by glaciation and other «venu.

A£CLRapon 10SU.F f f *« I ( aw, RA£|, r»v«i«119M D«c 01.

FIGURE 9: Annotated Summary of Hydrogeological Characterization Methods
and Their Applications



SUMMARY OF HYDROGEOCHEMICAL CHARACTERIZATION OBJECTIVES AND METHODS

Anions Cations
Trace Elements

(Li.Fe.Mn.V.Al.etc.)
Dissolved

Organic Carbon
Colloids Environmental

Isotopes (II, Q)
Isotopes of

C.S.Cl.Sr,, U.Ra
Radon Dissolved

Gases
Dissolved

Inert Gases

Establish spatial and temporal
variations of chemical constituents
in the groundwalers in the vicinity
of the repository site

Establish natural levels of
contaminants which could be
released during the construction,
operation and post-closure phases of
the repository.

Determine if potentially hazardous
or deleterious constituents exist in
groundwater which might
compromise excavation, operating
and closing phases.

Define the composition of
groundwater that will contact the
vault materials.
Relate the hydrogcochemistiy to the
hydrogeology to better understand
groundwater movement, past and
present.
Determine rock/water interactions
that may control groundwaler
chemistry and its evolution in both
the near field and far Held.
Determine groundwater "age" and
sources of dissolved salts for
prediction of repository
performance.

Determine effects of site
characterization and repository
excavation, operation, sealing, and
backfilling on groundwatcr
composition for both the local and
regional scales.

10
oo

Isotopes :H = 2H,3H: 0= 1 8 0; C= 13C,WC; S = S 1 8 O 4
3 $ O 4 ; C l = 3 < b

S r ^ S r ?«Sr.U= 2 M U 2 3 8 U,Ra= 2 ^a. Rn= "fen

Dissolved Gases: H 2 , He ,O2 ,N2 , CO2 , CH4 , Ar, R.S.

Primary application
Secondary or supporting role

Dissolved Inert Gases: He,3 He/4 He, Ne isotopes For further information see Table H-1.

FIGURE 10: Overview of Hydrogeochemical Characterization and Its Applications



Tectonic Stability
- regional seismicity
- ambient seismicity
- neotectonics

In situ stress
- regional
-local

Groundwater
- flow pattern

Rock Mass Response
- intact small-scale

properties - e.g., E, V,
P wave, deformability
E, V, characterisitcs).

joint roughness coefficient
joint compressive strength'

- large-scale properties
rock mass modulus
numerical model
validation.

Coupled Mechanical -
Hydraulic Response
- in situ normal fracture
stiffness

Excavation Damage

GEOMECHANICAL TESTING METHODS

In Situ Stress Determination

AE/MS

=

Breakouts
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Hydraulic fracturing
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Overconng
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Mechanical Properties

Laboratory testing
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Instrument Array Convergence Array
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1 M8H Secondary or supporting role
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FIGURE 11: Overview of Geomechanical Testing and Its Applications
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The primary objective of the geological mapping will be the detailed defi-
nition of the large-scale structure of the portion of the rock mass chosen
for the underground excavation, such as has been done at the URL and in
other recent studies (e.g., Mandziuk et al. 1989). This information should
test the predictions and models developed from the less detailed surface
characterization.

4.4.3 Fracture Framework

A fracture-framework model of the area chosen for the underground excava-
tion will be derived from the surface-based characterization program.

Underground characterization of the facility during underground evaluation
will be directed at confirming and refining the precise location and
character of the major fracture zones recognized, identifying the varia-
tions in fracture patterns with depth, rock type and location (the fracture
domains), and defining the groundwater flow paths at a variety of scales.
This work will be based on detailed underground mapping and borehole
logging supplemented by in situ radar or sonic surveys, by single-hole and
crosshole tomographic methods, by crosshole hydraulic testing, by ground-
water sampling and by measuring the long-term hydraulic pressure conditions
in the rock mass.

The fracture and litho-structural models will be developed together because
fracture patterns commonly depend qn the rock type and structure.

4.4.4 Hydrogeology

The objectives of the underground hydrogeological characterization will be
to confirm or define:

1. the location, orientation, extent and hydrogeological character-
istics of the fracture framework, particularly the larger frac-
tures or fracture zones,

2. the location, size and extent of regions of very low permeability
within the rock mass,

3. the hydraulic interconnection between the fracture networks,

4. the hydrogeological changes introduced by shaft and tunnel exca-
vation, including excavation damage assessment, and

5. to compare the characterization with predictions made by the
hydrogeological model developed during siting (e.g., groundwater
seepage and drawdown measurements made during exploration shaft
construction and exploration tunnel construction).

The underground hydrogeological characterization program will begin early
in the underground evaluation and continue until facility closure. It will
consist of the hydraulic testing and hydrogeological instrumentation of
exploration borehole(s) drilled from exploration excavations to beyond the
target extent of the underground facilities.
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All the boreholes drilled and instrumented during the underground charac-
terization activities will be incorporated with the measurements of seepage
into the shafts into the hydraulic pressure monitoring network developed
during the surface hydrogeological investigations. This will provide
information on the extent of the hydraulic response in the undisturbed rock
mass to the excavation activities and will provide information for the
validation and fine tuning of the hydrogeological model.

4.4.5 Groundwater Chemistry

Hydrogeochemical characterization performed during siting will delineate
the general groundwater chemistry and its variations with depth or location
in the area of the vault, and establish any correlation with the rock chem-
istry and fracture infillings.

The objectives of the groundwater chemistry investigations conducted during
the underground characterization program are to:

1. determine the groundwater chemistry at increasingly detailed
local scales, with emphasis on potentially hazardous or deleter-
ious constituents (e.g., radon, uranium, high salt content,
microorganisms) that may either compromise or complicate the
construction, operating or closure stages;

2. determine the probable composition of groundwater that will
ultimately come in contact with vault materials;

3. relate the hydrogeochemistry to the local hydrogeology in order
to establish an integrated understanding of groundwater flow
paths in the rock mass; and

4. define the rock-water-microbial interactions that may control
groundwater chemistry and its evolution.

Most hydrogeochemical characterization will be done by analyzing ground-
water samples from boreholes drilled from the underground excavations to
determine the composition of groundwater in permeable fault zones or
individual fractures (Section 4.4.4). Other detailed characterization will
include the sampling and analysis of groundwater collected from shaft
seepages into horizontal tunnels and water collection rings.

The types of chemical analysis performed on groundwater samples collected
during underground characterization programs will depend, to some extent,
on the specific objectives of the program. For example, the •*• 0 content of
groundwater surrounding a facility is useful in understanding the hydrogeo-
logy of the area and the "age" of the groundwater. Estimates of the
groundwater "age" (or residence time) and knowledge of the source of
dissolved constituents can assist in validating the performance assessment
models for the vault. On the other hand, data showing the content and
types of microorganisms present in groundwater are not likely to assist in
understanding the hydrogeology or groundwater age, but may influence the
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choice of groundwater tracers used for other studies, the buffer design,
and the long-term geochemical conditions within the vault.

In addition to sampling groundwater for detailed laboratory chemical analy-
sis, it is essential that parameters such as pH, Eh, Fe^+, HCO~^, and dis-
solved oxygen and other gases be measured precisely when the samples are
collected because the parameters may change rapidly after sampling. The
pH, Eh and dissolved oxygen can be measured readily in a "flow cell"
through which the groundwater passes on its way to the atmosphere. A
constant flow rate (or preventing back-flow using check valves) and sealing
the pH, Eh and dissolved-oxygen sensors in the flow cell (plus back
pressure, if possible, to prevent degassing) will ensure reasonable
accuracy in defining these chemical parameters.

4.4.6 In Situ Mechanical Properties of the Rock Mass

Appropriate conservative design parameters for the rock mass will have to
be selected based on extensive experience with material behaviour under the
mechanical and thermal loads anticipated in the vault. Even though the
preliminary vault design will be based on mechanical parameters developed
from laboratory tests done on core samples or a few in situ measurements
made in the boreholes during the surface-based evaluation of the siting
stage, the final design of the underground excavations will only be carried
out after the in situ, excavation-scale performance of the rock mass is
known.

Specific areas of geomechanical interest include strength and deformability
properties, temperature effects and time-dependent properties of the rock.
These characteristics will have a direct impact on the vault layout and
construction methodology, vault operations, design of the engineered
barriers, performance monitoring and decommissioning. The major focus of
the geomechanical characterization will be to obtain sufficient information
on the mechanical response of the rock mass to excavation and heating, to
select an excavation method, a waste emplacement configuration, an access
tunnel and disposal room design, a disposal vault layout and a disposal
vault depth.

The characterization program for the in situ mechanical properties of the
rock mass consists of the following:

1. standardized laboratory testing of rock samples surrounding the
vault according to accepted codes and standards (e.g., ASTM);

2. recognition and quantification of the influence on the laboratory
test results of sample disturbance caused by microcracking;

3. determination of the thermal properties and their variation with
local in situ stresses, rock properties and sample disturbance
(The effect of thermal loads on the performance of the rock mass
will be controlled, in part, by the in situ stress state and the
excavation geometry and layout. The analysis of the results must
therefore be reviewed in this context.);
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4. investigation and quantification of the effects of specimen size
on test results; and

5. joint and fracture characterization using the index testing
methods described by Barton and Choubey (1977). (These methods
will provide input data for the Barton-Bandis joint model, which
describes the coupled mechanical and hydraulic response of
joints. Bandis (1990) describes a model for mechanical joint
response, and Barton and Bakhtar (1987) describe the coupled
mechanical-hydraulic response of the model.).

4.4.7 In Situ Stresses

Information on the in situ stress state in the rock mass is needed for
design work on the underground excavations for a disposal vault.
Unfortunately, a rock mass has usually been subjected to several cycles of
stress loading and unloading, producing faults and fractures that affect
the in situ stress state throughout the rock mass.

In situ stresses in the Canadian Shield have been compiled by Herget (1980,
1986). Herget's data set from overcore results at mining locations prima-
rily in Ontario and Quebec indicates a "normal" and "extreme" population.
Most of the sites in this study were located in the Superior and Southern
Tectonic Province of the Canadian Shield, which consist of Archean and
Proterozoic rocks. This information may be used as a first "approximation"
at a potential disposal vault site until site-specific measurements are
taken.

AECL's experience at the Underground Research Laboratory indicates that
information on in situ rock stress can be determined indirectly through
examination of core discing, borehole breakouts, excavation convergence,
under-excavation, microseismic monitoring and crosshole seismic surveys.
This work may be carried out in conjunction with exploration construction
to provide valuable information on the in situ stress state such as
relative magnitudes and orientations, for use in making design decisions.
Such methods are extremely useful in providing data that are relevant to
underground design. Of particular value are the excavation scale methods
such as convergence and under-excavation since the stresses are determined
at the scale of the excavation rather than from a small-volume sample such
as overcoring.

Where additional stress information is required, direct methods such as
overcoring and hydraulic fracturing can be used away from the exploration
excavations or in advance of a tunnel. The overcore method is generally
us 3d in short boreholes (less than 50 m), although recent developments with
the overcoring equipment now allow stress measurements to be made in bore-
holes as long as 1000 m. The hydrofracturing method is preferred for long-
er boreholes. Both methods are limited to some extent by the rock
behaviour; the overcoring method by discing and microcracking of the rock
cylinders, the hydrofracturing method by high horizontal stresses and by
rock anisotropy.
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4.5 APPLICATION TO DESIGN ISSUES

4.5.1 Compilation and Reporting

To facilitate the design process, the information required from the under-
ground characterization activities must be clearly defined prior to each
stage of the project, completed according to a logical sequence, and
obtained, analyzed and documented according to a pre-defined Quality
Assurance Program.

It is expected that the reporting of information gathered during character-
ization of the exploration shafts would include:

1. reports compiling the geological mapping, borehole logging and
geophysical surveying results with a series of maps showing the
major rock blocks and their boundaries (fracture zones or
faults). and the pattern of fracturing within each block as seen
in each excavation;

2. reports compiling the geomechanical and hydrogeological test
results at each convergence or instrument array along the
excavation;

3. excavation damage maps at the shaft and tunnel stations showing
the assumed orientation and magnitude of in situ stresses and
fracture orientation for the planned working level(s);

4. excavation damage maps for the length of the shafts and tunnels
showing the breakout location and depth, the pattern and relative
intensity of induced fractures, and structures that may influence
the damage pattern;

5. reports on the hydrogeological characteristics of the rock mass
and fracture zones intersected by the excavations;

6. construction log for the excavations showing the location of the
working face after each blast, the type and pattern of explo-
sives, and the scaling record (This information will be useful in
interpreting the damage pattern presented in (4) above.);

7. contract completion report in which the construction and char-
acterization methods are documented as a basis for planning
future work; and

8. reports compiling the geological, geomechanical and
hydrogeological test results at areas selected for excavation
damage assessment (The reports should include a series of maps
showing the geological structure and excavation damage at each
instrument array based on compiled mapping, borehole and core
logging results. They should also include the results from
reservoir seepage testing.).
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4.5.2 Application

The information obtained during underground characterization will be used
to address the following design issues.

1. Vault location and layout:
-verify and refine the validity of the geological structure and
fracture-framework models so that the disposal levels will be
properly sited, and
-verify aspects of the site hydrogeological model by monitoring
the groundwater drawdown responses during excavation and com-
paring them with the responses predicted by the hydrogeological
model.

2. Excavation design and methodology assessment:
test the relative effectiveness of the excavation design and
methods given the' excavation damage, rock properties, and in
situ stresses encountered,
test the effectiveness of the characterization and construc-
tion procedures, and

- modify these designs and methods as required.

The geological structure and fracture framework will be determined by com-
piling the maps and core logs, and will be supplemented by the results from
the geophysical surveys. Conclusions and descriptive classifications based
on the surface work will probably be refined continually as underground
excavation proceeds. Rock units and fabrics will be classified on a basis
that will enable the prediction and characterization of fractures, rock
properties, and excavation damage.

The hydrogeological model will be evaluated by measuring the groundwater
seepage into the excavations from intersected fractures and the surrounding
rock mass, and by monitoring hydraulic pressure changes in boreholes
drilled underground to complement those drilled during surface-based evalu-
ation activities.

The effectiveness of the excavation design and methods will be assessed on
the resulting rock mass response and excavation damage. Rock properties,
in situ stresses, and their variation with underground location will be
determined by measurements at convergence arrays, instrument arrays, and by
samples sent for laboratory analysis. Information will also be provided by
observing the effects of the stress redistribution about the excavated and
bored openings, including the pattern and extent of excavation damage.

The effectiveness of the characterization and construction procedures will
be reviewed continuously based on the experience gained during the con-
struction of the exploration shafts and tunnels. Data requirements will be
revised as needed to minimize costs while continuing to address the infor-
mation needs.
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5. CHARACTERIZATION DURING CONSTRUCTION OF EXPLORATION SHAFTS

5.1 OBJECTIVES

The objectives of underground characterization during the sinking of the
exploration shaft will be to:

1. determine the detailed subsurface geological structure of the
rock mass surrounding the planned disposal facility;

2. obtain detailed information on the in situ rock stresses and
their variation with depth and relationship to geological
structure;

3. determine the rock mass response to excavation and its correla-
tion with excavation methods, geology, and hydrogeology;

4. determine the responses of the hydrogeological and hydrogeochemi-
cal regimes to excavation and their correlation with geological
structure and the in situ stress regime;

5. provide the information needed to finalize the location of the
disposal levels and for initial design of the level stations and
vault layout;

6. develop the underground characterization methods to apply during
the excavation of the exploration tunnels; and

7. provide the information needed to select locations for other
characterization activities such as boreholes or instrument
arrays, and to provide data necessary for the accurate interpre-
tation of their results.

The results of these investigations will be used to verify hydrogeological
and geomechanical models of the rock mass and to delineate the volume of
rock available for developing waste emplacement areas. The information
collected will also serve as a database with which to evaluate the data
collection and excavation procedures and to modify them for application
during level development.

Specific design issues addressed by the underground characterization of the
shafts include vault layout, excavation geometry, excavation methodology,
natural barriers and engineered barriers.

5.2 SCOPE OF WORK

The underground characterization activities during the exploration shaft
sinking are summarized in Table 2.

Most of the exploration shafts will have to be characterized during con-
struction before any lining is installed. Characterization and monitoring
will also be required during construction and operation to record time-



- 37 -

dependent behaviour such as the development of excavation damage and the
variations in water inflow into the shaft as the excavation proceeds.
Whether this level of characterization will be applied to all or most of
the shafts constructed for the facility will be dependent upon local site
conditions.

Geological mapping of the shaft walls and floor will be necessary on a
daily basis, while hydrogeological and geomechanical investigations will be
done intermittently at water rings, seepage locations, convergence arrays
and instrument arrays. These activities will require close cooperation
between the characterization crews, the shaft construction contractors, and
the project management team.

In addition to those routine mapping and groundwater monitoring activities,
it will be necessary to install a number of instrument arrays at various
locations in the exploration shaft. These arrays will monitor the response
of the rock mass and the groundwater regime as excavation proceeds, and
will provide data on the rock mass and fracture deformation properties, and
on the in situ stresses.

The general location and number of.these instrument arrays must be included
with the tender for the shaft sinking contract. Approximate locations will
be chosen on the basis of the geology and hydrogeology known from the char-
acterization investigations conducted during the surface-based evaluation.
These locations may be revised during shaft sinking to accommodate local
geological and in situ stress conditions. Details are discussed in
Section 5.9.3.

Instrument arrays will consist of a radial pattern of short, horizontal
boreholes, and short steeply dipping boreholes drilled from the shaft
bottom when the excavation stops temporarily at an array location. Approx-
imately three to four weeks may be required for each array, and all excava-
tion activities will be suspended during this time.

The boreholes will be installed with both geomechanical and hydrogeological
instruments to measure the local conditions of the rock mass and its
responses to the continued excavation of the shaft. Instrumentation has
been developed in the Underground Research Laboratory program to allow both
geomechanical and hydrogeological instrumentation to be installed within
the same borehole. This is highly desirable from a hydrogeological point
of view to minimize the number of open geomechanical boreholes, which can
disturb the local hydrogeological conditions. This instrumentation also
allows coupled hydrogeological and geomechanical measurements to be made at
the same point within the rock mass (Thompson et al. 1990).
Hydrogeological measurements made in boreholes at the instrument arrays
include permeability, porosity, storativity, groundwater seepage rates,
geochemical sampling, and hydraulic pressure monitoring.
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TABLE 2

PHASE 2 CHARACTERIZATION ACTIVITIES

1. Continuous characterization during shaft sinking.

Objective: daily geological mapping, hydrogeological sampling and other
activities to provide à continuous record of the variation in rock
structure and other properties with depth.

Characterization Activities:

Geology detailed stereophotography and geological mapping of the
shaft walls and bottom

Geomechanics installation and measurement of convergence pin arrays
Engineered development and use of controlled blasting techniques
excavation to minimize excavation damage and enhance ground stabi-

lity
Geophysics vertical seismic profiling, radar, sonic/seismic

2. During scheduled breaks in construction - instrument arrays.

Objective: drilling and installation of geomechanical and hydrogeolo-
gical instrument arrays at predetermined locations.

Characterization Activities:

Geophysics

Geology
Hydrogeology

Geomechanics

radar, electrical and sonic/ seismic surveys from the
shaft bottom to refine the local geological model for
instrument arrays, prior to drilling
core and borehole logging as in (1)
near-field hydraulic head determination, permeability
determination, inflow monitoring, groundwater sampling
(hydrogeochemistry and biogeochemistry)
overcore stress determinations, mechanical properties
testing, rock mass convergence and near-field testing,
borescope logging of all holes prior to their closure to
identify excavation damage, recording (by appropriate
means) of any excavation-damage effects that occur either
during or after the array, microseismic monitoring,
excavation-damage mapping

3. Boreholes.

Objective: drilling and instrumentation of hydrogeological boreholes
from shaft stations concurrent with sinking operations.

Characterization Activities:

Geology core and borehole logging as in (1)

continued...
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TABLE 2 (continued)

3. Boreholes (continued)

Geophysics

Hydrogeology

Geomechanics

televiewer and acoustic televiewer borehole logging,
electrical borehole logs (spontaneous potential, single-
point resistance, resistivity)
nuclear borehole logs (natural gamma, gamma-gamma,
neutron-neutron)
other borehole logs (borehole survey, acoustic transit
time, temperature, flowmeter, magnetic susceptibility,
radar)
near-field hydraulic head determination, permeability
determination, inflow monitoring, groundwater sampling
(hydrogeochemistry and biogeochemistry)
deep in situ overcoring (where conditions permit), hydro-
fracturing

4. Post-excavation activities.

Characterization Activities:

Sampling

Boreholes

Geomechanics

characterization activities as for (4)
installation of water rings and flow monitoring equipment
at suitable locations for hydrogeological and geochemical
monitoring
rock and fracture sampling
boreholes from the shaft stations with combined hydro-
geological and hydrogeomechanical instrumentation
core and borehole logging as in (1)
geomechanical testing at previously established instru-
ment arrays including:
overcore stress determinations,
core samples without fractures for mechanical properties
testing (selection based on results of geological map-
ping) ,
core samples containing undisturbed fractures for labora-
tory testing,
performance tests on instruments

7. Compilation, analysis and reporting.

* This activity may also be scheduled during breaks in shaft sinking.
Note: More than one shaft may be sunk during the initial

development of the disposal vault. In this event, the
detailed characterization program described here may be
conducted in more than one shaft, but this will depend on
the geometry of the vault, the spacing of the shafts, and
the complexity of the site geology and hydrogeology.
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If grouting is required to control groundwater flow during shaft excava-
tion, instrumentation will be required at each grouting location to deter
mine the hydraulic effectiveness of the grouting and to monitor the extent
of grout travel within the fracture zones.

Several innovations were introduced at the instrument arrays when the shaft
of the Underground Research Laboratory was extended from the 240 Level to
the 420 Level. These should be considered in planning the disposal vault
access shaft characterization.

1. An automated data logging and management system was used to
reduce interference with construction work due to manual data
collection, and to facilitate accurate data collection and
analysis.

2. Two drills were used simultaneously, one on the shaft bottom and
one on the bottom deck of the Galloway stage, to significantly
reduce drilling time and contract standby time.

Data from excavation-scale geomechanical methods are extremely useful for
underground design since the properties are determined at the scale of the
excavation rather than from sampling a small volume using a procedure such
as overcoring and laboratory tests. The shaft bottom was flattened to a
tolerance of ±150 mm cf the specified elevation. Notches were then blasted
into the shaft walls to facilitate the collaring of near-vertical boreholes
in the shaft wall. An electric-hydraulic diamond drill, designed
specifically for work in the confined spaces, was mobilized and set up on
the shaft bottom. Eight horizontal, 15-m-long, NQ-3-size holes were
drilled from the shaft bottom and were instrumented with extensometers to
measure the deformation in the shaft wall as the shaft advanced. Steeply
plunging holes were also drilled in the wall of the shaft, with the drill
set up on the lower deck of the Galloway stage. These holes were instru-
mented with stress measurement cells and borehole packer systems to measure
the changes in stress and permeability of the rock mass around the shaft
with continued excavation.

On completion of each array, steel cover plates were installed over the
borehole collars to protect instruments from damage caused by blasting and
mucker operation. Some instrumentation signal cables were to be connected
to local signal conditioners (at the URL these were housed in sealed PVC
cylinders and protected within short percussion-drilled holes). Output
cables from the signal conditioners were connected through a main junction
box located about 4 to 5 m above the shaft bottom to a multiconductor data
acquisition cable installed in conduit running up the shaft. Initial
blasts were limited to 1-m-long rounds to produce a more gradual excavation
response around the depth where the instrumentation was concentrated.

Additional characterization boreholes should be drilled from the shaft
stations during construction of the exploration shafts. These boreholes
should be drilled in a fan pattern to provide detailed information on the
geology and hydrogeological conditions expected at the proposed vault hori-
zons, and to facilitate crosshole seismic surveys. Some boreholes will be
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used for acoustic emission and microseismic sensor (AE/MS) arrays. Infor-
mation from these boreholes will be used to select the actual vault eleva-
tion and preliminary layout, and to assess the stress orientation and the
extent of excavation damage.

5.3 STAFFING AND RESOURCE REQUIREMENTS

The underground characterization program conducted during exploration shaft
sinking will require the following arrangements and infrastructure to meet
the specified objectives:

1. sufficient qualified technical staff to conduct the fieldwork and
to provide timely analysis and synthesis of results (possibly on
a 24-h/d, 7-day-per-week schedule) so that new data are constant-
ly being used to revise and update the geotechnical understanding
of the site conditions and are available to the facility
designers when required;

2. detailed work schedules to optimize the time available to perform
the technical work at the shaft bottojv and for the contractor to
conduct the excavation cycle;

3. detailed construction/excavation/scaling records to monitor
contractor performance, to ensure that construction work is being
done within design parameters and contractor specifications, and
to correlate the records with the characterization results;

4. special equipment such as modified Galloway stages to facilitate
efficient characterization activities in the shaft during
excavation;

5. adequate core storage facilities;

6. on-site photographic laboratory and maintenance/fabrication
shops ;

7. suitably furnished equipment assembly and maintenance areas for
each of the technical groups involved in the underground
characterization program;

8. a quality assurance program, including quality control proce-
dures, a records management system and an on-site vault in place
and operating before excavation and characterization begin;

9. a shaft heating and ventilation system to ensure relatively
constant temperature and humidity in the shaft during the sinking
operation, including special effort to prevent the inadvertent
leakage or injection of water into the shaft during work on the
shaft bottom;

10. regular and continuous monitoring of local meteorological condi-
tions, groundwater levels and groundwater chemistry/biochemistry
conditions; and
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11. computer-aided design, drafting and data management systems as
described in Appendix C.

5.4 TRIALS

The excavation required to collar the exploration shafts provides an excel-
lent opportunity to test and develop some of the underground characteriza-
tion equipment and procedures before full-scale exploration shaft sinking
proceeds.

This trial testing should include:

1. mapping, photography and geophysical surveys of the shaft walls
in the shaft collar as a test of equipment, procedures and sche-
duling (This may have to be done from the shaft floor or from an
interim staging until the complete Galloway stage can be
installed.);

2. testing and training in preparation for the installation and
monitoring of convergence and instrument arrays;

3. safety indoctrination of characterization staff;

4. testing schedules for other characterization and excavation work
to ensure that allocated times are realistic;

5. testing characterization and excavation equipment and methods to
ensure that any interference is minimized;

6. technical training of contract staff; and

7. final development of working procedures, including coordination
and monitoring of activities, shaft and drilling inspection.

5.5 EXPLORATION SHAFT DESIGN

The geometry of the exploration shaft and the excavation method selected
should be designed from the perspective of future disposal vault operating
requirements, the expected ground conditions, and whenever practical should
also facilitate planned characterization work. A circular shaft cross
section is preferred over a square or rectangular cross-section because it
would minimize stress concentrations and enhance stability, and because it
would facilitate interpretation of the instrumentation and convergence
arrays. If practical, the installation of the shaft lining should be
delayed until the characterization activities in each section of the shaft
are complete. The use of timbered shaft supports and cage guides may
interfera with characterization because they require watering to prevent
desiccation damage. On the other hand, metal shaft supports will prohibit
the later application of any electromagnetic geophysical surveys that may
be required. These two factors must be weighed against the site-specific
conditions to make the appropriate choice. Accordingly, the design and
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excavation methods should be periodically reviewed to ensure optimum
excavation with as little ground support as possible.

Based on AECL's experience at the URL, characterization activities can be
done most efficiently from the sinking contractor's Galloway Stage, a
movable equipment platform suspended between the finished shaft services or
installations and the shaft bottom during construction. To optimize time
underground, it is recommended that a multi-level Galloway stage similar to
that used during extension of the URL shaft be employed. This stage, shown
in Figure 12, consisted of five decks, each with a centrally located
bucket well that allowed the sinking bucket to pass through the decks.

The stage was suspended on three wire ropes to provide stability and could
be moved at about 1.5 m/s. A pneumatic tugger for raising and lowering the
Cryderman mucker and take-up spools for the electrical power and blasting
cables were mounted on the top deck.

The top deck (Deck 1) provided overhead protection and was used to install
the steel shaft sets. The Cryderman mucker and two drill jumbos were
mounted on the second and third decks. The mucker and drill jumbos were
mounted on rails to accommodate quick and efficient setup and teardown.
Also, the decks were designed to enhance servicing and maintenance of the
sinking equipment.

The bottom two decks (Decks 4 and 5) were designed to accommodate stereo-
photography and geological mapping, as well as diamond drilling work at the
instrument arrays. They were also used for sinking activities such as
scaling, bolting and screening. These two decks were suspended from Deck 3
on five 4-m-long telescoping bars and could be retracted during the exca-
vation cycle.

The following features of' Decks 4 and 5 facilitated geological mapping at
the URL.

1. The decks were spaced exactly 4 m apart (equivalent to the cover-
age of two photograph mosaics), which allowed photography to take
place on Deck 5 while the previously developed photomosaics on
Deck 4 were used for mapping. The turnaround time for the photo-
graphs was 24 h, which allowed time to prepare photomosaics
before the shaft had advanced 4 m (usually 2 d).

2. A handrail designed as a mapping grid was available on both
decks.

3. Laser targets and a jacking system were provided.

Multiple decks are advisable to allow the geological crew to use the photo-
graphs taken from the previous day(s) as a base for mapping and sampling.
The overhead decks also protect personnel and equipment from loose rock and
from hydraulic oil and water spray.

A gridded handrail (example 20 x 20 cm) can be used as a target for the
photography, providing both alignment and scale control. This grid will



- 44 -

also provide a backup system for mapping in case photography is not prac-
tical or possible.

A jacking system is needed to hold the Galloway stage tightly in place
horizontally at the desired working elevations. The deck orientation and
position can be determined using either laser targets or plumb lines. The
laser or plumb lines will also be required to survey the photomosaic
control points and to map the shaft floor.

Other services which will be required daily include: electrical power,
water (for wall washing), overhead lighting, and a phone to communicate
with the surface.

5.6 CONTRACT AND SCHEDULES

To optimize the construction and characterization schedules, it is desir-
able that shaft excavation be scheduled to leave sufficient unrestricted
access to the shaft bottom for characterization activities. The details of
the required schedule should be incorporated into the contract tender
documents. The contract could be arranged according to the suggestions in
Appendix C.

Separate schedules will be required for different phases of the exploration
shaft construction. A daily schedule for characterization activities
during normal shaft excavation will aid in completing the various technical
tasks within the allotted time. During the installation of instrumentation
arrays for example, when no construction activities are taking place, the
characterization crews will work around the clock to complete their work.
A longer term schedule will be required to detail the sequence of
activities that will take place during the period, perhaps three to four
vi-jeks, required for installation of an instrument array.

5.6.1 Daily Schedule

The shaft-sinking phase of the project requires many different activities
to take place over each excavation cycle. Virtually all of these construc-
tion and characterization activities take place on the shaft bottom, and
must be done without interference from other activities. Therefore it is
important that the activities for each period be scheduled in detail.
Figure 13 shows an example of a daily technical activity schedule used
during URL shaft excavation. Variations to the standard daily schedule can
be discussed and organized at daily schedule coordination meetings between
the project manager, the contractor and the characterization crews. The
main point is that a time period of at least 4 to 6 h be available after
each excavation cycle for the characterization activities, and that
conditions for mapping/photography be favourable.

It will be necessary for the contractor to maintain a crew during the char-
acterization period to transport equipment and personnel, perform remedial
scaling, and assist with the installation and reading of instruments
installed at various elevations in the shaft.



- 45 -

Deck 1

Deck 2

Deck 3

Deck 4

Deck 5

Suspension
Ropes

Drill
Jumbo

Crydennan
Mucker

Sinking
Bucket

Shaft
Bottom

FIGURE 12: Galloway Stage
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ACTIVITY
scheduled servies trips

Final idjusimantj to Galloway stage
alignment: lower mapping and photography
craw & surveyors

Geological photography

Survey (except Mondays)

Geological mapping on shaft bottom

Wall mapping (previous day's photos)

Complete coding sheets, collect samples
and ascend

Radar on shall bottom

Reset stags to convergence pin array

Read convergence pin array

Reset stage to previous convergence pin
array

Read previous convergence pin array

Read hydrogeofogical instrumentation at all
levels In shall extension

Hydrogeoloqical instrumentation reading in
too 255 m ol shaft llrom bucket)

MONDAYS O M . Y

Install convergence pin array

Survey

Heset stage to previous convergence pin
array

Read previous convergence pin array
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NOTES:
1. This schedule applies to normal day shifts; i.e. not those immediately before or after an instrument array.

2. This schedule assumes shaft is handed over to technical staff al 0800h with:
. stage roughly in position

. elevation plates installed

. walls scaled and washed to required standard

. shaft bottom pumped out and cleaned to required standard

. lights, photography grid in position

3. This schedule is based on geological activities taking A Ml hours. Occasionally it may be necessary to exceed this allotment. The contract should provide the ability to
buy extra tune from the shaft (inking contractor in these situations.

4. Wednesdays and Friday» (see also note 6).

5. Tuesdays. Thursdays and Sundays.

6. Convergence pins will normally be installed on Mondays only. An exception will be the Rest convergence pin array after an instrument array; this will be installed at
the level of the stress meters. The schedule assumes that drillholes for convergence pins and cover plates are drilled on night shift.

7. If platforms are provided at the instrument arrays, this activity can probably be done at the same time as other characterization activities.

8. A method of reading hydrogeological instrumentation from toe bucket is needtd if no sets are installed in the shall.

9. Hvdrogeological monitoring of instrumentation in the lop 255 m of shaft is to be done al the same time as other activities on the stage. This monitoring will require
1 hour once a week.

10. Extra lime for catch upof geological mapping and photography as the shaft bottom is prepared for an instrument array will be bought from the contractor on an as
required basis.

11. Schedule assumes 2 m full face advance per day. If advance is by benching, additional instrument reading time may be required.

AECl fltfxn I»W. FÇut I I tml10rM/c*vl2.ilfW. RAE). rwtl I9MOW-0I.

FIGURE 13: Shaft Characterization Schedule Used in the URL
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The contractor must ensure that the following conditions are met (in the
order indicated) at the end of each construction period before the charac-
terization crews are able to work on the shaft bottom.

1. The section of the shaft walls to be characterized is washed
clean and scaled.

2. The shaft bottom is mucked out, cleaned to an agreed standard,
and pumped to remove standing water.

3. The Galloway stage is positioned accurately using the survey
lasers, depth and survey references are installed, and the
required services are connected.

5.6.2 Schedule During Instrumentation Arrays

The characterization crews will work around the clock to complete their
work during the installation of instrumentation arrays when no construction
activities are taking place. A longer term schedule will be required to
detail the sequence of activities to take place during the 3 to 4 weeks of
array installation. During this time it will be necessary to demobilize
the shaft excavation crew, leaving enough miners available to provide
continuous support for the technical activities.

In order to efficiently complete all the instrument installation within the
allotted time, more than one diamond drill may be required at the arrays.
The number of drills required will be governed by the design of each array
and the space available near and on the shaft bottom. Two drills were used
to install instruments at some instrument arrays during the URL shaft
excavation. One drilled steeply plunging stress-change monitoring
boreholes from the bottom deck of the Galloway Stage while the other
drilled horizontal radial extensometer holes from the shaft bottom.
Figure 14 shows an example of an instrument array schedule used during
sinking of the URL shaft.

5.6.3 Post-Construction Characterization in the Exploration Shaft

Either during construction, or once the construction of the exploration
shaft has been completed, it will be necessary to conduct a thorough
follow-up characterization program in the shaft including the following
activities:

1. triaxial overcoring stress determinations at the location of each
instrument array and at other areas of interest such as on either
side of major geological discontinuities;

2. additional coring to obtain samples for rock properties testing,
including undisturbed joint samples where applicable;

3. overcoring of triaxial strain cells used to measure stress
changes at the instrument arrays during shaft sinking to check on
the reliability of the triaxial strain cells; and



Number of 24 hour days

Geological mapping/
radar survey

Mobilize drill etc. on
sinking stage

8 HQ/EWG SM holes x
10m long

Install packcrs/dcwatcr/
install cells

Move drill to shaft bottom

Drill 2 HG holes x 20 m
long

Install HG instruments

Drill 4NQ holes x 15 m
long; drill 4 NQ holes x 20:
m long

Drill/lest 1 HQ overcore
hole x IS m long

Move drill out

Surveying

Install convergence pins/
extcnsomelcrs

Install cover plates and
conduit

Install and connect data
logging cables

Duration (days) 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

1/2

1

1/2

2

1/2

8

1/2

1/2

11/2

2

28

CO

NOTES:

1. The schedule begins once the shaft bouom is prepared, all services are installed ready for the drilling program to begin, and the data acquisition cables are installed to the
junction box just above the instrument array.

2. No contingency is included.

3. No hitches will be required in the walls, but no time will be saved because it will take longer to set up the drill to collar the holes into the walls of the shaft. There are
technical advantages in this approach, however, and it is expected to be easier to make and install the protective cover plates.

AECLIfcpan 10S60, FlgjnU(ffll1*wltf*mi*w.!UE].wi«»d 1003 OKfl

FIGURE 14: Schedule for Installing a URL Shaft Instrument Array
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4. inspecting the shaft walls to confirm or check the geological
mapping data and hydrogeological observations made during shaft
construction (if it has been possible to delay the installation
of shaft lining).

Access to the shaft bottom will be limited during this period because a
diamond drill(s) will be positioned at each instrument array and sample
location. Unless more than one exploration shaft is available to access
the depth at which horizontal level(s) are to be developed, construction of
the exploration tunnels will be delayed during this period of shaft
characterization.

5.7 GEOLOGICAL CHARACTERIZATION

5.7.1 Excavation

The geological mapping crews will be required to map segments of a fixed
length of the freshly excavated shaft wall each day to keep pace with the
excavation. These map segments will be continuously edited and compiled to
maintain consistency and to provide timely information to site operations,
project management and other characterization groups. The geological
mapping will also include in situ mapping of the shaft floor.

The principal objective of mapping the shaft walls is to continuously and
systematically record the variations in natural and induced fracturing with
depth, to identify the fracture domains and their boundaries, and to iden-
tify any correlations between fracturing and either rock type or fabric
that may assist with fracture prediction and characterization. Geological
mapping of the shaft walls will provide information not normally obtainable
from drill cores, including fracture-offset measurements and the large-
scale variations in rock structure and fracture pattern with depth. Map-
ping should identify and describe the major and minor lithological bound-
aries, the structural domain boundaries, the location of fractures and
fracture zones, the location and manner of fracture termination, and the
variation in fracture infilling with depth and rock type.

Geological mapping of the shaft floor will be required as a check on corre-
lating and orienting fractures or other structures across the excavation.
It will also provide the first indication of unusual or unexpected condi-
tions. Mapping should be done on the floor using a portable and waterproof
grid, with the grid alignment fixed by vertical lasers or plumb bobs. The
floor depth (from the shaft collar), the shaft outline, the position of the
lasers, lithological contacts, foliations, discrete fracture planes, alter-
ation zones, and the types and pattern of excavation damage should be
recorded.

Magnetic interference in the shafts will prohibit the use of a magnetic
compass. Orientations may be determined by referencing them to the
geometry of the stage and the survey lasers in a manner analogous to the
use of a clinorule in a normal scan-line traverse. In this case, however,
the "scan line" is represented by the circumference of the handrail of the
Galloway Stage. Everitt et al. (1989b) describe the development and appli-
cation of this methodology to the URL shaft extension.
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The location of samples and any other features recorded for measurement
should be shown on the map using standard symbols. A sketch of the geology
from the previous day's mapping should be used underground to facilitate
continuity from one day to the next and between different crews.

5.7.2 Shaft Stations

The approximate locations of the shaft stations will likely be specified
before the shaft sinking contract is tendered and will be chosen on the
basis of the geology and hydrogeology known from previous investigations in
the siting stage, including borehole(s) drilled before the exploratory
excavation began. The selected locations and orientations of the shaft
stations may be revised during shaft sinking to accommodate local
geological conditions and in situ observation of stress redistribution
indicators such as excavation damage.

A cross section of the excavation damage around the shaft will be observ-
able in the enlargement of the excavation for the shaft stations. Special
efforts should be made to map this damage because its pattern may be used
to interpret the orientation of the horizontal stresses at the levels.
This will be useful in planning the location of boreholes, the horizontal
exploration tunnels and the level layout later on during the construction
of the facility. Information about the thickness of the damage zones
around the shaft and beneath the floor of the station will also be used to
indicate the relative effectiveness of the excavation design and method,
and will contribute to the information needed to eventually plan the shaft
seals.

Everitt et al. (1989b) present an example of mapping excavation damage at
the shaft stations.

To investigate and monitor the rock mass surrounding the proposed levels
for the disposal vault, an array of steeply dipping boreholes can be
drilled from the shaft stations to encompass the region of rock mass to be
excavated for the level. These boreholes will provide geological, geophy-
sical and hydrogeological information and in situ hydraulic pressure condi-
tions within the region of the rock mass targeted for locating the disposal
horizon. Each borehole will be completed with a hydrogeological monitoring
system as described in Section 5.10.4.

5.7.3 Core and Borehole Logging

The techniques, nomenclature, and instrumentation developed for underground
core and borehole logging will likely be based on the results of the infor-
mation obtained during the characterization done in the surface-based site
evaluation. All diamond drilling should use triple-tube core barrels to
minimize core damage. The core should be oriented and marked according to
a specification such as that given in Appendix D.

Borehole logs for the shaft array boreholes must be completed and available
for use either during or soon after drilling. The information gathered
from the core logs will also be used as input to the site geotechnical
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model and to validate and fine-tune the local-scale geological models for
the shaft, the stations and the instrument arrays. These models will be
required to plan (and modify) borehole and station layouts, to identify
unexpected ground conditions, and to interpret the geomechanical and hydro-
geological results at the arrays.

5.8 GEOPHYSICAL CHARACTERIZATION

5.8.1 Excavation

Table 3 lists the techniques and instrumentation used for the geophysical
characterization of the geological structure and fractures during shaft
excavation. These methodologies are described in Appendix C.

TABLE 3

GEOPHYSICAL METHODS FOR SHAFT CHARACTERIZATION

Technique Application and Environment

During Excavation:

Radar Reflection

AE/MS Monitoring

Near-field mapping of fractures
from the excavation surface

Assessment of excavation damage
zone, formation of cracks and
microcracks, and orientation and
relative magnitude of horizontal
stress field

At Instrument Arrays:

Borehole Radar

Crosshole
Seismic
(mini-charts)

Mapping of fracturas from single
boreholes

Mapping damage zone from borehole
arrays and possible prediction of
major stress orientations

Two geophysical techniques are particularly useful for characterization
during shaft sinking: radar reflection surveying of the excavation surfaces
and AE/MS monitoring in boreholes surrounding the excavation. Radar
reflection surveying requires daily shaft access, whereas AE/MS monitoring
is done remotely using preinstalled sensors around the shaft excavation in
a borehole array drilled from the surface or a shaft station.
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Radar reflection surveying can be used to map fractures at distances up to
30 m from the excavation, but it cannot provide any detailed lithological
information in granitic rocks. The schedule for the characterization
periods in the excavation cycle should allow for this testing. However,
testing has to be done only from time to time if the results indicate no
fractures exist in the vicinity of the shaft excavation.

AE/MS monitoring can provide significant information related to the forma-
tion of stress-induced microcracks and fractures (excavation damage zone)
around the shaft as it is being excavated. The qualitative magnitude of
stresses can be estimated from the frequency and intensity of microseismic
activity, and the orientation of principal horizontal stresses can be accu-
rately determined from the relative density of seismic events around the
shaft. The AE/MS system will provide information to assist in determining
the degree of ground support required in the shaft to provide a safe
working environment.

5.8.2 Instrumentation Arrays

An opportunity for more detailed geophysical surveying in the exploration
shaft will exist when shaft construction is suspended to allow the instal-
lation of the instrumentation arrays. It will be possible to conduct both
borehole radar and crosshole seismic surveys at these locations using the
diamond-drilled instrumentation boreholes. These surveys could be used to
identify unexpected ground conditions and to help interpret the geomechani-
cal and hydrogeological results.

5.9 GEOMECHANICAL CHARACTERIZATION

5.9.1 Mechanical Rock Properties Testing

Considerable information about rock properties will have been determined
from laboratory testing of diamond-drill core samples obtained from the
surface-based evaluation conducted during the siting stage prior to excava-
tion of the exploration shaft. The rock properties database must be
continually and selectively updated as more core becomes available for
laboratory testing from the underground characterization program. It must
be recognized that the rock properties determined from laboratory testing
of core samples are influenced by both sample size and sample disturbance
effects. Therefore, the mechanical properties obtained from testing small-
diameter core will not likely reflect actual in situ values.

The laboratory rock properties program output should include:

1. measurements of uniaxial compressive strength,

2. triaxial compressive strength measurements on intact and jointed
samples,

3. determinations of the coefficients of linear thermal expansion
and rock matrix permeability as a function of confining pressure
and temperature,
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4. sonic wave velocity measurements as a function of confining
pressure,

5. specialized tests to identify various factors including moisture
content, specimen condition, stress relaxation, stress and tem-
perature path dependence effects, and strength and deformation
anisotropic characteristics which may influence the mechanical
rock properties, and

6. comprehensive shear and normal strength testing of undisturbed
joint samples at a variety of load and thermal conditions to help
understand these parameters.

Because of the specialized nature of many of these tests, and the large
number of tests required, it is recommended that testing be performed by
specialist laboratories, such as the Canada Centre for Mineral and Energy
Technology and various qualified universities.

5.9.2 Convergence Arrays

Convergence arrays should be installed at frequent intervals during shaft
sinking to measure a portion of the gross deformation resulting from
excavation-induced stress relief. These arrays should be spaced about 10
to 30 m apart to provide a reasonable number of data points (approximately
20 to 40). The exact spacing and location of the convergence arrays will
depend on the uniformity of geological conditions and the depth of the
shaft. The data collected can be used to back-calculate the rock-mass
modulus and the in situ stresses. Convergence data are particularly
helpful in determining the orientation of the horizontal stress field.

Convergence magnitudes are expected to be of the order of 3 mm or less in
the stiff plutonic rock of the Canadian Shield for shafts with a diameter
of 6 to 7 m, so accurate convergence measuring instrumentation such as the
Kern distometer, which employs a tensioned Invar wire, must be used.
Experience at the URL has shown that it is preferable to have six measure-
ment diameters spaced at 30° intervals to obtain adequate information on
the overall convergence pattern at each location. This recommended conver-
gence array layout is shown in Figure 15.

The convergence pins should be long enough to allow them to be grouted into
intact rock and not to a developing piece of loose rock on the shaft wall.

Special 300-mm-long pins were fabricated at the URL by welding the 100-mm-
long stainless steel pins normally used for convergence measurements to
200-mm-long lengths of steel re-bar. Quick-setting epoxy cartridges were
used, and the pins were spun into the epoxy cartridges using a specially
adapted automotive-type pneumatic drill. A steel washer welded around the
midpoint of each pin served to retain the grout on only the deeper half of
each pin so that loosening wall rock near the edge of the excavation would
not affect the measurements.



- 54 -

tr:•-'. xv---"

\ -4 \ V

FIGURE 15: Layout of Convergence Array in the Shafts

A reasonable approach to installing convergence arrays is to install a new
array as part of a regular operating schedule. The number of days in this
regular schedule will depend on the average rate of excavation advance
andthe desired distance between the arrays. For example, a convergence
array was installed each Monday during the URL shaft extension. Monday was
convenient because convergence measurements could be taken each day for
four days before the weekend. A final measurement was taken the following
Monday as a new array was being installed. Given the delays associated
with all of the other shaft characterization activities, a typical advance
in a week did not usually exceed 15 m. A special characterization schedule
for Mondays was prepared to allow the installation of convergence pins and
a double set of convergence measurements. Under the direction of a
construction inspector, the Sunday-night construction crew predrilled the
percussion holes for both the convergence pins and the protective steel
cover plates using a jack-leg drill. Ideally, the shaft bottom was reason-
ably flat, with a fairly uniform cross section. The pins were then
installed at a constant distance (200-300 mm) from the shaft bottom.

5.9.3 Instrumentation Arrays

In addition to closely spaced convergence arrays, it will be necessary to
install more elaborate instrumentation arrays at irregular intervals to
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collect detailed information on displacements within the rock, stress '
changes caused by excavation-induced stress redistribution, and permeabil-
ity and hydraulic pressure changes in water-bearing fractures. The spacing
and location of these instrumentation arrays will depend, to a large
extent, on the geological conditions determined from characterization
performed during surface-based evaluation. The typical spacing of these
arrays should range from about 50 m to not more than 100 m. Conditions
between instrumentation arrays can be inferred from the lithology, struc-
tural geology, and convergence array data. It is even more important to
achieve a flat, uniform shaft bottom for an instrumentation array than it
is for convergence arrays since the cost, effort, and amount of data being
collected are much greater.

Figure 16 shows the layout of a typical shaft instrumentation array applied
in the URL. The rock displacement instrumentation consists of highly
accurate multiple-point borehole extensometer (MPBX) systems installed in
eight radial diamond-drilled boreholes collared within 300 mm of the shaft
bottom. At the URL, the borehole fracture monitor-extensometer (BOF-EX)
was used with great success. The Schaevitz linear variable differential
transducers (LVDT) in this instrument are capable of recording
displacements of less than 1 \lm. The deepest measurement point should be
at least three shaft diameters from the shaft wall, so the displacement-
measurement boreholes should be 18 m deep for a 6-m-diameter shaft. At
least 11 measurement points (anchors) should be installed in each
displacement-measurement borehole, with the anchor spacing closest near the
shaft wall where most of the displacement will occur, and increasing with
depth. MPBX holes should be drilled with a slight upward plunge (about 2°)
so that they are self draining to provide a less hostile environment for
the MPBX installations. Convergence measuring pins should also be
installed at each of the full instrumentation arrays to correlate the
detailed rock-displacement data with the convergence measurements.

Instrumentation to measure stress change should be installed in steeply
plunging boreholes collared several metres above the shaft bottom, and
extending about two shaft diameters below the shaft bottom. The boreholes
should be diamond drilled HQ size with a 0.5-m-long concentric EWG borehole
at the end in which each strain cell is installed. Eight pairs of strain
cell holes should be drilled, corresponding to the eight MPBX boreholes
(although care must be taken to ensure the strain-cell boreholes do not
intersect or interact with the MPBX boreholes). The inner ring of strain-
cell boreholes should plunge at the appropriate angle to position the inner
set of strain cells about 1.5m from the future shaft wall. The outer ring
of strain-cell holes should plunge at the appropriate angle to position the
outer set of strain cells about 3 m from the future shaft wall.
Commonwealth Scientific and Industrial Research Organization (CSIRO)
triaxial strain cells or their equivalent will be installed at the base of
each borehole.

Section 5.10.4 describes the instrumentation installed to measure the
hydraulic pressures, permeabilities, and the coupled hydraulic/mechanical
behaviour of the fractures.
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BOF-EX SHOWING ANCHOR LOCATIONS

HYDROGEOLOGY HOLE SHOWING PACKER LOCATIONS

TRIAXIAL STRAIN CELL INSTALLATION

CONVERGENCE PIN

FIGURE 16: Layout of Instrumentation Array in the Shafts
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With the exception of the convergence instrumentation, all the instrumenta-
tion installed at instrumentation arrays should be connected through signal
conditioners to a central data logging system, as described in Section 3.
In addition, it will be important to protect the instruments from blast
damage using 6-mm-thick protective steel plates. Rock bolts used to secure
the plates should not exceed 600 mm in length and should be located far
enough from the MPBX boreholes so as not to affect the measurements. All
signal cables and junction boxes will also need protecting with conduit,
steel angle iron, and steel plates to ensure they are not damaged by
blasting or construction activities.

The excavation sequence following the installation of an instrumentation
array will have to be carefully planned to both minimize blast vibration
and concussion effects on the installed instruments, and to provide several
small-face advance steps to maximize the information obtained. Small blast
steps of about 1 m will also be required when advancing the shaft excava-
tion past the triaxial strain cells located about two shaft diameters below
the radial extensometers.

5.9.4 In Situ Stress Determinations

Preliminary in situ stress information will have been obtained during the
surface-based evaluation activities for siting the disposal facility and
locating the exploration shaft. This information will come from rock "pop-
up" studies, breakout patterns in boreholes, and anisotropy in seismic
velocities. Additional information will be obtained from deep hydraulic
fracturing stress determinations and possibly some deep overcoring measure-
ments. Stress determinations conducted during the underground characteri-
zation of the exploration shaft will confirm these early measurements and
add detail and increased accuracy to the understanding of the stress regime
at the site.

As described in Section 5.9.2, convergence arrays installed in the shaft
will provide valuable information about the stress field, particularly the
orientation of the horizontal stress field. In addition, the existence of
stress-induced notches and "crush zones" on the shaft walls can indicate
the orientation of the principal horizontal stresses. The stress
magnitudes can be inferred from the severity of these failure zones. Even
where such rock failure may not necessarily be obvious, such as where zones
of internal microcracking have occurred, it should be possible to pinpoint
the locations of microcrack formation using the AE/MS system described in
Section 5.8.1 to infer the orientation of the horizontal stress field.

Direct methods of stress determination should be employed at each instru-
mentation array. Overcoring measurements using the U.S. Bureau of Mines
(USBM) borehole deformation gauge (BDG) should be conducted near the base
of some of the steeply dipping stress-change-measurement boreholes as they
are being drilled to provide preliminary information on the horizontal
stress field. If high stress levels cause discing problems, the continu-
ously monitored Council for Scientific and Industrial Research (CSIR) door-
stopper gauge should be employed. These early 2D overcoring stress deter-
minations will provide an indication of the initial stress field magnitude
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arid orientation data to be used to interpret the instrumentation array
measurements.

A more detailed program of overcoring stress determinations must be under-
taken during the detailed characterization that will take place after shaft
excavation is completed (Section 5.6.3). A working platform will be set up
at each instrumentation array during this period to obtain rock properties
samples, overcore the previously installed triaxial strain cells used to
monitor stress change, and conduct overcoring stress measurements in
subhorizontal holes. The bulk of these overcore tests should be conducted
using continuously monitored triaxial strain cells similar to those used
during the URL program. The BDG biaxial overcore measurements should be
conducted periodically to confirm that the triaxial cells are providing
accurate results.

Experience at the URL has shown that it is not easy to obtain accurate
stress determinations in moderately stressed brittle rock. There are many
factors, such as nonelastic or anisotropic rock behaviour, that can lead to
significant errors in interpretation. It is therefore important not to
rely on a single measurement technique or instrument type to determine
stress.

5.10 HYDROGEOLOGICAL CHARACTERIZATION

The underground hydrogeological characterization during shaft sinking will
consist of these monitoring and testing steps:

1. hydraulic testing and instrumentation of borehole arrays from
shaft stations;

2. monitoring the hydraulic drawdown caused by shaft excavation.
The depression cone will be determined by monitoring water levels
and pressures in the array of surface-drilled hydrogeological
monitoring holes augmented by boreholes drilled and instrumented
from the subsurface shaft stations (see 1); and

3. hydrogeological testing and observations made during shaft exca-
vation at instrument arrays and water rings.

The hydrogeological characterization techniques and instrumentation
developed during the underground characterization of the URL are applicable
the underground characterization of the exploration shafts for a disposal
vault. These activities are described in Appendix F.

5.10.1 Monitoring Network

All boreholes drilled and instrumented during the underground characteriza-
tion activities should be incorporated into the hydraulic pressure monitor-
ing network developed during the surface hydrogeological investigations.
This will provide information about the timing and extent of the hydraulic
response of the undisturbed rock mass to the excavation activities, and
will provide information to verify and calibrate the site hydrogeological
models.



- 59 -

The hydrogeological characterization during shaft excavation should be
designed to validate the preliminary hydrogeological model by measuring the
groundwater seepage into the shaft opening from intersected fractures and
the surrounding rock, mass, and by monitoring hydraulic pressure changes and
hydraulic heads in the borehole-monitoring network.

5.10.2 Inflow Measurements

Water collection rings should be constructed at designated locations within
the shaft to collect and monitor groundwater seepage into the shaft.

The seepage rate should also be measured at points of discrete groundwater
inflow such as at intersected fractures. Discrete inflows can, for
example, be measured by creating a small cement trough against the rock
wall below the inflow point. Manual measurement and/or recording of the
groundwater seepage from these inflow points can be scheduled into the
daily excavation activities.

5.10.3 Shaft-Station Boreholes

The shaft-station exploration boreholes (Section 5.7.2) will be subject to
the same hydrogeological characterization activities as the site-
characterization boreholes. The borehole testing can involve short-term,
single-borehole straddle-packer testing techniques such as multiple-step
fluid withdrawal/ injection tests, pulse tests and slug tests to measure
the near-borehole rock-mass hydraulic conditions, and long-term pumping
tests to measure the far-field hydraulic connection to the rest of the rock
mass, including the presence of hydraulic boundary conditions within the
radius influenced by the borehole testing. The hydraulic test results will
help to plan the shaft excavation with respect to the need for localized
grouting of fracture zones intersected during shaft excavation, estimates
of groundwater inflow into the shaft, and locations of any hydrogeological
instrument arrays required.

A semipermanent packer system should be installed within the shaft pilot
borehole drilled prior to shaft excavation approximately two shaft dia-
meters away from the shaft location when all single- and multiple-borehole
testing activities are complete to hydraulically isolate each intersected
fracture zone within the borehole. The hydraulic pressure data collected
from the packer isolated zones will augment the pre-existing surface bore-
hole hydraulic pressure monitoring network, thereby providing a near-field
hydraulic pressure monitoring point close to the shaft excavation.

5.10.4 Instrumentation Arrays

Hydrogeological instrumentation should be installed in boreholes drilled at
the shaft instrumentation arrays to determine the detailed hydrogeological
conditions near the excavation. The instrumentation installed will depend
on the rock conditions encountered at each array location. In unfractured
rock, it would typically consist of at least one packer system installed in
a sub-horizontal borehole, creating four to six packer-isolated zones in
which to monitor permeability and water pressure. These zones would then
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be monitored to measure the pore-water pressure within the rock matrix and
its variation with time and space. Where natural fractures exist in the
rock, Pac-Ex instruments could be installed to span the fractures. These
instruments provide detailed in situ data on the coupled hydraulic
pressure/normal dilation of fractures at the same locations. In addition,
it would be possible to determine the hydraulic transmissivity and its
variation with the subsequent advance of the shaft. If multiple fractures
are intersected in the rock at the instrumentation array, a borehole packer
system capable of isolating these would be installed to measure hydraulic
pressure trends and to determine the hydraulic permeability within the
fractures.

5.11 HYDROGEOCHEMICAL AND MICROBIOLOGICAL CHARACTERIZATION

5.11.1 Groundwater Sampling and Analysis

Groundwater samples should be collected from those locations in the shafts
where groundwater seepage occurs. These locations include water rings,
discrete seepage-monitoring points, and the packer-isolated zones of the
monitoring boreholes.

Geochemical sampling of groundwater will be required on a regular basis to
monitor natural conditions and their changes with time, as well as to moni-
tor the contamination created by excavation and other construction activi-
ties. The presence of microbial organisms should also be determined.

The methods for collecting and analyzing water samples for their chemical
and microbiological content are described in Appendices G, H and I.

6. CHARACTERIZATION DURING EXPLORATION-TUNNEL EXCAVATION

6.1 OBJECTIVES

Earlier characterization work compiled from surface-based site evaluation
activities and from underground activities performed during construction of
the exploration shaft will support a revised site geotechnical model that
will serve as a basis for defining the elevation and approximate location
and orientation of the working level (s)-.

The primary goal during the excavation of the exploration tunnels will be
to determine the final location and geometry of the waste-disposal rooms
within the target area identified in the preceding investigations. This
will entail defining, in detail, the location, dimensions and geotechnical
characteristics of the rock volumes in which the waste-disposal rooms will
be built at the intended disposal-vault depth(s). The effort will depend
on the site geology such as the geometry and proximity of fracture zones
and other fracturing in the rock.
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Specific characterization objectives include:

1. providing the information needed to finalize the location of the
disposal level and for the initial design of the level station
and vault layout;

2. defining the location, dimensions, and permeability of the rock
comprising any waste exclusion distances required to separate the
disposal rooms from particular groundwater flow pathways in the
rock;

3. determining the near- and far-field geomechanical and hydrogeo-
logical response of the rock to variations in the excavation
size, orientation, and methods;

4. determining the excavation damage and establishing correlations
to variations in the physical conditions of the site;

5. monitoring the hydrogeochemical and biogeochemical responses to
tunnel excavation;

6. continuing data collection and monitoring to verify and refine
the geotechnical model of the disposal site; and

7. continuing to test and develop characterization methods for
application during the construction and operation of the disposal
facility.

6.2 SCOPE OF WORK

There are two elements to the characterization associated with exploration
tunnel development: exploration boreholes from the stations in exploration
shafts and characterization in and from exploration tunnels.

Confirmation of the strike of any faults at the scale of the excavations
will be provided by subhorizontal boreholes drilled from stations on the
horizontal level before the excavation starts, and by inclined boreholes
drilled from the shaft stations above the level. As in the exploration
shaft, these boreholes will be logged geophysically and geologically before
they are instrumented with integrated hydrogeological and geomechanical
monitoring systems.

Boreholes will be needed to confirm or refine the site geotechnical model
and to monitor the large-scale hydrogeological response to the excavation.
These holes will provide detailed information on the conditions expected
within the proposed level and will be used to develop its layout.

It will be desirable to drill the subhorizontal boreholes immediately adja-
cent (<10 m) to, rather than within, the exploration tunnels so that they
may be retained and used as part of the long-term monitoring system. Core
and borehole logging, overcoring, hydrofracturing stress measurements and
hydrological testing carried out in these holes will provide information on
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the hydrogeological and geomechanical conditions in advance of the excava-
tion, and for some time thereafter.

The first element is exploration drilling which will be done from the level
stations to confirm the rock volumes to be characterized for disposal
rooms. Exploration tunnels will be excavated around the perimeter of the
proposed emplacement panels, and instrument arrays will be installed from
these tunnels to obtain the necessary characterization and design informa-
tion. These arrays will monitor the response of the rock mass and the
groundwater regime as excavation proceeds, and will provide data on the
rock mass and fracture deformation properties and in situ stresses.
Although the general location and number of instrument arrays must be
estimated before the level construction contracts are tendered, the loca-
tions will likely be revised during construction to accommodate local
geological and in situ stress conditions. Details are discussed in
Section 6.9.3. Bored ventilation raises may also be constructed at this
time. The characterization of these raises will follow procedures similar
to those used in the shafts and tunnels.

Table 4 lists the characterization activities recommended during the exca-
vation of the exploration tunnels.

It will be important to plan the layout of the exploration tunnels and all
boreholes drilled from the exploration tunnels carefully so as not to
compromise any potential waste-disposal areas. The planning for tunnel and
borehole locations should be conducted so as to accommodate local detailed
information as it becomes available.

If grouting is required to control groundwater during excavation of the
exploration tunnels, hydraulic testing will be required at the location of
each grouting activity to determine the hydraulic effectiveness of the
grouting operation and the extent of grout travel (hydrogeological contami-
nation) within the fracture zones.

As in the shafts, most instrument arrays will consist of a radiating
pattern of short boreholes and other boreholes drilled at an acute angle to
the tunnel axis before excavation begins. Lang et al. (1991) describe such
an arrangement for the tunnel instrument arrays at the URL. Additional
information on the geomechanical and hydrogeological testing performed at
these arrays is provided in Section 6.9.

The time required to install each array will depend on the local conditions
and on the work space available. As two or more exploration-tunnel head-
ings are likely to be under development at any time it will be possible to
continue excavation at other tunnel headings during installation of the
array.

Steel cover plates will be placed over the borehole collars at the array to
protect instruments against damage from blasting and mucking. The instru-
mentation signal cables must be connected to local signal conditioners.
(At the URL these were housed in sealed PVC cylinders and protected within
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short percussion drilled holes.) Output cables from the signal condi-
tioners must be protected using steel conduit and angle iron, and then
connected to a local data logger.

Once installation of the instruments at the array is complete, the tunnel
may be excavated past the array in stages to optimize the data collected.
Initial blasts should also be designed to limit blast damage and produce a
more gradual excavation response for the instrumentation. Careful excava-
tion controls should be used to ensure that the excavation shape after each
blast round agrees closely with the planned shape incorporated in any nume-
rical modelling. The installed instrumentation will monitor the strain
tensor, the radial displacements, and piezometric pressures after each
excavation round. Tunnel convergence, variations in groundwater seepage
from any exposed fractures, and changes in hydraulic conductivity should
also be measured. Final characterization at the arrays will include
detailed surveys of the excavation surface and detailed geological mapping,
with emphasis on the excavation damage.

TABLE 4

EXPLORATION TUNNEL CHARACTERIZATION ACTIVITIES

1. Boreholes installed prior to (or during) excavation.

Objective: determine structural and hydrogeological conditions in
advance of excavation.

Characterization Activities:

Geology core photography, core logging
Geophysics televiewer and acoustic televiewer borehole logging,

electrical borehole logs (spontaneous potential, single
point resistance, resistivity)
nuclear borehole logs (natural gamma, gamma-gamma,
neutron-neutron)
other borehole logs (borehole survey, sonic transit time,
temperature, magnetic susceptibility, radar, crosshole
seismic)

Hydrogeology permeability distribution, fracture hydraulic intercon-
nection, geochemistry, hydraulic head determination

continued...
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TABLE 4 (continued)

2. Continuous characterization during and immediately after tunnel
excavation.

Objective: validate models based on borehole logging, provide informa-
tion necessary to interpret borehole results, provide information
needed to site instrument arrays, measure rock response and in situ
stresses, investigate horizontal continuity of fractures, define
fracture pattern at scale of investigation, and observe and define
excavation damage and the correlations between damage and excavation
methods/ design.

Characterization Activities:

Daily geological mapping, hydrogeological sampling and other activities
that provide a continuous record of the variation in rock structure and
other properties with depth.

Geology

Geomechanics
Engineered
excavation

Geophysics

detailed stereophotography and geological mapping of the
tunnel surface
installation and measurement of convergence pin arrays,
development and use of controlled blasting techniques
to minimize excavation damage and enhance ground
stability
vertical seismic profiling, radar, sonic, seismic

3. Instrument arrays during scheduled breaks in construction.

Objective: measure rock response and in situ stresses, observe and
define excavation damage and the correlations between damage and exca-
vation methods/design. Characterization includes drilling and instal-
lation of geomechanical and hydrogeological instrument arrays at
predetermined locations.

Characterization Activities:

Geophysics

Geology
Hydrogeology

Geomechanics

radar and sonic seismic surveys from the tunnels to
refine the local geological model for the instrument
array prior to drilling and to establish exclusion
distance dimensions
core and borehole logging as in (1)
near-field hydraulic head determination, inflow monitor-
ing, permeability determination, groundwater sampling
(hydrogeochemistry and biogeochemistry)
overcore stress determinations, mechanical properties
testing, rock mass convergence and near-field testing,
borescope logging of all holes prior to their closure to
identify excavation damage, recording (by appropriate
means) of any excavation-damage effects that occur either
during or after the array

continued...
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TABLE 4 (concluded)

4. Boreholes.

Objective: validate or upgrade existing geotechnical model as required.
Characterization includes drilling and instrumentation of hydrogeolo-
gical boreholes from any suitable location concurrent with tunnelling
operations.

Characterization Activities:

Geology
Geophysics

Hydrogeology

Geomechanics

core and borehole logging as in (1)
core and borehole logging as in (1)
near-field hydraulic head determination, inflow monitor-
ing, permeability determination, groundwater sampling
(hydrogeochemistry and biogeochemistry)
deep in situ overcoring (where conditions permit), hydro-
fracturing

5. Post-excavation activities.

Additional activities conducted at this time to take advantage of
better access or logistics, record time-dependent behaviour, or provide
additional information as required. Characterization includes drilling
and instrumentation of hydrogeological boreholes from any suitable
location, additional sampling, and rock mass response and in situ
stress measurements.

Characterization Activities:

Sampling

Boreholes

Geomechanics

characterization activities as for (4)
installation of permanent water collection systems and
flow monitoring equipment at suitable locations for
hydrogeological and geochemical monitoring
rock and fracture sampling (as required)
boreholes from the shaft stations with combined hydrogeo-
logical and hydrogeomechanical instrumentation
core and borehole logging as in (1)
geomechanical testing at the previously established
instrument arrays including overcore stress determina-
tions, collection of core samples without fractures for
mechanical properties testing (selection based on results
of preceding geological mapping), core samples containing
undisturbed fractures for laboratory testing, performance
tests on instruments
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6.3 STAFFING AND RESOURCE REQUIREMENTS

The underground characterization activities during the excavation of the
exploration tunnels will require similar arrangements and infrastructure to
those described for exploration-shaft sinking. These include:

1. sufficient qualified technical staff to perform the data collec-
tion and to provide timely analysis/synthesis of results so that
new data are constantly used to test and refine the site geotech-
nical model and are available to the facility designers and
project management team when required;

Note: In addition to the effort involved in collecting data from
the exploration tunnels, staff will be required to monitor condi-
tions in the exploration shafts at the same time. Such condi-
tions may include mapping of new excavation damage and water
inflow sampling.

2. training programs and supporting documentation for the character-
ization activities in place prior to the start of the excavation
of the exploration tunnels;

3. daily work schedules to optimize the time available to perform
the technical work at the working locations while allowing the
construction contractors sufficient time to conduct the excava-
tion cycles;

4. detailed construction/excavation/surveying/scaling/drilling
records to monitor contract performance, to ensure that construc-
tion work is being done within design parameters, and for corre-
lation with characterization results (The records procedures
should be reviewed and revised as required to accommodate
horizontal excavations.);

5. special equipment and transportation facilities for conducting
the daily characterization activities within the exploration
tunnels, such as water collection channels;

6. adequate core logging and storage facilities;

7. on-site photographic lab/maintenance/fabrication shops;

8. suitably furnished equipment assembly and maintenance areas for
each of the technical groups performing characterization
activities;

9. review and upgrading of the quality control procedures and the
records management system as required;

10. a heating and ventilation system that will assure relatively
constant underground temperatures and humidity conditions;
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11. regular and continuous monitoring of local meteorological condi-
tions, groundwater levels, heads, pressures and groundwater
chemistry/biochemistry; and

12. data modelling (e.g., CADD) and data management systems with
dedicated staff and in-house training programs as described in
Appendix C.

6.4 TRIALS

As during the development of the exploration shaft, a trial period for in
situ testing of equipment and procedures will help to ensure the success of
the tunnel characterization activities, and should be accommodated as part
of the plan.

Activities conducted during this period may include:

1. compilation of characterization results from preceding investiga-
tions in the exploration shafts, with emphasis on method and
model revision,

2. testing of new data collection procedures based on recommenda-
tions from the preceding investigations,

3. safety indoctrination of characterization staff,

4. testing of schedules for integrating the characterization and
construction work,

5. testing of characterization and excavation equipment and methods,
and

6. technical training of contract staff.

6.5 EXCAVATION DESIGN AND ACCESS

Unlike the exploration shafts, most of the characterization of the explora-
tion tunnels can be done after construction but before the installation of
services or track. All characterization activities should begin as soon as
possible after excavation to allow monitoring of time-dependent behaviour,
such as the development of excavation damage, and variations in any ground-
water inflow as excavation proceeds.

Geological mapping will be done on a continuous basis, while most other
hydrogeological, geophysical and geomechanical investigations will be done
intermittently at specific groundwater seepage locations, convergence
arrays and instrument arrays.

The excavation method chosen for the exploration tunnels must accommodate
the expected ground conditions, minimize damage to the surrounding rock
mass, and be flexible enough to allow changes to the excavation layout.
The shape and dimensions of the exploration tunnels must be designed to
accommodate the requirements of the characterization program.
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Later, as more characterization data becomes available, excavation orienta-
tion, design and methods for the tunnels may be revised to accommodate (and
minimize) the observed in situ response.

As noted in Section 2, a large-diameter tunnel-boring machine will offer
little flexibility in the underground operations and would probably not be
appropriate for any excavations other than for the construction of the main
access tunnels. The drill-and-blast method is extremely flexible and is
probably more suitable for the excavation of the exploration tunnels,
access tunnels and the disposal rooms. If current developments in mechani-
cal excavators for hard rocks are successful, future equipment may offer
both the benefits of mechanized excavation and the flexibility of excava-
tion cross sections now offered by the drill-and-blast excavation method.
Regardless, the excavation design and excavation method should be optimized
to maximize the stability of the opening and to minimize ground support.

6.6 CONTRACTS AND SCHEDULE

The requirements and schedules for construction and underground character-
ization during exploration-tunnel excavation are more flexible than those
in the exploration shafts. This is because alternative work areas
(multiple headings) are available and the characterization activities do
not need to be done immediately after excavation. These general require-
ments exist:

1. characterization and instrument maintenance work as required and
as convenient to the overall schedule;

2. transportation of equipment and personnel to the working areas,
remedial scaling of rock surfaces as required, and assistance
with the installation of new instruments and the reading of
instruments installed previously within the shafts and tunnels;

3. installation of steel ladderways in bored raises to provide
access for groundwater sampling and for geological mapping (The
final ground support (if required) and permanent services should
be delayed until the characterization activities in these
excavations are complete.); and

4. careful review of. the excavation contract and schedule for the
exploration tunnels to ensure that the construction methods and
timing are consistent with the characterization program and its
objectives (for example, adequate construction records must be
kept, the excavation design and methods need to be defined and
monitored by the characterization program, and access and
conditions suitable for characterization work must be available).

The details of the required schedule should be incorporated into the
contract tender documents. The contract should be arranged according to
the recommendations in Appendix C.
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Different levels of schedule detail will be required for different times
during this phase of the project. A daily schedule for experimental acti-
vities will be required in order to complete the various technical tasks
efficiently within the allocated time period. A longer term schedule will
be required to detail the sequence of and interaction among discrete char-
acterization, excavation and servicing activities.

6.7 GEOLOGICAL CHARACTERIZATION

6.7.1 Geological Characterization of Exploration Boreholes

The techniques, nomenclature and instrumentation applied to retrieve high-
quality oriented core and to conduct core and borehole logging will be
essentially the same as those developed earlier for characterization during
the siting stage and during the construction of the exploration shafts (see
Appendix D).

Borehole logs for the array boreholes must be completed and available for
use either during or soon after drilling. The locations of hydrogeological
and geomechanical instrumentation must be shown on core and borehole logs
and on accompanying graphical presentations.

This information will be required t. plan (and modify) borehole and station
layouts, to identify unexpected ground conditions, and to interpret the
geomechanical and hydrogeological results at the instrument arrays. The
information gathered from the core logs will also be used to refine the
large-scale geotechnical model of the site and to test and refine the
local-scale geological models of the regions surrounding the tunnels,
stations, raises and instrument arrays. They will also serve as a check on
the extrapolations made from mapping or geophysical surveys.

6.7.2 Excavation of Access Tunnels

The geological mapping program to be undertaken during horizontal develop-
ment will be a continuation of the program conducted during shaft sinking,
with the same types of observations as described in Section 4. The advan-
tage during horizontal development is that it is possible to observe the
horizontal variation in the fracture characteristics directly at the
intended disposal level. The structure of the plutonic rock and any corre-
lations between the rock fabric and fractures that may facilitate the
prediction of lateral permeability and variations in mechanical properties
will also be observed directly.

The techniques and equipment used to map the excavation will be similar to
those described previously, with mainly logistics differences. Detailed
geological mapping, for example, will be done after an entire tunnel, or
large segment of a tunnel, is complete. This will make it easier to cor-
rectly identify and orient large-scale structures than if they were seen in
small segments on successive days by a number of mapping crews. Face
mapping may be conducted as conditions dictate; the purpose being to
identify conditions which might require revision to tunnel location or
orientation.
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The recommended mapping methodology is described in Appendix D.

6.8 GEOPHYSICAL CHARACTERIZATION

6.8.1 Monitoring and Exploration Boreholes

The methods for geophysical characterization of the boreholes drilled
during the excavation of the exploration tunnels are identical to those
used to characterize all boreholes at the site (see Section 3, Appendix C,
and Hillary and Hayles (1985)). These methods include:

1. standard downhole methods such as electrical logs (spontaneous
potential, single-point resistance, resistivity), nuclear logs
(natural gamma, gamma-gamma, neutron-neutron), and others (sonic
transit time log, caliper log, temperature log, magnetic suscep-
tibility log) ;

2. single-hole and crosshole radar and seismic methods,

3. monitoring-type systems such as AE/MS, and

4. television and acoustic televiewer (ATV) logs.

Television and ATV surveys can be run to obtain fracture position and
orientation information. These surveys can also provide data about excava-
tion damage in boreholes drilled near the excavation and on in situ
stresses (borehole breakout caused by in situ stresses). Table 5 summar-
izes the types of borehole geophysical surveys that can be used and their
general application.

The specific selection and application of techniques will depend on the
geological environment and on site logistics and conditions. Borehole
radar surveys, for example, will provide very limited information in areas
where the groundwater/pore water is saline, and downhole seismic surveys
may be ineffective in areas where ventilation fans or other noise sources
are present. The characterization/construction schedule should accommodate
special operational requirements for some characterization techniques.

6.8.2 Excavations and Instrument Arrays

The techniques and application of geophysical methods for characterization
during exploration-tunnel excavation will be essentially the same as those
used during shaft excavation. Table 6 lists the methods applicable to the
excavations and the instrument arrays. Examples of some of these methods
are given in Appendix E.

6.9 GEOMECHANICAL CHARACTERIZATION

6.9.1 Mechanical Rock-Properties Testing

The mechanical rock properties testing program to be undertaken during
exploration-tunnel excavation will be an extension of the program performed
during exploration-shaft sinking, with the same range of tests as described
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in Section 5. Horizontal development will provide better access to a
greater variety of vertical fractures from which undisturbed samples may be
obtained for comprehensive shear and normal strength testing.

TABLE 5

GEOPHYSICAL METHODS FOR BOREHOLE CHARACTERIZATION

Technique Application and Environment

Downhole Logs

Electrical
Nuclear
Caliper
Temperature
Magnetic Susceptibility

AE/MS Monitoring

Borehole Radar

Crosshole Seismic
(mini-CHARTS)

groundwater, fracturing,
lithological variations, alteration
fracture zones, borehole breakouts
information on groundwater flow
structural features, lithological
variation

assessment of excavation damage,
formation of cracks and microcracks, and
orientation and relative magnitude of
horizontal stress field

far-field mapping of fractures from
single boreholes or crosshole radar
surveys

fracture zones, far-field damage-zone
mapping, lithological heterogeneity

6.9.2 Convergence Arrays

Convergence arrays should be installed at frequent intervals during
exploration-tunnel excavation to measure rock displacement and deformation
resulting from excavation-induced stress relief. These arrays should be
spaced about 16 to 30 m apart to providé a reasonable number of data points
and to help identify spurious measurement data. The array spacing in the
tunnels can be greater than in the exploration shafts because vertical
stresses will remain essentially constant, and stresses should remain
relatively uniform along a tunnel trending in a particular direction, and a
given distance away from major discontinuities.

The convergence array layout (Figure 17) and instrumentation will be the
same as that used in the exploration shaft (Section 5), with the measure-
ment plane changing from horizontal to vertical. Convergence measurements
during the construction of the exploration tunnels should be easier to make
and less disruptive than in the shaft since excavation will take place on
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two or more tunnel faces simultaneously, allowing more flexibility in
scheduling access for measurements.

TABLE 6

GEOPHYSICAL METHODS FOR EXCAVATIONS AND INSTRUMENT ARRAYS

Technique Application and Environment

From Excavations:

Crosshole Seismic

AE/MS Monitoring

At Instrument Arrays:

Borehole Radar

Crosshole.Seismic
(mini-charts)

near-field mapping of the excavation
damage

assessment of excavation damage,
formation of cracks and microcracks, and
orientation and relative magnitude of
horizontal stress field

far-field mapping of fractures from
single boreholes

near- and far-field damage zone mapping
from borehole arrays, and far-field
geological characterization

6.9.3 Instrumentation Arrays

As during the development of the exploration shafts, it will be necessary
to install and monitor comprehensive instrumentation arrays during the
development of the exploration tunnels. These arrays can be spaced up to
200 m apart in the tunnels since in situ stress conditions should be more
uniform than in the shafts. More frequent spacing will be necessary where
lithology or structural boundaries are crossed. The layout of an instru-
mentation array located in the exploration tunnels will be very similar to
a shaft array, but will be rotated into the vertical plane (Figure 18).
Lengths of boreholes and instrument locations will be determined based on
the dimensions of the tunnel.

As in the exploration shafts, the excavation sequence must be modified once
an instrumentation array has been installed in the tunnels to minimize any
disturbance to the instrumentation and to increase the number of measure-
ments taken before the entire elastic response has occurred, both for the
extensometers and for the strain cells. If mechanical excavation methods
are used, the instrumentation and signal cables will need to be recessed
and protected from the tunnel boring machine gripper pads.
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FIGURE 17: Convergence Array Layout in Tunnels

6.9.4 In Situ Stress Determinations

It is expected that in situ stress information on the disposal horizon will
be relatively complete before any horizontal development begins.
Nevertheless, the same methods of in situ stress determination that were
used during exploration-shaft sinking will continue during the development
of the exploration tunnels. These include examining the convergence array
data, some additional overcoring tests using the most appropriate methods,
and possibly some hydrofracturing tests.

5.10 HYDROGEOLOGICAL CHARACTERIZATION

The underground hydrogeological characterization program conducted during
the development of the exploration tunnels will largely be a continuation
of the activities performed during the development of the exploration
shafts. These activities consist of:

1. Continued monitoring of the hydrogeological disturbance caused by
the underground excavation and characterization activities. This
includes monitoring any changes in groundwater chemistry and
biogeochemistry.
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2. Hydraulic testing and instrumentation of additional boreholes and
integration of these boreholes into the overall site monitoring
network.

3. Hydrogeological testing and observations made during excavation
at instrument arrays and water collection points.

The techniques and instrumentation developed during the hydrogeological
characterization of the URL are likely to be applicable to the development
of the exploration tunnels. These activities are described in Appendix F.

6.10.1 Monitoring Network

All boreholes drilled and instrumented during underground characterization
activities will be incorporated into the hydrogeological monitoring network
developed during the earlier surface and underground hydrogeological inves-
tigations. The boreholes will provide information about the extent of the
hydraulic disturbance caused by the excavation activities and to verify and
refine the hydrogeological model of the site.

Pilot and exploration boreholes drilled for the exploration tunnels will be
tested using hydrogeological characterization methods similar to those used
in the boreholes drilled from the exploration shafts. The borehole testing
will involve short-term, single-borehole straddle-packer testing techniques
such as multiple-step fluid withdrawal/injection tests, pulse tests and
slug tests to determine the near-borehole hydraulic conditions in the rock
mass. Long-term pumping tests will be performed to measure the far-field
hydraulic connection and hydraulic boundary conditions. The hydraulic test
results will assist in excavation planning by indicating the need for any
localized grouting of intersected fracture zones, provide estimates of
groundwater inflow into the tunne.is, and will be used to plan the locations
for any special hydrogeological instrument arrays.

A semipermanent packer system will be installed within the pilot and explo-
ration boreholes when all single- and multiple-borehole testing activities
are completed to provide long-term monitoring of the groundwater conditions
in the rock mass surrounding the proposed waste-disposal area. The hydrau-
lic pressure data collected from these packer-isolated zones will be inte-
grated into the data already being collected from the surface boreholes and
from the exploration shafts to provide comprehensive monitoring of the
hydrogeological conditions surrounding the waste-disposal area.

6.10.2 Inflow Measurements

Water collection systems (including concrete weirs) will be constructed at
designated locations in the exploration tunnels to collect and monitor
groundwater seepage into the excavations. In addition, tests will be
conducted to determine the immediate and long-term transmissivity of the
excavation damage zone surrounding the exploration tunnels. This informa-
tion will be used to assess the effectiveness of the excavation methods,
the excavation design, and to help design the vault seals (see Section 7).
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The groundwator seepage rate will also be measured wherever discrete
inflows are observed. These discrete inflows will be measured by creating
a trough against the rock wall below the seepage point. Measurements
and/or recording of the volume groundwater seeping from these locations
will be taken at the frequency required to estimate the flow rate.

Any single fracture or fracture zones intersected by either the boreholes
or the exploration tunnels will be characterized thoroughly to determine
their hydraulic connection to any surrounding fracture zones and to
determine their extent and hydrogeological properties.

6.10.3 Instrumentation Arrays

Hydrogeological instrumentation will be installed at each instrumentation
array during the development of the exploration tunnels. The instrumen-
tation actually installed will depend on local rock conditions. In unfrac-
tured rock, it would likely consist of at least one radial borehole
completed with a packer system with four to six packer-isolated zones
capable of providing information on the pore water pressure within the rock
matrix and how it varies with time and space. Where natural fractures
exist in the rock, Pac-Ex instruments would be installed to span the
fractures. These instruments provide detailed in situ data on the coupled
hydraulic pressure/normal dilation of the fractures. Hydraulic pressures
and fracture dilation can be monitored concurrently at the same locations.
In addition, it will be possible to determine the hydraulic transmissivity
and how it varies with further tunnel advance.

6.11 HYDROGEOCHEMICAL AND MICROBIOLOGICAL CHARACTERIZATION

Groundwater samples will be obtained from all the groundwater seepage
locations encountered in the underground boreholes and exploration tunnels'.
The samples will be analyzed to determine the chemical composition of the
groundwater.

Groundwater sampling will be required on a regular basis to monitor changes
in composition including any contamination resulting from excavation and
other characterization activities. In addition to chemical analyses, the
presence of microbial organisms must also be determined in these samples
since the microbes may affect the groundwater chemistry, buffer/backfill
reactions, fracture seepage and contaminant transport.

The methodologies for geochemical, hydrogeochemical and microbial charac-
terization are described in Appendices G, H and I.

7. IN SITU TESTING FOR SPECIFIC DESIGN ISSUES

7.1 OBJECTIVES

The objective of the in situ testing program is to use large-scale demon-
stration tests to confirm that the rock mass in which the disposal rooms
are to be constructed responds as expected, that the engineered-component
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designs are appropriate for the site conditions, and that the engineered
components function as designed under the site conditions. Specific design
issues that must be addressed include the emplacement method, container
spacing, excavation damage, sealing methodology, and the integrated
performance of tho disposal system.

7.2 SCOPE OF WORK

The in situ testing program will run concurrently with the excavation and
characterization of the exploration tunnels. A dedicated "component test
area" will be located close to the exploration shaft in rock conditions
representative of those expected in the actual disposal rooms.

It is anticipated that several large-scale demonstration tests will be
conducted in the component test area:

1. an excavation response test to confirm our ability to understand
and predict the mechanical response of the rock to excavation,
and to understand the extent of the excavation damage (likely be
similar to the mine-by experiment conducted at the URL (Read and
Martin 1991));

2. a buffer/container test to confirm the coupled response of the
container, buffer and backfill systems in the presence of heat
(from an electric heater or an actual waste container) and
groundwater;

3. shaft, tunnel and borehole seal testing to demonstrate the
ability to seal both excavations and boreholes adequately; and

4. a multicomponent demonstration test to confirm the performance of
a disposal room containing a large array of actual and simulated
containers at full scale under full thermal loading.

Depending on the specific objective of the last test, it may be done with
or without complete backfilling of the room although complete backfilling
is more likely. This demonstration could also be performed during
operations of the vault by constructing special test disposal rooms at
various locations in the vault and reexcavating them after several years
(up to 50 a) for examination.

The transmissivity of the excavation damage zone and the penetration of the
damage zone into the wall rock can be determined by conducting single-
borehole zone tests where the zones are isolated by multiple packers.

The length of the hydraulic connection along the excavation damage zone
within the floor of rooms and tunnels can be determined by conducting long-
term seepage tests. This involves separating sections of floor by dams,
maintaining a constant hydraulic head on the floor of these reservoirs, and
then monitoring the seepage through the damage zone into collection reser-
voirs cut into the floor. The width of the dam separating the collection
reservoir from the main reservoir is increased incrementally until no
seepage is measured above background readings.
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One design issue not addressed specifically by the in situ testing program
is the confirmation or definition of the minimum exclusion distance, i.e.,
the thickness of rock separating a waste disposal room from a discrete
groundwater pathway in the rock mass. This issue will be dealt with during
development of the perimeter exploration tunnels. At that time, boreholes
will be drilled from these tunnels towards any nearby fracture zones.
Geological mapping, ground probing radar, seismic reflection techniques,
crosshole seismic techniques, and rock-mass permeability measurements will
be used to determine the properties and characteristics of the rock mass
between these fracture zones and the proposed waste-disposal area.

The exclusion distance, if it is required for the particular vault and
disposal system design and the site conditions, will be determined from a
full performance assessment of the disposal system using the data from the
site characterization.

7.3 COMPILATION AND APPLICATION OF DATA

The data obtained from this in situ testing program will be used to fine-
tune the disposal system design. The spacing for the emplacement of
containers and the excavation orientation and geometry will be determined
on the basis of these tests. Where conditions change significantly on the
disposal horizon, additional in situ tests should be conducted to confirm
the applicability of the current disposal system design to the new
conditions.

8. CHARACTERIZATION DURING THE VAULT CONSTRUCTION AND OPERATION STAGES

8.1 INTRODUCTION

The characterization information compiled from the exploration shafts, the
exploration tunnels, and from surface and subsurface boreholes and mapping,
will produce a refined detailed site geotechnical model whose main applica-
tion will be to choose the location for the waste-disposal panels and the
individual rooms within them. The.excavation of the horizontal tunnels
required for the disposal vault and exploration-borehole drilling will be
used to confirm the geotechnical conditions at the detailed scale of these
disposal rooms.

As in the previous underground characterization during site evaluation, it
will be very important to plan the layout carefully for the disposal vault
access tunnels and panels so as not to have a detrimental effect on the
area available for disposal rooms. The disposal-room panels will likely be
situated within blocks of low-permeability, sparsely fractured rock between
major fracture zones.

Accordingly, the objectives of characterization during the construction of
access tunnels, emplacement panels, and disposal rooms will likely be as
follows :
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1. to determine the subsurface geological structure in the areas
intended for the waste-disposal panels;

2. to determine the in situ rock stresses and the rock-mass response
in these areas, and their correlation with excavation methods,
geology, and hydrogeology so that excavation damage can be
minimized;

3. to monitor the hydrogeological and hydrogeochemical responses to
the excavations of the disposal panels and rooms; and

4. to add to the database for assessing the surface to subsurface
correlations and to verify the site geotechnical model.

The results of these investigations will be used to define the volume of
rock available for siting the disposal rooms and to verify the hydrogeo-
logical and geomechanical models of the site. The information collected
will also serve as a database with which to continuously evaluate the data
collection and excavation procedures and to modify them for further appli-
cation should this be required.

8.2 SCOPE OF WORK

The disposal rooms will be arranged in panels whose dimensions will be
controlled by the in situ structural environment and by the requirements
imposed by thermal loading and extraction ratio control. The room size and
inter-room spacing can be readily altered to suit variable geological and
excavation-damage conditions.

The strategy for characterizing the near field around and within the
disposal panels will be based on the results of and the geotechnical models
developed from the previous characterization work at the site. The
characterization for the disposal rooms will be primarily concerned with:

1. determining the fracture framework and groundwater flow pattern
at the scale of the disposal room so that the precise location
and effectiveness of barriers (natural and engineered) can be
input into the models;

2. determining the precise location and orientation of rock types
and structures known from previous work to be suitable or
unsuitable for excavation;

3. determining the domains of in situ stress at this scale; and

4. characterizing/monitoring the effects of construction at this
scale with the aim of modifying the waste-emplacement design
parameters if required.

The characterization of the panels will begin before construction with the
drilling of a system of boreholes. If practical, these boreholes will be
sited so they remain as part of the monitoring system, and will be instru-
mented with coupled hydrogeological and geomechanical instrumentation
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(multipacker systems positioned so that the water-bearing zones identified
can be correlated in connection with pressure changes created, and with
rock stress measurements). As in the earlier site evaluation substage, an
equilibration period for hydrogeological measurements will be required. No
other activity should disturb the monitored zones, as this would make it
more difficult to interpret the location and interconnection of any
permeable zones. Given the detailed investigations that will have preceded
the construction stage, it is considered likely that the hydrogeological
characterization program described here will be largely limited to
providing local detail to the hydrogeological model.

Any single fractures or fracture zones within the waste-disposal area will
require a detailed hydrogeological characterization to determine the
hydraulic connection of the fracture(s) to any surrounding fracture zones
and to establish the detailed hydraulic properties of these fractures.
This information can be used to modify the locations of the waste-disposal
room or waste-disposal areas to maintain the minimum required waste exclu-
sion distance between the emplaced waste and the groundwater pathways in
the rock mass.

The orientation and location of the boreholes will be determined on the
basis of the results of the characterization of the main tunnel and the
updated geotechnical model of the local area. Core logs, rock stress
measurements, water analyses, geophysical and hydraulic measurements will
provide a basis to update the geotechnical model further at this scale.
The location and length of the waste-disposal rooms will be confirmed using
the model.

Mapping of the tunnels will be done as excavation proceeds because of the
relative importance of these excavations within the vault design.

The excavation design and method is likely to be selected to minimize
excavation damage. Full-face boring and other more flexible mechanical
excavation methods should be considered, but it is assumed that controlled
blasting will be used based on current experience and the desire for
flexibility in determining the excavation shape. Even though the required
design information will have come from observation and monitoring in the
preceding investigations, it is desirable that damage and ground movement
should continue to be monitored and careful construction records should be
kept. Tunnel mapping should note the fractures and their characteristics,
the presence of groundwater or any groundwater used during previous charac-
terization activities, tracers, rock type variations and fabric, and exca-
vation damage. Because damage continues to develop over time, even after
excavation has been completed, damage assessments should be repeated regu-
larly to check for changes in ground condition.

Convergence arrays should continue to be installed whenever there is uncer -
tainty or some other reason to confirm the general nature of the in situ
stresses throughout the vault.

In addition to boreholes located to monitor excavation response, a hydro-
geological testing packer system should be installed (see Appendix F). The
extent of the excavation damage zone can be determined by conducting
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hydraulic, single-borehole zone tests within each isolated zone to measure
the zone transmissivity.

The length of the hydraulic connection within the excavation damage zone
can also be determined from long-term seepage tests within the floor of
rooms and tunnels by isolating a section of the floor with dams and
maintaining a constant hydraulic head on the floor of the isolated section,
then measuring the seepage through the excavation damage zone into a
seepage collection reservoir. The width of the dam is increased incremen-
tally along the floor of the isolated section and the seepage measurements
through the excavation damage zone are repeated until no seepage is
measured above background readings. This type of measurement has been made
on the URL 240 Level (Martin and Ko? ,\ 1994).

In situ rock stresses and associated rock mechanics data, transmissive
zones, hydraulic conductivity and water composition will be added to the
site database from the borehole arrays. This integrated information will
constitute the basis for an initial assessment of the properties of the
near field.

The integrated information from the excavation of the disposal rooms will
provide the information required to position the waste containers or
emplacement boreholes if these are used. Before the location of the
emplacement boreholes is finally determined, vertical pilot boreholes
should be drilled in the tunnel floor at some of the selected positions.
The nature of the bedrock will determine .how many pilot boreholes need to
be drilled, but pilot boreholes will probably not be needed for every
emplacement hole.

Geophysical surveys, either radar or seismic reflection, and hydraulic
measurements will be carried out in the cored holes, supplemented with
radar mapping from the tunnel floor to obtain information on the bedrock
between the pilot holes. In addition, samples will be taken for analysis
of the composition of the water and previously injected tracers. These
data will be used in deciding whether to accept or reject the locations for
the emplacement boreholes.

8.3 COMPILATION AND APPLICATION OF DATA

All data obtained from these investigations will be compiled in descriptive
models and compared with the existing site geotechnical model or its
component models. This final evaluation will result in a model that
describes the current and expected future properties of the rock mass at
the room scale. It is recommended that written reports synthesizing the
geological, hydrogeological, geophysical, construction management and
geomechanical information be used in finalizing the locations of disposal
rooms.

9. SUMMARY AND RECOMMENDATIONS

These are the essential elements of the underground characterization
program presented in this report.
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1. There is an iterative observational approach to design and
characterization so that there is a progressive improvement in
understanding and in the predictive models as characterization
and construction proceed throughout the project.

2. The approach involves the implementation of a suitable quality
assurance program to complement it.

3. The characterization program is both comprehensive and
multidisciplinary as it examines a range of site variables, which
are evaluated for their relative effect on the design and
performance of the facility during each of the successive phases
of development.

To effectively address the design issues, the characterization program must
be multidisciplinary and project-oriented. This integration will be most
effective if contributors from geology, geophysics, geomechanics,
geochemistry, excavation design and hydrogeology work together on-site as a
team in concert with the design, construction, operations and performance-
assessment groups.

Support for these groups will be required in database management and
computer systems support, records management, data entry, design and
drafting (primarily three-dimensional borehole layouts and excavation
modelling), instrumentation design and manufacture, excavation and drilling
inspection for quality control and project management. Technical support
and specialty services (e.g., peer review, chemical analyses, and photo-
grammetry) will also be required^ These services and infrastructure must
be in place at the start of the program before any underground excavation
begins. Preliminary periods of in situ testing and training will be
required before each major construction phase is undertaken.

The construction contracts must be designed to accommodate characterization
activities and to take advantage of unexpected characterization results so
that the facility design can be optimized. For example, this may include
reserved blocks of time to map at the excavations, and the termination of
construction activities during key periods of hydrogeological monitoring or
sonic testing.

The results from the underground characterization activities should, as
much as is possible, be summarized in a form to facilitate their integra-
tion in the form of geotechnical or numerical models, and to allow their
immediate application to design or performance analyses. This will require
the standardization of input/output formats, and consistency in hardware
and software used by the various contributing groups. Further, the data-
base, analysis, drafting and instrumentation systems should be on-site to
allow immediate multiple access and use.

The technologies necessary to implement this underground characterization
program are generally available and have been tested by AECL during the
development of the Underground Research Laboratory. However, improvements
are continuing to be made and specific examples include:
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1. the development of crosshole methods capable of defining
excavation damage in the first metre around an excavation;

2. the testing and documentation of the correlations between
geophysical, geomechanical and geological results
(e.g., variations in natural and induced microcrack density and
their effect on the determination of rock properties and in situ
stresses);

3. the characterization of fractures zones and channelling within
them using crosshole tomographic geophysical methods;

4. the testing and documentation of the correlations between rock
alteration, fracture mineralogy, and groundwater chemistry; and

5. the development and testing of radiometric age dating methods
concentrating on dating the youngest periods of movement within
the fracture zones.
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A.I INTRODUCTION

This appendix summarizes the Canadian regulatory requirements specific to
the disposal of nuclear fuel waste and the disposal concept developed by
AECL.

A. 2 REGULATORY REQUIREMENTS

In Canada, regulations applicable to the operation of nuclear facilities
and the control of radioactive materials are defined under the Atomic
Energy Control Act (1985) and regulations (AECB 1988). Besides meeting
the requirements of all these regulations, a nuclear fuel waste disposal
facility would also have to comply with all applicable legislation and
regulations of the Canadian government and of the province and
municipality in which the facility is built. As well, the transportation
system will have to comply with the transportation regulations of any
other municipality, province, or country through which the waste is
shipped.

The Atomic Energy Control Board (AECB), a federal government agency,
specifies regulations that apply to all nuclear activities in Canada,
including operations associated with the disposal of nuclear fuel waste
(AECB 1988). In addition, the AECB has issued three regulatory documents
specifically applicable to the long-term management of radioactive wastes:

AECB Regulatory Document R-71 (AECB 1985),
AECB Regulatory Document R-72 (AECB 1987a), and
AECB Regulatory Document R-104 (AEC3 1987b).

The R-71 and R-104 documents are regulatory policy statements, which are
firm expressions that requirements not expressed as regulations be met,
but the AECB retains the discretion to allow deviations; R-72 is a
regulatory guide that provides guidance in a less rigid manner than a
policy statement. The major requirements in these documents that relate
to the design, construction and operation of a disposal centre are
presented in this appendix.

Regulatory Document R-71 (AECB 1985) lists the requirements regarding the
concept assessment and its documentation, including eight specific
requirements for the deep geological disposal of nuclear fuel waste:

1. In the preclosure period, the disposal system must meet applic-
able regulations regarding radiological health and safety,
conventional health and safety, environmental protection, safe-
guards and security, and transportation of radioactive material.

2. Following closure, the performance of the waste repository must
be such that the probability of radiation doses to members of the
public, attributable to the existence of the repository, exceed-
ing a small fraction of doses received from natural background
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radiation will be small (a quantitative criterion was later
specified in R-104).

3. The waste repository must be designed in such a way that no
dependence on intervention or maintenance by future generations
is necessary to ensure continued safety in the postclosure
period.

4. A disposal system must be based upon the use of multiple barriers
which incorporate both engineered and natural components.

5. A disposal system must be subject to a quality assurance program
at all stages up to and including closure.

6. A disposal system must be able to accommodate natural distur-
bances likely to occur, such that any increase in risk to members
of the public as a result of these disturbances will be
insignificant.

7. The effectiveness of the disposal system to meet regulatory
requirements must not be compromised by any provision that may be
made for preclosure measurements, postclosure retrieval, or post-
closure measurements.

8. For the preclosure operational period, the concept must, as a
contingency measure, incorporate methods for waste retrieval.

Regulatory Document R-72 (AECB 1987a) lists five geological criteria for a
disposal site:

1. The host rock and the hydrogeologic system should have properties
such that their combined effect significantly retards the move-
ment or release of radioactive material.

2. There should be little likelihood that the host rock will be
exploited as a natural resource.

3. The repository site should be located in a region that is
geologically stable and likely to remain stable.

4. The host rock should be capable of withstanding stresses without
significant structural deformation, fracturing, and breach of the
natural barriers.

5. The dimensions of the host rock should be such that the reposi-
tory can be deep underground (500-1000 m) and remote from
geological discontinuities which may adversely affect the
integrity of the vault.

Regulatory Document R-104 (AECB 1987b) states that "the objectives of
radioactive waste disposal are to - minimize any burden placed on future
generations, - protect the environment, and - protect human health, taking
into account social and economic factors." Regulatory Document R-104 lists
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requirements related to each of these objectives. The burden on future
generations shall be minimized by:

1. selecting disposal options for radioactive wastes that to the
extent reasonably achievable do not rely on long-term institu-
tional controls as a necessary safety feature,

2. implementing these disposal options at an appropriate time,
technical, social, and economic factors being taken into account,
and

3. ensuring that there are no predicted future risks to human health
and the environment that would not be currently accepted.

Radioactive waste disposal options shall be implemented in a manner such
that there are no predicted future impacts on the environment that would
not be currently accepted, and such that the future use of natural
resources is not prevented by either radioactive or nonradioactive
contaminants.

A.3 DISPOSAL CONCEPT

The disposal concept proposed by AECL is a method for geological disposal
of nuclear fuel waste. It has the following features:

The waste form would be either used CANDU fuel or solidified
high-level waste from reprocessing. The low solubility of used
CANDU fuel under expected vault conditions would enable it to
effectively retain radioactive and chemically toxic contaminants;
thus it is an excellent waste form in its current state. The
liquid radioactive waste that would result if used fuel were
reprocessed would not be a suitable waste form, but such waste
could be solidified to produce an excellent waste form.

The waste form would be sealed in a container designed to last at
least 500 years and possibly much longer. A container would
facilitate the handling of the waste and would isolate it from
its surroundings. The container would be designed to last at
least 500 years so that the waste would be completely isolated
during the operation of the disposal facility and until there is
a substantial decrease in the activity and heat output of the
waste. Within 500 years, the activity of the radioactive waste
will decrease by a factor of over 200,000. The remaining
activity will be caused primarily by the long-lived fission
products, such as ^"1, ^35Cs, and "Tc, and the long-lived
activation products, such as ^39pu an(j 14C_ Much longer container
lifetimes could be achieved.

The containers of waste would be emplaced in rooms in a disposal
vault or in boreholes drilled from the rooms. Excavation of
rooms is a well-understood, cost-effective technology. The
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disposal vault would be a network of horizontal tunnels and
disposal rooms excavated deep in the rock, with vertical shafts
extending from the surface to the tunnels. Rooms and tunnels
might be excavated on more than one level. The vault would be
designed to accommodate the rock structure, groundwater flow
system, and other subsurface conditions at the disposal site
(Figure A-l). The disposal container and vault seals would also
be designed to accommodate the subsurface conditions at the
disposal site.

The disposal rooms would be nominally 500 to 1000 m below the
surface. The greater the depth, the greater the minimum possible
transport distance from the disposal rooms to the surface, and
the lower the likelihood of any natural disruption or inadvertent
human intrusion. However, the in situ temperature, the in situ
stresses, and the cost of construction and operation tend to
increase with depth. The nominal range of 500 to 1000 m strikes
a reasonable balance among these considerations.

The geological medium would be plutonic rock of the Canadian
Shield. A geological medium would protect the waste form,
container, and vault seals from natural disruptions and human
intrusion; maintain conditions in the vault that would be
favourable for long-term waste isolation; and retard the movement
of any contaminants released from the vault.

Each container of waste would be surrounded by a buffer, which
would likely be a clay-based material. A buffer around the
container would limit the rate of corrosion of the container,
limit the rate of dissolution of the waste form if groundwater
seeped into the container, and retard the movement of any
contaminants released from the waste form and the container.

Each room would be sealed with backfill and other vault seals
made of clay-based or cement-based materials. These seals would
fill the space in the room; keep the buffer and containers
securely in place; and retard the movement of any contaminants
released from the waste form, the container, and the buffer
(Figure A-2).

All tunnels, shafts, and exploration boreholes would ultimately
be sealed in such a way that the disposal facility would be
passively safe; that is, long-term safety would not depend on
institutional controls. The tunnels, shafts, and exploration
boreholes would be sealed to keep people away from the waste and
to retard the movement of any contaminants released from the
disposal rooms.
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The waste form, container, buffer, backfill, seals and rock all serve as
barriers to protect humans and the environment. The only significant
potential mechanisms for the waste to reach the surface environment will be
by movement in the groundwater present in the rock, by future excavation
into the vault environs by humans, or by significant natural disruptions.
However, a rock barrier that lacked economic mineralization or economic
groundwater sources will make inadvertent human intrusion unlikely. The
effects of the vault being breached by significant natural disruptions such
as faulting can be reduced by siting the facility in blocks of sparsely
fractured rock between or away from existing fracture zones. Transport in
groundwater within the rock is therefore considered to be the most
significant mechanism by which contaminants from a deep vault could be
brought to the surface. The natural and engineered barriers described will
limit the ingress of groundwater into the vault, the dissolution of the
waste form, and the transport of radionuclides to the biosphere.

If the approach proposed by AECL is followed (AECL 1994), the disposal
concept would be implemented in five sequential stages (siting,
construction, operation, decommissioning, and closure) over a period
exceeding 50 a. The monitoring of human health, socioeconomic conditions,
the biological environment (biosphere), the rock and groundwater system
(geosphere), and the vault would be ongoing during and following vault
construction to determine whether the system was performing as designed.

At any time prior to vault closure, the waste would be retrievable so
remedial action would be possible if necessary. Following closure,
retrieval would essentially involve re-excavating the vault, an alternative
that should be feasible during at least the first several hundred years
after vault closure, while the containers were still relatively intact.

The essential elements of the disposal concept are thus deep burial in
plutonic rock of the Canadian Shield, with suitable engineered and natural
barriers (waste form, container, buffer, backfill, and other vault seals)
to provide multiple barriers to protect humans and the natural environment
from contaminants in the nuclear fuel waste.

REFERENCES

AECL 1994.

Atomic Energy Control Act. 1985. Atomic energy control act, R.S., c.A-19,
s.l. Queens Printer, Ottawa.

Atomic Energy Control Board (AECB) 1985. Deep geological disposal of
nuclear fuel waste : Background information and regulatory require-
ments regarding the concept phase. AECB Regulatory Document R-71.
Queens Printer, Ottawa.



- 108 -

Atomic Energy Control Board (AECB) 1987a. Geological Considerations in
Siting a repository for Underground Disposal of high-level radioactive
waste. Jan 22 1987. AECB Regulatory Document R-72. Queens Printer,
Ottawa.

Atomic Energy Control Board (AECB) 1987b. Regulatory Objectives, Require-
ments and Guidelines for the disposal of Radioactive Wastes - Long
term Aspects. Jan 5 1987. AECB Regulatory Document R-104. Queens
Printer for Canada, Ottawa, Ontario.

Atomic Energy Control Board {AECB). 1988. Office Consolidation Atomic
energy control regulations. Atomic Energy Control Board, Ottawa.



- 109 -

APPENDIX B

OBSERVATIONAL METHOD AND ITS APPLICATION TO THE

AECL RESEARCH UNDERGROUND RESEARCH LABORATORY

CONTENTS

Page

B.I INTRODUCTION 111

B.2 URL DEVELOPMENT 111
i

B.2.1 STAGE 1: PRELIMINARY SITE ASSESSMENT AND CONCEPTUAL
DESIGN 111

B.2.2 STAGE 2: CHARACTERIZATION, EVALUATION AND DESIGN
REVISION 114

B.2.3 STAGE 3: OBSERVATION, EVALUATION AND DESIGN REVISION 114
B.2.4 STAGE 4: CONSTRUCTION, OBSERVATION, EVALUATION AND

DESIGN REVISION 115

B.3 SUMMARY 115

B.4 FACILITY EXTENSION 115

B.5 CONCLUSIONS AND RECOMMENDATIONS 116

REFERENCES 117

NEXT PAGE(S) left BLANK. |



- Ill -

B.1 INTRODUCTION

No one has yet developed a disposal vault, so there has been no opportunity
to apply the construction aspects of the observational method to the
development, operation and sealing of a nuclear fuel waste disposal vault.
However, many aspects of the observational method were applied in the
construction of the Underground Research Laboratory (URL). This appendix
presents selected examples from the URL experience to illustrate some
aspects of this application. Figure B-l shows a general outline of the
observational method and the URL development.

B. 2 URL DEVELOPMENT

The URL is a dedicated research facility built by AECL in a granitic
pluton, the Lac du Bonnet batholith, in southeastern Manitoba. The URL is
being used to develop the equipment and methods to characterize a site, for
studying the engineering of the facilities for nuclear fuel waste disposal,
and for conducting large-scale engineering investigations of disposal
system components (Simmons 1988, Simmons et al. 1992). The general
concepts of the observational method were followed in the siting, design
and development of the URL.

AECL's objectives for siting, designing and constructing the URL were to:

1. provide a safe and efficient underground research facility,

2. minimize the construction and operating costs, maximizing the
funds available for the research program,

3. provide underground access to a variety of hydrogeological and
geomechanical conditions to maximize the flexibility of the
experimental program and allow optimization of the location and
layout of individual experiments, and

4. accommodate the development and evaluation of a variety of
geotechnical characterization techniques during construction.

Prior to the construction of the URL, AECL began thorough characterization
and monitoring programs at the URL site in 1980 (Betcher and Pearson 1982).
The data from these programs contributed to the evolution of the URL
design. Several URL designs were developed to meet the functional
requirements of the planned experiments (Figures B-2 to B-5), taking
advantage of the known geological and hydrogeological features delineated
by the surface-based characterization activities of the site.

B.2.1 STAGE 1: PRELIMINARY SITE ASSESSMENT AND CONCEPTUAL DESIGN

The initial conceptual design for the URL (Figure B-2) was done without the
benefit of any geological or hydrogeological data from the URL lease area,
and consisted only of a conceptual layout of the underground chambers to
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house a series of geotechnical experiments (Yuen and Boyd 1980) . The
layout, with proposed depths between 100 m and 500 m, provided a guide for
planning future layouts based on an increasing knowledge of site-specific
geological and hydrogeological conditions as the subsurface exploration
proceeded.

The need for hydrogeologists and hydrogeochemists to have access to
fracture zones and to zones containing numerous discrete fractures was
recognized after a preliminary assessment of the experimental requirements.

B.2.2 STAGE 2: CHARACTERIZATION, EVALUATION AND DESIGN REVISION

After assessing the results from surficial mapping and fracture analysis,
and the subsurface geological and hydrogeological data from five boreholes,
it was determined that a single level at a depth of 240 m would not provide
access to both fractured and unfractured rock. A two-level URL was then
proposed and the final conceptual design (Figure B-3) evolved after
extensive review of the experimental requirements (Simmons and Soonawala
1982) . The new arrangement placed the upper testing level at 130 m in the
moderately fractured granite-quartz monzonite phase of the rock mass. The
upper level would accommodate experiments requiring access to discrete
fractures (i.e., for water flow and chemical transport), while the lower
level would accommodate experiments requiring a high stress field (i.e.,
thermomechanical and excavation response). The lower level was located
near, and above, a major fracture zone (Fracture Zone 2) identified at a
depth of approximately 266 m to allow easy access to the fracture zone for
future testing.

B.2.3 STAGE 3 ; OBSERVATION, EVALUATION AND DESIGN REVISION

The review of the geological and hydrogeological data collected during the
next stage of the site evaluation program revealed that:

1. the granodiorite rock unit was more extensive with depth than
indicated in the earlier predictions,

2. the required zone of discrete fractures for hydrogeological and
hydrogeochemical experiments was not necessarily present at the
shallow depth selected for the 130-m level, and

3. a suitably fractured zone could likely be found at an elevation
slightly above the lower testing level.

Therefore, an initial detailed design was prepared that eliminated the 130-
level test areas and provided additional test areas immediately above the
240-m level for these experiments (Figure B-4). At this time it was also
recognized that the deep fracture zone (Fracture Zone 2) might, be present
at a shallower depth than was previously expected. The potential
engineering problems that could be expected if the URL shaft or excavations
penetrated the fracture zone unexpectedly, and the possible compromises to
experiments planned in the fracture zone, if such a penetration occurred,
led to a requirement for a specific borehole drilling program from the
240-level shaft station before any underground tunnels were developed to
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ensure that a sufficiently large block of sparsely fractured rock would be
available to develop the testing areas.

B.2.4 STAGE 4; CONSTRUCTION, OBSERVATION, EVALUATION AND DESIGN
REVISION

When Stage 3 of the site characterization was completed, a much more
detailed geological model of the URL lease area was prepared. Considerable
effort was concentrated on the volume surrounding the location selected for
the URL excavations. The work was part of a major groundwater modelling
code validation exercise (Davison and Guvanasen 1985) and resulted in the
preparation of more detailed structural contour maps of the major low-
dipping fracture zones near the URL excavations. An analysis of the struc-
tural contours of the fracture zone below the planned URL 240-m level
revealed a local thickening of the fracture zone that would be intersected
by the planned excavations at the 240-m level. Such an intersection would
have created an unacceptable hydrogeological and hydrogeochemical
disturbance in the fracture zone and compromised its use in future testing.

During construction of the URL shaft to a depth of 255 m, beginning in
1984, and the early development of the 240-m level, the continuing charac-
terization program provided additional data that were essential to the
selection of the final arrangement of the 240-m level. During and immedi-
ately after shaft excavation and station development, eight boreholes were
drilled from the 130 and 240 shaft stations to obtain details on the
geological and hydrogeological conditions surrounding the planned location
of the 240-m level. The URL detailed design was then modified to that
shown in Figure B-5. The locations and layouts for experiments were
conceived based on existing knowledge of the geologic features and physical
conditions around the 240-m level.

B.3 SUMMARY

The siting, design and construction of the 240-m level of the URL followed
the approach of the observational method. The characterization data from
surface-based borehole investigations were used to select the station depth
(237.5 m), and showed that the underground layouts could not be implemented
as initially planned. Additional observations from eight boreholes during
construction provided the information to allow a subsequent design of the
layout for the 240-m level. The 240-m level design was revised and
development proceeded to a successful conclusion. For example, the tunnel
direction at the 240-m level was changed to avoid intersection with
Fracture Zone 2, and the tunnel design was changed twice to reduce
excavation-induced rock damage under the existing in situ stresses
(Simmons 1990) .
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B.4 FACILITY EXTENSION

A similar approach was followed in the design and construction of the URL
extension from the 240-m level to a depth of 420 m. This extension was
initiated to accommodate the future participation of the U.S. Department of
Energy in seven experiments proposed for the depth range of 400 m to 750 m.
The shaft extension was planned to reach 465 m with the testing level at
445 m depth. This joint initiative ended in 1988 June due to changes made
by the U.S. Congress to the Nuclear Waste Policy Act. The present shaft
extension test level is at a depth of 420 m instead of 440 m reflecting the
budget constraints that resulted from the withdrawal of continued U.S.
Department of Energy participation during the final stages of shaft
excavation. The shaft extension commenced in 1987 June and was completed
in late 1988. The shaft extension was designed with a circular,
4.6-m-diameter cross section to facilitate planned characterization work,
to accommodate the expected high in situ stresses and to facilitate
analysis of data from characterization. Extensive geotechnical
characterization continued during the shaft extension.

A borehole was drilled from the 240 Level before the shaft extension began.
Overcoring and hydrofracturing stress measurements and hydrological testing
were carried out in this borehole to provide information on the hydrogeo-
logical and geomechanical conditions along the shaft extension. Additional
hydrogeological characterization boreholes were drilled from both the 300-
and 420-m shaft stations during and upon completion of the shaft extension.
These boreholes provided detailed information on the conditions expected at
depths between 400 and 440 m, and were used to develop the current layout
of the planned experimental test areas at the 420-m level (Figure B-6).

B.5 CONCLUSIONS AND RECOMMENDATIONS

Extensive characterization work was carried out at the URL site before and
during construction, using hydrogeological, geological, geophysical and
geomechanical techniques. The geotechnical information was used in an
iterative engineering process to initiate significant design changes during
the construction of the facility. A flexible engineering process emphasiz-
ing observing and accommodating actual in situ conditions in the develop-
ment of the facility has allowed AECL to effectively anticipate diverse in
situ conditions and to optimize the layout of experimental test areas for
these conditions.

This observational method should be applied continuously during the
development of a disposal vault. While the functional requirements of the
URL and a disposal vault differ, careful characterization, observation and
design revision would help achieve the overall objective of a safe,
licensable vault for the disposal of nuclear fuel waste.
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C.1 INTRODUCTION

The design, construction, and characterization of a nuclear fuel waste
disposal vault is a first of a kind undertaking in Canada. Because the
vault must limit the rate of release of radionuclides from the fuel wastes
to man's environment for very long times, all aspects of the project must
be performed at a high level of quality and must use a formal quality
assurance program. The project must be organized so that a comprehensive
characterization program can be effectively integrated with the design and
construction program.

It is important to recognize that development of a nuclear fuel waste
disposal vault is very different from the development of an underground
mine or a civil engineering project. In many cases, particularly in the
mining industry, geotechnical characterization of a site and careful
excavation are not considered a priority, and emphasis is placed on the
rapid development of the mine. A comprehensive geotechnical characteriza-
tion program and carefully controlled excavation, servicing and operations
need to be implemented simultaneously and in a fully integrated way at a
nuclear fuel waste disposal vault site. In addition, it must be understood
that the characterization activities may impact or interfere with the
construction schedule, and will constitute a significant portion of the
overall project cost.

C.2 TECHNICAL MANAGEMENT

A group of technical experts should be assembled in the early planning
stages of the disposal vault to formulate a characterization program plan
and to provide input on the plant and contract requirements during the
construction of the facility to the disposal vault designers. This
characterization team would consist of technical experts in the areas of
geology, geochemistry, geomechanics, geophysics and hydrogeology.

In addition, the construction management group and the facilities design
group should be represented. The characterization program plan would be
developed following the recommendations contained in the body of this
report, and once it had been issued it would be subjected to a formal peer
review process and any regulatory review and approval. Once the plan is
approved, the characterization requirements would be available for inclu-
sion in tender documents for construction. It is important that the
characterization team have input to and participate in the final approval
of contract specifications related to both design and construction of the
disposal vault because construction methods and materials can have a signi-
ficant impact on characterization activities.

C.3 CONSTRUCTION MANAGEMENT

The effective coordination and integration of construction and characteri-
zation activities during the development of a nuclear fuel waste disposal
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vault should be the responsibility of the construction management team.
Key areas relating to the successful implementation of the project include:

1. an extensive planning and coordination process with major input
from the characterization committee,

2. appropriate contract formats that allow a high degree of flexi-
bility to accommodate evolving requirements and that take into
account the special or unusual aspects of the project and, where
appropriate, place emphasis on the technical quality of the work
as well as the excavation and construction rate,

3. detailed quality control and inspection procedures including a
records management system established prior to the commencement
of construction, and

4. a comprehensive safety program.

C.4 INTEGRATION OF CONSTRUCTION AND TECHNICAL ACTIVITIES

The coordination and integration of the construction and technical activi-
ties must commence during the design phase. Extensive technical reviews
are needed to identify specific characterization requirements and formulate
procedures to integrate them as effectively as possible into the construc-
tion activities. Special contractual requirements that will facilitate
integration must be specified as contracts are tendered. During construc-
tion of the facility, extensive planning and coordination efforts are
needed to resolve day-to-day problems and to develop acceptable methods to
accommodate changing characterization and construction requirements. The
communications associated with this process will help develop an under-
standing by the construction personnel of the special characterization
requirements of the project. Similarly the characterization staff will
develop an appreciation of the problems that the construction team will
face. This will help to foster a team approach to the project. A
constructive and positive approach to meeting the project objectives by
both the construction and characterization staff will be essential to
achieving optimum project performance.

Meetings ranging from monthly project management meetings and coordination
meetings to daily construction/characterization coordination meetings
should be held on a regular basis. The meetings should be aimed at making
the various parties aware of each other's plans and at identifying specific
requirements of both the technical and construction staff. The aim should
be to develop mutually acceptable approaches and to minimize potential
conflicts.

C.5 FACILITY DESIGN

Both construction-related and characterization-related activities must be
allowed for in the design of the facilities. Field characterization data
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will have to be collected and analyzed continuously during the construction
and development of the disposal vault. In order to conduct the characteri-
zation work, provision must be made to design a suitable construction plant
and final facilities. The following examples illustrate the type of provi-
sions that contribute positively to the characterization activities.

1. A multiple purpose Galloway stage for shaft sinking that incor-
porates decks for geological mapping and photography.

2. The installation of shaft support sets constructed of steel
rather than timber to eliminate the need for spraying water on
the timber to prevent it from drying. The watering activity
would adversely affect characterization activities taking place
in the shaft by shorting or damaging electronic or other fragile
instrumentation or equipment (e.g., cameras) and making mapping
difficult.

3. Allowing continued access to geologically or hydrogeologically
significant features for extended time periods to thoroughly
characterize them. This may mean delaying the installation of
lining in these areas.

C.6 COMPUTER ASSISTED DESIGN AND DRAFTING (CADD) SYSTEM

A suitable CADD system should be employed throughout the project for both
design purposes and compiling characterization data into an overall three-
dimensional geotechnical model(s) of the disposal vault site. The CADD
system must therefore be geared for use in an environment dominated by
nonuniform geometries and random three-dimensional coordinate locations.
Many such systems, most designed for the mining industry, have been
developed in the past few years and are now rapidly evolving and becoming
more powerful and sophisticated, as users' needs become better defined and
computer systems become more powerful. It is likely that CADD systems will
have progressed considerably from their present capabilities by the time
that a waste disposal vault is constructed in Canada. At that time the
available systems should be assessed and a suitable one selected for use on
the project.

C.7 CONTRACT FORMAT AND ADMINISTRATION

Two contract types are recommended for the construction of a disposal
vault. A fixed-price contract should be employed for items of work where
the scope can be clearly defined in the tender documents. This would
include the bulk of the surface construction such as site clearing,
grading, and construction of access roads and surface facilities. This
contract format offers the advantage of a relatively fixed price for the
work and motivation for the contractor to achieve the lowest possible
costs, but is best suited to areas of work where the likelihood of changes
to the scope of work or changes to anticipated conditions are minimal.
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For those items of work involving underground characterization, where a
high degree of flexibility is required, a cost plus fixed-fee contract
format is recommended. This would include virtually all of the initial
exploration excavation work such as shaft sinking and early development of
the disposal horizon. This type of contract allows the owner/project
manager to control the work schedule to accommodate design or characteriza-
tion changes during the course of the contract. The contractor remains
responsible for shaft sinking equipment and construction operations, but
the contract reduces the risk to the contractor regarding changes associ-
ated with the work.

In this second contract format it is important to retain incentives for the
contractor to achieve contract specifications related not only to construc-
tion but also to the detailed technical requirements of the characteriza-
tion program. The contract should be written in a way that ensures compli-
ance with these demanding and unusual requirements (such as cleaning the
shaft bottom to a specified standard after every blast and punctually
turning the shaft over to the characterization crews in a satisfactory
condition when scheduled). Tangible penalties must be imposed on the
contractor if these detailed specifications are not met. Such penalties
could involve withholding of payment, reduced payment, stop-work orders,
not accepting work as done, or as a final resort removing the contractor
from the project.

Construction and technical inspectors must be empowered to insist that the
contractor complies with the contract specifications. Where the contractor
is not complying, the inspector should have the authority to demand compli-
ance or to stop the work.

C.8 SURVEY CONTROL

Accurate survey control will be essential during all phases of vault
construction and characterization. The accuracy of field data obtained
during a characterization program is directly related to the accuracy of
surveying done to identify test borehole collar locations, azimuths and
plunges, and the survey points used to locate features on excavation walls
during geological mapping and photography operations. Surveying errors and
inaccuracies can eliminate many of the benefits associated with careful
field measurement of dip and dip direction of features found in diamond
drill core and on excavation walls.

The surveying equipment and methodologies used during the underground
characterization of a nuclear fuel waste disposal vault should be included
as part of the formal quality assurance program on the project described in
Section C.10. Overall survey closing accuracies of +/- 10 mm are recom-
mended. Borehole plunge and azimuth accuracies of +/- 0.5° will be
adequate for most applications.
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C.9 DATA MANAGEMENT

The majority of the instruments installed underground at the disposal vault
will be connected to fully automated, computer-controlled data loggers.
The data acquisition system should provide a flexible, reliable system that
can be readily expanded and modified. The system should provide storage of
data in a secure on-line database, and copy the data files for all author-
ized personnel.

The data loggers installed underground would perform all scanning, analog
to digital conversion, and in most cases, conversion to engineering units.
They should perform scans on demand from the control computer on the
surface, and transmit their data to the control computer.

For horizontal excavations, the loggers can be located 10 to 15 m from the
sensors, with the sensors connected directly to appropriate input modules
on the loggers. During shaft excavation, it is not possible to locate the
loggers near the sensors, which are near the blast face. It is inconven-
ient to provide power, and difficult to protect against blast damage. For
frequency or digital output sensors, signal cables can be run for hundreds
of metres from the array location to a remote data logger located on the
closest level. Where voltage output sensors are employed, signal condi-
tioners can be used to interface between the sensors and the data loggers,
converting voltage signals to current. Use of current signals allows the
data logger to be located more than 200 m from the signal conditioners.
The signal conditioners should be housed in cylindrical, waterproof
housings, and mounted in shallow boreholes next to the sensor boreholes.
This would provide protection against fly rock during blasting.

One or more control computers located in the surface buildings or under-
ground would handle all scheduling functions and storage of data. It would
control the underground data loggers, with individual scheduling of data
collection for each logger. The ability to add or delete channels from a
list of inputs to be scanned by each logger should be provided. The
control computer would append data from the loggers to the database for
permanent storage.

The data storage and retrieval subsystem should provide efficient storage
and retrieval of data. The database is expected to be extremely large. To
provide fast retrieval, the database should be divided into a number of
files. For example, there would be one file for each logger for each month
the logger is in use. Users would be able to retrieve data by specifying a
list of channel numbers desired and a start and finish date. The control
computer would use this information to search the appropriate files and
provide a copy of the requested information to the user. Providing a copy
of the data to the users allows them to manipulate the data in any way they
see fit, while maintaining the original data secure in the database.

A copy of the database should also be maintained at a location remote from
the disposal vault. This physical separation would provide protection
against loss from fires or equipment failures.
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CIO QUALITY ASSURANCE

A suitable quality assurance program will be needed during the construction
and characterization of a nuclear waste disposal vault.

At an early stage, it will be important to identify the personnel and
resource requirements needed to establish and maintain a structured and
comprehensive quality assurance program.

Prior to the commencement of any design, characterization or site work, a
comprehensive quality assurance manual should be written to detail the
procedures required for each activity. As described previously, the
disposal vault will be constructed using the observational method. The
quality assurance manual should be written with a degree of flexibility to
allow for this. A series of standard forms, records, and checklists based
on the procedures described in the quality assurance manual will be
produced for the inspectors checking work on the project.

Inspectors will be required for all phases of work and for both construc-
tion and characterization. The inspectors will work with the contractors
during diamond drilling, excavation, construction and commissioning activi-
ties to ensure that construction work is done in compliance with contract
requirements and that technical work is done following authorized
procedures.

C.ll SAFETY

The potential for serious accidents during construction of a nuclear fuel
waste disposal vault, like any large underground construction project, is
very real. The project will involve the implementation of a variety of
characterization activities together with diamond drilling and excavation
work in a relatively hazardous environment. An added factor is the amount
of characterization work that must be undertaken close to the excavation
face by technical personnel who might be relatively inexperienced with
working in such a hazardous environment. The following steps should be
followed to reduce the potential for accidents:

1. All applicable federal and provincial legislation relating to the
construction of an underground facility must be complied with.

2. Project procedures should be prepared outlining personnel safety
requirements and approved work practices.

3. A formal orientation and indoctrination program should be
instituted for all new employees and contract staff.

4. Monthly safety meetings and regular safety huddles should be held
to allow staff to discuss safety concerns and increase safety
awareness.
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5. A formal reporting and follow-up procedure for resolving safety
incidents should be used.

6. Site emergency and accident response procedures should be
prepared.

7. The owner and contractor management must make a clear commitment
to maintain safe working conditions.

Contractors should be involved in the development and operation of a site
safety program. Information relating to contractor safety programs and
accident records should be obtained during the contract tender process, and
used to exclude those contractors with a poor management commitment to
safety.

C.12 DATA SYNTHESIS AND COMPILATION OF RESULTS

The underground characterization program employed during the development of
a disposal vault for high-level nuclear fuel waste will be designed to
verify and refine the site geotechnical model initially developed during
the siting and surface site characterization programs. The site geotech-
nical model is a comprehensive three-dimensional representation of the
physical and chemical conditions in, and the responses of, the geosphere at
the site. It is important that adequate effort is employed to analyze and
incorporate data into the database that provides input to the site geotech-
nical model. Sufficient personnel must be allocated towards meeting this
ongoing task as well as continuing the field measurements and data collec-
tion activities.

The surface based site evaluation characterization activities, conducted
within a network of surface boreholes drilled to depths exceeding the
repository target depth, will have delineated the major fracture zones, the
permeability distributions within the fracture zones, the hydraulic
connectivity within and between the fracture zones, and information regard-
ing the hydraulic boundary conditions within the study area. This informa-
tion will be used to establish the hydraulic model for the selected site,
and to locate the shafts in low-permeability regions of any intersected
fracture zones.

The underground site evaluation characterization will be directed at
confirming, defining or revising the following through the successive
phases of vault development as required:

1. tectonic stability of the site,

2. general geology,

3. fracture framework,

4. hydrogeology of the fracture framework and the host rock,
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5. potential for the pathways to retard the transport of radio-
nuclides to the biosphere by passive adsorption or active
transport,

6. mechanical and thermal properties of the rock,

7. in situ stress field,

8. thermal response of the rock mass, and

9. coupled in situ response of the rock mass to induced effects from
excavation and thermal loading.
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D.1 INTRODUCTION

The geological characterization of a disposal vault site will involve the
collection and integration of geological data from excavation mapping and
boreholes to produce a three-dimensional model of the disposal vault site.
The emphasis of this model will be to define the location and geometry of
the fracture pattern. Other aspects of the geology that either facilitate
fracture prediction or may affect the suitability of the site will also be
required.

This work will be done in combination with geophysical, hydrogeological and
geomechanical investigations, and will be guided by the iterative approach
of site evaluation and facility construction as described in the main body
of this report.

Subsurface geological characterization will begin with the construction of
the exploration shafts. At this stage, the objective will be to validate
the information and predictions made from the surface-based investigations.
This work will be aided by the continuous mapping of the access shafts,
which will provide a perspective on the large-scale variations in fracture
pattern and rock structure not obtainable from surface boreholes.
Subsequent investigations will be directed at defining the geometry and
location of fracturing at the locations selected for level development.
This work will continue at an increasingly detailed scale so as to better
provide the information needed for the conceptual design of the facility
and for any modifications required during the excavation stages. Finally,
the geological characterization will be required to describe any change in
the natural environment caused by the excavation (excavation damage).

This appendix describes the data requirements, the methodologies for core
logging and mapping, and the integration and application of the results.

D.2 DATA REQUIREMENTS

The site will have undergone extensive multidisciplinary investigations as
part of the surface-based site characterization process. These investiga-
tions will have included detailed and regional geological and geophysical
mapping; borehole investigations including logging of geological, geomecha-
nical and hydrological properties; and the determination of rock properties
and in situ stresses. These investigations will have defined the tectonic
style of the region, the location of major fracture zones, the general
pattern and extent of smaller scale fracturing, the mineralogy of fracture
infillings and alteration, and the rock types and their petrography.

The data requirements for the subsurface geological characterization will
be based on the results of these previous investigations and by their
application to the design and construction of the facility at any given
time. Geological data will be used to:
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1. define the structure and geometry of the rock mass (general
geology) in which the excavation will proceed;

2. define the location and characteristics of the fracture pattern
at a variety of scales (fracture framework), and identify which
scales and types of lithological and structural heterogeneities
encountered are relevant to fracture prediction and
characterization; and

3. describe the site in terms of a rock-mass classification scheme
such as the Commonwealth Scientific and Industrial Research
(CSIR) or Norwegian Geotechnical Institute (NGI) systems and,
where necessary, modify to accommodate site-specific conditions
not adequately covered the system.

Lithology, foliation and alteration data are relevant to site development
(e.g., layout of underground rooms or experiments), the interpretation of
the geomechanical tests (e.g., the influence of fabric anisotropy on stress
measurement), prediction of fracture occurrence and characteristics at all
scales, interpretation of fracture history, and assessment of
characterization and construction methodologies.

The fracture data are essential components of any geotechnical investiga-
tion (Brown 1981). Knowledge of the characteristics of the fractures is
critical of the design of the facility becuase fractures can affect the
short-term stability of the excavations, the construction methods, the
interpretation of in situ stresses and other data, and ultimately the
performance of the facility.

D.2.1 GENERAL GEOLOGY

Confirmation of the dimensions and shape of the plutonic rock body through
subsurface exploration is required to ensure that adequate space is
available for constructing the facility. Further, the pluton may contain
dykes or breccia pipes (Mandziuk et al. 1989) with the potential for much
higher average permeabilities than the pluton. The presence of these units
could also limit the area available for construction.

The nature of any mineralization within the area selected for vault
construction must also be determined by subsurface exploration. Examples
of mineral deposit types that can occur within or near plutons, and may
have little or no surface expression include:

1. gold in quartz veins,

2. massive sulphides incorporated in xenolithic zones, embayments,
or roof pendants,

3. rare-element pegmatites,

4. low-grade, high-tonnage fracture-filling deposits such as
porphyry coppers),
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5. pipe or fracture-filling uraniferous deposits in granites, and

6. uranium-enriched coarse-grained granites associated with xenoli-
thic material (various plutons in the English River Province of
the Canadian Shield (Breaks 1981, Taylor and Strong 1988) .

In the absence of direct intersection or outcrop, some of these deposit
types (especially (3) and (5)) are not detectable by present geophysical or
geological methods.

Accordingly, the site characterization plan must be designed to address
this requirement. Such deposits, if found in significant quantity, could
make the site unsuitable for use, or could restrict the area available for
excavation. They could also lead to local ground control problems
(spalling caused by oxidation of pyrite in fractures), acidify the ground-
water, or complicate operation or monitoring of the facility if there were
pockets of high natural radioactivity.

The structure and deformation of the pluton will have been determined from
the surface mapping and from borehole data, but the conclusions reached
must be tested since they will form the basis on which subsequent extrapo-
lations of the fracture pattern are made. As an example, a fracture set
"X" may have been interpreted as being regional in extent and origin.
Accordingly, its pattern within the study area will not be expected to vary
significantly with depth or across the pluton. In contrast, a second set
"Y" may have been interpreted as resulting from the cooling of the pluton.
Its distribution will be expected to vary with the type and geometry of the
local rock units and their fabric (Everitt et al. 1990).

The validation and upgrading of the geological component of the site
geotechnical model will consist of determining:

1. the dimensions and orientation of the pluton targeted for
excavation,

2. its formation and deformation history, and

3. its potential for localized mineralization.

The methods recommended here include radiometric age dating to supplement
the detailed underground geological mapping and borehole logging of
relevant lithologie and fracture data, and pétrographie and petrofabric
analysis.

The plutons external and internal lithological contacts (Everitt et al.
1990, Mandziuk et al. 1989) should be confirmed where possible by under-
ground drilling if this has not already been done during the surface-based
site characterization program. These boreholes should extend well beyond
the depth of the facility, and should be cored. They should also be
surveyed and have a full suite of geophysical logs. The extent of the
contacts should be confirmed through crosshole tomographic methods.
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The formation and deformation sequence will be defined by compiling a
chronological classification of rock units and associated fracture, altera-
tion and mineralization events. This will be based on the work done for
the site characterization program, but will benefit from the large
subsurface exposures within which it will be possible to see the composi-
tional and textural variations that occur within single rock units (Everitt
and Brown 1986). Compositional and textural variations seen in the core
will be compiled into relevant rock units, and these will in turn be
compiled into large-scale lithostructural domains appropriate to the site
(Everitt et al. 1987, Mandziuk et al. 1989). The bulk of information for
this effort will be supplied from either the shafts or the levels, depend-
ing on the dip of the structures and the location of excavations relative
to them. In the process of defining the formation and deformation
sequence, the zones of primary alteration and the primary and secondary
structures will be recorded as aids in defining the pluton shape and intru-
sion history. This information will then be used to confirm or modify the
site conceptual geological model, which in turn forms the basis for
predicting the fracture occurrence and characteristics.

The presence and extent of any mineralization will be determined by under-
ground mapping and borehole logging, supported by mineralogical analysis,
geophysical and crosshole methods, and the monitoring of groundwater
chemistry.

D.2.2 FRACTURE FRAMEWORK

D.2.2.1 Fault and Fracture Zones

Fracture zones will be recognized in the excavations and boreholes by
fracture frequencies above the background average, by increased alteration
of the rock mass, by offset of marker horizons, and by the presence of
cataclastic material (fault gouge and breccia). Variations in the hydrau-
lic conductivity and groundwater chemistry are useful in defining the
dimensions and interconnection of the fracture zone. They may also
indicate the presence of unrecognized fracture zones. However, the results
may be difficult to interpret because the flow channels may jump from one
fault zone to another along connecting fractures.

D.2.2.2 Fabric Control

The fabric and lithologie control of fracture patterns is described in the
literature at various locations and at a variety of scales (Rousell and
Everitt 1981, Reitan and Murphy 1983). Therefore, part of the characteri-
zation of the major and minor fracture systems will be to continually
review the basis on which the fracture sets are defined. Some fracture
sets may be confined to certain lithologie units, some may be preferen-
tially developed along contacts, while others may have a consistent
geometric relationship to a certain fabric element.

If this fabric has a variable orientation within the study area, the orien-
tation of the fractures will vary accordingly. In such cases, a "trimodal
distribution of subvertical joints (e.g., N10°E, N38°E, N67°E) " may actually
be samples of a "single vertical set perpendicular to a foliation" rather
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than "conjugate shear and extension sets." This conclusion has obvious
implications for predicting the local orientation and kinematics of the
fractures, as well as the nature of the fracture intersection geometry and
the fracture spacing.

Accordingly, it will be necessary to record the lithology and foliation/
lineation information throughout the underground characterization program
to ensure that the fracture sets are being identified correctly. The
information will be obtained by geological mapping of excavations and by
borehole logging.

D.2.2.3 Fracture Domains

A fracture domain is an area in which the characteristics of the joint
system are relatively uniform, or which vary in a manner that facilitâtes
the fracture description, characterization, and prediction (Everitt and
Brown 1986). Fracture domains commonly coincide with rock properties
domains, in situ stress domains, and hydrogeological domains. Fracture
domains may be unbounded, or they may be bounded by major faults or the
topographic surface. Examples of domains include the highly fractured,
altered and permeable rock of the major fault zones, and the areas of
moderately or sparsely fractured rock between them. These domains may be
further subdivided as required. Fracture domains must be identified and
characterized for the following applications.

1. Identify natural, as opposed to arbitrary, divisions of the rock
mass for modelling purposes.

2. Generate average fracture, in situ stress and rock properties
data for facility design and assessment.

3. Define the volumes of rock suitable for excavation of the dispo-
sal rooms.

In view of their importance in predicting conditions and in siting excava-
tions, domains identified from the siting program and the early stages of
underground characterization must be reviewed continually and extended as
characterization proceeds during the construction of the facility.

The data required to identify fracture domains include the locations of
major fracture zones, the variation in pattern and frequency of the frac-
ture sets between the major fracture zones, and the termination pattern or
location for each set. The bulk of the information necessary to validate
this aspect of the site conceptual fracture model will be supplied from
either the shafts or the levels, depending on the dip of the fracture zones
and their location relative to the excavations.

Scattergrams depicting the continuous variation in fracture dip and dip
direction and/or infilling with depth down boreholes are more useful in
identifying fracture domains than the conventional histograms, and the
result can be more easily correlated with borehole breakout and in situ
stress results (Everitt and Brown 1986, Martin 1990) .
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D.2.2.4 Fracture Shape

Once the fracture domains and the fracture sets within them have been iden-
tified, the average shape and connectivity of fractures for each set may be
defined. In general, the fracture shape is a function of relative age and
structural environment, and will largely be a case of deciding if a frac-
ture (individual, set, or zone) is truncated by another set or some other
structural feature. Depending on local geology, the horizontal and verti-
cal dimensions of a fracture (set) may be equal, or alternatively, one may
be an order of magnitude greater than another. Accordingly, fracture dimen-
sions and connectivity must be identified and characterized for the follow-
ing applications.

1. Identify the true shape of the fracture network, and from there,
the natural divisions of the rock mass available for excavation.

2. Generate average fracture spacing and transmissivity values for
facility design and assessment.

3. Identify or explain anomalies in local in situ stress results.

4. Identify the dimensions of barrier pillars.

The data required to estimate the average fracture shape and connectivity
include the locations of major fracture zones, the variation in pattern and
frequency of fracture sets between the major fracture zones, and the termi-
nation pattern or location for each set.

The methods recommended to provide this data include detailed underground
geological mapping and borehole logging, supplemented by in situ radar or
seismic surveys, and by single-hole and crosshole tomographic methods.

D.2.2.5 Historic Flow Paths Within the Fracture Framework

The fracture framework or fracture model will be defined by the preceding
stages of investigation. Subsurface sampling of fracture infilling and
wall rock alteration will also provide an important record of the age of
the fracture flow networks, their variation with time, the areas of persis-
tent reactivation, and the depth below which the fracture and groundwater
regime have not been affected by glacial or surface events. Incongruities
such as high-flow areas with no alteration encountered during excavation
will suggest the possibility of recent disturbance, either natural or man-
made, and will have to be incorporated into the site hydrogeological model.
Alternatively, the recognition that the movement has been repeatedly
focused along ancient precursor weakness directions will add to the confi-
dence in the concept of siting the facility in the region between the fault
zones.
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D.3 BOREHOLE DRILLING AND CHARACTERIZATION

A carefully planned and executed drilling program followed by thorough core
and borehole description is essential for sampling the ground conditions in
advance of construction, and for providing access for downhole hydrogeo-
logical and geophysical investigations. This section is limited to provid-
ing general guidance on the design of a borehole layout and the geological
logging of the core.

D.3.1 BOREHOLE LAYOUT

The number, depth, position and pattern of boreholes must be adequate to
define site-scale variations in the rock type and structure locations.
Whenever possible, the boreholes should extend well below the planned depth
for excavations, and penetrate completely any structures so there is no
ambiguity as to their extent.

Many boreholes will serve several purposes, such as initial exploration and
sampling followed by installation of packer systems for long-term monitor-
ing of hydraulic or chemical parameters. Accordingly, a drilling and char-
acterization schedule must be prepared in advance to maximize the applica-
tions possible. The characterization methods desired, whether the hole
should be cored or uncored, cased or uncased, and the integration and
compilation of results from the selected methods should be considered.

These decisions depend on the repository design and the site-specific geo-
logical environment. This is a reiterative process, with results from
preceding investigations guiding subsequent drilling.

D.3.2 DRILLING METHODS

The borehole drilling techniques depend on the purpose of the borehole and
the physical properties of the rock.

Uncored boreholes prepared by percussion drilling provide comparatively
inexpensive access to the rock mass, and may be used to measure the ground-
water level and to run hydraulic interference tests. However, they provide
little information on the rock types encountered, the orientation of struc-
tures, and the nature of mineralization and alteration.

Cored boreholes provide samples of the rock mass and its discontinuities.
The samples are used to determine the rock and infilling types, to test
rock properties, to construct a model of the subsurface geology, and as a
control on the geophysical logs.

D.3.3 CORE RECOVERY AND ORIENTATION

The main purpose of drilling cored boreholes is to recover information on
the discontinuities in the rock mass. Accordingly, core recovery should be
as cor ;^te as possible. These steps should be followed:
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1. Diamond drilling contracts should be negotiated on the basis of
payment for core recovered rather than borehole length.

2. The drilling machinery must be selected to optimize core recov-
ery, and be properly maintained with adequate capacity for the
job.

3. Double- or triple-tube core barrels should be used.

Herget (1977), Brown (1981), and Hoek and Brown (1980) discuss the drilling
methods and operations in further detail.

To extrapolate the discontinuities and other features intersected in the
core for design purposes, it is necessary to recover the true orientation
of these features from the core. Brown (1981) reviewed the downhole
methods for core orientation. For discussion purposes, these techniques
may be grouped into direct and indirect methods.

Direct methods orient the core based on the stub left on the end of the
hole following core retrieval at the end of each drill run. They include
the Craelius method and the integral method.

The integral coring method is actually a specialized form of core recovery,
applied to areas where core recovery would normally be poor because of weak
or highly fractured ground. In this method, a rod is bored and grouted
into the target zone, which is then overcored and retrieved by the next
run. The grouted rod provides orientation and reinforcement for the core.
This method has successfully retrieved high-quality core from poor-quality
rock at the URL, but is expensive and time consuming, and is only recom-
mended to evaluate extremely critical areas.

Indirect methods involve the determination of feature orientations from
their geometry as seen on the borehole walls, and the conversion of these
to real coordinates based on a borehole survey. These methods provide
information on the orientation of features in the rock mass independent of
any disturbance of the core. Indirect methods include borehole cameras and
television systems, acoustic televiewers, and the various types of impres-
sion methods. Lau et al. (1987) discuss these indirect methods in further
detail.

D.3.4 CORE BOXING AND DRILL SITE INSPECTION

Standardized methods for core boxing, core labelling and drill site inspec-
tion should be implemented to optimize core recovery. At the URL, written
procedures have been prepared for handling core boxes, marking core boxes,
marking core for orientation and test locations, core orientation, borehole
records, and core transportation. These and similar procedures reduce the
possibility of errors or the loss of core because of improper handling
between the drilling site and the core shack.

A daily drilling record should record general drilling and site information
such as the name of the drilling contractor, the job and site description,
borehole number, sheet number, job number, drilling method and machine,
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name of driller and drill inspector, grid and collar elevation, borehole
orientation and depth, drilling and casing progress, flush type, bit size,
recovery, water level, water flow, and penetration rate.

D.3.5 CORE LOGGING

The core logs and drilling records should provide a complete description of
the conditions encountered during drilling or borehole testing, as well as
full documentation of the conditions in the rock mass.

The exact form and nomenclature that should be used for core logging will
vary according to the nature of the project, the design approach adopted
and the overall geological conditions of the site, and so no specific
recommendations will be made here. However, as the staff will likely
change over the duration of the project, it is essential that the geologi-
cal data be recorded in such a way that meaningful interpretation of these
data can be carried out by others. Wherever possible, standardized symbols
and nomenclature should be devised early in the project and adhered to.
Examples of carefully planned and well-prepared core log reports are pre-
sented by Read (1990) .

Core loggers should routinely visit and inspect the underground excavations
to familiarize themselves with the appearance of the large-scale features
they are likely to encounter in the core. This will help tc ensure recog-
nition of these features in the core regardless of local variation or the
angle of intersection between the features and the core. Ideally, a rough
log summarizing fracture locations and characteristics, major rock units,
and the general core condition should be prepared at this time. This will
serve as a backup in case any core is lost or damaged during its transit
from the underground to the core shack. An inspection of the hole collar
by the logger may also help determine whether breaks in the first 0.5 m of
core are caused by drilling, are excavation-induced, or are a combination
of both.

During final logging, sections and plans of the boreholes should be on-hand
and referred to so as to maintain consistency between the boreholes and an
appropriately broad perspective in identifying and naming rock units. This
is especially critical when an array of boreholes is being logged by sev-
eral individuals, or even by a single individual over a period of time.
Discrepancies between boreholes caused by observer bias, hole orientation,
or by normal variation in the geology* can be more easily recognized and
corrected during logging than at a later date by other individuals.

The core should be washed before logging and photography to facilitate
feature recognition. Portions of the core susceptible to damage by wetting
and drying, such as discontinuity infillings, may have to be left unwashed,
or may be wrapped in protective sealed polyethylene bags to prevent damage
and to control dessication later.

Depending on the point of borehole intersection, a single dyke unit may
range from (coarse-grained and massive), to (foliated, finer grained and
inclusion-filled), to (fine-grained), and to (barely recognizable "wisps"
of foreign material in the host rock).
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The start and end of runs should be checked for errors, and lost or damaged
core should be recorded. All efforts should be made to determine if lost
core or breaks in the core are caused by the actual ground conditions or by
the drilling process. Hammer-induced breaks should be recorded separately
from natural breaks, and should be marked permanently on the core so that
they are recognizable as such on the core photographs.

Geological logging should then begin with the identification of the frac-
ture, lithology and structure domains. Once these have been identified and
correlated with results from neighbouring boreholes, the following features
should be logged:

1. The location of the upper and lower contacts of the fault zones.

2. The location, orientation, and characteristics of fracture domain
boundaries within or between major discontinuities, including the
location of cataclasites or rubble zones.

3. The type, distribution and association of fracture infilling(s).

4. The seepage locations (if determinable from the core).

5. The degree, distribution and product(s) of weathering and/or
alteration (several generations may be present).

6. The rock type(s) with their average and range in texture(s) and
composition(s).

7. The rock fabric(s). (On the mesoscopic scale, the rock may range
from structurally isotropic (massive) to xenolithic (Everitt and
Brown 1986; Figure D-l). Also, the rock may have several types
and generations of foliations and lineations at this and smaller
scales).

The relative order and effort devoted to each of these categories will vary
with the site geology.

D.3.6 CORE PHOTOGRAPHS

The purpose of core photography is to provide a permanent and objective
record of the core as it was recovered. The photographs serve as an essen-
tial check on the core logs and on the computer storage of borehole data.
They may also be referred to for additional information or reinterpretation
as required. This is especially valuable if core is lost or destroyed by
accidents, testing, or through excessive deterioration.

Read (1990) presents several recommendations for core photography. In
general, all core should be photographed on a routine basis. Photography
should generally be done as soon as the core is available so as to provide
a record of the core in a condition as close to if;s original state as
possible.
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MAIN PHASE OF THE GRANITE

9- AGMATITIC
8- MIGMATITIC

AUTO-INTRUSIVE DYKES, SILLS, AND MASSES

7- UNORIENTED
XENOLITHIC

6- ORIENTED
XENOLITHIC

5- SCHL1ERIC

4 " STRONGLY
GNEISSIC

3 - MODERATELY
GNEISSIC

2- WEAKLY
GNEISSIC

1 - LINEATED

0- MASSIVE

LATE GRANITOID DYKES

A4 - LATE GRANITOID DYKES,
MASSES, AND INFILLINGS

' A4.1 - pegmatite dykes
A4.2- apiile dykes
A4.3- quartz masses with

silicified wall rock
A4.4- quartz veins with

no wall rock alteration
A4.5- quartzo-fcldspalhic

joint fillings
A4.6- epidote-filled joints

A3 - GRANODIORTTE DYKES
^ A3.1 - semi-ducile shear zones

intruded by the granodioritc
A3.2- granodiorite dykes
A3.3- Icucocratic veining

within the granodiorite
A3.4- granitic dykes witliin

the granodiorite

A2- EARLY LEUCOCRATIC
. DYKES. SILLS, AND MASSES

S homogeneous to heterogeneous,
coarse to pegmatitic or
porphyroblastic granite

Al - EARLY GRANITOID DYKES
^ ill-defined granitic dykes

FIGURE D-l: Summary of Mapping Units at the URL. The fabric of the main
phase of the granite (left column) ranges from massive or
lineated, through gneissic or schlieric, to variously
xenolithic. The xenoliths are meta-volcanics or meta-
sediments. Minor auto-intrusive phases are depicted in the
right column and include four systems of dykes, veins, sills
and irregular masses.

Good-quality 35-mm cameras and colour film are sufficient to ensure accept-

able results. Each photograph should include a label indicating the hole
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number, the box numbers, the downhole distance, the date and a colour and
grey chart. The colour and grey chart will facilitate reproduction of the
original colours should the photographs fade with time. Slides or colour
prints should then be stored in a permanent library along with log and
drilling inspection reports.

D.3.7 CORE STORAGE

While immediate logging and photography are essential, sampling for geo-
technical and other purposes requires a long-term storage facility at the
site. Suggestions for core storage buildings and the management of their
contents are described by Woodcock (in preparation).

In brief, core should be protected from extremes of temperature and humid-
ity, and they should be easily located and accessed with a records system
to record the storage, removal, and return or ultimate disposition of core
samples. A climate-controlled space should also be provided for the
interim storage of core awaiting logging, photography and storage.

D.4 GEOLOGICAL CHARACTERIZATION OF EXCAVATIONS

The geological characterization of excavations refers to geological mapping
and data collection in tunnels, shafts, bored raises, and rooms. Charac-
terization methods may include mapping by photogrammetric methods, mapping
in situ (underground) using either photographs or surveyed excavation maps
as a base for plotting, and data collection at either selected locations or
over the entire excavation.

The methodology employed will depend on the excavation type (e.g., shafts
versus tunnels), the excavation dimensions (e.g., accessibility), the exca-
vation methodology (e.g., bored vs. blasted), the ground conditions (e.g.,
will the ground be concealed by ground support or groundwater staining), as
well as the data requirements and resources available.

In general, geological characterization is most efficiently done after
excavation is complete but before permanent fixtures are installed. This
arrangement reduces interference between the excavation and underground
characterization activities, and provides a better working environment for
the geologists. Mapping the entire excavation at one time also facilitates
recognition of large-scale structures, which results in more accurate map-
ping, more selective sampling, and less time spent later in compiling and
correlating data.

In situations where it will be necessary to characterize the excavation
during construction, the methodology employed will have to accommodate the
likely working conditions, schedule and data requirements.

Because of the high cost of delay and difficulty in cleaning tunnel floors
or the faces exposed during excavation, it is not recommended that these
surfaces be characterized unless there is a demonstrated requirement for
this information.
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Mapping and data collection in the bored raises will be required to follow
the installation of the manway and washing of the walls. Based on experi-
ence at the URL, washing must immediately follow the completion of the
raise boring, otherwise the cuttings will harden on the walls and will be
difficult or impossible to remove (Everitt et al. 1987). Surveyed refer-
ence lines and depth markers will be required for mapping control and to
determine the structure orientations because the steel ladderway will pro-
hibit the use of magnetic compasses.

Mapping of the access shafts will likely have to be done during construc-
tion before the walls are covered by any or all of the following: concrete,
screen, timbers or shaft guides, and staining from groundwater seepage.
The mapping crews will probably be required to work a seven-day schedule
under adverse conditions. Segments of wall must be mapped each day under
adverse conditions to keep pace with the excavation. These map segments,
done by individuals with varying levels of expertise, experience and out-
look, will have to be edited continuously and compiled by the senior geo-
logist to maintain consistency and to provide information to site opera-
tions and other characterization groups. Everitt et al. (1987, 1990) pro-
vide further information on the logistics and methods for mapping raises
and shafts.

Table D-l lists some recommended methods for two "general-case" environ-
ments. The geological characterization of the access shafts and similar
environments should be done by colour (stereo)photography of the shaft
walls, in situ mapping of the shaft walls using a photomosaic base, and
measurement and description of all fractures with a trace length of more
than 0.5m. For most tunnels and other excavations where access and work-
ing conditions are not a problem, characterization can be done acceptably
by in situ mapping using surveyed base maps and the selective collection of
fracture data in either detailed study sites or scanlines.

These methods are discussed in greater detail below.

D.4.1 PHOTOGRAPHIC METHODS

Photographic methods may be used as an aid to in situ mapping analogous to
the use of aerial photographs in the field. Alternatively, they may be
used on their own, remote from the site, as in the production of maps by
terrestrial photogrammetry (Herget 1977).

Photographic images suitable for remote mapping and orientation analysis
may be obtained from commercial stereographic equipment or derivative
systems (Brown and Everitt, in preparation) or from non-stereogrammetric or
digital imaging methods (Franklin et al. 1988).

The principal advantage of photogrammetric or similar systems is in their
ability to produce maps in areas where access is either unsafe or impracti-
cal. Disadvantages of having the mapping done photogrammetrically are:

1. the delay time between having the survey begun and having the
result completed, and
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the problems in recognizing and orienting small-scale features.

TABLE D-l

SUMMARY OF RECOMMENDED GEOLOGICAL CHARACTERIZATION METHODS

Environment
1

R

R

2

R

R

R

R

Mapping Methodology

(Stereo)photography

In situ mapping (photomosaic base)

In situ mapping (grid or survey)

Data acquisition - general area samples

Data acquisition - linescan or selective

Rock and fracture filling samples

See
Section

D.4.1

D.4.2

D.4.2

D.4.3

samples D.4.4

D.5

Environment 1: (most tunnels) - unlimited access to rock surface after
excavation.

Environment 2: (access shafts) - limited access after construction or,
access only during construction.

R - recommended method.

The costs and expertise required to operate and maintain the equipment and
process the results must also be considered. Accordingly, photogrammetric
or similar methods are recommended where access is impossible or unsafe,
but not for general use in most tunnels or galleries.

Mapping using uncontrolled photographs as base maps has several advantages
(Everitt et. al 1990), and is recommended for general mapping in areas with
complex geology, where conditions are poor, or when maintaining consistency
between mappers is a problem. This technique reduces the time requir&d to
produce a scaled representation of the geology. Photographs also provide a
permanent and objective record of the excavation as it appeared at the time
of mapping. They may be used to check on the mapping quality and consis-
tency during excavation. Alternatively, they may be referred to for
additional information or reinterpretation as required. This is especially
valuable if the excavation surface is later covered, destroyed, or suffers
excessive deterioration.

The type and density of survey control required will vary with location,
but may be provided by a combination of surveyed control points, horizontal
and vertical chainage marks, and laser (or plumb bob) targets. The
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surveyed control points will consist of sequentially numbex*ed "markers."
Their purpose is to control the construction of the photomosaics when these
are prepared manually, to provide sufficient detail for contouring the
topography of the excavated surface, to serve as a reference for those
using the photomosaic underground, and for controlling the stereoscopic
models should these be required.

Colour photography is recommended in preference to black and white to
permit the correlation of subtle colour differences with groundwater-
induced alteration.

Cameras should be housed in an airtight transparent box to protect them
from water, oil, humidity, and grit, with the option to inspect the camera
equipment visually. Trials should be conducted, preferably in the shaft
collar, to test the equipment and procedures under actual working
conditions.

Accurate colour rendition will require control of illumination at the work
site. Flash units are preferable to floodlights as they are more easily
protected. Lens filters and flash diffusers will be required to reduce
glare from the wet walls. Power to the flashes is more reliably provided
by direct current. This also avoids battery rundown and its negative
effect on colour reproduction. To assist with colour reproduction, a large
colour checker chart and grey card should be included in each frame. This
can be reduced to the first frame for each roll as soon as the results
warrant.

D.4.2 IN SITU MAPPING

In situ mapping refers to the production of scaled depictions of the
geology as seen on the excavated surfaces. This may be done from either a
photomosaic base, or from surveyed excavation drawings. The advantages of
using a photo(mosaic) base were discussed in Section D.4.1.

D.4.3 DATA COLLECTION

Data collection refers to the description and measurement of rock mass
characteristics such as those listed in Table D-l. Generally, the charac-
terization of rock types and large-scale structures requires information
from most or all of the excavation surface. Information obtained on such
features as excavation-induced fractures or smaller scale foliations may be
obtained more economically by sampling along scanlines or in smaller
segments of the excavation selected for more detailed study.

Information should be recorded on coded field forms printed on mylar.
Experience at the URL with commercially available "waterproof" paper have
shown these products to be unsuitable where oil spray from hydraulic
excavation equipment is a problem (Everitt et al. 1990).

It is recommended that fracture spacings and fracture lengths not be deter-
mined routinely during excavation since the results from such confined
areas as tunnels or shaft are not likely to be very meaningful. Instead,
these characteristics are better determined from compilation maps showing
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both mapping and drilling results. This will permit a larger database to
be used with a more logical selection of fracture domains to calculate
spacing.

Estimates of macro- and micro-scala roughness may be based on visual
comparison with roughness profile charts from Brown (1981). This method is
qualitative, but is suitable for the reconnaissance nature of the work,
gives reproducible results, and is recommended by Brown (1981) and others.

Relative estimates of the degrees of weathering for the rock mass and
fracture surfaces should be based on the criteria outlined by Brown (1981).

Measurements of fracture aperture and width, and estimates of seepage rate
should be made during mapping, but the conditions represented by these data
will likely be transitory and of short duration. At the URL (Everitt et
al. 1990), it was observed that both seepage rates and apertures increased
several days to months after excavation. The causative mechanisms were
thought to include stress relief around the excavations and the washing out
of mineral fillings (both natural and blast induced). Accordingly, it is
recommended that information on fracture aperture be obtained from areas
selected for detailed multidisciplinary investigation and long-term
monitoring.

D.5 SAMPLES

Rock and fracture-filling samples need to be collected to identify the rock
types, fracture infillings, and alteration/weathering products encountered,
and to map out the variations in each of these with location. Testing will
normally include these procedures:

1. Mineralogical analysis (includes grain-size analysis and identi-
fication of clays and clay-sized particles) to identify the rock
associations, their history, and modes of occurrence.

2. Geochemical analysis (rock types and fracture infillings) to
support accurate identification of mineralogies, especially those
which may affect groundwater interactions, radionuclide reten-
tion, etc., and to quantify alteration effects.

3. Age dating (rock types, alteration products and fracture infil-
lings) to identify the history of the area, with emphasis on
defining the origin and reactivation of fracturing.

4. Petrofabric analysis (identification of foliation and lineation
types, orientation, relative age, and possible origin) to
identify fabric elements that may affect the rock response to
testing (e.g., in situ stress measurements) or to excavation.

These analyses are required to understand the site geology and hydro-
geology, from which more accurate deterministic predictions can be made.
They are also required to determine the mechanical properties of the rock
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mass and its response to excavation. Fracture-filling mineralogy, for
example, will affect ground control design, groundwater chemistry, and
grout infiltration. Geotechnical applications are described in the other
appendices, and in the main body of the report.

Samples may be obtained from the core or from excavations. The latter
offer a number of advantages. Sampling from the underground excavations is
guided by a large-scale perspective not obtainable from core. Also, it is
possible to obtain samples of poorly consolidated materials from fracture
zones that might otherwise be lost during drilling. Finally, samples from
the excavations will provide information on excavation-induced infillings
such as blasting residues (chemical) and blast-injected debris (Everitt et
al. 1987).

On the other hand, core samples are required for standard geotechnical
testing (Appendix J). They also provide a continuous line sample (barring
core loss) through the rock mass for detailed geological or other
investigations.

The methods selected to collect, store and archive samples will depend on
their intended use. Samples intended to serve as representative examples
of site rock types will not require the same stringent collection and
storage procedures as samples intended for geochemical analysis. Recom-
mendations on sample methods and applications are given by Hoek and Brown
(1980).

D.6 INTEGRATION AND APPLICATION OF RESULTS

The initial site model will have identified major low-dipping zones and
subvertical fractures and areas of relatively unfractured ground at depth.
Rock and alteration units will be mapped on the surface and in the core.
Various geophysical anomalies, some of which may represent fracture zones,
will be logged. The various orientations of joint systems and the nature
and location of major faults or fracture zones will be determined from the
core, but the spatial extent and the nature of the intersection of various
fracture systems are not known.

The characterization of the lithology and fracture systems will proceed at
a scale not obtainable from drill cores. For example, the geometry of the
fracture intersections, the manner of truncation of the sets, their
relative ages, and their modes of occurrence are all determinable at a
variety of scales in the excavations. This information may then be used to
validate or upgrade the fracture domain model.

With the large-scale exposures provided by the excavations, it will be
possible to organize the rock units observed into a smaller number of
units, and to organize them further into major lithostructural domains
representing the structural divisions of the pluton. This may include rock
units not identified from surface investigations or the drill core. The
contribution of the shaft mapping is to identify the scales and types of
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lithologie variation relevant to the prediction and characterization of
fractures.

The lithostructural model and fracture domains model will then be combined
to produce a site geological model. Spatial or other correlations between
the lithostructural and fracture domain models should be investigated to
facilitate predicting fracture occurrences.or characteristics at locations
within the facility (Everitt and Brown 1986). This will facilitate the
interpretation of the exploration boreholes required to lay out the explor-
ation tunnels and galleries.

Mapping of the shafts (and the tunnels that follow) should include the
identification of features likely to be relevant to the interpretation of
in situ stresses such as breakouts, spalling in walls of excavations, and
the relative frequency and severity of rock bursts. The pattern and magni-
tude of in situ stresses determined from the surface and subsurface
investigations may then be compared with the fracture domains to test for
correlations. In situ stress or rock mass response domains may then be
defined.

These lithostructural, fracture and geomechanical domains will be revised
and modified as exploration and mapping for the exploration tunnels and
disposal galleries begins. The correlations between rock units and
fracture occurrences at the room scale will take on more importance as the
excavation of the disposal chambers begins.

A dedicated data management system will be required to facilitate the
storage and manipulation of this spatial data on a day-to-day basis. This
system must be dedicated to the storage, retrieval and presentation of
geological and related data. For example, a CAD system must be capable of
showing the excavations, boreholes, major structural and lithologie
features in three dimensions, and develop the two-dimensional cross
sections that will be used to plan or revise the ongoing construction and
characterization effort.
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E.1 INTRODUCTION

These important factors can be addressed by geophysical surveys as part of
the underground characterization.

1. The distance, depth extent and geometry of vertical and low- to
intermediate-dipping (LID) fractures around the shaft and in the
vault region.

2. The characterization of the excavation damaged zone around the
shafts and in the various tunnels of the vault at different
depths.

3. Mapping fractures away from the excavation.

4. The prediction of the integrity of the regions of rock between
the waste emplacement rooms.

5. Mapping the seismic-velocity anisotropy to predict lithology or
the direction and magnitude of the in situ stresses.

Detailed underground geophysical methods such as wall and borehole radar
surveys and crosshole seismic surveys were tested and used during the last
five years at the URL in the Whiteshell Research Area near Pinawa,
Manitoba. These methods provided useful information during the construc-
tion of the URL facilities. The applications of wall and borehole radar
reflection and crosshole seismic transmission tomography techniques are
discussed in the main body of this report.

E.2 RADAR METHODS

Radar surveying is conducted in the frequency range of 25-1000 MHz using
both reflection and tomography reconstruction techniques. The highly
resistive, homogeneous nature of granitic rock is suitable for the propaga-
tion of electromagnetic energy at these radar frequencies. Water-filled
fractures and fractured zones, on the other hand, act as excellent reflec-
tors because of their contrasting electrical properties. For example, the
unfractured granite in the upper 250 m of the URL exhibits electrical
resistivities of 10 000 to 20 000 Q«m (Soonawala et al. 1990), whereas the
resistivity of major fracture zones is typically an order of magnitude
lower. This resistivity difference and the high dielectric constant of the
water saturating the fracture zones produce well-defined reflections of the
radar energy (Olsson et al. 1987).

Underground radar reflection surveys at the URL have been completed on the
shaft walls to a depth of 120 m, as well as on the floor in Rooms 205, 206,
203-207, 211, 213 and the floor of the 420-m level. Single-hole radar
reflection surveys have been completed in borehole PH5. A transmission
tomography survey has been completed in the pillar bounded by Rooms 207,
209 and 208.
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Results of radar surveys carried out on the walls of the shaft (Holloway
et al. 1986), on the floor of Room 205 at the 240-m level (Holloway 1988)
and in borehole PH5, collared in Room 207 of the 240-m level (Holloway and
Stevens 1991), are discussed in this appendix.

E.3 CROSSHOLE SEISMIC METHODS

Crosshole seismic surveys are common in oil (Bois et al. 1972, Bregman
et al. 1989) and coal exploration (Mason 1981) and are also common in
engineering geology (Wong et al. 1985, By et al. 1988). While the tech-
nology is well known, the methods and instruments are different for differ-
ent applications. The CHARTS and mini-CHARTS systems used at the URL are
nondestructive and nonpolluting to the borehole in their operation mode,
and use signal averaging to increase signal-to-noise ratios.

Two types of seismic waves, the compressional wave (P wave) and the shear
wave (S wave), are used in seismic surveys. The transmission character-
istics of P and S waves allow the material properties of the region
traversed by the wave to be estimated. The velocity, attenuation, and
shape of these waves contain important information about the in situ media
characteristics.

When numerous ray paths (e.g., of seismic energy) traverse the plane of
rock between the boreholes, it is possible to generate an image of this
plane using transmission tomography. In the case of seismic tomography, it
is possible to compute a value for the seismic velocity or amplitude at
each pixel in the plane between the two boreholes based on the measurements
taken in them. The effective pixel sizes are determined by sample spacing,
ray density, and the dominant wavelength of the seismic signal.

E.4 APPLICATIONS

This section illustrates the application of seismic and radar surveys using
examples obtained during the construction of the URL.

E.4.1 MAPPING FRACTURES BEHIND THE SHAFT WALLS

Radar-reflection surveying was conducted in the rectangular URL access
shaft to probe for fractures behind the shaft walls. The centre frequency
of these surveys was 500 MHz, which provided an effective range of approxi-
mately 5 m (Holloway et al. 1986). Profiles were taken at 2.5-m intervals
over a 120-m section.

Figure E-l shows an example of the reflection (radargram) taken from a
shaft depth of 21.6 m. The horizontal axis marks the antenna position on
the wall, and the vertical axis represents the two-way travel time (or its
distance equivalent). This distance is the closest distance from the
antenna unit to the reflector, and is not necessarily perpendicular to the
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FIGURE E-l: Reflection Radargram

shaft wall, as implied in the radar data. Geometrical corrections were
applied to the data during the interpretation process to account for this.

Corrections were also applied to the data to account for the wall rough-
ness, and the distances to planar reflectors representing fractures were
all measured from the outside of the wooden timbers in the shaft, a known
reference plane.

The varying gray scale represents the amplitude of the returned signal,
with large positive amplitudes appearing as white, large negative ampli-
tudes as black, and intermediate amplitudes as shades of gray. The
parabolic reflectors behind the south, north and west walls are diffraction
patterns caused by reflections from a set of two steeply inclined boreholes
behind each wall. The apex of the parabolas correspond to the closest
distance to the borehole from the wall. The linear reflector behind the
east wall is a reflection caused by a steeply dipping fracture. This
fracture was intersected by a horizontal cored borehole collared at the
14-m level. The position and orientation determined by the drill core
agreed closely with that determined by radar-reflection surveying.
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Similar reflectors were detected in the other profiles taken through the
upper 120 m of the shaft profiling. Reflectors representing another
fracture zone were also detected behind the north and west walls. Succes-
sive reflector positions are plotted as strike lines in a structure contour
diagram in Figure E-2. Each strike line represents the distance of the
reflector from the shaft wall at the depth in the shaft the profiles were
taken from. The survey numbers and their shaft depths are shown in the top
right of the figure. The reflector behind the east wall (with a deeper
extension behind the west wall) strikes almost due north, with a steep dip
of between 80 to 90° to the west. The reflector detected behind the north
and west walls strikes at an azimuth of 035°, dipping 80 to 90° to the
northwest. The structure contours within the outline of the shaft were
obtained by geological mapping of the fracture zone. Their strike is
identical to that of Reflector A, but the dip is only slightly shallower.

LEGEND

FRACTURE A
FRACTURE B

ELEVATIONS ARE SHOWN
IN METRES

5 4 3 2
BEHIND WEST WALL

Om

- * -

FIGURE E-2: Structure Contour Diagram Showing Strike Lines

Reflector B is subparallel to the east and west walls of the shaft, and
Figure E-3 shows the radar data for a cross section of this reflector. The
agreement between the data from behind the east and west walls is clear, as
is the agreement between the radar data and the fracture intersected by
core at a depth of 14 m in the shaft.

This radar survey at a centre frequency of 500 MHz mapped a vertical
fracture from approximately 4 m behind the east wall of the URL shaft at a
shaft depth of 15 m to a distance of 3.5 m behind the west wall at a shaft
depth of approximately 120 m, a vertical distance in excess of 100 m. The
radar reflectors were confirmed as fractures by both geological mapping in
the shaft, and by cored boreholes.
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FIGURE E-3: Cross Section of Reflector B in URL Shaft

E.4.2 CHARACTERIZATION OF THE ROCK DILATION ZONE ASSOCIATED WITH AN
EXCAVATED SURFACE: OC1 TO OC4 MINI-CHARTS SURVEY

The mini-CHARTS survey between boreholes OC1 and 0C4 on the 300-m level was
done to search for evidence of a zone of damaged rock near the excavation
wall.

Figure E-4 shows the level plan and ray-path diagram for this survey of 169
rays. The SIRT (Simultaneous Iterative Reconstruction Technique) images
for the compressional and shear wave velocity are also shown in Figure E-4.
Both images show a region of about 1.0 to 2.0 m near the collars of the
boreholes where the velocity is reduced by about 10 percent from that
observed farther down each hole. This is interpreted to be an indication
of a damaged zone that is caused by the dilation of the rock near the free
surface at the excavation face. A component of this damaged zone may also
be related to the blast damage during excavation.

The interpreted dynamic moduli for a set of parallel rays from this survey
are shown in Table E-l.
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FIGURE E - 4 : SIRT Image of Compressional Shear Wave Velocity Between Boreholes 0C1 and OC4 Drilled from the
300-m Level at the URL. The image plane is close to horizontal. The low-velocity area in the
survey panel is probably related to a region of increased microcrack development near the
excavation free surface.
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0C41

Trans.
Depth
(m)

0.08
0.5
1.0
1.5
2.0
2.5
2.9
3.5
4.0
4.5
5.0
5.5
6.0
6.0

1.

2.

ESTIMATION

TABLE E-l

OF DYNAMIC MODULI

BETWEEN OC1

OC11

Receiver
Depth
(m)

0.08
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.0

Depth of

The ranq

Range^

(m)

2.592
2.900
3.268
3.636
4.001
4.445
4.768
5.181
5.543
5.843
6.205
6.578
6.884
6.883

AND OC4

VP3

(km/s)

5.400
5.442
5.605
5.672
5.798
5.872
5.865
5.928
5.903
5.932
5.915
5.905
5.894
5.873

: FROM CROSSHOLE SEISMIC SURVEY

AT THE

Vs3

(km/s)

3.273
3.296
3.379
3.317
3.368
3.486
3.483
3.494
3.493
3.499
3.488
3.488
3.360
3.364

URL 300-m

Dynamic
Poisson
Ratio

0.210
0.210
0.215
0.240
0.245
0.228
0.228
0.234
0.231
0.233
0.233
0.232
0.259
0.256

probe measured along borehole.

e between transmitter and receiver

LEVEL

Dynamic
Young's
Modulus
(Pa)

6.946
7.048
7.433
7.313
7.571
7.998
7.982
8.074
8.048
8.093
8.043
8.034
7.620
7.617

transducers

Dynamic^
Shear

Modulus
(Pa)

2.87
2.91
3.06
2.95
3.04
3.26
3.25
3.27
3.27
3.28
3.26
3.26
3.03
3.03

is based

4.

5.

on the x, y, and z coordinates of the borehole collar and the
borehole azimuth and dip as measured at the collar. A correction
is also made for the borehole radius and the rotation angle of
the transducer within the hole. The calculated range could
probably be in error by ±1% as the boreholes tend to wander from
their initial direction with increasing depth.

Estimated uncertainty in p and a wave velocity is ±1.0% because
of uncertainty in the borehole azimuth and dip.

Estimated uncertainty in Poisson's ratio is ±0.3-0.6%.

The estimated uncertainty for the dynamic Young's modulus and
dynamic shear modulus is ±1.0%. A uniform density of 2680 kg/m3

was assumed for the rock mass.
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E.4.3 MAPPING FRACTURES IN ROCK ADJACENT TO EXCAVATIONS

E.4.3.1 Wall Radar Survey

Four lines of radar-reflection surveying were completed at a centre
frequency of 100 MHz on the floor of Room 205 of the URL 240-m level
(Holloway 1988). The data from the baseline are shown in Figure E-5. The
horizontal axis represents the antenna midpoint position on the survey
line, and the vertical axis represents the two-way travel time of the radar
energy or its depth equivalent. The inset on the left of the figure shows
the location of the baseline and the three intersecting tielines in the
room.

Discrete readings were taken every 0.2 m along the profile lines during
this survey. The data are plotted in a wiggle-trace format, where the
wiggles are proportional to the amplitude of the radar energy. All
positive reflections have been shaded black for emphasis.

Three prominent zones of reflectors can be recognized. Zone 3-1 extends
from a depth of 11 to 14 m on the left side of Figure E-5, and gradually
deepens towards the beginning of the profile line. This zone is marked by
a series of low-amplitude reflectors between the survey positions of 24 to
10 m.

Zone 3-2 is characterized by a series of reflectors, the most significant
of which is a larger amplitude reflector that can b-5 traced from a depth of
19 m below the 24-m position to a depth of 23 m below the 10-m position.
This yields an apparent dip of 14° after geometric correction. The same
process applied to the tieline data at 20 m yields a corrected apparent dip
of 16° for the reflector. The true orientation of Zone 3-2 is interpreted
to be 020°/15° because two apparent dips and their orientations (the
azimuths of the respective survey lines) are known (Ragan 1973).

Reflector 3-1 is a diffraction pattern from a series of steel stress metres
placed at the end of subhorizontal boreholes that pass 1 to 2 m below the
floor of the room. At the time of the survey, these boreholes were devoid
of instrumentation, except for the stress metres. Reflector 3-2 represents
a diffraction pattern from the sump excavated at the head of the room. The
wall of the sump begins at approximately the 6-m mark on the line. Both of
these reflectors represent artifacts, and are not caused by geological
phenomena.

Borehole 205-019-HC14 was collared in Room 205 and drilled into the plane
of the radar survey to test the data. The histogram representing the
fractures logged in each metre of core has been superimposed on the radar
section for comparison. There is good agreement between the intervals of
fracturing encountered in the borehole, and the positions of Reflection
Zones 1 and 2 seen in the radar data. The deeper and more intense zone of
fracturing seen in the borehole is Fracture Zone 2, a major fracture zone
mapped below much of the lease area.
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FIGURE E-5: Baseline Data for Radar Reflection Survey
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E.4.3.2 Borehole Radar Survey

Single-hole radar-reflection surveys were completed over the initial 160 m
of borehole 206-038-PH5 at centre frequencies of 22 MHz and 60 MHz using
AECL's RAMAC borehole radar system (Holloway and Stevens, 1991). The bore-
hole plunges very slightly, at 0.6° at an azimuth of 191°, and is collared
on the southwest wall of Room 206 of the URL 240 level.

The 22-MHz data were collected with a measurement spacing of 1 m, and a
maximum time window equivalent to a range-of approximately 110 m. The
spacing between the transmitter and receiver tools was 6 m. The data from
the 22-MHz survey are shown in Figure E-6. Time gain and a bandpass filter
have been applied to this data set. The significant reflectors have been
labelled, and a geological interpretation based on the large number of
boreholes in the area is superimposed.

A fracture histogram based on the core logging of PH5 has been attached to
the left side of the radargram so that the fracturing encountered in the
borehole can be compared to radar-reflection results.

E.4.3.3 Integrity of Pillars Between Rooms

A series of 3-m-deep vertical holes spaced about 2 m apart was drilled into
the floor of the 240-m level around the pillar of rock inside Rooms 207,
208 and 209 of the URL 240-m level. Radar and seismic tomography surveys
were completed in these holes in March and April of 1989 (Talebi and Young
1990). The borehole location and ray paths are shown in Figure E-7. The
lack of significant low-velocity anomalies seen in the resulting tomograms
(Figure E-8) is indicative of the homogeneous, unfractured rock mass within
the pillar. The minor decrease around the periphery of the pillar could be
the result of dilation in the rock in response to the excavation. Seismic
velocities show an anisotropy of about 6%, with the maximum velocity at
N56°E (Figure E-9). The radar results show a velocity anisotropy of about
13.5%, with a maximum velocity towards N78°E. These are in reasonable
agreement with the orientation of the vertical joints and the maximum
principal stress at the 240-m level of the URL. More detailed studies are
needed to establish relationship between the direction of maximum and
minimum stress, and seismic and radar velocity inhomogeneities and orienta-
tion of fracture zone/lithological variations.

E.4.3.4 Mapping Anisotropy of Velocity to Predict Lithology

E.4.3.4.1 HG1-HG2 CHARTS Survey

A CHARTS survey was done between boreholes HG1 and HG2 in 1988 May. The
holes are divergent and are about 200 m long. Figure E-10 shows an example
of a typical waveform for 12 rays from Fan 120. The rock is of such good
quality between the boreholes that compressional and shear arrivals are
clearly visible on 99.9% of the data set. In addition, the uncertainty in
picking the first arrival is often less than 1 part in 1000, and this
suggests that the method may be able to detect changes in the mechanical
properties of the rock to roughly this same precision.
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Figure E-ll shows the arrival times of the P and S waves plotted against
the distance travelled for all 605 rays. The ratio of P- to S-wave velo-
city indicates a dynamic Poisson's ratio of 0.252. Assuming a bulk rock
density of 2680 kg/m^, then the dynamic Young's modulus is 75 GPa and the
dynamic shear modulus is 30 GPa. Van Heerden (1987) showed that the
dynamic moduli are often larger than the static estimates of the elastic
moduli when these parameters have been determined for the same sample for
varying confining loads.

A typical frequency spectra for a P wave, as shown in Figure E-12, has a
dominant peak at 4500 Hz, and this means the dominant wavelength of the
survey is just over one metre in length. This implies a resolution of
somewhat less than one metre is possible with this technology in this
granitic rock environment.
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Images of the compressional and shear wave velocities are shown in Figures
E-13 and E-14. These tomographic images were produced using the SIRT
algorithm. Both images indicate a very uniform rock type, as would be
expected from the time versus range graph in Figure E-l. However, the P
and S velocities are lower than average near the top of the panel by about
100 to 200 m/s. This velocity decrease coincides with a coarse-grained
xenolithic granite that has been mapped in both the shaft and the bore-
holes. The area of the 40- to 60-m/s velocity increase towards the lower
half of HG1 also correlates roughly with the location of a granodiorite
dyke.

This example demonstrates the potential use of crosshole seismic surveys in
mapping/predicting lithological variations.

E.5 CONCLUSIONS

1. Surface/underground radar, borehole radar and crosshole seismic
transmission tomography techniques may be used to identify
fractures between boreholes or beyond excavations, to identify
subtle changes in lithology that may affect fracturing, or to
define the extent of the excavation-damaged zone.

2. Surface-based radar surveys of the URL granite have mapped
fractures up to a depth of 60-70 m. The radar surveys have
mapped fractures up to 25 m from the floor of the rooms at the
240-m level. The rock resistivity decreases by an order of
magnitude of 10 000/20 000 Q«m near the surface to 1000/2000 fl«m
at a depth of 420 m. This decrease is caused by an increase in
the salinity of the groundwater filling the rock pores. This
reduced rock resistivity attenuates radar penetration drastically
and reflections are limited to a distance of only a few metres.

3. Alternate methods must be developed to map fractures up to 50 m
from the walls of the vault room and pillars (exclusion zone
criteria). A miniature seismic reflection method, if properly
adopted, would have the potential to map fracture zones up to
50 m. Cosma et al. (1986) and Cosma (1987) attempted to analyze
reflection events during conventional seismic tomographic
surveys. This technique will have to be studied in greater
detail during the coming years.
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F.1 INTRODUCTION

The underground hydrogeological characterization of the rock mass selected
as a site for a nuclear fuel waste disposal vault will be directed mostly
at characterizing very low permeability regions of the host rock, determin-
ing their response to perturbations in local hydraulically active features
and to disturbances caused by shaft, tunnel and room excavation, determin-
ing their extent and boundaries, and at the hydrogeological characteriza-
tion of the excavation-damaged zone excavation damage zone within the walls
surrounding the excavated shafts, tunnels and rooms.

The preliminary hydrogeological site characterization program will be
conducted within a network of surface boreholes drilled to depths exceeding
the repository target depth to provide information about the number, loca-
tion and orientation of the fracture zones, the permeability distributions
within the fracture zones, the hydraulic connectivity within and between
the fracture zones, regions of unfractured rock mass, and the hydraulic
boundary conditions within the study area.

This hydrogeological information will be used to establish the hydraulic
model for the selected site and will assist in locating the shaft so that
it intersects the major fracture zones in low-permeability regions. The
surface hydrogeological characterization techniques and the borehole
monitoring network at Canada's Underground Research Laboratory (URL) were
described by Davison (1984).

The underground hydrogeological characterization program will consist of
these elements.

1. The hydraulic testing and instrumentation of a pilot borehole
drilled from the underground excavations.

2. Hydrogeological testing and observations made during shaft
excavation.

3. Hydrogeological testing and observations made during tunnel and
room excavation at the facility level. The techniques and
instrumentation developed during the underground characterization
of the URL will be used during the characterization activities
conducted at the selected repository site.

All boreholes drilled and instrumented during underground characterization
activities will be incorporated into the hydraulic pressure monitoring
network developed during the surface-based hydrogeological investigations.
This will provide information on the extent of the hydraulic response of
the undisturbed rock mass to the excavation activities, and will provide
information for the validation and fine tuning of the hydrogeological
model.
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F.2 UNDERGROUND CHARACTERIZATION HYDROGEOLOGICAL TESTING

F.2.1 SHAFT EXCAVATION

Hydrogeological characterization during shaft excavation will be designed
to validate the hydrogeological model by measuring the groundwater seepage
into the shaft opening from the intersected fractures and the surrounding
rock mass, and by monitoring hydraulic pressure changes in the borehole
monitoring network.

Water collection rings will be constructed at designated locations within
the shaft to collect seepage into the shaft. The seepage will be funnelled
through flow accumulators for long-term measurements of the seepage rate.
The seepage rate will also be measured in the shaft at points of discrete
inflow from intersected fractures. Discrete inflows will be measured
through short percussion boreholes drilled into the fracture and instru-
mented with short, plastic pipe cemented into place or by creating a small
cement trough against the rock wall below an inflow point. Manual measure-
ment and/or recording of the groundwater seepage will be scheduled into the
daily excavation activities. These techniques of seepage monitoring were
employed during the characterization phase of the URL shaft excavation.

The information gathered from the seepage measurements and hydraulic
pressure monitoring will be used to validate and fine tune the hydrogeolog-
ical model with respect to the drawdown event associated with shaft excava-
tion through the undisturbed hydrogeological regime of the host rock mass.

A series of shaft borehole instrument arrays may be required to measure the
rock response as the shaft excavation progresses. Shaft construction may
have to stop during this borehole drilling and instrumentation. Instrument
arrays will consist of a radiating pattern of short, horizontal boreholes
and short steeply dipping boreholes that precede the shaft excavation.

Instrument arrays were developed during the URL shaft excavation and are
described by Shuri (1988a,b,c). The boreholes will be installed with both
geomechanical and hydrogeological instruments to measure the local condi-
tions of the rock mass and the response to the continued excavation of the
shaft.

Instrumentation has been developed in the URL program for this purpose to
allow the installation of both geomechanical and hydrogeological instrumen-
tation within the same borehole. From a hydrogeological aspect, this
ability to install hydrogeological and geomechanical instruments minimizes
the effect of open boreholes, which may intersect fractures within the rock
walls not intersected by the shaft excavation, causing groundwater seepage
into the shaft and will affect the seepage rate predicted by the hydrogeo-
logical model. This will also allow coupled hydrogeological and geomechan-
ical measurements to be made at the same point within the rock mass
(Thompson et al. 1990).
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Hydrogeological measurements made at the instrument arrays will include
permeability, porosity, storativity, groundwater seepage rates, geochemical
sampling and hydraulic-pressure monitoring.

If grouting is required during shaft excavation, an instrument array will
be required from an engineering aspect at the location of each grouting
activity to determine the hydraulic effectiveness of the grouting operation
and the extent of grout travel within the fracture zones.

An array of steeping dipping boreholes will be drilled in a radiating
pattern to investigate and monitor the rock mass surrounding a proposed
working level before any shaft excavation takes place. The array will
encompass the region of rock mass to be excavated for the working level.
These boreholes will provide geologic information and in situ hydraulic-
pressure conditions within the undisturbed rock mass at the elevation of
the working level.

A borehole casing system will be installed in each borehole to develop a
number of hydraulically isolated zones within the borehole. Each zone will
be instrumented with a hydraulic pressure transducer connected to a
computer-controlled data logger to record the hydraulic pressures so as to
determine the responses within the undisturbed rock mass to the excavation
of the working-level tunnel and room network.

Small substations will be excavated from the shaft above the proposed
locations of working levels to house the drilling activities and monitoring
instrumentation.

F.2.2 WORKING-LEVEL HYDROGEOLOGICAL CHARACTERIZATION

The objective of hydi"'-.geological characterization at a working level will
be to define the extent and hydraulic boundary conditions of the low-
permeability rock mass, the response within the low-permeability rock mass
to the excavation of rooms and tunnels, the hydrogeological characteriza-
tion of any fractures encountered within the low-permeability region and
their hydraulic connection to major hydraulically active fracture zones,
and the characterization of the excavation damage zone developed within the
walls of tunnels and rooms during excavation.

At the depth of a working level, a network of exploratory, long, cored,
near-horizontal boreholes will be drilled in a radiating pattern from the
initial level substation. These boreholes will be installed with a hydro-
geological testing/monitoring packer system to define the hydraulic condi-
tions surrounding the substation. Current packer systems, designed and
tested within the URL facility, can be installed in boreholes to lengths
exceeding 200 m. Along with hydrogeological information, these boreholes
will provide information regarding the geological features and stress
conditions surrounding the level substation. This data will be used to
define the orientation and configuration of the rooms and tunnels excavated
as part of the disposal facility.

The development of the hydraulic pressure, borehole monitoring network in
the low-permeability rock mass requires a great deal of time for hydraulic



- 178 -

pressures to reach equilibrium. This requires that the borehole packer
systems be installed as soon as possible after completion of the borehole
drilling to establish the static hydraulic pressure levels before excava-
tion activities disturb the hydraulic pressure responses in the rock mass.
Artificially induced hydraulic pressures can be induced within the packer-
isolated zones according to the calculated hydraulic pressures predicted
from the zone depth in order to speed stabilization of the hydraulic
pressure in the zone.

This initial borehole network will measure the undisturbed hydraulic head
distribution and the effect of room and tunnel excavation within the low-
permeability rock mass. A similar characterization program was conducted
from the 240-m level of the URL (Kozak et al., in preparation). As tunnel
and room excavation continues, borehole drilling and monitoring will reach
farther into the low-permeability rock mass to define its hydraulic condi-
tions accurately.

During the exploratory borehole drilling program, the intersection of any
single fractures or fracture zones within the low-permeability rock mass
will require a detailed hydrogeological characterization to determine the
hydraulic connection of the fracture(s) to the surrounding major hydrauli-
cally active fracture zones as well as its effect on the hydraulic regime
of the low-permeability region.

For example, the Room 209 vertical fracture was intersected during the
excavation of Room 209 at the 240-m level of the URL. An intensive charac-
terization program was developed to characterize this fracture to determine
its hydrogeological significance and the changes in the hydraulic-
permeability characteristics of the fracture zone during and after excava-
tion of the Room 209 tunnel coupled to the geomechanical response (Lang et
al. 1988). Instrumentation was developed at the URL to facilitate the
coupling of these responses, and specialized instrumentation, such as the
Pac-Ex packer system, was later devised to measure the hydraulic and
mechanical responses at the same point within the fracture (Thompson et al.
1990) .

The excavation damage zone created about an opening excavated within the
host rock mass will require characterization to determine its extent within
the walls of the openings and the length of the hydraulic pathway within
the EDZ. These will be important features of the excavation damage zone
with respect to the design and construction of the room, tunnel and shaft
seals. A hydrogeological testing packer system, known as the excavation
damage assessment (EDA) packer, developed at the URL isolates eight 100-mm-
long test zones within the first metre of short boreholes drilled into the
granite from the completed tunnel wall. By conducting single-borehole
hydraulic tests within each isolated zone to measure the transmissivity of
the borehole zones, the extent and hydrogeological properties of the
excavation damage zone can be determined. The length of the hydraulic
connection within the excavation damage zone can be determined from long-
term seepage tests conducted within the floor of the rooms and tunnels by
isolating a section of the floor with dams and maintaining a constant
hydraulic head on the floor of the isolated section, then measuring the
seepage through the excavation damage zone into a seepage collection
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reservoir. The width of the dam is incrementally increased along the floor
of the isolated section and the seepage measurements through the excavation
damage zone are repeated until no seepage is measured above background
readings. This type of experiment has been conducted at the URL 240-m
level with good results (Martin and Kozak 1992).

F.3 HYDROGEOLOGICAL CHARACTERIZATION INSTRUMENTATION

Several borehole packer systems have been designed and tested at the URL
for use in hydraulic pressure monitoring and hydraulic testing techniques
(Thompson et al. 1990, Kozak and Davison 1992, Kerr et al., in
preparation). These packer systems were designed to be modular, which
allows them to be configured easily to the conditions encountered within
individual boreholes. They can be installed in underground boreholes
without the need for special installation devices, such as drill rigs. The
packer systems also allow geomechanical instruments to be incorporated to
measure coupled hydraulic and mechanical responses within the same bore-
hole, thus minimizing the amount of drilling required at a given experi-
mental location.

Vibrating wire pressure transducers are connected to each packer-isolated
zone using hydraulic pressure monitoring tubing at the borehole collar.
Hydraulic pressure measurements are recorded continuously with a computer-
controlled data logger at a predetermined scan rate. Typical scan rates
are one scan per hour during long-term hydraulic pressure monitoring such
as at the URL. The vibrating wire pressure transducers used at the URL
show good drift characteristics and have weathered the harsh underground
excavation environment. A quartz-diaphragm-type transducer can be used for
short-term single-borehole testing because of its greater resolution and
faster scan capabilities.

The hydrogeological packer systems designed for underground borehole
hydraulic testing and hydraulic pressure monitoring at the URL are a
modification of a fixed-head, stainless-steel body, inflatable packer. The
packers contain a number of tubing feedthroughs that provide zone hydraulic
pressure access and individual inflation of each packer element. Varia-
tions with respect to the central- mandrel size, feedthrough tubing size and
number, and the packer gland length denote the different packer systems
available for various experimental requirements. The packer systems are
modular and easily configured and modified for special experimental needs
to create packer-isolated zones ranging from 1 m in length to the length of
the borehole.

The EDA packer system used to determine the extent of the excavation damage
zone differs from the hydraulic testing/monitoring packer system in that
the packer elements are hydraulically compressed solid rubber units 25 mm
long. The EDA packer system was designed for installation into short bore-
holes to conduct relatively short-term hydraulic tests.
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F.4 RECOMMENDATIONS

The underground hydrogeological characterization program conducted in a
nuclear fuel waste disposal vault must be adaptable to the conditions
encountered during exploratory borehole drilling, shaft excavation and
working level construction. To minimize the effects of open-borehole
conditions on hydrogeological monitoring, particularly with hydrogeological
measurements such as seepage rates into the shaft to validate the predic-
tive hydrogeological model, coupled hydrogeological and mechanical instru-
mentation should be employed wherever possible. This will also minimize
the number of boreholes required where both mechanical and hydraulic
measurements are necessary.
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The geochemical and microstructural investigation of fractures and fracture
zones is an integral part of the underground characterization of a nuclear
fuel waste disposal facility. Microscopic examination followed by a
detailed microstructural study of host rock and fault rock provide valuable
information on the mode (brittle versus ductile regimes) and pressure-
temperature conditions, as well as the relative chronology {based on cross-
cutting relations) of fracture-filling minerals (see Kamineni et al. 1988,
Stone and Kamineni 1982). Microstructural studies are also useful to
locate reactivated domains in fracture zones, mainly by identifying micro-
scopic alteration and low-temperature minerals (Kamineni et al. 1982).

The microscopic structures will be supplemented by model estimates of
fracture-filling minera J and a microprobe analysis of the minerals. These
two items represent essential background information for any assessment of
the radionuclide sorption potential along fracture pathways. Applications
of this type are given by Gascoyne and Kamineni (1992), Kamineni et al.
(1983), and by Ticknor et al. (1989).

In addition to mineral chemistry, the bulk rock geochemistry of wall rock
and altered rock in the vicinity of fracture zones is an important facet of
the investigations. Focus should be directed at elements such as Ca, Sr,
U, Th, REEs and Cl. Elemental distributions such as Ca, Sr and Cl could be
useful in interpreting the origin and evolution of groundwater in some
cases (e.g., Kamineni and Dugal 1982, Kamineni 1987). Similarly, the
distribution of U, Th and REEs can provide an excellent avenue to study the
mobility and sorption of some analogue elements in the geosphere (Kamineni
1986, Kamineni et al. 1986). Scanning electron microscope studies are an
integral part of these investigations to identify submicroscopic-sized
actinide and REE minerals (see Kamineni and Bonardi 1983, Kamineni and
Lemire 1991). These studies are summarized in Table G-l.

TABLE G-l

WHOLE ROCK CHEMICAL ANALYSES

Sample Elements Method Laboratory

Wall Rock
Fracture-Zone
Rock

All major
elements

XRF ,
ICP-MS*

Geological
Survey of Canada

Minor elements,
especially Rb,
Bu, Sr, Li, B, U,
Th and REEs

ICP-MS
and Atomic
Absorption

Geological
Survey of Canada

XRF - X-ray fluorescence.
ICP-MS - Inductively coupled plasma mass spectrometer.
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Fluid inclusion studies are another aspect of geochemical characterization.
Fluid inclusions generally occur as microfracture fillings in both wall-
rock and fracture-filling minerals, and may play a significant role in
controlling groundwater chemistry. These inclusions, which are normally
trapped in minerals, may be released as a result of the stress release
associated with either neotectonics or/and excavating operations. Such
events can change or modify the groundwater chemistry, and hence a
knowledge of the compositional characteristics of such reservoirs is
important. These studies are summarized in Table G-2.

TABLE G-2

MICROPROBE ANALYSES, FLUID INCLUSIONS AND ELECTRON MICROSCOPY SCANNING

Sample Type of Information Method Laboratory

Polished
Thin
Sections

Polished
Thin
Sections

All major elements
minerals and Cl.

Identification
of submicroscopic
minerals, parti-
cularly of these
bring actinide
and REEs.

Electron
microprobes

Scanning
electron
microscopy

Geological
Survey of Canada,
University of
Manitoba

Geological
Survey of Canada,
Whiteshell Labo-
ratories, and
University of
Manitoba

Doubly
Polished
Sections

Fluid inclusion
compositions.

Heating-
freezing
stage and
laser micro-
probe

University of
Saskatchewan

Stable isotope and radiogenic isotope switches in fracture fillings are
another important aspect of geotechnical characterization. Stable isotope
characteristics combined as certain radiogenic isotopes provide the fluid
infiltration history of fracture zones (Kamineni 1983, Kerrich and
Kamineni 1988). The stable isotopes normally analyzed are 1 80, 2H, 1 3C,
l^C and ^ S . These studies are summarized in Table G-3.

In addition, the ratios of radiogenic isotopes, especially 87Sr/ Sr values
in bulk rock and fracture-filling minerals, combined with groundwater
values provide valuable information on certain aspects of the hydrogeologi-
cal system.
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TABLE G-3

STABLE AND RADIOGENIC ISOTOPES

Sample Isotopes Method Laboratory

Wall Rock
Fracture Zone

Mineral
Separates

2H, 1 80, 13C
34O

87 S r /86 S r

Mass
Spectrometer

Mass
Spectrometer

University of
Saskatchewan

McMaster University
Isotope Geology
Branch, USGS*

USGS - United States Geological Survey

Stable.isotope characteristics of fractured rock and filling minerals act
as excellent monitors of periodic fluid infiltration over the geologic
history of the pluton and also provide a means to recognize recent fluid
activity and hence identify open fractures (see Kerrich and Kamineni 1988) .
Groundwater Sr/8°Sr values correlate with either low-temperature
fracture-filling minerals in the case of the East Bull Lake intrusion and
shallow regions of the Eye-Dashwa Lakes pluton or with specific rock-
forming minerals (plagioclase) in the case of deeper regions of the Eye-
Dashwa Lakes pluton (see McNutt et al. 1987, Franklyn et al. 1991).

Aspects that are not discussed above, and some that are in development
stage include:

1. pH versus activity diagrams containing stability boundaries of
fracture-filling minerals and fields of groundwater composition
from that particular zone. These diagrams provide a tool to
investigate water-rock interactions.

2. 2 3 4U, 2 3 8U and 230Th isotopes in fracture-filling minerals.
These isotopes are quite useful in detecting disturbances in the
last 0.25 million years. The U series is also useful in dating
low-temperature calcites.

3. Boron and lithium isotopes in rocks and minerals, and finally
correlating them with groundwater values. This research is being
pursued in collaboration with the Geological Survey of Canada and
McMaster University.
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H.I APPLICATION. OF HYDROGEOCHEMICAL DATA

The characterization of groundwater chemistry in the rock surrounding a
disposal vault has several purposes.

1. To establish the spatial and temporal variations of chemical
constituents in the groundwaters in the vicinity of the reposi-
tory site.

2. To establish natural levels of contaminants that could be
released during the construction, operation and post-closure
phases of the repository.

3. To determine if potentially hazardous or deleterious constituents
exist in groundwater during the excavation, operating and closure
phases.

4. To define the composition of groundwater that will contact the
vault materials.

5. To relate the hydrogeochemistry to the local hydrogeology to
better understand groundwater movement, past and present.

6. To determine rock-water interactions that may control groundwater
chemistry and its evolution in both the near and far field.

7. To estimate the groundwater "age" and sources of dissolved salts
for prediction of repository performance.

8. To determine the effects of site characterization and repository
excavation, operation, sealing, and backfilling on the ground-
water composition for both the local and regional scales.

The level of effort in a groundwater chemistry characterization program
will vary depending on which of these objectives is most relevant to the
needs of the underground characterization program.

H.2 5CALE OF CHARACTERIZATION

To provide data for any of the objectives in Section H.I, it is necessary
to determine the groundwater composition around a vault at local, inter-
mediate and large scales. The large-scale characterization will form a
part of the site investigation by surface boreholes and reconnaissance work
described elsewhere (Davison et al. 1993). Examples of this type of work
on plutons in the Canadian Shield have been given by Gascoyne et al. (1987,
1988) and Bottomley et al. (1990).

Characterization at the intermediate scale includes the use of surface
boreholes drilled near the planned facility and underground probe holes in
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the facility to determine the composition of groundwater in permeable fault
zones or individual fractures.

Local-scale characterization includes sampling and analysis of groundwater
from shaft and level inflows, water rings, and a detailed study of the
groundwater composition and its variations in permeable zones close to, but
not intersected by, the excavation.

The methods used at the intermediate and local scales of underground
characterization are described in this appendix.

H.3 GROUNDWATER SAMPLING

Three general situations exist under which groundwater sampling is
performed.

1. Through a borehole containing permeable zones that are isolated
from each other by packer systems, requiring the use of a down-
hole pump, bailer or other water lifting technique.

2. Through a borehole that has artesian flow and is isolated by a
packer system.

3. From free-draining inflows through fractures that intersect an
underground facility.

Sampling from boreholes that are not artesian is done in several stages,
depending on the depth and permeability of the zones, the type of comple-
tion system installed in the borehole, and the history of the borehole
since it was drilled. Large quantities of groundwater are lifted usually
when the borehole has just been drilled and is contaminated by drilling
fluid, rock cuttings and flour, and groundwater from other permeable zones
in the borehole. The techniques of air- or nitrogen-lifting (by pulsed
injection of a gas at depth below the piezometric surface in the borehole)
or "swabbing" (wire-line piston lifting of water in steel drill pipe) are
the most efficient methods for borehole cleaning and removal of drilling
water when a casing or packer system has been installed.

Swabbing, while more labour intensive than gas lifting, prevents the
ingress of oxygen and limits the amount of oxidation that occurs in the
permeable zone and the upper part of the borehole. If the borehole is at
least 10 cm in diameter and contains no casing or packer system, a down-
hole electrical pump (e.g., Reda, Jacuzzi) is best used.

In boreholes completed with narrow-diameter, plastic casing (e.g., the
Westbay system), where air-lifting and swabbing may damage the casing, a
downhole venturi pump can be used to remove groundwater at reasonably high
rates (from 1 to 10 L/min). Following application of these techniques, a
down borehole squeeze or bladder pump, or a gas-driven Bennett pump, is
most suitable for pumping groundwater to surface at a slow rate (up to
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1 L/min) for hydrogeochemical measurements and sampling. These methods are
described in detail by Gascoyne et al. (1987) and Ross and Gascoyne (1993).

Sampling from artesian zones in boreholes is generally simple and provides
high-quality groundwater samples. Following drilling of the borehole, any
packer/casing system to be installed should contain nominally 1/4- or
3/8-inch flexible lines that open into each pQrmeable isolated zone of
interest. The lines are sealed by valves at the borehole collar and hydro-
static pressure is allowed to build prior to sampling. The zone ground-
water can then be easily sampled by opening the valve.

In any characterization program, it is essential to sample natural inflows
to an underground facility on a regular basis. Shaft water rings, roof or
wall seeps and flowing boreholes are the main sources of natural inflow.
Water rings, while convenient and easy to sample, tend to contain waters
that are contaminated by excavation activities such as dust, cement
residues, nitrate (from N0x gases formed during blasting) and mine service
water from timber washing. The usefulness of their chemistries is limited,
therefore, and frequent, detailed sampling of water rings is not recom-
mended for a characterization program. Sampling of natural inflows can be
readily performed if a flow collector can be installed around the source
(examples that have been successful in the Canadian and Swedish programs
include polyethylene sheeting fixed to the rock, hanging bottles or
funnels, short drillholes fitted with a duct and small concrete "dams"
constructed below the seep). Because of the nature of these types of
inflow it is generally difficult to obtain samples that have not been
exposed to air in the facility and, therefore, whose pH, Eh, HCO3, Fe^+ and
other characteristics are fully representative of the groundwater.
Drilling and isolating a borehole to intersect the water-bearing zone
upgradient of the facility is the only way of obtaining uncontaminated
samples.

H.4 GROUNDWATER ANALYSIS

The types of analysis performed on groundwaters collected in local- and
intermediate-scale characterization programs depend, to some extent, on the
main purpose of the characterization program (as described in Section H.I).
For example, the ^80 content of groundwater surrounding a facility has no
relevance in determining the existence of hazardous constituents in the
groundwater, but is useful in understanding the hydrogeology of the area
and the age of the groundwater. Conversely, data showing the content and
types of microorganisms present in groundwater is unlikely to assist in
understanding the hydrogeology or groundwater age, but may influence
excavation activities, buffer design and the long term stability of the
vault.

The parameters typically determined in a characterization program are
listed in Table H-l. An indication of their use as outlined in Section H.I
is also given. Examples of this application have been given by Nordstrom
et al. (1990a,b,c) and others in a study of the hydrogeochemistry of the
Stripa underground facility at the intermediate to local scales. The
analysis methods for each of the parameters in Table H-l are all standard
techniques.



TABLE H-l

STANDARD HYDROGEOCHEMICAL ANALYSIS METHODS

Sample Species/Element Container Volume Filtered Preservative Analytical Methods Laboratory Applications*

Anions

Cations

Trace
Elements

Dissolved
Organic Carbon

Colloids

Environmental
Isotopes

Carbon
Isotopes

Sulphur
Isotopes
Chlorine
Isotopes

Strontium
Isotopes

Uranium and
Radium Isotopes

Radon

Dissolved
Gases

Dissolved
Inert Gases

HCO5, SO4, Cl,
Br, F, N 0 3 , 1

Na, Ca, Mg, K
Sr, Si, B

Li, Fe, Mn, V,
Al and others

Organic C

Colloidal
Fractions

2H, 3H, 18O;
3H (enriched)

13C, 14C

SI8O4, 34SO4

36C1

87Sr/86Sr

226

222

Ra

Rn

H2, He, O2, N2,
CO2, CH4, AT, H2S

He, 3He/4He,
Ne isotopes

Plastic

Plastic

Plastic

Glass

Plastic

Plastic
Glass

Plastic

Plastic

Plastic

Plastic

Plastic

Glass Vial

Steel
Cylinder

Copper
Tube

250 mL

125 mL

125 mL

125 mL

50 L

125 mL
I L

4-100 L

1-4 L

1-4 L

1-4 L

8mL

50 mL

10 mL

Yes

Yes

Yes

Yes

N/A

Yes

No

Yes

Yes

Yes

No

No

No

None

4mL/LHCI

8 mL/L HNO3

(Ag)

N 2

None

None

None

None

250 mL Yes 8 mL/L HNO3

8 mL/L HNO3

None

None

None

Titration, IC
Colorimetry

ICPS
Flame AAS

ICPS
Colorimetry

Carbon
Analyzer

Tangential
Flow

MS, LSC

HGC

ASB

ASB

P. Vilks,
GRB

P. Vilks,
CRB

ASB
U. of Waterloo

c T an AMC U - of Waterloo,LSC,AMS u > o f T o r o n t o

MS

AMS

MS

AS

LSC

MS

MS

U. of Waterloo

U. of Rochester

R.H. McNuti

A-E

A-E

A,B,D,E

A,B,C,E

A,B,D,E

C-E

C-E

C-E

C-E

C-EMcMaster University

HGC A-E

HGC A,C,D,E

ASB A-E

W.B. Clarke
McMaster University C-E

(Xl

LEGEND: IC = ion chromatography, ICPS = inductively coupled plasma spectrometry, AAS = atomic absorption spectrometry, (A)MS = (accelerator) mass
spectrometry, LSC = liquid scintillation counting, AS = alpha spectrometry, HGC = Hydrogeochemistry Section (AECL Research),
ASB = Analytical Science Branch (AECL Research), GRB = Geochemistry Research Branch (AECL Research)

* Applications as listed in Section H.I.
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In addition to sampling groundwaters for detailed analysis, it is essential
that precise measurements are made at the time of collection for parameters
that may change rapidly after sampling, such as pH, Eh, Fe2+, HCO3, and
dissolved 0 2 and other gases. Measurement of pH, Eh and dissolved 0 2 can
be most conveniently performed in a flow cell through which the groundwater
passes before reaching the atmosphere. Maintaining a constant flow rate
(or preventing back-flow using check valves) and sealing pH, Eh and
dissolved 0 2 sensors in the flow cell with, if possible, application of
back-pressure to preventing degassing, ensures reasonable accuracy in
defining the complete geochemistry of the groundwater. These on-site
techniques are described by Ross and Gascoyne (1993).

H.5 QUALITY ASSURANCE

The success of any hydrogeochemical characterization program is largely
defined by the spatial and temporal frequency of sampling and a demonstra-
tion of the precision and accuracy of all the analyses. The latter is
established by standards, control samples, comparison of replicate
analyses, satisfactory charge balance, lack of contaminants, and consis-
tency or trends seen in sequential samples (Gascoyne et al. 1993).

The sampling frequency is generally limited by the presence and availabil-
ity of boreholes, the permeability of intersected fracture zones, and the
presence of sufficient personnel to establish a regular sampling program.
For example, most of the hydrogeochemical data obtained in the Stripa
program (Nordstrom et al. 1990a,b,c) were on samples from permeable zones
in about 15 underground boreholes, taken irregularly over a 7-a period with
no zone being sampled more than six times (all repeat samplings were
collected within 12 months of each other). In contrast, the groundwater
hydrochemical characterization program at the Underground Research
Laboratory has been sampled repeatedly (between two and seven times per
year) in a continually increasing number of underground boreholes
(currently about 40) since 1986 (Gascoyne et al., unpublished data). Some
borehole zones in this program have over 20 repeated groundwater samplings
and corresponding sets of analyses made over a 5-a period.

Trends in composition in response to excavation and hydraulic testing of
fracture zones are clearly seen in records at this level of detail, and the
results provide sufficient data to address all of the possible applications
of a characterization program described in Section H-l.
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I.1 INTRODUCTION

Microorganisms require water, space, nutrients and a source of energy for
growth. Microbiological characterization of any environment should be
evaluated on the basis of these requirements.

The presence of microbes in granitic groundwater can have various potential
consequences for the performance of a nuclear fuel waste disposal vault
located in plutonic rock of the Canadian Shield. In the rock environment,
microbes may either enhance or retard radionuclide migration. Planktonic
bacteria may sorb radionuclides on their cell walls, thereby preventing
sorption on rock or fracture fillings, and transporting the radionuclides
through fracture systems containing groundwater. The environment of a
pluton is expected to be nutrient-poor, and consequently microbes are most
likely to survive and grow in biofilms in fractures. These biofilms, con-
sisting of bacteria and large amounts of extracellular polymer, may be able
to sorb radionuclides better than the rock, thereby removing radionuclides
from solution resulting in retardation. Microbial activity may also
produce organic complexing agents that could enhance the solubility and
migration of radionuclides. Microbes may also influence the geochemical
environment in the groundwater through enzymatic catalysis of certain reac-
tions (e.g. Fe(III) reduction) or through production of certain metabolites
that could affect the geochemistry of the system (e.g., H2S).

Whether or not any of these processes will occur depends on the presence
and activity of microbes in the system and hence the presence and activity
of microorganisms in the geosphere need to be investigated for any site
being considered.

1.2 PURPOSE OF CHARACTERIZATION

The purpose of microbial characterization of a rock environment destined to
host a nuclear fuel waste disposal vault is:

1) To determine natural levels of nutrients and energy sources for micro-
bial growth;

2) To determine the population size, physiology and species distribution
of indigenous microorganisms in the groundwater of the rock;

3) To determine if microorganisms occur in biofilms in the fractures of
the rock.

4) To determine how the indigenous groups of bacteria present are
influencing the geochemistry of the groundwaters;

5) To quantify the potential of radionuclide uptake by indigenous
bacteria and
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6) To assess the potential for microbial production of complexing agents,

The level of effort in a groundwater microbiology characterization plan
will vary depending on which of these objectives is most relevant to the
needs of the characterization program.

1.3 SAMPLING FOR MICROBES

Sampling for microbes in groundwaters can be done in conjunction with a
hydrogeochemistry program. However, there are a number of factors that
need to be taken into account:

1. Drilling of boreholes will disturb any subsurface microbiology system
through introduction of surface organisms and nutrients (e.g., con-
tamination via drill water, emplacement of packers). It is therefore
very difficult to obtain pristine samples. This can be partially
solved by adding a tracer to drill water, such as chemical tracers,
latex microspheres or EscheHchia coli, to trace and quantify the extent
of contamination. Drilling of one or several boreholes purely for
microbiological characterization using aseptic methods is desirable,
so that a comparison can be made between the pristine environment and
the environment contaminated through drilling.

2. Recent work at the URL has indicated that borehole flushing, which is
standard practice in a hydrogeochemistry sampling program, influences
the concentration of microbes in solution. A careful study of the
effects of borehole flushing and flow velocity has indicated that it
is important to take the characteristics of the fracture zone inter-
sected by the borehole into account (Stroes-Gascoyne et al., 1994).

Sampling of surface boreholes has been described in the section on
Hydrogeochemical Characterization (Appendix H). It is preferable to take
samples from these boreholes for microbial analysis with a down-hole
sampling device (Ross and Gascoyne, 1995) as described below:

Samples collected for microbial analyses with a down-hole sampling rig are
brought to surface under the ambient pressure at the sampling depth. A
string of stainless-steel pressure vessels, with a one-way checkvalve at
each end of the string, is attached to a pressure hose and lowered down the
piezometer to about 15 m above the bottom of the piezometer. The vessels
and the pressure hose are charged with a ^-gas overpressure up to the
lowest checkvalve. Once the sampling string has been lowered into place,
the N2~pressure is bled off at surface, thereby opening the bottom check-
valve and letting water rise up through the string of vessels and inside
the pressure hose. When the water levels in- and outside the hose have
equilibrated, the checkvalve is automatically shut, by repressurizing the
system with N2, sealing in the water sample under the ambient pressure at
that depth. The whole assembly is then raised to the surface. The vessel
used for the collection of the microbiology sample is placed at the bottom
of the vessel string directly above the intake port. This arrangement
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allows this vessel to be filled last after it has been thoroughly rinsed
with all the formation water filling the other vessels and the pressure
hose. The microbiology vessel (including its two valves) is sterilized at
550°C for -4-8 hours in a muffle furnace, before assembly of the vessel
string. Once the microbiology vessel has been isolated from the string at
surface, the contents are transferred to a sterile serum bottle (glass)
sealed with a sterilized septum and filled with dry ^-gas. A sterilized
stainless-steel connector and needle are attached to one end of the vessel,
and a He-gas overpressure is used at the vessel's other end to transfer the
water sample through the septum into the bottle. A second sterilized
needle is used to bleed the gas overpressure from the bottle during the
transfer. The sample bottle is then labelled, wrapped in aluminium foil,
shipped to the laboratory in a cooler and stored at ~4°C in a refrigerator,
until analysis.

Sampling from artesian zones in a borehole that is collared underground is
more simple but requires knowledge of the characteristics of the fracture
zone intersected by the borehole, such that these characteristics can be
taken into account when sampling for microbes (i.e., volume to cataclastic
zone, flow rates, tightness of fracture zone etc.). Samples should be
taken into sterilized sample bottles, using a sterilized line connected to
the line that connects the borehole zone to the surface. Sample handling
is the same as above.

A limited amount of sampling of natural inflows and biofilms formed on
excavated walls because of these flows should also be performed, although
the microbiology of these may have litte bearing on what happens in the
fracture zones in the rock. Natural inflows and biofilms on walls are
subject to contamination from the ambient air and are not restricted in O2
as may be the case in the fracture zones.

To determine if biofilms occur in fracture zones, an aseptically drilled
core would be necessary. This core should either be drilled with sterile
drilling liquid or, that being imposssible, tracers should be added to the
drilling liquid to determine the extent of the contamination as a result of
the drilling procedure. QA procedures have been specified by the US DOE
subsurface program for microbiology for aseptically obtaining core samples
for microbial characterization (Russell et al. 1992). Another method of
assessing biofilm formation is through the use of biofilm samplers. This
method has been described by Pederson (1982) and Brown and Hamon (1994).
It seems also possible to sample some organisms from biofilms in rock frac-
tures by flushing a borehole zone extensively and at a high flow rate
(Stroes-Gascoyne et al. 1994).

1.4 MICROBIAL ANALYSES

The purpose of microbial characterization has been described above.

To establish natural levels of nutrients and energy sources for microbes in
groundwaters, calculations are performed, using data from the hydrogeo-
chemical characterization study (e.g., TOC, Total N, S, P, O2, Nitrate,
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Fe(III)). Based on these calculations, estimates can be made of the popu-
lation size that can be supported by these nutrients and energy sources
(Stroes-Gascoyne 1989).

The total microbial population size is determined by using various direct
microscopic counting methods in which the bacteria are stained prior to
counting. Staining agents available include Acridine Orange (Strugger,
1947), 4',6-diamidino-2-phenylindole dihydrochloride (DAPI), a specific
stain for DNA (Dann et al. 1972) and 5-cyano-2,3-ditolyl tetrazolium
chloride (CTC), a redox dye that is used to detect live cells (Rodriguez et
al. 1992). The choice or combination of methods depends on the specific
site being characterized and on the questions being asked.

Physiological groups can be determined by chosing one of a number of
methods. The easy to use field method BART™ (Biological Activity
Reactivity Test) has been described by Cullimore (1993). Plating tech-
niques have been described by Francis et al. (1994). The method chosen
depends on the site, and the actual depth of knowledge required.

There are a number of methods available to actually identify the species of
microbes present in groundwater samples. Several of these methods have
been compared by Amy et al. (1992) with limited success. Methodology to
identify subsurface microbes is still being developed, and it should be
kept in mind that each method has its own specific advantages and draw-
backs. For granitic groundwater samples, work has been carried out using
the BIOLOG™ system (Stroes-Gascoyne et al. 1994) and API test strips
(bioMerieux Canada, Inc., St-Laurent, Quebec) (Haveman et al. 1995).

From the combined microbial and geochemical analyses, it should be deter-
mined if there is any indication that microbes are actively influencing the
geochemistry of the groundwater environment. Examples are the presence of
sulphate-reducing bacteria (formation of fl^S) and the presence of iron
reducing-bacteria (Fe(III) reduction). Some laboratory experiments may be
required to obtain further detail or proof that certain reactions are
occurring. Again, this will vary from site to site and is strongly
dependent on new discoveries being made in the field of subsurface micro-
biology (Lovley et al., 1991).

To quantify bacterial uptake of radionuclides, bacteria isolated from
groundwater samples need to be cultured in the laboratory, and uptake
studies can then be performed with planktonic bacteria or with bacteria
that have been grown in biofilms on rock coupons. Such work is currently
being performed with bacteria isolated from granitic groundwaters at the
URL and recommendations as to how to perform these studies depend on the
outcome of the current work.

To assess the potential of microbial production of complexing agents,
groundwater analysis for metabolic products should be performed
(e.g., simple organic acids, polysaccharides).
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1.5 QA PROCEDURES

Sampling of groundwaters is done aseptically, using sterilized equipment
that should avoid contamination. Sterilized equipment and/or solutions
should be incubated as part of each sampling round to assess the success of
the sterilization procedure.

Microbial analyses always include incubation of blank samples.

The QA procedures deviced by the US DOE subsurface microbiology program
should be adopted whenever possible (Russell et al. 1992).
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J.1 INTRODUCTION

The geomechanical properties of a rock mass can be characterized on two
scales - the laboratory scale and the in situ scale or the scale of the
structure applying the load to the rock mass, i.e., the volume of rock
reacting to a 1-nr footing or the volume of rock reacting to a 100-m^
footing. The laboratory scale generally involves taking a sample of less
than 0.001 m and applying loads under controlled conditions to determine
the rock properties. An underground in situ stress applies the loads and
the response is measured as the excavation proceeds. The in situ scale
from an underground opening involves a volume of rock about three times
the diameter of the opening. Thus although the vault is a structure
involving several cubic kilometres, the in situ characteristics of the
rock volume penetrated by the vault can only be determined at discrete
points. Thus this report considers the geomechanical properties and the
methods used to determine them in two groups: the laboratory scale and the
in situ scale. Since the in situ response is the actual response of the
vock mass, the properties obtained from such measurements are required for
the vault design and the laboratory properties are considered to be
supplementary and will be used to address specific issues identified by
the in situ testing program.

J.2 GEOMECHANICAL DESIGN ISSUES

The very nature of the permanent disposal of used nuclear fuel requires
the design to be robust and conservative. Thus selecting a safe disposal
site and optimizing the vault design requires a comprehensive
understanding of the geomechanical characteristics of the natural barrier,
e.g., the rock mass. Specific areas of interest include strength and
deformability properties, in situ stress, temperature effects and time-
dependent properties. These characteristics have a direct impact on the
vault construction layout and methodology, vault operations, design of
the engineered barriers, and monitoring and decommissioning. The major
focus of the geomechanical characterization will be to obtain sufficient
information on the mechanical response of the rock mass to excavation so
as to design the spacing of the container emplacement boreholes and
minimize excavation damage in the areas used to construct engineered
seals.

The selection of appropriate conservative design parameters requires
extensive experience with material behaviour under the mechanical and
thermal loads anticipated for the vault. Thus although the preliminary
vault design will have chosen design parameters based on laboratory-scale
information obtained from the siting program, the final design can only be
carried out after the underground characterization program is completed.

J.3 LABORATORY GEOMECHANICAL CHARACTERIZATION

The testing of mechanical properties of rock should follow, where applic-
able, the sample preparation, equipment and testing procedures standards
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and specifications of the American Society for Testing and Materials
(ASTM 1971), the International Society for Rock Mechanics Suggested
Methods for Rock Characterization, Testing and Monitoring (Brown 1981),
and the CANMET Pit Slope Manual (Gyenge and Herget 1977). In the URL,
testing for the mechanical properties of the various rock types has been
carried out by the Canada Centre for Mineral and Energy Technology
(CANMET) under a cooperative research agreement with AECL.

J.3.1 STRENGTH, DEFORMABILITY AND MICROCRACKING

Brittle rock such as granite is susceptible to "sample disturbance" in the
form of stress-induced microcracking. Therefore samples collected at
depth will experience significant stress relaxation after drilling,
resulting in higher crack porosity and, consequently, lower strength and
higher deformability. This is an excellent illustration that the granite
rock properties measured in the laboratory under ambient conditions are
not necessarily representative of the rock mass in situ because of the
increased microcrack density caused by sampling. The mean and standard
deviation of the uniaxial mechanical properties of the Lac du Bonnet
granite versus depth are summarized in Figure J-l (Jackson et al. 1989).
Note that the properties are relatively consistent with depth within the
upper 200 m (pink granite), but that from 200 to 1000 m (grey granite)
trends of decreasing compressive strength, longitudinal wave velocity and
a tangent modulus of elasticity with depth are evident. Geotechnical
properties of rock samples measured at low confining stresses are
significantly affected by the volume of microcracks in the sample. This
phenomena is illustrated in Figure J-2(a), showing the tangent Young's
modulus of the pink and grey granite as a function of confining stress,
and in Figure J-2(b), showing the axial stress of the pink and grey
granite as a function of volumetric strain (Martin and Simmons 1992) .

Predictions of the behaviour of rock surrounding an underground excavation
based on properties determined from disturbed samples will be valid only
for a narrow zone around the excavation that will also have been
disturbed. Predictions of behaviour of far-field conditions must be based
on properties derived either from tests on undisturbed samples or tests
using laboratory methods that compensate for sample disturbance.

J.3.2 THERMAL PROPERTIES

The present design of the vault limits the maximum rock temperature to
about 100'C. Laboratory experiments conducted by CANMET at temperatures
between 20 and 150'C suggest that the effects from heating are minimal.
Again the volume of microcracks in the sample can influence the results,
particularly the permeability results, as reported by Jackson et al.
(1989). The plotted results show different responses over different
temperature ranges (Figure J-3). Temperature was found to have no effect
on the deformability of the granite samples at confining pressures above
3.5 MPa, and minimal effects on the shear strength (Figure J-4).
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The effect of thermal loads will be controlled, in part, by the in situ
stress state and the excavation geometry and layout. For example, should
the excavation-induced stresses approach the design stress, then the
additional thermal loads will create a much a bigger effect, and perhaps
failure, than if the combined thermal loads and the induced loads are kept
below the1 design load. Therefore, the loads that may exist before the
thermal loads are developed must be known in order to assess the thermal
effects.

J.3.3 EFFECT OF SPECIMEN SIZE ON ROCK PROPERTIES

The effect of specimen size on the mechanical properties of rock has been
reported by many investigators, including Hoek and Brown (1980) and
Lundborg (1966) . Jackson and Lau (1990) concluded that the Lac du Bonnet
grey granite (Figure J-5) showed the same scale effects suggested by Hoek
and Brown (1980):

°c = CTc50 ;50/d) 0- 1 8 (1)

where o"c = predicted uniaxial strength,
°c50 = uniaxial compressive strength for a 50-mm diameter sample, and

d.= sample diameter in mm.

Equation (1) has been modified in Figure J-5 to account for the 63-mm-
diameter base samples used in the Jackson and Lau (1990) study, rather than
the 50-mm-diameter samples used by Hoek and Brown (1980) :

°c =

J.3.4 JOINT CHARACTERIZATION

Joints obtained from 61-mm-diameter core should be characterized using the
index testing methods described by Barton and Choubey (1977). These
methods provide input data for the Barton-Bandis joint model, which
describes the coupled mechanical and hydraulic response of joints. The
model for mechanical joint response is described by Bandis (1990), and
Barton and Bakhtar (1987) describe the coupled mechanical-hydraulic
response of the model. Such index testing was used at the URL to charac-
terize the shear joints within Fracture Zone 2 and the extensional joints
formed during the intra-block fracturing generated either during or after
the formation of Fracture Zone 2. The joint index parameters, joint wall
compressive strength (JCS) and joint wall roughness coefficient (JRC) are
summarized in Figure J-6 for both groups. Note the lower JCS values for
the joints associated with Fracture Zone 2 (Group I).

J.3.5 SUMMARY

Samples cored from intact granite are not usually considered to be affected
by "sample disturbance." Yet the laboratory testing program concluded that
the properties of the Lac du Bonnet granite were very much affected by
sample disturbance in the form of stress-induced microcracks. The develop-
ment of these microcracks caused a nonlinear mechanical response that
affected both the deformation and the strength properties of the laboratory
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samples, and also affected their thermal and hydraulic properties. This
information becomes more significant when the mechanical response of a rock
mass adjacent to an underground opening is thought to behave in a manner
similar to the laboratory samples since this rock will also have been
affected by "sample disturbance."

J.4 IN SITU STRESS

The analysis of a rock mass at depth requires some knowledge of the in situ
stress state. Unfortunately, a rock mass has usually been subjected to
several cycles of loading and unloading producing faults and fractures.
Therefore, the in situ stress state will vary considerably throughout a
rock mass, as was found at the URL (Martin 1990) . Given the local hetero-
geneous distribution of in situ stresses and the fact that stress by
definition is defined at a point, it is unlikely that the in situ stress
state will be known throughout the vault rock mass. In situ stress can be
determined using direct methods such as overcoring and hydraulic fractur-
ing, and by indirect methods such as core discing, borehole breakouts,
convergence, under-excavation and microseismic monitoring.

J.4.1 DIRECT METHODS

The overcore method is generally used in shallow boreholes (less than 50 m)
and the hydraulic fracture method is commonly carried out at depths up to
several kilometres. Recent developments with the overcoring equipment now
allow stress measurements to be made at depths up to 1000 m. The choice of
one method over the other is governed by the particular application
requirements. A comparative study at the URL indicated both overcoring and
hydraulic fracturing methods gave similar results (Martin et al. 1990).

The overcore method requires the drilling of a 38-mm-diameter pilot hole
0.5m ahead of the 96-mm-diameter exploratory borehole (Figure J-7).
Strain gauges are either glued on the wall of the pilot hole, as with the
Swedish State Power Board (SSPB) triaxial strain cell (Christiansson 1989),
or the diameter of the pilot hole is monitored as with the AECL Deep Bore-
hole Deformation Gauge (Thompson 1990) . Once the instrument is installed
in the pilot hole, the exploratory hole continues to be drilled using a
special overcore bit, and the deformation of the pilot hole is monitored
during this process. Both overcore methods were used at the URL in 1987,
with the AECL gauge preferred because it allowed the overcoring process to
be monitored continuously, which was essential to interpret the measured
deformations. We successfully used the AECL gauge to borehole depths of
about 220 m. Christiansson (1989) reported that the latest developments
with the SSPB cell now allow for continuous monitoring during the overcor-
ing process and the cell has been successfully used to a depth of about
350 m.

One of the major limitations with overcoring at depth is the rock behav-
iour. The interpretation of deformations associated with overcoring is
based on the theory of elasticity. However, as boreholes are deepened and
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stress magnitudes increase, the overcored rock is affected by microcrack-
ing. This time-dependent microcrack process often leads to core discing,
which can prevent overcoring, and causes a nonlinear rock response. This
nonlinear behaviour reduces the confidence in both the orientation and the
magnitude results from overcoring. Core discing was encountered at depths
of about 3 00 m below the surface in some of the boreholes at the URL.

Discing itself is an indicator of high stress magnitudes, but offers no
information on stress orientation. When discing occurs, hydraulic fractur-
ing can be used to determine the in situ stress state.

Although overcoring equipment is being improved to facilitate its applica-
tion in deep boreholes, hydraulic fracturing is the only method commonly
used at the depths proposed for the vault (500 to 1000 m). This method
requires isolating a section of borehole with a straddle-packer system and
subjecting the isolated zone to progressively increasing radial fluid
pressure until a fracture in the borehole wall occurs (Figure J-7). It is
assumed that the pressure in the borehole is sufficient to overcome the
tangential stresses acting at the borehole wall plus the rock tensile
strength. Once the fracture is created and the pressure system is closed
or "shut in," the magnitude of the minimum stress is assumed to be equiva-
lent to the shut-in pressure (Hamison and Fairhurst 1969). The hydraulic
fracture method also assumes that the hydraulic fractures occur in the
plane parallel to the maximum stress and that the fractures are parallel to
the borehole axis. When this does not occur, the interpretation of hydrau-
lic fracturing results is complex and no unique answer exists (Ljunggren
and Amadei 1989). Although coaxial fracturing may generally be the case,
our experience at the URL indicates that the hydraulic fractures were not
coaxial with the borehole below 3 00 m, but were nearly perpendicular to the
borehole axis. This prevented successful hydraulic fracturing below 300 m.
We are presently investigating ways to overcome this limitation at the URL.

J.4.2 INDIRECT METHODS

Indirect methods can also provide valuable information on the in situ
stress state.

Borehole breakouts occur when the tangential stresses around an opening
exceed the strength of the rock and spalling occurs. The spalling takes
place in the plane perpendicular to the maximum stress direction. This
phenomena can be recorded in televiewer logs in small-diameter exploratory
boreholes. This phenomena results in roof spalling and floor heaving in
underground openings with high horizontal stresses.

Core discing results form the coalescence of microcracks in a plane perpen-
dicular to the core axis. Discing is a sign of high stress magnitudes, and
the thinner the discs, the higher the stresses. Recently, efforts have
bee.i made to determine the stress orientation from the shape of the disc
(Dyke 1989). Both borehole breakouts and core discing have been used with
some success at the URL to aid in the development of the in situ stress
model. Other methods such as differential strain analysis and analytic
strain recovery have not been used in the underground characterization
program.



- 218 -

Three indirect methods used extensively at the URL to determine stress
magnitudes and orientation are convergence measurements, microseismic moni-
toring (Martin 1990) and "under-excavation" (Zou and Kaiser 1990). Such
methods are extremely useful for underground design since the stresses are
determined at the scale of the excavation, rather than from a small volume
sample such as overcoring.

J.4.3 STRESS DATABASE

In situ stresses in the Canadian Shield have been compiled by Herget (1980,
1986). Herget's data set of 54 stress tensors, obtained from overcore
results at mining locations primarily in Ontario and Quebec, indicated a
"normal" and "extreme" population. Most of the sites are located in the
Superior and Southern Tectonic Province of the Canadian Shield, which
consist of Archean and Proterozoic rocks. Martin (1990) found that the
measured stresses at the URL agreed quite closely with those in Herget's
database for the jointed pink granite (Figure J-8). However, the stresses
in the massive grey granite where considerably higher than those predicted
by Herget's database. Thus the stresses suggested by Herget may be used as
a first "guess" until measurements are taken.
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J.4.4 SUMMARY

Our experience at the URL indicates that the large-scale indirect methods
such as convergence, microseismic monitoring and under-excavation, which
can be carried out in conjunction with exploratory construction, can
provide sufficient in situ stress information to make dasign decisions.
Naturally, the direct methods of overcoring and hydraulic fracturing should
be used where additional information is required.
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