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RESUME
Ce rapport représente la seconde partie d'une étude préliminaire faite pour l'Energie Atomique du Canada, Limitée.

Les conditions

requises d'un dépôt souterrain pour le stockage des déchets produits
dans le cadre du Programme Canadien du Combustible Nucléaire, sont examinées dans cette étude.
vants y sont discutés:

En ce qui concerne le dëpSt, les sujets sui-

1) évaluation géotechnique,

confinement des déchets,

3) charge thermique et

2) hydrogéologie et

4) résistance des ro-

ches.
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ABSTRACT
This is the second part of a report of a preliminary study for
Atomic Energy of Canada Limited.

It considers the requirements for an

underground waste repository for the disposal of wastes produced by the
Canadian Nuclear Fuel Program.
reference to the repository:

The following topics are discussed with
1) geotechnical assessment, 2) hydrogeology

and waste containment, 3) thermal loading and 4) rock mechanics.
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1. INTRODUCTION

A program has been initiated by Atomic Energy of Canada
Limited (AECL) to develop techniques for the ultimate disposal of highlevel radioactive wastes into geological formations.

Part of this

program requires the design, construction and operation of an underground repository which will satisfactorily isolate the waste produced
by the Canadian nuclear power program.

A conceptual design study of a radioactive waste repository
was carried out by Acres Consulting Services Limited of Niagara Falls,
Ontario, with Atomic Energy of Canada Limited.

The technical coordi-

nator was Dr. H. Tammemagi of the Whiteshell Nuclear Research Establishment at Pinawa, Manitoba.

RE/SPEC Inc. of Rapid City, South Dakota,

U.S.A., Dilworth, Secord, Meagher and Associates Limited of Toronto,
Ontario, Hagconsult AB of Stockholm, Sweden, and Professor J.A. Cherry of
the University of Waterloo, Ontario, acted as subconsultants to Acres.
Their report is divided into Part I (AECL-6188-1), Part II (AECL-6188-2)
and Part III, a summary (AECL-6188-3), and presents the major objectives,
results and conclusions of the study.

2. GEOTECHNICAL ASSESSMENT*

2.1

GENERAL

The basic geotechnical data for the feasibility analyses and
cost estimates in this study, and also the additional data requirements
The principal author of this section is R.J. Pine of Acres Consulting Services Limited, with consultation and review provided by
D.R. McCreath and R.G. Charlwood of Acres Consulting Services
Limited, P.F. Gnirk of RE/SPEC Inc., and U. Lindblom of Hagccnsult AB.
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for subsequent detail designs are presented in this section.

These data

include properties and conditions of the intact rock, rock mass, and
groundwater (hydrogeological) regime.

In addition, the exploratory

techniques which will be required to establish geotechnical data at
specific sites are reviewed.

In both the data section (Subsection 2.2)

and the exploratory techniques section (Subsection 3.2), potentially
important gaps in knowledge and expertise in the present state-of-theart are identified for inclusion in future research considerations.

Since there is a considerable range in the mineralogy of
potentially suitable plutonic rocks, properties have been selected for
two common rock types at the two ends of the mineralogical spectrum.
The two rocks are granite (acidic) and gabbro (basic).

There are many

different types of granite and gabbro, each with its own unique combination of mineralogy, grain size and other variables.

This is re-

flected in the ranges of properties included for both granite and
gabbro. For many of the important properties, there are no significant
differences between the values for the two rocks; in some cases the
range of values for one rock brackets the range for the other.

In most

respects, therefore, the two rocks can be expected to behave in a
similar manner when subjected to the same in-situ stress field and
thermal loading for the same geometry of mine layout.
2.2

SIGNIFICANT GEOTECHNICAL PARAMETERS

2.2.1

Definition of Pertinent Geotechnical Parameters

Geotechnical parameters which are considered to be of importance in assessing the thermo-mechanical, hydrogeological, and
mineralogical behavior and suitability of plutonic rocks for containing
an underground radioactive waste disposal facility include:
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(a) Mechanical Properties and Conditions

-

-

Unconfined compressive strength
Tensile strength
Young's modulus of elasticity and deformation modulus
Poisson1s ratio
Density
Creep behavior
Mechanical properties of discontinuities
Frequency and orientation of joint sets
In-situ stresses
Seismicity

(b) Thermal Properties and Conditions
-

Thermal conductivity

-

Specific heat capacity
Thermal diffusivity
Coefficient of thermal expansion
Geothermal gradient/ambient rock temperature
In-situ radiation shielding properties.

(c) Hydrogeological Properties and Conditions
In-situ permeabilities
Groundwater chemistry (section 3 will discuss other
hydrogeological aspects).
In the following subsections each property or condition is
discussed separately. Typical numerical data, taken from the literature
survey "
, are provided where available and recommendations made for
the range of values to be used in this study. Due to the limited data
base used in some instances, it should be recognized that values for
some properties at specific sites may be outside the ranges quoted.
Data are provided for both acidic plutonic rocks, i.e. granite and

basic plutonic rocks, i.e. gabbro representing the two ends of the
mineralogical spectrum of the common plutonic rocks.

In some cases,

because of scarcity of data for gabbro, the data for the finer grained
basic rocks, i.e., dolerite (diabase) and basalt, are presented.

Where

this is done, it is assumed that the true data for gabbro will be similar because of similar mineralogy.

Some of the properties are temperature dependent.

This

dependency is shown where data are available, and high-lighted for
further study and/or research where data are not available, and the
dependency is considered to be of potential importance.

It appears that

the dependency of rock properties on radiation exposure (as opposed to
thermal effects) is not well researched and it is not possible to comment
on the importance of possible effects at present.

Intuitively it is not

believed that a major problem exists. A decision on whether to commit
research funds to establishing the dependency of the more important rock
properties, e.g., compressive strength, Young's modulus, thermal conductivity and coefficient of thermal expansion, on radiation exposure will
ultimately have to be made.

Some of the mechanical and thermal proper-

ties will, in fact, be anisotropic in a global sense, due to structural
discontinuities. However, for simplicity of discussion and preliminary
analyses they will be treated as isotropic.

In cases where anisotropy

is likely to be marked and significant, assumptions will be made in the
analysis sections of the study.

2.2.2

Mechanical Properties and Conditions

2.2.2.1

Unconfined Compressive Strengths

The data presented in Table 1 suggest the use of unconfined
compressive strengths (C ) in the range 138 - 275 MPa and that a value
of 207 MPa and above is probable in preselected good quality plutonic
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rock.

Few data have been found dealing with the dependence of uncon-

fined compressive strengths on temperature.

Anisotropy of compressive

strengths is probably minor within the plutonic rock types considered.

Existing data are adequate for the conceptual study and can be
obtained by exploration and testing to an appropriate level of detail at
suitable exploratory locations.

2.2.2.2

Tensile Strength

Data for tensile strength (T ) are, of course, applicable only
to the intact rock. Discontinuities, such as continuous joints or even
hair crack or microfissure networks with sufficient continuity, will reduce the tensile strength to zero in some instances.

The data quoted in

Table 2 are adequate to justify the usual empirical assumption that the
tensile strength of the intact rock material is of the order of 5 to 10
percent of the unconfined compressive strength (Ref. 1, Chap. 2).
However, due to the existence of discontinuities as noted above, it is
normally assumed that the rock mass will have zero tensile strength for
purposes of chamber design.

2.2.2.3

Young's Modulus of Elasticity and Deformation Modulus

The values presented in Table 3 show that there are not large
differences between the modulus values for granites and the basic rocks,
although the basic rocks, in general, show the higher values. Anisotropic moduli for intact rock are probably contained within the ranges
quoted.

Within the basic rock group, the differences between the
modulus values for gabbro, diabase and basalt are modest and not of
great significance.

In addition to the data presented above, which

represent values obtained at or near room temperatures, some laboratory
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work has been performed on the dependence of the modulus values on
elevated temperatures

. The results of these tests have been normal-

ized for ease of comparison, expressing modulus values measured at the
higher temperatures as a percentage of the modulus values measured at
approximately 25°C.

These results are presented in Table 4.

It can be seen in the data presented in Table 4 that the
modulus values of the granite show a noticeable reduction with increasing temperature.

For the basalt, the percentage reduction in modulus is

considerably less than in the granite, and it is anticipated that a
gabbro would behave in similar fashion, due to similar mineralogy.
The reduction in rock modulus is attributed to the differential thermal expansion and moduli of elasticity of separate minerals
(6 8 9)
'
. This is particularly

within the rock, giving rise to cracking

evident in granites, which contain quartz crystals.

Quartz crystals

have anisotropic thermal expansion characteristics and higher overall
coefficients of thermal expansion than most of the other common r<->ckforming minerals.

This combination gives rise to the Young's modulus

reduction with increasing temperature shown in the results for Charcoal
Granite.

The reductions in shear modulus would follow a similar pattern.

The reported magnitude of the modulus value for the granite
under an elevated temperature of 260°C, which is understood to be at the
upper limit of induced rock temperature in the present repository
design concept, was 39.3 GPa.

As shown in Table 3, this value still

lies well within the overall range of values reported for granites and
would not be expected directly to create a significant problem.

Never-

theless, as noted above, the mechanism of the modulus reduction appears
to be that of micro-fissuring:

few data are available concerning the

details of such micro-fissuring in terms of the continuity and distribution of the microcracks, and the effects of such cracks on other
properties such as permeability and compressive strength.
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It should be noted that the data presented are from tests
performed at atmospheric pressures.

Although the rock walls immediately

adjacent to the radioactive waste canisters or forming the typical rooms
may be subject to low radial stress, the tangential stress will be
considerably higher and, at a short distance away from the rooms, the
magnitudes of the three principal stresses will be significant.

These

stresses may inhibit the intergranular crack growth effects due to
temperature as observed at atmospheric pressures, and the Young's modulus
of the overall host rock may change very little.

In any event, the only

direct effect of reduction in modulus with increasing temperature would
be to modify the stresses induced due to the in-situ stress field and
due to the thermal load from the radioactive waste.

It is not antici-

pated that this modification will play a significant part in the feasibility of the storage concept.

For the current study, Young's modulus values of 20 - 69 GPa
for granite and 41 - 83 GPa for gabbro are recommended.
The values quoted above for Young's modulus of elasticity have
mostly been determined by laboratory tests on intact rock core specimens.

These tests take no account of the major discontinuities (fis-

sures, joints etc.) within the rock mass.

Thus, the values of deforma-

tion modulus for thn rock mass will be less than the Young's modulus
values for intact rock, due to closure or opening of discontinuities
during loading.

The reduction factor by which the deformation modulus

can be related to the Young's modulus of intact laboratory size specimens is questionable, or at least very difficult to determine.

Attempts

have been made to relate the reduction factor to the rock quality designation (RQD) which is a measure of the frequency of discontinuities
within the rock mass obtained from borehole core logging (Reference 1,
Chapter 2). Using a very limited data base, it appears that for an RQD
of the order of 60 percent or less (fair to very poor), laboratory
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values of Young's modulus should be reduced by a multiplication factor
of the order of 0.1.

For an RQD of the order of 95 percent there is

almost no reduction required.

It can be expected that» by careful site

selection, the proposed facility will be mined within a rock mass with
RQD values of the order of 80 percent or higher (good to excellent) in
which case the multiplication factor might be in the range of 0.2 to
1.0.

In-situ plate jack tests performed on granite gneiss of
"excellent" quality at Churchill Falls

yielded deformation moduli

almost of the same order as the Young's modulus of intact specimens, in
zones deeper than the surficial layer of blast-damaged rock.

In the

blast-damaged zones the implied multiplication factor was of the order
of 0.1.

This zone is approximately 1 to 2 m thick.

For the present study it is recommended that the multiplication factor be taken as 0.2 to 0.5 in the blast-damaged zone and 0.5 to
1.0 outside this zone.- Use of a high factor, in the region of 1.0,
implies that there are either very few discontinuities in the rock or,
what is more probable, that the discontinuities are tightly closed due
to the existing in-situ stress field.

In either case, the rock material

would have very little space to expand in response to elevated temperatures.

Thus the higher the ratio of mass deformation modulus to Young's

modulus, the higher will be the stresses generated by thermal expansion.

2.2.2.4

Poisson's Ratio

The data in Table 5 suggest that the ranges of values for
Poisson's ratio could be taken as 0.15 to 0.20 for granite and 0.15 to
0.25 for gabbro for the preliminary repository rock mechanics analyses.
The variation of Poisson1s ratio with increasing temperature
for Dresser basalt is not significant up to moderate temperatures (500°C),
as evidenced by the data*- ' in Table 6.
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Again assuming that the temperature variations In Poisson's
ratio in gabbro will be similar to those in basalt because of similar
mineralogy, no correction appears necessary for the gabbro.

However, in the charcoal granite (a granodiorite rather than
a granite) the variation was noticeable, probably for the same reasons
given in Subsection 2.2.2.3 for the reduction in Young's modulus with
increasing temperature.

The question of whether or not this amount of

reduction within the anticipated rock temperature range for the repository, has any significance in the rock mechanics analysis, should ultimately be addressed.

The negative values obtained at high temperatures for the
charcoal granite probably imply that thermal expansion is partly responsible for the apparent reduction in Poisson's ratio.

Since this is

likely to have been the case throughout the temperature range for both
rocks, the final amount of reduction would appear to be very small,
within the temperature ranges considered for the repository.

Anisotropy of Young's modulus, which is difficult to account
for at this stage, may predominate over the variability of Poisson's
ratio.

2.2.2.5

Density
The range of density values in both the granites and the

gabbros and other basic rocks as presented in Table 7 is not wide.
Representative values for granite and gabbro may be taken as 2.7 Mg/m
3
and 2.9 Mg/m , respectively.
2.2.2.6

Creep Behavior
Unlike salt

, at the temperatures and stresses envisaged

for the proposed facility, the plutonic rocks in general can be expected
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to exhibit extremely limited creep movements, insignificant in comparison to the size of typical openings.
The creep of Westerly granite at high temperatures and pres(14)
sures has been studied by Goetze
. Confining pressures of the order
of 400 MPa, deviatoric stresses up to 64 MPa and temperatures up to
720°C were used in these experiments. Because of the high confining
pressures, the results are essentially representative of the intact rock
behavior, since all fissures can be assumed to have been closed. At a
deviatoric stress of 64 MPa, there was apparently very little creep up
to a temperature of 430°C. The stress level may be close to that expected in the repository, but the temperature is considerably greater
than anticipated rock temperatures.
It appears, therefore, that most of the creep movements to be
expected will be associated with the closing of fissures due to increased
local stress levels caused by the mining, or possibly by property changes
of filling materials in cracks. Since the fissures are expected to be
mostly very thin, the potential for movement is extremely limited. The
creep movements in basic plutonic rocks, e.g., gabbro, can be assumed to
be no greater than in granites, on the basis of the more stable high
temperature behavior in other respects - however, more study is required.
2.2.2.7

Frequencies and Orientation of Discontinuities

Although the question of actual frequencies and orientations
of discontinuities in a rock mass is highly site dependent, series of
discontinuities will exist for any plutonic site transecting the rock
mass. As a simple model, known to be relatively accurate from past
experience, two broad types of discontinuities must be considered:
(a) Systematic jointing
(b) Singular features such as shear zones or fault zones.

- 11 -

(a) Systematic Jointing

Systematic jointing in the rock will exist to depths greater
than the 1000 m considered for the repository.

Such jointing

will have been formed during cooling of the rock mass after
emplacement and during subsequent tectonic activity.

These

types of discontinuity are normally quite systematic in their
spatial arrangement and are commonly cubic in a granite.

Less

is known about joint patterns within the basic plutonic rocks,
but it is reasonable to assume that they will be similar.

In

general, both the spacing and the openness of the joints will
decrease with depth, due to increasing confining stresses and
decreasing effects of weathering.

At depths below 100 m, an

average joint spacing of 1 m to 3 m could be considered as
reasonable, although possibly on the pessimistic side for
depths as great as 1000 m'

'

. The two primary areas of

impact of the systematic jointing on repository design will be
the need to reinforce discrete blocks of rocks around the
periphery of major chambers, and the contribution of the
joints to overall permeability of the rock mass (Subsection
2.2.5.1).

(b) Singular Features

Due to the extensive plan area of the proposed repository, it
must be anticipated that larger discontinuities will be intersected by the excavation in some areas.

These features may or

nay not have some clear relationship to the systematic jointing previously discussed.

These "singular" planes will exist

due to previous tectonic movements, and may comprise fault
zones and shear zones of various types, e.g., with or without
clay gouge, with or without secondary mineralization or hydro-
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thermal alteration, etc..

In general, these features will

dominate the geohydrolcgy of the rock mass at depth, and may
also have a significant influence on the mechanical stability
of the excavation where they are intersected.

Based on the above, it is recommended that analyses of mechanical stability of the repository chambers must include consideration of systematic jointing as an ever present part of the
rock mass, and that allowance must be made in final cost
estimates for the localized remedial support which may be
required when more major singular features are intersected.
Discussion of the shear strengths of such features, and of
their effect on permeability are included in following sections.

2.2.2.8

Mechanical Properties of Discontinuities

In addition to the spatial arrangement of the discontinuities
discussed in the previous section, the shear strengths developed along
these surfaces are of great importance to the stability of the rooms.
The surfaces may be smooth or rough, undulating or planar, continuous or
discontinuous, and contain clay minerals, rock gouge or mineral cementation. These details all affect the shear strengths available to maintain separate blocks or zones, or rock In place adjacent to the rooms
within the governing stress field.

Again, these details are site and rock-type dependent, and
site investigation techniques of high quality are required to obtain
these data to an appropriate level of accuracy at depths of the order of
1000 at.

However, for preliminary design studies, precedent data are of
great use in conjunction with the assumptions made for the joint set
frequency and orientation.

A useful suamary of joint shear strengths is
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provided by Barton

. At relatively high normal stresses, generally

up to 7.5 MPa, the residual or minimum shear strengths of unweathered
hard rock joint surfaces are in the range of 30 to 35 degrees.

From a

statistical consideration of these data, the following relationship was
proposed:
T/on - tan (A log10 (CQ/on) + 30°) - tan 4>°
where x « joint shear strength (MPa)
a - joint normal stress (MPa)
A » constant as follows:
Rough, undulating joint surface A - 20
Smooth, undulating joint surface A - 10
Smooth, nearly planar joint surface A • 5
C * unconfined coapressive strength of adjacent rock

From this expression, it can be seen that the joint friction
angle ($°) will probably be of the order of 30 to 35 degrees for unaltered joints at the depths of the repository (1000 m ) , away from the destressed zones in the immediate vicinity of the room walls.

However, nominal

rock stresses in the vicinity of the proposed repository at a depth of
1000 m, in certain cases, may be considerably higher than the normal
stresses at which the data for the above values were obtained.

This may

cause a slight reduction in available friction angle, but is not thought
to be of major significance.

In addition, a destressed zone (due to

blasting) will probably extend up to 2 m from the room wall, depending
on the blasting techniques used and the type of rock

. Within this

zone, the possible increase in friction angle due to reduction in normal
stresses may be offset to a certain extent by the 'smoothing' effects of
blast gases and, overall, little change in friction angle values can be
expected.
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If the rock joints are filled with secondary minerals such as
clays from hydrothermal alteration or rock gouge from joint movement,
the available friction angles may be much lower. Within the granite and
gabbro plutonic rocks, these lower values might be of the order of 20
degrees or even less. The existence of such infilling materials may
thus give rise to rock engineering problems within the immediate vicinity of the rooms where confining and normal stresses may be low.
Therefore, careful site investigation is required to identify the frequency of occurrence of clay or gouge filled joints, and rock masses
having a predominance of these features should be exluded from consideration.

For the situation where a major singular feature is intersected, a case by case analysis will be necessary to determine its
effects upon stability and the required support measures.

Depending

upon the orientation of such a feature, its location relative to the
excavated rooms and pillars, and the properties of any infilling mate/|g TO)
rials, major remedial works may or may not be required

'

. A s part

of future design tasks, it is recommended that trial stability analyses
be conducted for a postulated spectrum of such features.
2.2.2.9

T-, Situ Stresses
The value of the in-situ stresses in the rock mass will be of

importance in assessing the stability of the mine openings.

The stress

concentrations caused by the mining in the walls, roof and floor of the
openings will vary directly with the initial in-situ stress levels. The
level of stress concentrations compared with the strengths of the intact
rock and rock mass, i.e., including discontinuities, will form the basis
of design and acceptance for a particular geometry of opening.
It is difficult and somewhat misleading to quote average insitu stress values which might be used for the conceptual design, because
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the parameter is a function of the specific site geological history,
which is unique for each site.

However, data published on stresses
(20 21 22)
' '

measured in-situ do provide a broad range within which to work

It is commonly assumed that the vertical in-situ stress is
equivalent to the weight of the super-incumbent overburden rock, and
that this is a principal stress.

The other two principal in-situ

stresses, in the horizontal plane, are usually expressed as a ratio K of
the vertical stress.

The horizontal in-situ stresses may or may not be

equal to each other, although it is judged that the assumption of a
hydrostatic stress condition in the horizontal plane is a realistic
starting point for a facility located within the heart of a large
pluton.
(22)
Herget

derived the following in-situ stresses as a func-

tion of depth based on stress determinations from various areas of the
earth's crust.
o v - (1.88 ± 1.23) MPa + (0.026 ± 0.0028) MPa/m
o h - (8.16 ± 0.54) MPa + (0.042 ± 0.0023) MFa/m
where:
a

» horizontal in-situ stress

a, » vertical in-situ stress
n
Using a depth of 1000 m in these expressions results in a
value for K of 1.72.

It should be noted that the expression for a

implies the use of an overburden rock density a little above 2.7 Mg/m
which is in good agreement with data provided in Subsection 2.2.2.5.
Specific measurements made by Herget

in northern Ontario up to a

depth of about 600 m yielded K values in the range of 1.02 to 3.3.
Analysis of hydrofracturing data accumulated from treatments of oil and
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gas wells yielded K values in the range of 0.4 to 1.2 for the conti(21)
nental United States
, assuming an average rock density of 2.8
Mg/m3.
There will probably be significant differences from site to
site within the Canadian Shield depending on overall geological setting,
past tectonic activity, erosion and other factors.

From the available

data, a range in K of 0.5 to 2.0 is recommended for the conceptual
design, in conjunction with vertical stresses equal to the overburden
rock weight.

Probable variations in K outside this range are not ex-

pected to alter the feasibility or design philosophy of the repository
significantly.

2.2.2.10

Seismlclty

Host of the Canadian Shield is in an area of very low seismic
activity, based on the analysis of data from seismograph stations in
operation since about 1900.

In northern Quebec there is a 1-in-100 year

return period for bedrock accelerations in the order of 0.02 g, from
events centered in the relatively active areas of Baffin Island and the
(23)
St. Lawrence River
. In most of northern Ontario and Manitoba, the
magnitude of shock with a 1-in-100 year return period is negligible.
Data have not been accumulated long enough to enable statistical extrapolation to be made over the hundreds of years life of the repository
with any confidence.

However, the available data suggest that the

chances of damage occurring to the facility due to seismic events is
probably negligible provided that major fault zones (active or inactive)
are avoided in selecting the site.

2.2.3

Thermal Properties and Conditions

2.2.3.1

Thermal Conductivity

The data presented in Table 8 suggest that representative
ranges in the values of thermal conductivity may be taken as 2.1 to 3.2

- 17 -

and 1.7 to 2.5 W/m-°C for granite and gabbro respectively.

The data

from Reference 27 include the variation in thermal conductivities with
temperature.

Typically, the values decrease by up to 20 percent and S

percent in granite and gabbro, respectively, for a temperature rise from
0 to 300°C. Again the greater decrease shown in granite is probably due
to the greater incidence of cracking at high temperatures associated
with the presence of quartz crystals.

2.2.3.2

Specific Heat
In addition to the basic data included in Table 9, both
(12 27)

sources

'

perature.

show the variation of specific heat capacity with tem-

Some typcial results are shown in Table 10.
It is apparent that there is a noticeable and reliable in-

crease in specific heat capacity with increasing temperature.

For a

temperature range from 100 to 300°C, a linear increase from 920 to 1050
J/kg*°C provides a reasonable fit to the above data for both granite and
gabbro.

There are small differences in specific heat capacity values at

0°C according to the source used.

For the range in temperature from

0 to 100°C, a constant value of 840 J/kg-°C could be used with little
loss of accuracy in thermal calculations.

2.2.3.3

Thermal Diffusivity

The thermal diffusivity values presented in Table 11 have been
calculated using the average values for thermal conductivity, density
and specific heat capacity from the previous sections, except for the
data in Reference (28) which are presented directly.

Most of the varia-

tion in the computed values is due to the variation in the thermal
conductivity values. No attempt has been made to correct these values
for temperature variation, which is not of a large magnitude in the
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temperature ranges being considered.

The direct data presented in

Reference (28) indicate that the thermal diffusivity decreases with
increasing temperature.

This implies that the effects of decreasing

thermal conductivity, and increasing specific heat capacity, outweigh
the effects of reducing density.

For the thermal analysis of the conceptual repository layout,
the recommended values for k, p and Cp can be used directly to effectively represent thermal diffusivity. Alternatively, values in the
2
ranges 0.9 to 1.2 and 0.7 to 0.9 mm /s are recommended for granite and
gabbro, respectively.

2.2.3.4

Linear Thermal Expansion Coefficient

The overall values of the linear thermal expansion coefficients as shown in Table 12 do not differ greatly between the granites
and gabbros, although on average the gabbros show the lower values and
the granites show the highest maximum values.

Typical average values of

8 um/m»°C and 6 tim/m'°C for granite and gabbro, respectively, are recommended for the conceptual design studies.
As discussed previously in Subsection 2.2.1, the mechanical
and thermal properties of rock at elevated temperatures are affected by
the growth of small cracks, due to the differential thermal expansion
and moduli of elasticity of adjacent crystals of different mineralogy.
This is particularly noticeable in rocks containing free quartz crystals, such as granite, since quartz has relatively high and anisotropic
linear thermal expansion coefficients.
Higher heating rates and cycling of temperatures also accelerate the crack growth™ , but these factors are unlikely to be significant for the radioactive repository.

High confining pressures a short
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distance away from the walls of the mined openings will probably tend to
reduce the amount of crack growth.
2.2.3.5

Geothermal Gradient and Ambient Rock Temperature

For the proposed facility depth of the order of 1000 m, the
geothermal heat flux passing through the facility is probably of minor
significance, but nevertheless typical values are given later in this
section.

However, as basic data for the rock mechanics/thermal cal-

culations, the ambient rock temperature is of interest.

The approximate average goethermal gradient, worldwide, is of
the order of 0.030°C/m; however, in the Canadian Shield it is lower, in
(11 30}
the range of 0.015 to 0.020°C/m
'
. There are some anomalies but
these tend to be on the low side, as low as 0.003°C/m in some cases

'

The ambient ground temperature near the ground surface can be
taken as the average annual air temperature which, in the Canadian
Shield, ranges from -8 to +6°C ( 3 2 > 3 3 > .

Assuming a 15 to 20°C increase in temperature over the 1000 m
depth to the facility, an ambient rock temperature in the range of 7 to
26°C can be assumed for the conceptual studies.

Without any differentiation for predominant rock type, Clark
provides geothermal heat flux values for Canada, mostly in northern
2
Ontario and Quebec, ranging from 29 to 84 mW/m . Most of the values
2
fall in the range of 29 to 46 mW/m .

Rao and Jessop

(31)
, in a comparison of heat flow measurements

made in Frecambrian Shield areas worldwide, show a world mean of 39
2
2
nW/m with a range of 20 to 74 mW/m , and a Canadian Shield mean of 39
2
2
mW/m , with a range of 25 to 54 mW/m.

.
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The average heat flow from the granite rocks is higher than
the average heat flow from the more basic rocks in the Canadian Shield,
reflecting the higher thermal conductivities of the granite rocks. Mean
values of heat flow measurements made in granite and basic rocks
2
2
were 43 mW/m and 31 to 38 mW/m, respectively.
2.2.4

Mineralogical Properties

The stability of typical plutonic rocks and associated minerals subject to the levels of heat, radiation, hot water and steam
which will probably occur near the radioactive waste canisters in the
host rock, is an unknown factor in determining the feasibility of the
present concept.

It is believed that major problems do not exist with

respect to radiation levels, and heat-related effects dicussed in previous sections are probably more dominant.

However, a basic research

priority exists in this area, and this is discussed in more detail in
Section 2.4.

2.2.5

Hydrogeological Properties and Conditions

2.2.5.1

Rock Mass Permeability

In this section and subsequent sections discussing rock mass
permeability, correct usage would be to use the term 'hydraulic conductivity'.

However, since the term 'permeability1 (or 'fracture

permeability') is more commonly used, this term has been adopted.

In

these discussions the terms are synonymous.

In Subsection 2.2.1.7, the occurrence of discontinuities in
the rock mass is divided into the two categories of "systematic jointing" and "singular features". These discontinuities will dominate the
ability of the rock mass to conduct water, since the permeability of the
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intact plutonic rock material itself is extremely low, decreasing with
increasing confining pressure (Reference 1, Chapter 3).

For the purpose of estimating the flow rates that a systematically jointed rock mass can sustain, it is convenient, analytically,
to treat the rock mas? as a porous medium.

For example, assuming a

cubic arrangement of interconnecting joints (which has been observed ^.n
granite, rock masses) of constant width, the permeability of the rock
mass can be equated to the joint width and spacing by the following
equation due to Snow

:

x - (b3/12s) x 10 7

where:

K » rock mass permeability (m/s)
b » joint width (metres)
s » joint spacing (metres)

It is usually impracticable to measure joint widths on a
routine basis in site investigations, but they can be inferred from K
values calculated from inflow or outflow tests and observed waterbearing joint spacing.
Berg and Noren

(34)

use a permeability value for granite of

0.01 pm/s for the calculation of leakage rates from a storage at 160 m
depth. Measurements of air leakage from boreholes at a 25 m depth by
Bernell and Lindbo in a very tight granite imply a water permeability
value of 0.002 iim/s^

. Snow1

provides data which show that typi-

cally the fissure width in a wide variety of competent rocks at about
100 m depth is 50 pm or less, and the effective water-conducting fissure
spacing below this depth is not less than 4.5 m.

These values lead to a

permeability value of 0.023 pm/s using the above equation.

Snow also

shows that a marked decrease in fissure width and increase in spacing
occur in the interval from 0 to 100 m.
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Inflow measurements made in tunnels in Frecambrian granite in
Swedenw"^ at depths of the order of 100 m give permeability values in
the range of 1 to 30 nm.

It has also been found that the permeability

of the walls of oil storage caverns decreases when the oil is heated,
(36)
due to the closure of fissures by thermal expansion of the rock
.
This effect is also likely to occur in the radioactive repository once
the canisters are emplaced.

Also, in connection with construction of oil-storage caverns
in Sweden, it is customary to grout singular features until the total
inflow rate to the chambers is less than about 10 to 20 m

of water per

o

day per 100 000 m

of storage.

This implies that the overall permea-

bility of the rock mass (systematic joints plus the grouted singular
features) is of the order of 1 nm/s.
It should be noted that all of the above data apply to rock
mass zones no deeper than 100 m from the ground surface, where the
opening of joints due to weathering may still be significant.

At a

depth of 1000 m in a pre-selected competent plutonic rock mass, it can
be expected, therefore, that the overall rock mass permeability due to
systematic joints will be less than 1 nm/s and probably of the order of
0.1 nm/s.

At values of permeability, of the order of 10 nm/s or less,
assuming the cubic arrangement of interconnecting joints at spacings of
the order of 1 to 3 m, the joint widths are of the order of 10 pm or
less. At these small dimensions, it is quite probable that electromolecular and capillary forces have a significant modifying effect on
the groundwater flow rates, and that the specific retention will be
high.

Also, the degree of interconnection of such fine water-bearing
features through a drainage path of the order of hundreds of metres is
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probably more limited than implied by the assumption of cubically arranged regular joints. Many potential drainage paths may start and
finish within the draining rock mass and therefore give no effective
contribution to tne ultimate flow.

If these effects are in operation,

it follows that a measured or anticipated rock mass permeability of the
order of 10 nm/s or less is due more to a small number of significant
flows from singular features than to flow from the systematic joints.
These effects may well have been in operation for the in-situ permability measurements quoted above.

Under these conditions, the achievement of inflow rates
equivalent to overall mass permeabilities of the order of 10 nm/s and
less, including systematic joints and singular features, will be determined by the effort (and money) put into grouting the singular
features. Using a combination of cement, bentonite and chemical grouts,
recent work in Sweden has resulted in mass permeabilities in grouted,
previously permeable, singular features in granite of the order of 0.1
nm/s<36>.

Since it is economically impracticable to grout a systematic
joint system, the permeability results from tests with boreholes not
passing through singular features may be of great importance.

If these

tests show a consistently high mass permeability which can be associated
with the systematic joint sets alone, then the site should probably be
abandoned.

The definition of 'high1 will depend on the results of the

groundwater flow analyses (which will be presented in a later report)
and on the acceptance criteria for the flow rates associated with these
values of permeability.

The methodology of investigating a site to determine acceptability in terms of the hydrogeological conditions will also be addressed in this later report.
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2.2.5.2

Groundwater Chemistry

Very little is known about the hydrogeological conditions and
chemical characteristics of groundwater in the Canadian Shield region.
The only available information is related to the groundwater pumped from
Quaternary deposits for water supply, and from mining operations which
are concentrated in the areas of Frecambrian sedimentary and volcanic
rocks.

These data cannot be used in hydrochemical evaluation of ground-

water present in plutonic rock masses at relatively great depths (700 1000 m).

Thus, the following comments will be based on knowledge of the

geology of the area and should be considered as very general.

Plutonic rocks, e.g., granite, gabbro, consist of minerals
characterized by a very low solubility in water.

For this reason, even

at relatively great depths, the groundwater should have a low total
dissolved solids content, probably within 200 - 500 ug/g range.

It may

have a slightly acidic character with the pH ranging between 5.5 and
6.5.

Along the major structural discontinuities, where infiltration of

surface water from bogs and marshes may occur locally, the pH of the
groundwater may be lowered due to the presence of organic acids.

In general, the dissolved solids in groundwater associated
with plutonic rocks should be mostly of the bicarbonate-sodium type.
addition, there will be many other dissolved solids in low concentrations including magnesium, calcium and iron cations and sulphate and
chloride anions. Where plutonic rock masses are in contact with volcanic and sedimentary rocks, there is the possibility of a source of
metallic sulphides and potentially aggressive by-products from the
reaction with the groundwater.

These could be carried in the ground-

water from the volcanic or sedimentary rocks into the plutonic rocks»
However, the very low permeabilities to be expected in the plutonic
rocks will mean that a short distance from the contact there will be
insufficient flow to carry enough of these aggressive ions to the

In
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repository.

Nevertheless, for this reason, and probably others, it will

be desirable to site the repository well away from the boundaries of the
selected plutonic rock mass. To determine the aggressiveness of the
groundwater to metallic, concrete or other containers or installations
at a specific site, it will be necessary to sample and analyze the
groundwater, preferably during the site investigation stage.

2.3

EXPLORATORY TECHNIQUES
An important aspect of any geotechnical assessment is the

quality of the basic data.

Since the materials involved are natural,

with usually non-homogeneous, anisotropic, inelastic and stress, temperature and site dependent behaviour, obtaining reliable data from
exploratory sites is both an important and difficult task.

Following regional geological and geotechnical reconnaissance,
specific sites are selected, where local government approval has been
obtained, for detailed surface mapping and surface geophysical exploration.

Finally, the decision is made to investigate a specific site or

sites in detail at depth.

This investigation need only be to gather

information, without any commitment to proceed to repository construction.

It is not the intention of this report to discuss the procedures

for the eventual site selection process, but rather to concentrate on
the exploratory techniques (and their limitations) used to obtain the
necessary geotechnical data at depth at exploratory sites.

Because of the importance of the project, it will be necessary
to drill a number of exploratory holes to the full depth likely to be
used for a facility (1000 a) and at least 10 percent beyond.

Drilling

exploratory holes to this depth is extremely expensive and it will be of
the utmost importance to obtain the maximum amount of good quality data
from each hole.
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It can be assumed that exploratory diamond drill holes will be
required to obtain the core necessary for some essential data.

The

holes could be collared at H size, stepped down to a minimum N size, if
required by rock conditions, and drilled to the full depth of the
proposed project facilities.

The use of diamond-drilling equipment to

the depths envisaged, although unusual in civil engineering projects,
has considerable precedence in mining projects.

Although the prevailing

conditions and requirements in mining exploration are substantially
different from those in civil engineering, it is considered that the
drilling of the holes and retrieving of intact core is feasible.

A more detailed assessment of the important intact rock and
rock mass properties required, and the appropriate investigation techniques necessary to obtain them, is included in Table 13.

In addition, Table 13 contains comments about the techniques
and an overall rating (A), indicating that good data are obtainable for
a particular location, or (B), indicating some uncertainties are possible, but with no major adverse implications for the suitability for
use in the design of a facility.

A list of the investigation techniques

cited in Table 13 is included in Table 14.

All of the techniques are performed within, or rely on, data
or samples from the deep boreholes, except for the geophysical determinations of the overall geologic structure made from the ground surface.
It should be noted that most of the "in-hole" investigation techniques
(both direct and geophysical) require uncased boreholes at the level
under investigation.

In poor rock conditions, necessitating the use of

casing to maintain an open hole, this may mean that the investigation
must proceed concurrently with the drilling, advancing the investigative
probes a relatively short distance ahead of the casing.

This would be

considerably more time-consuming and expensive than exploration in a
completely uncased hole.

However, the site will have been pre-selected
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as far as possible to have a geology favourable to shaft and room excavation and, given these conditions, the uncased hole is likely to
remain open.

As indicated in Table 14, detailed data are not required
throughout the shaft depth and the limitations of casing could be
tolerated in this section of the hole.

Although some of the techniques shown in Table 14 have not yet
been used at depths as great as 1000 m (to our knowledge), all the
techniques shown are considered to be feasible at this depth.

However,

a useful preliminary to a specific drilling program would be to assess
any possible limitations in the use of the following techniques at
depths up to 1000 m.

-

Borehole camera or television

-

Oriented core extraction

-

Packer tests in N-size hole

-

Piezometer installation

-

Seisviewer in N-size hole.

This is discussed in more detail in Section 4.

Even if some

of these methods do not prove to be feasible, there are probably sufficient alternatives to provide most of the information required.

Informa-

tion gaps say lead to a slightly more conservative approach to design
and cost estimating, but it is considered that this effect will probably
be minor.

The necessary data regarding the thermal properties of the
rock can be obtained by testing the recovered core.

The geothermal

gradient, ambient rock temperatures, and natural heat flow can be
determined by temperature probes "down-the-hole", combined with core
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testing.

It can be assumed that the narrow joints in the rock mass,

probably at a depth of 1000 m will have little effect on the thermal
properties of the rock mass as opposed to intact rock.

2.4

RESEARCH PRIORITIES

The recommendations made in this section will be consolidated
with research and development recoooendations made elsewhere in the
study, and will be summarized in the final report on research requirements.

Because of the limited scope of the present study, it has not
been possible to perform an exhaustive literature search In defining
extreme ranges of significant property values.

However, it has been

possible to obtain adequate data for the study for most geotechnical
parameters, except those noted later in this section.

For some pro-

perties, e.g. tensile strength, the data used were not extensive and the
recommended values are uncertain.

However, except where noted later,

this uncertainty is not believed to be a significant factor in determining the overall geotechnical feasibility of the proposed facility.

Other properties or conditions are site specific rather than
general in nature, e.g. frequency, orientation and mechanical properties
of discontinuities, in-situ stresses, rock mass permeability.

Research,

where required, should be directed toward improving investigation
techniques.

The following parameters and investigation techniques are
considered to require additional study, research and/or development to
assist in establishing feasibility in general, and at exploratory sites
in plutonic rocks in the Canadian Shields

*
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Parameter

Refer to
Subsection

Creep Behavior (General)

2.2.2. 6

Frequency and Orientation of
Discontinuities

2.2.2. 7

Mechanical Properties of
Discontinuities (Investigation
Techniques)

2.2.2. 8

In-situ Stresses (Investigation
Techniques)

2.2.2. 9

Mineralogical Properties
(General)

2.2.4
2.2.5. 1

Rock Mass Permeability
2.4.1

Creep Behavior
The preliminary conclusion in this report in Subsection 2.2.2.6

is that creep in plutonic rocks such as granite and gabbro will not be
a problem at the anticipated rock temperatures and stresses. However,
the literature review was not exhaustive, and creep behavior data could
not be located for the precise combinations of temperature and stress
which are anticipated for the proposed repository.

A more thorough

review is recommended, with the possibility of some laboratory testing
at the precise temperature and stress conditions, if still necessary, to
follow.

2.4.2

Frequency. Orientation and Mechanical Properties o*.
Discontinuities

At present, with a combination of geophysical exploration and
surface mapping, it is possible to locate the presence of gross discontinuities to considerable depths. However, the detection of smallerscale, but still important, discontinuities and their condition cannot
confidently be undertaken with any great certainty at depths of the
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order of 1000 m by neans of the present "down-the-bole" exploratory
techniques.

Since the facility will be sited in a previously unmined

rock mass, this geotechnical information necessary to establish the
feasibility of a particular site must come from such techniques and
therefore a research and development priority exists in this area.

Exploratory techniques which are considered potentially
feasible and useful (Section 2.3), but which have not yet been used at
depths of 1000 m include:

-

Borehole camera or television

-

Oriented core extraction

-

Seisviewer in N-size hole.

It is recommended that a further study be made of these
techniques to establish feasibility, followed by a development program
to design and implement the necessary changes.

These changes may be

undertaken by the manufacturers of current equipment.

Presuming that development of these techniques takes place, in
addition to currently available techniques for use at 1000 m (Section
2.3), sufficient data regarding the frequency, orientation and mechanical properties of the smaller-scale discontinuities can be obtained to
assist in establishing specific site feasibility.

2.4.3

In-situ Stress Measurements

In-situ vertical stresses can be assumed to be equal to the
overburden rock weight (Subsection 2.2.2.9).

The only method presently

capable of measuring horizontal in-situ stresses "down-the-hole" at
depths of 1000 m is the hydraulic fracturing technique

'

. However,

the technique relies on generating a crack normal to the least compressive principal stress direction, and if K is greater than 1, this
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direction is vertical, and a horizontal crack is generated.

Thus no

useful information on the magnitude and direction of in-situ horizontal
stresses can be obtained in these circumstances, except that the horizontal stresses are greater than the vertical stress by an unknown
amount.

Since it is quite possible in the Canadian Shield that K will

be greater than 1

, i.e., the minimum horizontal in-situ stress is

greater than the vertical in-situ stress, there appears to be no reliable
technique capable of making the necessary "down-the-hole" measurements.

However, the values of the in-situ stress are unlikely to be
the factor by which the feasibility of a particular site will be finally
decided, and it does not seem justifiable to embark on a research and
development program to produce the necessary techniques and equipment
for this project alone.

Should such equipment be developed by others

prior to the detailed investigation stage of the radioactive waste
repository project, it should be included in the suite of exploratory
techniques.

Assuming such equipment is not developed, the necessary
measurements can be made at or near the base of the initial access shaft
(38)
by other methods
. The measurements may affect the alignment and
geometry of access tunnels and rooms, but not the overall feasibility of
a facility with openings of modest size.

This type of adjustment to the

facility layout may well be minor in comparison with other adjustments
which may have to be made because of the previously undetected occurrence of discontinuities, such as crush zones, in critical locations.

2.4.4

Mineralogical Properties

Very little appears to be known about the stability of specific minerals and rocks subject to the probable conditions which will
occur in the near vicinity of the radioactive waste canister storage.
In addition to the thermal loading by conduction, the host rock will be
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subject to prolonged low-level radiation, and the groundwater present in
rock discontinuities will be heated, and in local areas perhaps converted to steam.

In the access-ways, shafts and storage rooms, the

immediate rock surfaces may also be subject to air-drying through
ventilation.

All of these changes in environment have the potential to

cause changes in specific minerals or rocks.

Because of the modest temperatures which will be generated in
the host rock and the low radiation levels, in comparison to past
natural radiation levels in the rock, it is believed that no major
mineralogical stability problem e.xi jts. However, such aspects as the
dissolving of silica by warm water or steam, and dissolving or alteration of secondary minerals filling discontinuities may have undesirable
effects.

An additional problem may be explosive fracturing of brittle

rock due to occluded pockets of water converted to steam.

There are

doubtless other possible environmental and mineralogical changes, not
mentioned above, which may be of importance when considered over the
extended time scale of the project.

It is therefore recommended that an intensive literature study
be conducted of the fundamental stability, strength and compressibility
behavior of potentially usable plutonic rocks and associated minerals
subject to appropriate levels of heat, radiation, hot-water and steam
under ambient conditions.

This study should be augmented where neces-

sary by laboratory and in-situ experiments, which may need to be extensive.

2.4.5

Rock Mass Permeabilities (Investigation Techniques)

Obtaining reliable rock mass permeability values from 'downthe-hole' techniques is extremely difficult.

Conventional packer tests

(water injected into a packed-off section of the hole, usually 1.5 to
3.0 m long) are capable of identifying permeabilities greater than about
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100 nm/s and possibly as low as 10 nm/s. For lower permeabilities, the
injected quantities of water are so small that testing errors are
generally greater than the actual flows, rendering results which are
highly suspect.

In addition, even these results may not be achievable

at a depth of 1000 m.

A borehole camera can only identify fissure width

which would imply values of permeability of the order of 100 nm/s or
higher and, at present, the method has not been developed for 1000 m
depth.

Geophysical methods can give information on porosity, but not

permeability*39*.

Drill-stem tests which measure water pressures of formations
and the volume of inflow to a packed off section over a period of usually
24 - 72 hours may be capable of measuring mass permeabilities of the
order of 1 nm/s

.

In oil well logging and treatment, these tests

have been conducted at depths greatly in excess of 1000 m, and the
method is usable in N-size holes

.

This method and possibly packer testing appear to offer the
best capability for measuring in-situ mass permeabilities.

Depending

upon the results of preliminary studies in terms of judging the critical
and probable permeabilities of systematic joint systems (as opposed to
singular features (see Subsection 2.2.5.1)) in terms of allowable inflow
to the proposed facility, these techniques may need only relatively
modest development.

For example, if a mass permeability of systematic joints of
the order of 10 nm/s is judged to be acceptable, then further development of techniques will not be required since this value (and higher) is
detectable with currently available techniques.

If it is concluded that

the acceptable value is lower, development work will be required unless
geological studies are able to predict confidently that this lower value
(or less), will occur in the rock masses under consideration.

A con-

clusion such as this may be drawn as the result of studies of inflows to
existing mines.
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3. HYDROGEOLOGY AND WASTE CONTAINMENT*

3.1

GENERAL

In the development of repository design concepts in plutonic
rock masses at a depth of approximately 1000 metres, it is necessary to
consider several hydrogeological design criteria.

The major require-

ments are, firstly, that groundwater inflow rates during construction
and operation will be below acceptable levels, and secondly, the longterm groundwater regime, as modified by the repository and emplaced
waste, will provide the required isolation from the biosphere.

The consideration of the first requirement occurs in all deen
underground construction projects and in principle should be within the
state-of-the-art.

Existing data on the conditions at these depths is

scanty, but field investigations, coupled with the ability to take
short-term remedial measures such as grouting during construction,
should allow a satisfactory strategy to be developed.

The treatment of the second requirement of isolation for
several hundred thousand years is probably the single most critical and
difficult question in the repository design in. hard rock.

In the United

States, containment in deep salt formations has been preferred on the
basis that their existence demonstrates the absence of significant
groundwater movement.

The adoption of a hard-rock design in Canada

(salt is under consideration here also) appears to require the development of a quantified argument to demonstrate isolation, since some, but
probably very small, groundwater flow is thought to exist.

It is there-

The principal authors of this section are R.J. Pine, R.G. Charlwood
of Acres Consulting Services Limited, and J.A. Cherry of the University of Waterloo, with consultation and review provided by
D.R.McCreath and T. Dabrowski of Acres Consulting Services Limited.
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fore necessary to integrate the results of the most advanced theories of
complex hydrogeological processes and site investigation techniques into
the development and assessment of alternative repository layouts. A
thorough appreciation of these factors is essential.

The demonstration

of the reliability of predictions may become a key criterion in the
development of the trial phase repository layout.

In addition, the

selection of canister emplacement systems and canister cladding are
clearly dependent on groundwater characteristics.
3.1.1

Nomenclature

Nomenclature for parameters to be discussed in this section
are as follows:

o

•

2
thermal diffusivity (m /s)

a

"

linear thermal expansion coefficient (1/'JC)

C

"

unconfined compressive strength (MPa)

C

*

specific heat capacity at constant pressure <J/kg"C)

E

»

Young's modulus of elasticity (MPa)

K

»

ratio of horizontal to vertical in-situ stresses

k

-

thermal conductivity (W/m°C)

K

•

hydraulic conductivity or permeability (m/s)

v

«

Poisson's ratio

$

*

angle of internal friction (degrees)

RQD

»

rock quality designation (percent)

p

•

density (kg/m )

o.

»

horizontal in-situ stress (MPa)

a
n
a

*

joint normal stress (MPa)

•

vertical in-situ stress (MPa)

T

-

tensile strength (MPa)

T

»

joint shear strength (MPa)
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3.2

A CONCEPTUAL HYDROGEOLOGICAL FRAMEWORK

3.2.1

Introduction

In our studies we refer to the "Baseline Design" which was
developed in Section 2, AECL-6188-1.

The design has been assumed to be

at a depth of approximately 1000 m and details are reproduced here in
Figures 1, 2 and 3.

Alternative layout concepts are presented in

Section 3, AECL-6188-1.

Information on the groundwater conditions in mines located on
the Canadian Shield and in igneous rocks elsewhere in the world provides
considerable support for the hypothesis that it will be feasible to find
hydrogeologic zones in plutonic areas of the Canadian Shield that are
acceptable on the basis of reasonable groundwater inflow criteria.

It

is likely that these zones will occur at depths as shallow as several
hundred metres or at the most 500 to 1000 m.

The design of emplacement systems and cladding is dependent on
hydrogeological predictions of contaminant transport.

However, it is

unlikely that a cladding can be reliably designed to be leakproof for
more than several hundred years.

The possibility is allowed that radio-

nuclides will eventually be leached from the low solubility waste form
in thw repository and therefore will become available for transport in
the subsurface hydrologie environment.

The problem of radionuclide

migration in the groundwater regime falls within the scope of hydrogeology and hydrogeochemistry.

The relevant aspects of these sciences

provides a framework for understanding radionuclide migration from a
repository in plutonic rocks of the Canadian Shield, and are briefly
discussed in this subsection.

The hydrogeologic environment in plutonic rocks of the nonpermafrost part of the Canadian Shield can be subdivided into three
somewhat arbitrary but convenient depth zones:
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(a) The Active Zone
(b) The Intermediate Zone
(c) The Inactive Zone (this Zone might be more appropriately
called the 'Sluggish Flow Zone').
These are shown diagramatically in Figure 4.
3.2.2

The Active Zone

The active zone extending from the ground surface includes
permeable overburden on the Precambrian bedrock and the upper part of
the bedrock, which commonly has appreciable systematic fracture or joint
permeability and porosity. The overburden can include surficial layers
of moss and/or peat and granular quaternary deposits of glacial, glaciofluvial or glacio-lacustrine origin. These deposits are commonly
composed of gravel, sand, silt or clay. Singular fracture or fault
systems with relatively large permeability may also occur in this zone.
Permeability values in the active zone are typically greater than about
1 to 0.1 ym/s. Groundwater circulation in the active zone is relatively
rapid and normally quite shallow. The subsurface circulation systems
are quite local with numerous recharge and discharge areas distributed
across the terrain. Groundwater in the active zone commonly has detectable concentrations of thermonuclear (bomb) tritium, i.e., > 10
tritium units. Tritium at detectable levels indicates that the water or
at least a portion of the water, is less than about 23 years old.
Another characteristic feature of water in the active zone is that the
water has 14C concentrations that are well above levels of detection, or
in more specific terms it can be stated that 14C content in the active
zone would
ally close
connection
and lakes.

be expected to be at least 70 percent modern and more generto 100 percent modern. The active zone is normally in good
with surface water systems such as streams, bogs, marshes,
In most parts of the non-permafrost part of the Canadian
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Shield, the active zone is expected to be less than 50 to 100 m thick,
although we must emphasize at this point that so few hydrogeological
studies have been carried out on the Canadian Shield that firm generalizations regarding the thickness of the active zone cannot be established at present.
3.2.3

The Intermediate Zone

The intermediate zone is situated below the active zone.
Permeabilities due to systematic fracture or joint networks are generally below 0.1 to 0.01 um/s. Singular fracture or fault systems, however, may extend into or through the intermediate zone and may give rise
to local higher permeability zones. Groundwater in the intermediate
14
zone generally has no detectable bomb tritium and has
C concentrations
that are significantly above the lower detection limit, but at many
locations are well below modern
C values. The determination of ground14
water age, beyond the
C dating limits, is a very difficult task not
yet well developed.

One of the methods for approximate determination of

the age of groundwater other than of Quaternary age was proposed by
(41)
L.M. Mitin
. For this method, the age of water can be expressed as a
ratio of helium and argon.

For fresh water (low mineralization) in

contact with the rock of average radioactivity, the age can be determined using the following formula:
He

7

t - H x 2.5 x 10' years
where:
t

»

He, Ar

time of groundwater presence in the rock formation
* helium and argon content in percent, by volume

This method is based on the assumption that all helium in groundwater
originated from radioactive decay (as a result of a radiation) of radio-
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active elements dispersed in the rock, and all argon is of atmospheric
origin.

The weakness of this method lies in the fact that argon may
40
K.

appear in the groundwater due to the radioactive decay of

3.2.4

The Inactive Zone
In this zone, groundwater is isolated from the earth's bio-

sphere for time periods that are very long when considered in terms of
the history of modern man.

For purposes of radioactive waste repository

investigations, a more practical definition of the inactive zone is required.

He propose that the inactive zone be regarded as that part of
14
the surface hydrological system that contains no detectable
C and, of
course, no detectable tritium.

The permeabilities in this zone due to

systematic fractures or joints are generally expected to be less than
about 1 or 0.1 ym/s and the hydraulic gradients are probably below about
-3
-4
10
or 10 . Singular fracture systems or faults extend into the
inactive zone, but are not zones of rapid groundwater circulation because of low hydraulic gradients, mineral infilling or pressure closure.
If the singular feature is a zone of more active groundwater circulation, then the zone is not, by definition, included in the inactive
zone.

3.2.5

The Subsurface Hydraulic Continuum

The active, intermediate, and inactive zones are all part of
a subsurface hydraulic continuum.

The water in this continuum is de-

rived entirely from infiltration of rain and snow melt, either directly
through the soil or from rivers, lakes, marshes or bogs. Most water
that falls on the earth's surface is returned directly to the atmosphere
by evaporation from surface water bodies or by evapotranspiration from
vegetation.

A minor portion of precipitation enters the subsurface flow

regime, nearly all of which circulates through the active zone.

The

percent of annual precipitation that is required to maintain replenish-

ment of the intermediate zone is very small and is of course even
smaller for the inactive zone.
Groundwater reserves in different formations within the
Canadian Shield vary widely.

In areas where bedrock is covered by

fluvio-glacial deposits (sand, gravel) the groundwater in the rock can
be recharged readily from these sediments, characterized by low specific
retention and high specific yield (effective porosity) which may vary
from 0.1 to 0.3.

Other deposits such as till or lacustrine clays may

contain large volumes of water but this water is unable to flow under
gravity forces (specific retention high and specific yield very low).
A substantial amount of water may be trapped in peat (swamp areas) which
occurs usually in areas underlain by impermeable deposits, which do not
allow deeper infiltration of precipitation water'.

Groundwater reserves in plutonic rocks are usually very small.
The exception is the upper zone, when highly weathered.
is not to be expected in the Canadian Shield.

This condition

The specific yield of

granites is usually very low and is related to narrow widely spaced
joints and low permeabilities.

Values lower than 0.005 could be ex-

pected in granites compared with values of the order of 0.15 in sandstone.

From these values it is apparent that groundwater quantities are

small, and would not permit significant inflows during the mining and
emplacement phases.

Since the subsurface hydraulic system is best thought of as a
flow continuum, the designation of active, intermediate, and inactive
zones is a conceptual framework that serves as a convenience for discussion purposes rather than as a description of physically distinctive
zones.

The water table in the Canadian Shield is normally within a
aetre or two of ground surface and rarely is deeper than 10 metres.
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Hydraulic gradients in the active zone are relatively large and reflect
the significant topographic slopes that are so typical of the local
topographic irregularities of tho Shield terrain.

On a regional basis,

however, the Canadian Shield is characterized by relatively low relief.
In the non-permafrost part of the Shield, elevations are predominantly
less than 600 m above sea level with the exception of certain areas In
Quebec and Labrador which have elevations up to 900 m.

Differences in

elevation between regional uplands and lowlands are rarely more than 100
or 200 m over distances of hundreds of kilometres.

The regional topo-

graphic slopes are therefore rarely more than 10~ or 10~ . It is
reasonable to expect therefore that the hydraulic gradients at depths of
several hundred to several thousand metres below ground surface are in
-3
-4
many areas in the order of 10
to 10
or less

3.2.6

Desirable Repository Conditions

In terms of the conceptual hydrogeologic framework described
above, it is evident that the preferred location for development of a
waste repository is the inactive zone. A repository in the inactive
zone 1) would have very small or negligible rates of groundwater inflow
during the excavation and waste emplacement phases of the program and 2)
would provide a very high degree of probability that the wastes would
remain isolated from the earth's biosphere during the very long periods
of time that are required for radioactive decay to reduce the activity
to low levels.

Since there have been no hydrogeologic studies of moder-

ate or deep conditions in plutonic rock of the Canadian Shield, it is
not possible to present reliable estimates of the depth at which the inactive zone is likely to occur in any particular plutonic areas. There
is the possibility that the inactive zone is so deep that economic
factors would exclude it as the preferred zone for repository location.
In our opinion, however, based on 1) our review of the literature on
permeability conditions in crystalline rocks 2) general knowledge of the
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geologic conditions of the Canadian Shield and 3) consideration of the
regional topographic conditions that are typical of the Shield, at least
some plutonic areas are expected to have the upper Boundary of the
inactive zone at depths as shallow as 500 to 1000 m below ground surface.

If the inactive zone is much deeper than this, it may be neces-

sary to consider the intermediate zone for location of the waste repository.

3.3

IMPORTANT HYDROGEOLOGICAL PROCESSES

3.3.1

Volume Flux and Groundwater Velocities

3.3.1.1

Systematic Joint System

In Section 3.6, methods of measuring groundwater flow velocities at a specific site are discussed and these may ultimately be the
preferred source of this parameter.

At present, while dealing with a

hypothetical site, velocities can be estimated by the use of precedent
data or by the use of the Darcy Equation with the Dupuit-Forchheimer
relation.

It is likely that precedent data for flow velocities in

almost impermeable plutonic rocks of low economic value do not exist.
Precedent data in low permeability sedimentary rocks may be useful.
The method of using the Darcy equation with the Dupuit-Forchheimer relationship will probably yield unreliable results in absolute
terms, but is the only available means for estimating the necessary
velocities for a hypothetical case. Assuming a cubic arrangement of
water-conducting joints, after Snow^
shown in Figure 5.

, the relevant equations are as

It should be noted that v is the average flow velo-

city in the joints and is several orders of magnitude higher than the
discharge velocity given by the expression:

u (discharge velocity) » ici.
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Thus, v can be appreciable, even If the permeability is very small, as
long as there is a significant hydraulic gradient.

The flow velocity,

v, is from here on synonymous with the groundwater velocity.

Equation 2

shows that for the calculation of the groundwater velocity v, values for
K, n and i must be obtained.

Alternatively, v can be obtained from

values for s, b and i, since both K and n can be expressed in terms of s
and b in this simple model.

Direct measurement of b is not possible,

but some knowledge of field values of s and K have been obtained or
inferred<15).

Thus, using a range of K values, and inferring values of n
from probable joint spacings, the results presented in Tables 15 and 16
have been obtained.

Inspection of Equations 1 to 4 of Figure 5 shows

that for a fixed value of s, the following proportions obtain:
3
2
K « b ; v « b ; n « b

Thus, a small change in joint width leads to a large change in permeability « but to a smaller change in flow velocity v.

The results pre-

sented in Table 15 show that the computed flow velocities are not very
sensitive to the assumed value of joint spacing within the range of 1 to
10 m.

Accordingly, a constant value of 3 m as discussed in Section 2

has been used in the preparation of Table 16.

This table shows that,

within the range of permeabilities assumed, the direct flow velocity is
of the order of 4 to 75 km in 250 000 a, assuming a hydraulic gradient
of 10" A .
-4
The assumption of a value of 10

is considered to be rep-

resentative of a possible horizontal component of hydraulic gradient, as
discussed in Subsection 3.2.5.
component also.

There will, in general, be a vertical

The groundwater velocities are directly proportional to

the hydraulic gradient, and therefore, if the gradient were to be as
high as 10

, the range of velocities in Table 16 would become 40 to

750 km in 250 000 years.
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The notion of using Darcy's Law and associated permeability
values (K) in jointed rock is open to some dispute, but it is considered
to be justifiable as a starting point for basic calculations.

Table 3.1

shows that if a rock mass of a given permeability consists of widely
spaced more open joints rather than more closely spaced narrower joints,
the flow velocity will be higher.
However, the continuity of such a joint system over a distance
of several kilometres is likely to be in question.
—9
—10
ability values of 10

to 10

Although perme-

m/s have been used, based on some prece-

dent experience, these values were essentially derived in small rock
masses.

On a larger scale, the probable lack of continuity of the type

of joint system shown in Figure 5 will mean that the overall permeability values will be even lower, the joint porosities about the same, and
hence the flow velocities lower than those calculated.
3.3.1.2

Singular Features

Because of the random nature, spacing, size and permeability
of singular features, it is even more difficult to postulate flow velocities in these features than in the systematic jointing.

Since a

singular feature will in general be more permeable than the systematic
joints by many orders of magnitude, flow velocities and volumetric flow
rates under the same hydraulic heads could be several orders of magnitude higher.

However, continuity of flow may impose some limitations on

the flow rates and velocities in a permeable feature connected hydraulically with a much less permeable joint system.

3.3.2

Diffusion

The process of diffusion, which is commonly referred to as
molecular diffusion, ionic diffusion or self-diffusion, occurs because
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of chemical concentration gradients.

Fick's First Law describes the

relation between solute flux (q) solute concentration (C) and solute
concentration gradient n-j :

where D

is the coefficient of diffusion.

From Fick's First Law and

some simple geometric considerations, it is possible to derive a differential equation that relates the concentration of a diffusing solute
to space and time.

In one dimension, this expression, known as Fick's

Second Law is:
dC

* d2C

To obtain an indication of the rates at which radionuclides can diffuse
in fractured plutonic rock, the case will be considered of diffusion
from a continuous steady source of constant solute concentration in
contact with a continuous water-filled fracture of infinite extent.

For

the case where the relative solute concentration is influenced only by
diffusion (convective velocities are zero), the variation of C in the x
(42)
direction can be calculated from the relation
:
C±(x,t) - C Q erfc(x/2^D*t)
where C.(x,t) is the concentration at time t at a distance x from the
source, and erfc denotes the complementary error function.
have not located in the literature D

While we

values for the main radionuclides

of interest in this study, it is reasonable to assume, by analogy with
D

values for the common cations and anions and for isotopes such as
£

in

0, and D (all of which have D

n

values close to 1000 um /s at 25°C),

that this order of magnitude is representative of values for most
radionuclides in water.

The relative concentration-versus-distance

graphs shown in Figure 6 were computed using a D

value of 1000 um /s.

H,
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These graphs indicate that diffusion is an extremely slow process. For
example, 10 years would be required for a radionuclide at a concentration of 11 percent of its source value to diffuse a distance of 400 m in
the absence of hydraulic or thermal gradients.

This rate will be reduced

by adsorption which is discussed in Subsection 3.3.4.

3.3.3

Mechanical Dispersion

Mechanical dispersion is the process whereby solutes that are
being transported by a fluid, i.e. solutes in a convective fluid regime,
undergo dilution as a consequence of mechanical mixing in the flow
channels and by mixing at the intersections of flow channels.

If there

is no convective velocity in the fluid mass, there will be no mechanical
dispersion. Mechanical dispersion always occurs in the presence of
molecular or ionic diffusion, but is not a direct consequence of diffusion.

In regard to mechanical dispersion in fractured geological

materials, the statement by Castillo cet al (43) is a good indication of
the current status of investigations:

"Although the basic theoretical aspects of —

(dispersion) —

have been treated at length for the case where the permeable stratum is
composed of granular material, the classical concept of flow through a
porous medium is generally inadequate to describe the flow behavior in
jointed rock, and it becomes increasingly unsuitable for analysis of
dispersion.

Despite these limitations, little work has been directed

toward extending these ideas to handle flow through jointed formations—".
Our review of the literature indicates that this statement is
still applicable even though four years have passed since publication of
the paper.

When considering the concentrations of radionuclides being
transported through a subsurface system into the biosphere, a conserva-

- 47 -

tlve approach would be to assume that the concentrations will undergo no
decrease because of dispersion.

This approach is conservative from the

point of view of concentration levels, but will overestimate radionuclide travel times.

This is normally of little importance, however,

because travel time estimates are so much more sensitive to other parameters used in the estimation procedure, i.e. hydraulic conductivity,
hydraulic gradient, and porosity.
3.3.4

Geochemical Processes

The rate of radionuclide migration in the groundwater regime
and the eventual release concentrations to the biosphere can be strongly
affected by geochemical processes.

Radionuclide concentrations in the

groundwater can be reduced by way of precipitation reactions and adsorption (the effect of radioactive decay is an obvious one and will not
be considered in this discussion).

If the radionuclides leached into the groundwater exist as
charged species, either in cationic or anionic form or as hydrated ions,
ion pairs or complexes, it would be expected that some.degree of adsorption on the surfaces of the fractures or joints would take place.
Since the radionuclide concentrations in the groundwater will probably
be extremely small on a mass concentration basis (but nevertheless
hazardous in terms of human health and the food chain), fracture surfaces with only minute adsorption capabilities may drastically reduce the
rate of radionuclide migration.

Small but significant cation exchange

capabilities may be associated with many fracture surfaces as a consequence of 1) very thin coatings of geochemical weathering products, 2)
precipitate coatings of iron and/or manganese hydrous oxides, and/or 3)
unsatisfied chemical bonds on the surfaces of the primary alumlnosilicate
minerals that comprise the plutonic rock.

It is expected that the

fracture surfaces will have a thin, discontinuous film of alumlnosilicate
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mineral weathering products such as kaolinite, montmorillonite, halloysite, or amorphous or partially crystallized clay-mineral precursors.
Weathering products such as these always form when water is in contact
with primary aluminosilicate minerals such as the feldspars, micas and
pyroxenes that so typically occur in plutonic rocks of the Canadian
Shield.

The important question is whether or not sufficient mass of one

or more of these weathering products has formed to be of consequence
with respect to radionuclide adsorption.

If the repository is located

in a zone where groundwater velocities in the systematic fracture network
are so low that water has long contact time with the fracture surfaces,
conditions would be most favorable for formation of clay mineral weathering products. Â rapidly flushing flow regime would tend to remove the
dissolved weathering products resulting from, dissolution of the primary
aluminum silicates.

Under these conditions, the tendency would be

reduced for clay mineral or amorphous precursors to form by way of
precipitation reactions. An important consequence of this line of
reasoning is that it would be relatively futile to conduct adsorption
tests only on fracture surfaces of rock samples from depths much above
the proposed repository zone. The only way to obtain useful adsorption
data will be to conduct testa on relatively undisturbed fracture surface
samples obtained from the depth of the repository.

Aqueous solutions

used in the tests must also be representative of the deep groundwater at
the site because adsorption capabilities can be strongly dependent on
parameters such as pH, competing cations and dissolved organic matter.

A further discussion on geochemical aspects of radionuclide
mobility is given in Appendix B.

In summary, it appears that precipi-

tation reactions and adsorption may provide an additional containment
barrier against radionuclide transport by groundwater flow and diffusion.

The reliability of this barrier should be established by detailed

geochemical investigations of the existing natural state and also possibly by increased by geochemically engineering the regime into a state
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which most strongly favors the barrier, through the introduction of
chemicals in the repository design.
3.3.5

Thermal Convection

Darcy's law for gradient flow of fluid is:

q -

- K [i + aûT]

Where q is the volumetric flow rate per unit area, K is the
permeability (hydraulic conductivity), i is the hydraulic gradient of
head and «AT is the gradient of head due to the buoyancy produced by
thermal expansion of the fluid.

For water, a - 4 x 10 /°C at 30°C and

assuming a AT of the order of 100°C we have:

thermal " ^ " °' 04 locally
An evaluation of thermal effects in convection may be derived from the
relative gradient i t h e r m a l /i-

For inflow during operation of the repository, the value of i
is much greater than 1.0 immediately above the rooms. At this stage,
therefore, the thermal gradient must be of little importance in driving
water away from the rooms.

In the long-term phase of the repository, the room will fill
with water and the vertical gradient i will tend to 0.

However, !..

-

may be around 0.04 so that some driving force exists for vertical motion
in the vicinity of the rooms.

The horizontal gradient 1, may well be of

the order of 0.01 or less. This would provide sufficient cross-flow to
sweep away fluid convected vertically but not enough to suppress vertical convection from rooms.

In combination, these vertical and horizontal

components will yield a flow path, for water passing over the canisters,
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which, as It starts below the storage area, Is horizontal, continues
vertically and horizontally through the storage area and continues
finally In a horizontal direction above the storage area.

Exposure of

the water to waste would be of short duration, since each water particle
would pass quickly from bottom to top of the storage area and not be
swept horizontally through a number of rooms.

In a sense, thermal

convection aids In dilution of the waste concentration In the flow while
not substantially altering the total amount of waste removed or the
distance through which it is carried.

The vertical convection paths may, in one case, be through a
systematic joint distribution equivalent to a homogeneous porous medium.
This may be of little significance due to very low permeabilities in the
rock and possibly due to partial or total discontinuities in the fracture system.

On the other hand, the intersection of a major singular feature
with the repository may be of great significance due to very high local
permeabilities in faults.

The dimensionless number p

2
3
2
g o (T-T=) b /8u is called the

Grashof number, Gr, and represents the ratio of buoyant to viscous
forces.

In this number, b is a measure of gap thickness and y is the

dynamic viscosity.

For natural convection problems, the Grashof number

completely determines the fluid velocity.

If the Grashof number is less

than 250 for horizontal layers heated from below, no convection occurs
and heat is transferred by conduction alone.

In future studies on

groundwater movement in singular features, the Grashof number concept
should be interpreted for porous media and Darcy flow.
Thermal convection effects could be introduced into a groundwater flow model of the repository and analyzed by the finite-element
method.

Applicable techniques have been developed by Skiba

and
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Sykes, Lennox and Charlwood

(45)
', which could be Modified to suit this

problem if numerical simulation is considered appropriate.
3.4

THE GROONDWATER FLOW REGIME

Since it is expected that the repository will be located in
rocks that have a very small but nevertheless significant permeability,
it is also reasonable to expect that the repository will have significant effects on the goundwater regime in which it is situated. In this
discussion it will be convenient to consider these effects in terms of
three main phases:
(a) The repository excavation, emplacement and surveillance
phase - which is anticipated to have a duration of up to 120
years<*6>.
(b) The readjustment phase - during which the repository will be
permitted to fill with water.
(c) The steady-state phase - or in other words the long-term
quasi-equilibrium phase, which will be similar to the natural
groundwater regime that existed prior to excavation of the
repository.
These three phases are discussed in the following subsections,
and summarized in Table 17.
3.4.1

The Repository Excavation. Emplacement and Surveillance Phase

Because of the proposed depth of the mine/repository, the
nature of plutonic rock masses, and pre-selection of sites, it can be
assumed that the volumetric rates of groundwater inflow to repository
excavation will be very small in normal mining terms. Nevertheless,
because the porosity of the bulk rock mass at depth wfll be very small
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and because the rock has a very low compressibility, the inflow to the
excavation may cause a relatively rapidly expanding zone of fluid
pressure decline in the systematic fracture system. This conclusion can
be drawn by analogy with the theory of potentiometric drawdown for
pumping wells in low permeability, porous media with low specific storage.
It is expected that during the period of groundwater inflow, which will
probably be up to 120 years in duration, the zone of pressure decline
will extend upward through the intermediate zone into the active zone.
It is very improbable, however, that the pressure decline will have a
detectable effect on the hydrologie regime in the active zone. This
conclusion is based on the following line of reasoning: a steady-state
flow net analysis suggests that inflow to the repository excavation will
be less than about 0.3 to 30 I/a. This range was obtained by assuming,
for calculation purposes, a range of permeabilities from 0.01 to 1 nm/s.
The potentiometric drawdown cone caused by the inflow would probably be
relatively large in areal extent by the time it has extended upward as
far as the active zone, in which case groundwater withdrawal at rates as
high as even 30 L/s are extremely small on a per unit area basis. The
porosity of the active zone will be much larger than in the rock at
depth, particularly if there are appreciable areas of permeable Quaternary deposits or highly fractured bedrock. Considering the fact that
annual precipitation is generally between 75 and 100 cm (in the southern
Shield region), and that there are large volumes of water in storage in
lakes, ponds, marshes, bogs, etc., the active zone can be regarded as
essentially an infinite reservoir of water compared to the volumes of
groundwater that will flow into the excavation. At most, the water
table in the active zone would be drawn down slightly to compensate for
the induced deeper downward flow caused by inflow to the excavation.
During the initial period of inflow to the excavations, the flow regime
will be transient. After the potentiometric drawdown response reaches
the active zone, a condition of steady-state or near steady-state will
be established.
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In terms of the reglpnal subsurface hydrologie regime, the
water table can be regarded as a quasi-equilibrium potential boundary.
In other words, if the regional cross-section were to be drawn without
exaggeration of the vertical scale relative to the horizontal scale, the
zone of natural water-table fluctuation and the zone cf potential
water-table decline due to groundwater inflow to the excavation both
would be included within the thickness of a pencil line at the upper
boundary of the cross-section.

Because of the zone of fluid potential decline that will occur
in the systematic fracture permeability network, all groundwater gradients in the vicinity of the repository during this stage will be
directed towards the repository.

If the excavation encounters a singu-

lar permeability zone, it should be isolated from the repository by
grout and therefore is of little concern in this discussion.

If the

isolation is not complete, inflow from this zone will also cause gradients within it to be directed towards the repository.

As long as

fluid potential gradients are directed towards the repository, there is
no possibility that radionuclides can escape through the groundwater
regime into the biosphere.

Inward-directed potential gradients will

persist until the excavation/repository fills with water and potential
readjustment occurs in the host rock.

An important conclusion to be drawn from this rather simple
qualitative analysis is that the difficult problem of predicting the
migration rates and directions of radionuclides in the regional (cross
flow) groundwater regime Is associated only with the period after the
emplacement and surveillance periods. Until such time as the repository
becomes full of water, outward radionuclide migration is generally not
feasible.

The rate of ventilation required during excavation should be
more than adequate to continuously remove the quantity of water at the

lower end of the inflow range; thus, pumping should not be required in
areas of the mine which are actively ventilated.

Water seeping into

emplacement areas completely filled with radioactive waste canisters,
where ventilation rates have been reduced or eliminated, may need to be
collected and pumped out to avoid possible contamination of adjacent emplacement and excavation areas.

3.4.2

The Readjustment Phase
After the period of excavation and waste emplacement is com-

pleted, it is expected that the repository will be allowed to fill with
groundwater or will be filled with water from the surface.
option would appear to be the more reasonable.

The former

To obtain an estimate of

how long it will take for the repository to be filled by groundwater, we
2
3
have assumed a repository area of 4 km , and a volume of 15 000 000 m
located at a depth of 1 km below the water table, i.e. ground surface.
From the. steady-state flow net analysis mentioned in Subsection 3.4.1, a
best estimate of the upper limit of groundwater inflow is 30 L/s for a
bulk permeability of 1 nm/s. Under these conditions it would take about
16 years for the repository to become full of water.

If the bulk of

permeability is 0.01 nm/s, about 1600 years of groundwater inflow will
be required to fill the repository.

If surface water inflow is pre-

vented, and if the repository is continually ventilated in a manner such
that the rate of water mass withdrawal in the vapor phase exceeds the
rate of groundwater inflow, the repository will of course never be
filled by groundwater.

In this case, groundwater gradients would con-

tinue to be directed towards the repository thereby preventing any
possibility of radionuclide migration through the groundwater zone to
the biosphere.
If the repository is backfilled with crushed rock or some
other material such as a clay of high cation exchange capacity, the
times required for groundwater inflow to saturate the backfilled re-
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pository will be much less than those estimated above.

The porosity of

the backfill would probably be in the range of 0.2 to 0.4, consequently
the times required to fill (saturate) the repository would be expected
to be between 20 and 40% of the time periods estimated above for the
non-backfilled case.

Once the repository excavation is filled with water, re-establishment of the regional hydrodynamic flow system would probably be
rapid.

It has been found in Sweden that for fractured rock of low

permeability, once a rock mass with very fine systematic fractures has
been dried out, it can be difficult to resaturate.

This effect is

probably similar in physical process to the hysterisis effect typical of
partially saturated porous media.

We doubt, however, that this effect

will be significant because the unsaturated zone around the repository
will probably be relatively narrow.

This zone will probably occur in

and near the zone which will be disturbed by blasting, where more permeable rock is expected to occur. Partially saturated conditions would
not be expected to extend very far upward into the undisturbed rock
because it is likely that the permeability increases towards ground
surface and that the permeability network is connected to the almost
limitless source of water in the active zone.

3.4.3

The Long-Term Quasi-Equilibrimn Phase

After the repository excavations have filled with water, the
hydrodynamic conditions in the groundwater regime will be reestablished,
similar to those in existence prior to any excavation.

A form of

dynamic equilibrium will occur involving flow in systematic joints and
singular features in the active, intermediate and inactive zones as
described in Section 3.2.

Typical cross-site groundwater velocities (horizontal) could
be expected in the ranges indicated in Subsection 3.3.1.

The site will
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probably be «elected to avoid areas with a significant vertical component of hydraulic gradient.
A condition which affects groundwater movement, and which will
not be the same as before the excavation began, is the heat source
provided by the radioactive waste. This will lead to convection cells
and deflection of the basic groundwater flow paths, as discussed in
Subsection 3.3.5.

The convection may tend to increase the upward flow

velocity through the repository, leading to both dilution and a more
rapid connection to the ground surface.

In addition to the groundwater flow regime (modified by thermal convection) diffusion, mechanical dispersion, and geochemical
processes (Subsections 3.3.2, 3.3.3 and 3.3.4) must be assessed to
determine the probable directions and concentrations of radionuclide
contaminants being transported in the long term.

Potential contaminant

leakage paths are discussed in Subsection 3.5.2.

3.5

WASTE CONTAINMENT

3.5.1

Introduction.
•In the previous sections, we have developed a conceptual

hydrogeological framework, identified the important processes and
characterized the groundwater flow regime.

We shall now develop a

framework for the design and reliability assessment of the containment
system.

A formal approach to systems safety analysis has evolved which
provides a procedure for developing the logical framework in an organized
(47)
and comprehensive way. Techniques are reviewed by Lambert
.
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An appropriate Indicative logic approach would Include the
following sequence of steps.

Firstly, a preliminary hazards analysis

(PHA) gives a qualitative assessment of the potential hazardous conditions of the elements of the system.

Secondly, a failure modes and

effects analysis (FMEA) systematically analyzes all contributary component failure modes and identifies the resulting effect on the system.
The FMEA would be used by the reliability or safety engineer in the
design of the system.

The final effect would involve the development of

event trees and decision trees to express the system reliability in
terms of component reliability.

In the safety assessment of the waste repository, the application of these procedures will be more difficult because the components
and linkages of the system are not as clearly defined as they would be
in a chemical process plant, where piping and control linkages are
discrete physical entities. However, the need to define the system for
the repository is undiminished and it is with this definition of the
system objective in mind that this approach has been taken in this
section.

Claiborne and Gera

reported what amounted to an FMEA for a

waste repository in a salt bed in New Mexico.

They considered a wide

range of natural and man-induced phenomena some of which could apply to
the Canadian design.

In our study, at this stage, we have made a preliminary
analysis of the hydrogeological system to identify important parameters
and give a preliminary indication of the likelihood of achieving isolation of the waste.

Preliminary Hazards Analysis:

Since we do not have a site at this time,

we have suggested that we consider the repository in a zone bounded by
a vertical cylinder, 5 km in radius. We have denoted the interior as
the "Repository exclusion zone". The hazard considered is the escape of
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radionudides from this zone. We have not attempted to discuss the
biological import of this event.
Failure Modes and Effects Analysis; We have postulated three potential
leakage paths, examined the waste hazard, reviewed literature on leaching
rates, made bounding estimates of groundwater flow and diffusion rates,
and commented on retardation and decay.

The principal safety system

components providing containment barriers are therefore the host rock,
canister cladding, waste encapsulation, and geochemical retardation.

Decision Tree Analysis: We have suggested the analytical form of a
suitable probabilistic model for time and concentration of leakage.
The overall logic is shown in Figure 7.
analysis box 1.

The PHA appears in

The IMEA appears in analysis boxes 2 to 7.

sion tree appears in boxes 8 and 9.

The deci-

In the following sections, we

examine each item in turn and comment on the expected form and significance of such an assessment.

A general paper on the simulation of a simplifed model of such
a system was presented by Burkholder

. He describes a deterministic

computer program GETOUT which was developed by BNWL for predicting
nuclide migration through porous media and refers to later work for
jointed rock. He then proposes a "Waste management control surface for
incremental background dose".

This is intended to provide a graphical

aid to decision-making for a possible choice for reliance on waste form
effectiveness, underground isolation or canister integrity.

We propose

that a fourth dimension for geochemical retardation be introduced into
this decision space and also that the results should be in a probabistic-form in view of tha persistant uncertainty in all variables.
output from GETOUT is used by Soldat

as input to a biosphere model

for detailed studies of environmental impact.
we have not addressed this latter stage.

The

As mentioned previously,
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3.5.2

Potential Leakage Paths

The velocity of contaminant transport can be conveniently
divided into horizontal and vertical components in a two dimensional
section taken vertically through the repository sites.

For purposes of

considering the dilution of the contaminant, the velocity component out
of the plane of this section must also be considered.

Both the hori-

zontal and vertical velocities of contaminant transport may consist of
the following components:
Hydraulic convection and dispersion by groundwater
Diffusion in groundwater in a joint system
Within the flow domain, the water-conducting features can be divided
into systematic jointing and singular features as defined in Section 2.
The systematic jointing can be assumed to exist throughout the
rock mass in the form of very narrow water-conducting joints giving a
low overall rock mass permeability and low porosity.

These joints must

be assumed to exist at the repository storage level and extend continuously in all directions, thus allowing a potential for contaminant
transport in all directions.

The spacing of these systematic water-

conducting joints may be in the range of 1 to 10 m

.

The singular features will occur at much wider spacings and
may be more random in spacing and orientation than systematic joints.
Because of their nature (faults, shear zones, etc.), they may be many
orders of magnitude more permeable than the systematic joints.

If one

or several of these features exist close to the repository storage level
and connect with the exterior of the exclusion zone, they may present a
serious contaminant leakage path, depending on the ambient groundwater
conditions. Despite attempts to avoid such features during the siting
of the repository, and the comparative infrequency of such features in
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typical stable plutonic rock masses in the Canadian Shield, we have
assumed at this stage, without the benefit of a detailed site investigation of a specific pluton, that the occurrences of such features is a
possibility.

However, it should be possible to ensure, because of the

flexibility of choice of positions of the rooms at the storage level,
that such a feature will not directly intersect any room or array of
canisters.

Probably the worst possible combination of singular features
giving rise to a very permeable leakage path is that of a subhorizontal
feature intersecting the storage canister horizon connecting with a
subvertical or inclined feature leading to the ground surface.

However,

this combination is not thought to be a likely occurrence and could be
avoided by careful site-investigation and excavation-stage exploration
programs.

Therefore, for our initial assessment, the following potential
leakage paths have been considered:

1.

Horizontal flow and dispersion in the systematic joint system
eventually discharging into an upward flowing body of water,
e.g. fault zone.

2.

Diffusion in both horizontal and vertical directions in a
systematic joint system allowing contaminants to reach the
ground surface.

3.

Flow and dispersion in a steeply dipping permeable singular
feature intersecting the storage zone and the ground surface.
These postulated potential leakage paths are shown diagrammat-

ically in Figure 8, and will be examined in detail in Section 3.5.7.
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3.5.3

Nature and Quantity of Waste
In our studies, we have used the printout from AECL program

CANIGEN for Pickering type fuel reprocessed after one year when 99.9
percent of the plutonium and uranium Is removed.

This corresponds to

the use of 250 W canisters delivered to the repository at age 5 years.
The repository design specification calls for storage of 1 081 900 of
such canisters by the year 2025.

Various other fuel reprocessing options exist, including one
with a higher density waste encapsulation giving a thermal power of 2500
W at 5 years. Here, we have restricted ourselvej to the "Baseline"
concept which is probably sufficient to demonstrate analysis methods and
identify key decision variables.
In Table 18, we have listed the worst isotopes present at
various times together with the dilution requirements in water, with the
isotopes in soluble form to satisfy ICRP requirements.

These results

are plotted in Figure 9.

It can clearly be seen that the fission products
90
dominate the hazard during the first 300 years during which time
Sr
contributes approximately 95 percent of the hazard.

From age 1000 years

to 10 000 years, the actinide hazard decreases by a factor of five and
from then on is essentially undiminished for a billion years or more.
The dilution quantities shown are per kg fuel.

The products

of 632 kg of fuel will be stored per "Baseline" canister whose weight
will be approximately 632 kg if the specific gravity of the contents is
3.0.

Therefore, for our preliminary analysis, we bave assumed that the

dilution required per kg fuel is the same as that required per kg waste.
The total dilution required for the complete Canadian reposi3
of water. This com-

tory at age 1000 years is approximately 1500 km
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3
pares with a requirement of 7300 km
the Claiborne and Gera

for the reference design used in

study for a New Mexico repository.

Separation of the fission products from actinides has been
suggested in the U.S. by Bartlett
to be technically feasible.

' and others but does not yet appear

The initial incentives are for fuel econo-

mics reasons. As far as waste isolation is concerned, it would appear
to have the advantage that the fission products could probably be contained in stainless steel clad canisters for their most dangerous life
of 1000 years in a "hot" repository and allow the actinides to be stored
separately in a low heat generating repository.

Our very quick analysis

for Canadian waste shows that the ratio by weight of fission products to
actinides is approximately 2:1.

Consequently, the fission products

repository would be almost as big as a combined repository and the
actinide repository would also be large.

The cost of two large repos-

itories would surely be greater than one combined facility and the
safety questions are not reduced, so we do not see an incentive on waste
repository design grounds, to pursue this option.

3.5.4

Canister Cladding Corrosion
An important element in the 'short-term' retention of the

major fission products within the repository, at least until they are no
more hazardous than the heavy nuclides, may be the corrosion rate of the
canister cladding.

Several materials have been suggested including

stainless steel, carbon steel, copper, lead, aluminum, zinc and related
alloys.

A comparison of the corrosion rates of these metals and the

associated life of a 6 mm thickness of metal is presented in Table 19.

The comparison shows that only stainless steel (a variety of
different stainless steels are available to resist specific corrosion
conditions) has the immediate potential to give a design life of more
than a thousand years for cladding of the order of 6 mm thick.

To match
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the design life of stainless steel, the alternatives would have to be of
the order of 3 to 5 cm thick. Therefore, the relative costs (and ease
of fabrication) of the material involved would also need to be studied
in detail to determine if a feasible alternative to stainless steel
exists. It should be noted that with the exception of aluminum or
aluminum alloys, a 50 mm cladding o n a 3 m x 0 . 3 m diameter waste canister would lead to 1 Mg or more additional weight per canister.
It is believed, although not by all investigators, that the
corrosion resistance of stainless steel results from the presence of a
thin hydrous film on the metal surface. For any of the stainless
steels, this film is considered to be continuous, nonporous, insoluble
and self-healing. If the film is broken, it will reheal itself if
exposed to a suitable oxidizing agent. Passivation exists only in
certain conditions and field chemistry tests are absolutely necessary to
confirm its existence.
It must be emphasized that the comparison is in general terms
only. Parameters which affect the corrosion rate and which should
therefore be assessed in some detail, in the course of site investiga(53)
tions and feasibility studies, include the following' :
(a) Cladding Material Composition. Stainless steels and other
metals and alloys of different compositions are variably
resistant to corrosion depending on ambient conditions.
(b) Temperature. Corrosion rates are generally accelerated at
higher temperatures. The increase could be by a factor of 20
or more under certain conditions. Some metals exhibit a
threshold temperature above which the corrosion rate is
markedly increased under certain conditions.
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(c) Time. Corrosion rates generally reduce with time due to
protection afforded by the formation of a corrosion film,
which with increasing time becomes more resistant to attack
than the metal in question. A reduction in corrosion rate by
a factor of 10 in the time interval of approximately 10 to 200
days has been measured for many metals.
(d) Water Velocity. Corrosion rates of stainless steel measured
in static as opposed to moving water (velocities greater than
0.5/s can be less by a factor of the order of 20. It can be
expected that similar results would occur in other metals.
Because of the probable static or near static water conditions
to be expected adjacent to the waste canisters, this could be
an important helpful factor.
(e) Oxygen. Oxygen dissolved in water can be an important agent
in the corrosion process. However, at the low and probably
uniform concentrations to be expected in the groundwater in
contact with the waste canisters, this is not likely to be
significant.
(f) Hydrogen.

The presence of hydrogen can lead to the inhibition

of corrosion of stainless steel. However, ut the low concentration to be expected in the groundwater, this is not likely
to be significant.
(g) Other Gases. The minor concentrations of other gases dissolved in the groundwater are not likely to affect the corrosion rates.
(h) pH. A high pH (10 to 11) has a beneficial effect in reducing
corrosion rates, probably because of making corrosion films
more tenacious. Conversely, corrosion rates are higher in
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solutions of low pH which can be expected in the groundwater
in the repository.

The relationship between pH and corrosion

rate also depends on the ions present.

Some ions are more

corrosive than others to specific metals in a solution of the
same pH.

(i) Stress. Under conditions of tensile or torsional stress,
metals can be more susceptible to corrosion, particularly if
the stresses are dynamic and cyclic.

These conditions are not

likely to occur in the waste canister cladding material.

(j) Heat Treatment.

Certain heat treatments can lead to a reduc-

tion in corrosion resistance of stainless steel. This may
also have a bearing on the corrosion resistance of canister
cladding subject to a continuous elevated temperature over
long periods.

(k) Irradiation.

Studies conducted on stainless steel, carbon

steel and zirconium under irradiation and water conditions
expected in service in reactors have indicated that nuclear
irradiation has no material effect on corrosion resistance.
However, this aspect should probably be studied further in
the context of ambient conditions for canister cladding, since
irradiating conditions will be long lived in the repository.

(1) Surface Finish.

It has been suggested

that smooth surfaces

are most susceptible to pitting while rougher surfaces give
better overall average protection due to better adhesion of a
calcarious barrier.

(m) If multiple canisters are placed in contact with each other,
there is a possibility of dissimilar chemistries which could
establish localized electrolytic cells. This would require
a barrier between canisters.
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An important part of the site investigations will be to obtain
a detailed chemical analysis of the groundwater at the chosen repository
site to assist in the assessment of corrosion potential.

It appears appropriate to consider average corrosion rates
over the surface.

Local pitting and penetration will expose only small

areas of the waste-encapsulating glass which could leak only small quantities.

Judging from these general data, it would appear that with

favorable groundwater, 6 mm stainless steel cladding may give a protection life of possibly more than 2500 years. However, this is very
expensive.

At this stage, it appears that AISI 316L stainless steel is
the most suitable corrosion resistant material.

This is suitable for

cases where annealing after welding is not possible since it has maximum resistance to intergranular corrosion at welds.

3.5.5

Leaching Rates of Encapsulated Waste

Several test programs are in progress to measure the leach
rate of possible materials for waste encapsulation.
Merritt

Mendel

and

have given results for borosilicate glass. Merritt published

figures from a 16-year, in-situ experiment showing leach rates decreas2
2
ing from an initial rate of 0.04 mg/m per day to 0.05 tig/m per day.
2
Mendel quoted higher rates of approximately 10 mg/m per day initially
o
decreasing to 1 mg/m

per day at room temperatures.

Mendel also showed

an
increase of Claiborne
an order of
magnitude
or
more
for leaching
at higher
temperatures.
and
Gera
used
a value
of 1 mg/m
per day
temperatures. Cl
in their analysis
In computing waste transport rate, our estimate of the area
being leached is clearly required.

Claiborne and Gera, arbitrarily and

probably conservatively, assumed that a 3 m long by 0.3 m diameter glass
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canister disintegrated into 2 mm spheres.

In this case, the ratio of

initial to final area (a/a ) was approximately 200.
o

In the discussion

following Mendel's paper at the 1976 ANS meeting, it was suggested that
an upper limit of 10 could be demonstrated.
A third parameter in a loss of containment prediction is the
number of canisters which would be exposed in the leakage path.

Claiborne

and Gera used values of the ratio (N/Nt) in the range of 0.01 or less.
Here N - number of canisters exposed and Nt - total number of canisters
in the repository.

The leach rates have not been related to the volumetric flow
rate of groundwater passing over the degraded matrix.

If there is an

ample flow, presumably the leach rate is not controlled by any buildup
in concentration of soluble contaminants in the groundwater.

This may

be a reasonable assumption in the case presented by Claiborne and Gera,
where a flow rate of 3.5 L/s was postulated to dissolve both the wastes
and the surrounding salt (sodium chloride).

In the case of fluid flow through systematic joints in plutonic
rock, the flow rates may be less than 1 m /a (see Table 16). An important area of study, therefore, is to determine the 'saturation' levels
of soluble contaminants dissolving into the groundwater.

Even if the

groundwater is fully saturated, the total quantity of contaminants dissolved each year may be extremely small, even negligible, because of
the extremely low volumetric flow rates.

In many areas of a repository in plutonic rock, it is possible
that no water-conducting joints will intersect the canister holes, thus
reducing the overall leaching potential. However, if there is a direct
connection between the canisters and the (ultimately) flooded rooms, it
might be assumed that unimpeded leaching will occur from all canisters
to the water in the rooms and hence to the passing groundwater.
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In summary, there appears to be a need for increasing the confidence in leach rate predictions including thermal and saturation
effects.

A basis needs to be defined for estimating the increase in

surface area exposed and also the number of canisters In the potential
leakage paths.

3.5.6

Retardation of Nuclides

In Section 3.4 and Appendix B the geochemical process of
(49)
sorption is discussed. Burkholder
has proposed that this could be
considered to provide an additional waste-containment barrier. A recent
(58)'
on currently developing repository concepts in Europe

report by Gera

includes repositories in deep clay sites and may rely heavily on sorption
containment.

In addition to general containment, sorption may provide a
method for sealing site exploration boreholes by filling them with a
highly sorptive material.

This should be investigated further.

The sorption effect has been quantified in terms of a parameter
referred to as the retardation factor R, defined as the ratio of the
groundwater velocity to the nuclide migration velocity.

For granular

media, the retardation factor R is related to a distribution coefficient
K. by the equation R • 1 + K.-y./n, where y. is the bulk density of the
medium and n is the void ratio. Values of K, have been measured in
laboratory tests at Lawrence Livermore Laboratory and indicate values in
the range 0.1 to 100 ( 5 8 > .

For faulted monolithic media, the retardation factor is related to a distribution coefficient, K . by the equation R • 1 + K
ci

R-,
SX

where R, is the surface-to-volume ratio for the fault which will be
equal to 2/b for thin cracks.
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To estimate the possible range of R values for faulted rock,
we have attempted to link K, to K

by using typical volume to area ratios

for particulate media.
K

This approximation indicates a range of minimum
3 2
values of 5000 to 5 cm /m . Further details are given in Appendix B.

Using these values, we have computed R values corresponding to the above
K

values, and crack widths of 15 to 3 pm (see Subsection 3.3.1), in the

range 4 to 331. It is expected that R values for chemically weathered
fracture surfaces in zones of very sluggish groundwater flow would
likely be larger, possibly orders of magnitude larger, than this range
calculated from laboratory test data on unweathered plutonic minerals.

It can therefore be suggested that sorption may play an important role in containment in deep fractured rock.

The groundwater

chemistry and crack width clearly are important parameters which should
receive further close study.

Parametric analyses should also be made

for possible singular features in which sorption may be the only satisfactory barrier.
3.5.7

Containment Concentrations at Postulated Destinations

In this section, the potential leakage paths postulated in
Section 3.5.2 are considered and the elements of the containment system
placed in an overall system framework.

A basis for quantitative assess-

ment is presented in terms of preliminary analysis
which may serve as a model for subsequent analyses.

of Leakage Path 1
The significance

and value of the various elements of the repository containment design
can then be assessed.

Leakage Path 1

Potential leakage path 1 consists of a horizontal flow from
the storage horizon with negligible dispersion, discharging into a more
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permeable singular feature outside the exclusion zone which may be connected to the biosphere.
We consider a slug of water passing through the repository
storage zone in one year.

The time, T, to reach the limit of the ex-

clusion zone at radius z, can be estimated from the groundwater velocity,
v. in terms of established values of the permeability, K, porosity n,
and hydraulic gradient i, the distribution coefficient K

and the corro-

sion lifetime of the cladding T corr »

In view of the uncertainty in the values of the parameters at
this time (which will probably remain in the future even after site investigations), a probalistic assessment appears most appropriate.

To

provide quantitative results which explicitly recognize this uncertainty
in the variables, we have prepared a simple Honte Carlo simulation model
to predict the variation in times of exit from the exclusion zone.
Details are given in Appendix C.

The values of the variables T

_» K »

K, n, i are listed in Table Cl and have been assumed to be randomly
distributed between the ranges discussed in the previous sections. The
path length z has been assumed to be a constant 5 km.

The results pre-

sented in Figure Cl show that time of exit may lie somewhere between
9
—3
1500 and 10 years which are the 10
probability of non-exceedence and
exceedence estimates, respectively.
cated as 300 000 years.

The expected time of exit is indi-

These estimates of time are based on quite

speculative data at this time but do indicate the very large range varying
from possible premature exit to possibly acceptable isolation.
The consequences of such leaks may be estimated by computing
the dilution requirement for the quantity of waste leaving during one
year.

In Appendix C, we show an extension of the Monte Carlo simulation

to predict the probability distribution of dilution requirements for the
first contaminated one-year slug to leave the exclusion zone. We have
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assumed that the leach rate 1, canister contact ratio (N/Nt), and canister surface area ratio (a/a ) vary randomly between the limits discussed previously.

The dilution requirements have been taken from the

CANIGEN output as discussed in Subsection 3.5.3 and account for decay
with age.

The computed results (see Figure Cl) indicate a range of the
—3
8 3
10
probability estimate from 30 to 10 m /a with an expected value of
3
—3 3
20 000 in /a (approximately 0.6 x 10
m /s).
It is suggested that a refined, site-specific calculation of
this form would yield a quantitative basis for the safety assessment of
potential sites.

The number of variables could be increased to allow

consideration of various lengths of leakage paths and also to include the
effects of other external events, earthquakes for instance.

It may be

possible to show that the probability of a leak caused by a seismically
induced major singular feature, which forms a serious leakage path, is
very small.

Leakage Path 2

Leakage path 2 consists of diffusion in the systematic joint
system, eventually discharging soluble contaminants at the ground surface.

If it is assumed for the moment that the horizontal groundwater

flow is very small in comparison to the diffusion rate, the solutes will
diffuse away from the repository in an expanding, approximately spherical 'front1, assuming isotropic and isothermal conditions.

At this stage, it appears to be feasible to speculate only on
a possible acceptance criterion,

The basis for such a criterion could

be to compare the water available at the ground surface for dilution
with the delivered concentration, age and activity of the soluble radionuclide contaminants.
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To compare actual with the allowable fluxes, the following procedure could be considered:
(a) Develop radioactive contaminant solute diffusion model based
on field diffusion data in jointed rock and reliable leaching
rates ;
(b) At the ground surface (1 km from source of contaminants) produce a solute flux-time relationship;
(c) From considerations of the radioactive decay of the solutes»
develop activity-time and ingestion-hazard-time relationships,
3
the latter in ui
units of in of dilution per square metre of
ground surface;
(d) Compare with minimum average quantities of net precipitation
water available for dilution.
The additional effects of transport and dispersion due to the
groundwater flow and the heat source at the repository, and of upward
hydraulic gradients, could be incorporated into this procedure at a
further level of development, when and if the necessary input data become available. Inclusion of a horizontal flow component and anisotropic hydraulic conditions would distort the shape of the contaminated
zone within the rock mass. This, and diffusion beyond the time when the
contaminants first reach the ground surface, could lead to a considerable surface of this area through which contaminant seepage occurs. The
possible extent of this area should be estimated and assessed in terms
of a possible exclusion area, since the contaminant concentrations in
the groundwater within this area may be unacceptably high. In this
potential leakage postulation and any other involving dilution of contaminants at or near the ground surface, the possible future effects of
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changing climate should be assessed. In the extended time scale involved,
considerable changes or a number of climatic cycles could occur.
Leakage Path 3
Potential leakage path 3 consists of groundwater flow and contaminant dispersion in a steeply dipping permeable singular feature intersecting both the storage horizon and the ground surface.
For such a feature to allow the transport of significant quantities of radionuclide contaminants to the ground surface, in excess of
the quantities transported by flow and diffusion through systematic
joints, the following conditions have to be fulfilled:
(a) There must be a significant leaching rate of soluble contaminants from the canisters (common to all leakage postulations);
(b) The singular feature must intersect a body of water (i.e.
storage rooms) or a sufficient number of contaminant conducting
joints for significant quantities of contaminants to be available;
(c) There must be a significant upward hydraulic gradient in the
feature, or the heat source of the repository must generate
significant convective mixing, or the diffusion rates in such
a feature must be significant.
At present, we have assumed that the first two conditions may
be fulfilled for lack of positive data to the contrary. However„ certain steps can be taken to minimize the fulfillment of these conditions.
Stainless steel cladding of the canisters may be the best line
of defence for this leakage mode. Also, to reduce the leaching poten-
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tial from the canisters to the water in the flooded rooms, the design
of canister-hole sealing plugs should be considered.

To reduce the potential for a contribution of soluble contaminant from all of the repository, the rooms or panels of rooms could be
bulkheaded off.

To rely on this strategy, it would be necessary to assess

the durability of the bulkheading materials, e.g. bentonite, concrete or
grouts, over long tine periods.

Following the reduction of in-leakage during construction by
primary grouting, it might be advantageous to inject a secondary grout,
with favorable ion exchange characteristics, into the permeable feature.

Thus, there may be ways to decrease the seriousness of the
situation of a steeply dipping permeable feature intersecting the storage
horizon. Many of the possible remedial measures discussed above will be
beneficial in reducing contaminant leakage potential in the other leakage
path postulations.

Contaminants will not be transported from all areas of the
repository to a single permeable feature unless there is a significant
upward hydraulic gradient and groundwater flow in that feature.

This

is probably an unlikely occurrence and could probably be identified
and avoided by careful site investigation.

It is beyond the scope of this report to estimate the contaminant transport velocities in a permeable feature and compare them to the
velocities in systematic joints.

If the former are significantly greater

than the latter, the type of calculation indicated for leakage path 1
may be appropriate, with the permeable feature taking the place of the
ground surface as the destination of the contaminants.

Dilution of the

contaminants discharging from the feature could possibly be treated as
\n leakage path 2.
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If the bulkheading and grouting is assessed to be unreliable,
over the extended time scale involved, there may be the potential for
significantly greater quantities of contaminant transport within shorter
periods of time.

In this case, it will be necessary to separately esti-

mate the contaminant quantities and velocities passing from canisters to
systematic joints or rooms to the permeable singular feature and, hence,
to the ground surface.
fulfilled.

The necessary continuity conditions must also be

The age, concentration, activity and toxicity of the contami-

nants arriving at the ground surface can then be assessed.

3.6

HYDROGEOLOGICAL SITE INVESTIGATIONS

3.6.1

Investigative Methods

Hydrogeological investigations can be considered in two general bases: 1) regional investigations, 2) evaluation of subsurface
conditions at exploratory locations that are identified during Phase 1.
The regional investigations would be expected to include techniques such
as interpretation of existing geologic maps, airborne geophysics, surface
geophysics, air phoip interpretation (remote sensing), geologic mapping
and, of course, numerous socioeconomic and transportation factors.

This

phase is presently being carried out by the Geological Survey of Canada,
and need not be discussed further in this report.

Once one or more plutonic areas have been approved for subsurface investigations, it is reasonable to expect that ecyhasis be
placed on drilling boreholes for testing and sampling.

In terms of

hydrogeologic studies, the testing program should include at least the
following six types of investigations:

(a) Hydraulic properties of the rock mass, including permeability,
porosity and fluid stress response of borehole intervals, and
occurrence and nature of fractures and joints;
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(b) Distribution of hydrostatic water levels, so that hydraulic
gradient patterns can be computed;
(c) Determination of in-situ groundwater velocities by means of
point-dilution tests and possibly multihole tracer tests;
(d) Occurrence of environmental isotopes indicative of groundwater
age and source;
(e) Groundwater chemistry, including analysis of borehole water
samples for all constituents or parameters that will assist in
the development of predictions of radionuclide behaviour;
(f) Radionuclide retardation capabilities of joint or fracture surfaces; this would require core samples with relatively undisturbed natural fracture surfaces for use in laboratory experiments .
It should be noted that this list does not include field dispersion tests. There is no proven methodology for obtaining reliable
dispersion values from fractured rock. In fact, there is even considerable debate regarding the usefulness of existing methodologies for dispersion tests in relatively simple granular deposits. The lack of specific information on the dispersive capabilities of the hydrogeologic
regime at a waste repository site should not be regarded as a major
liability, however, because a reasonable, conservative approach is to
assume that dispersion of radionuclides that may eventually be leached
from the ceramic containers, will be negligible. This approach is a
conservative one because a zero dispersion assumption means that one
does not count on dispersive processes as a means of reducing radionuclide concentrations during transport in the groundwater flow system.
If attempts are made to estimate the possible or likely concentration
levels that would occur in the event that radionuclides eventually reach

- 77 -

the biosphere, the most conservative approach is to assume no concentration reduction due to subsurface dispersion.

To design and carry out

large-scale dispersion tests at great depth at a potential repository
site would involve enormous cost, and even if one were successful in
acquiring some good dispersivity values in the vicinity of the repository, there would be little basis for extrapolation of the data to the
regional groundwater flow system.

The coefficient of dispersion is normally assumed to be proportional to the product of the groundwater velocity and a factor known
as "dispersivity", i.e., D » av.

If the groundwater velocity is very

small, 0 must also be relatively small.

If the repository is located

in the inactive zone, dispersion will not be a significant process.
Another way of stating this is that in the absence of convection, dispersion is nonexistent.

3.6.2

Comments on Environmental Isotopes
Because the problem of radioactive waste disposal (or long-

term storage) must involve consideration of potential consequences over
time periods much greater than are normally associated with all other
engineering activities undertaken by man up to the present time, it is
appropriate to use investigative methods that can provide hydrogeologic
information on long-term processes.
isotopes have unique capabilities.

For this purpose, environmental
In fact, there is virtually no other

way of obtaining information that is so useful in a time framework.
principles of isotope hydrology are reviewed elsewhere

'

The

. The pur-

pose of this brief discussion is to point out how environmental isotopes
can be of specific use in the hydrogeological evaluation of repository
sites.
In Subsection 3.2.4, we defined the inactive zone as that zone
14
14
which has no detectable
C. If there is no
C present, we can place
a very high degree of confidence in the conclusion that the groundwater
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is many thousands or tens of thousands of years old.

It must be recog-

nized, of course, that our primary interest is in how long it will take
for groundwater to move from the repository zone into the biosphere.
14
C data will indicate roughly how long it has taken water to move from
the biosphere through the subsurface flow system to the repository zone.
14
However, if
C results are obtained from a variety of deep boreholes in
the vicinity of the proposed repository, and if they indicate the presence
of very old water and very low velocities (by comparing data along the
apparent flow trends), there will be a high probability that the groundwater exit time is also very long.

The law of radioactive decay can be expressed as
A - A 2"t/T
o
where A is the measured radioactivity of the sample, A

is the initial

radioactivity level, t is the time that has elapsed, and T is the half14
life of the isotope. The halfhalf-life of
C is 5730 years. The equation
can therefore be rearranged as

t - 8300 In Ywhere t is the length of time that has passed since the
isolated from the biosphere.

14C becomes

With modern techniques now used by most

C age-dating laboratories, t values as old as 40 000 to 50 000 years
14
can be obtained. If the carbon is older, there is no detectable
C
in the sample.

We will refer to t as the raw or uncorrected age.
14
C is complicated by the presence of rock

Dating of groundwater by

carbon in the groundwater.- If the groundwater dissolves calcite or
dolomite below the water table, very old, nonradioactive, i.e. "dead"
carbon is introduced into the system.
can be expressed as

The true age of the groundwater
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t

QA
- 8300 In - ~

where Q Is a correction factor based on estimates of the percent of
rock carbon derived from mineral dissolution below the water table
Wigley

.

has shown, based on equilibrium geochemical models, that it

is highly improbable that Q will be greater than 0.5.

If the detection

limit for the raw age (t) is 50 000 years, the lower limit of detection
expressed in terms of the activity ratio À /A must be 412.

If we sub-

stitute this activity ratio in the above equation along with a Q value
of 0.5, t

is 44 240 years.

This result illustrates that even a rela-

tively large contribution of rock carbon to the groundwater does not
cause large differences between t and t , if the water is relatively
old.

If the water is much younger, the relative differences are large.
14
The difference between the raw

14

C age and true

C age of

groundwater can also be affected by carbon dioxide production from
oxidation of organic matter, from methane production due to fermentation
of organic matter, and due to processes of coalification.

However, in

plutonic rocks of the Canadian Shield, none of these processes cap. play
a significant role.

In fact, of the various types of hydrogeologic

environments that exist in Canada, the plutonic environment of the Shield
14
is undoubtedly best suited for application of the

C method as a ground-

water age-dating tool. From data on the chemistry of the water and its
13 12
C/ C ratio, it should be possible to obtain reliable estimates for
the Q factor.
14
The main difficulty in applying the

C method in a hydrogeo-

logic Investigation of a repository site will involve borehole sampling.
Since it is expected that the bulk permeability of the rock at depth will
be very low, it will be necessary to develop a method to obtain largevolume water samples from the low permeability fractured rock in a manner
that is as rapid as possible and which prevents excessive exposure to
atmospheric carbon dioxide.
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The other important isotopes that would provide essential
18
0, and deuterium. For obvious

hydrologie information are tritium,

reasons, a repository should not be located in a zone that contains detectable levels of tritium in the groundwater.
carried out on small-volume samples.

Tritium analyses can be
18
Analyses of
0 and deuterium can

also be done on small-volume samples on a routine basis. There should
18
be a distinct shift in the
0 and D concentrations at the depth at
which water older than about 10 000 years occurs.

Hater recharged to

the groundwater flow system during the glacial period is expected to be
•to

significantly lower in

0 and D content than the water recharged during

the warmer climatic regime that has existed during most of the postglacial period.

It is reasonable to expect that during the repeated

episodes of glacial advance that occurred during the Pleistocene epoch,
high substantial pore water pressures would have forced glacial water to
great depth in the systematic fracture networks present in plutonic
rock areas.
In areas of relatively sluggish groundwater circulation, this
glacial water is expected to be present in part of the intermediate zone
and in much of the inactive zone,

the combination of

C,

0 and D

data would be expected to serve as an essentially irrefutable means of
distinguishing zones of very old groundwater.

A reasonable approach in

the site investigation would be to obtain groundwater samples at numerous
depth locations so that detailed profiles of isotope concentration versus
depth could be obtained.

This is the only way, with existing technology,

that very useful information on the age relations between depth and
groundwater can be obtained.
3.6.3

Comments on the Potential Use of Simulation Models

The calculations that were done during the preparation of this
topical report were based on relatively simple equations and on numerous
simplifying assumptions.

If the decision is made to pursue evaluation
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of the plutonic rock repository option at a more advanced stage, more
sophisticated mathematical models should be employed.

Prior to the

acquisition of actual test data from an exploratory site, these models
would serve a useful purpose as a means of carrying out relatively
detailed sensitivity analyses. After field data are obtained, they
could be used to analyze the behavior of the hydrogeologic system with
field data as input to at least some domains within the models.

To include the effects of irregular, gradational or layered
permeability distributions and the effects of heat sources in the repository, it will be necessary to use numerical models based on the finite
difference or finite element solution techniques. With current technology,
it is reasonable to think in terms of two-dimensional digital simulation
models to analyze for transient and steady-state conditions of groundwater
flow during the excavation and emplacement phases of the project.

It

will be appropriate to use bulk permeability values and assume that the
overall system behaves as a Darcian porous medium.

Groundwater flow

models suitable for this type of analysis are currently available and
would require little adaptation to make them suitable for analysis of
groundwater flow system response caused by excavation of the repository.

The second type of problem that is amenable to sensitivity
analysis using digital simulation models is the effect of the repository
as a heat source within the groundwater flow system.

À transient two-

dimensional model is required with capabilities of handling fluid potential and thermal boundary conditions.

The objective would be to simulate

the transient groundwater flow system that would develop due to the
hydraulic and thermal gradients.

In particular, it would be of interest

to obtain an indication of how the heat generation in the repository
will affect thé groundwater flow pattern after the excavation has filled
with water.

The upward thermal gradient from the upper surface of the

repository may be capable of causing significant upward groundwater flow
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in some zones or circulation cells.

Two-dimensional finite difference

and finite element models are currently available and, with a minimum of
adaptation, could be used in the analysis of this problem.

When radionuclides are eventually leached from the waste canisters, radionuclide migration in the fractures will occur.

Since it

will be impossible to predict the locations of the fractures in which the
migration will occur and the continuity and interconnectivity of individual fracturas which may or may not extend from the repository all the
way to the active zone and the biosphere, the use of two-dimensional
convection-dispersion dispersion models would be expected to yield no
useful information.

The futility of attempting to obtain reliable esti-

mates of dispersivity for fractured rocks has been indicated in Subsection 3.3.3.

A preferred modelling approach for the analysis of radionuclide
migration in fractures would be to develop models to describe the migration of radionuclides in relatively planar fractures of various apertures
and roughness with the combined effect of fluid potential and thermal
boundaries and internal processes of chemical retardation such as precipitation, adsorption, and radioactive decay.

A one-dimensional model

with these capabilities could be used to calculate migration rates and
radionuclide concentrations that would be associated with various parameter combinations.

The objective would be to obtain some quantitative

or at least semi-quantitative information on the consequences of some
"probable case" and "worst case" examples.

3.6.4

Monitoring Programs
To cover any knowledge gaps or uncertainties regarding the

groundwater regime still existing after detailed investigations at the
chosen site, a conventional engineering approach would be to install
some form of monitoring system.

The main hydrogeological monitoring
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tasks would be to measure radlonuclide contaminant leakage velocities
and concentrations, and compare them with allowable values. If the
measured values were shown by the monitoring system to extend the allowable values, a contingency plan would be instituted. However, there are
some problems which make this approach extremely difficult to apply:
(a) In a plutonic rock at depth, the flow quantities will be very
small, and the water conducting joints are widely spaced compared with the diameter of a typical borehole. Thus, the
interception of a flow channel by deep boreholes, for example,
would be an extremely "hit and miss" operation. For a reliable
system, this implies the use of a considerable number of deep
boreholes located beyond the extremities of the repository.
Since the repository may be of the order of 4 kilometres
square (Section 2, AECL-6188-1), the number of boreholes
required could be economically unfeasible.
(b) The drilling of an array of deep boreholes for monitoring purposes creates additional potential leakage paths.
(c) Because the length of the monitoring period is likely to be
well beyond precedent (see (d)), permanent "in-hole" monitoring equipment of any sort cannot be relied upon. Sampling of
the groundwater at depth therefore implies leaving the boreholes open or drilling a new borehole as required. Again, because of the time scale involved, the holes may not be relied
upon to stay open, and imposing the need for future drilling
may be unacceptable.
(d) For the site to be acceptable initially, the transport velocities must be extremely slow, probably of the order of less
than 1 kilometre in 1000 years. Any monitoring boreholes located at a usable distance away from the repository (see (a))
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will not therefore be involved for a considerable period of
time.

Continuing the monitoring program for this period of

time may not be feasible for a number of social, economic and
technical reasons.

(e) Even if the monitoring program were maintained for the thousands
of years required for definitive results, the measuring of excessive contaminant transport velocities and concentrations
will require the implementation of a contingency plan.
possible plan would be to pump out the repository.

A

This would

probably create groundwater flow velocities toward the repository in excess of the contaminant transport velocities away
from the repository, thus limiting further expansion of the
contaminated zone. Water pumped out from the repository would
need treatment before discharge.
The provision of the necessary pumping and treatment facilities at some unkown future date may again be unacceptable for
social, economic or technical reasons.

(f) As an alternative to deep-level monitoring, a ground-surface
monitoring program might be considered.

Again, the time scale

involved may be unacceptable, and, in the case of excessive
contamination, the damage will have been done.

To satisfac-

torily retrieve the situation would be an insoluble problem
in the light of some of the previous points which have been
made.

It appears, therefore, that from the point of view of radionuclide contaminant leakage, the provision of a satisfactory monitoring
system will be extremely difficult.

In this case, the hydrogeological

site investigations, studies and research alone must lead to a positive
statement of site and concept feasibility.
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3.7

SUMMARY OF PREFERRED HYDROGEOLOGIC SITE CONDITIONS

If one of the major objectives in the development of a waste
repository in plutonic rock is to achieve long-term isolation of radionuclides from the biosphere, it would be reasonable to develop some
specific hydrogeologic site criteria. Considering the paucity of actual
hydrogeologic data from plutonic areas, it is not feasible to develop a
detailed framework of hydrogeologic site criteria. It is appropriate at
this time, however, to present a rather general list of hydrogeologic
conditions that would be highly desirable for a repository in plutonic
rock. These will be denoted as "preferred hydrogeologic site conditions".
The list of conditions presented below does not include an order of
priority.
(a) Low rock mass permeability; permeabilities below 0.1 or 0.01
nm/s would be most appropriate.
(b) Low hydraulic gradients; the hydraulic gradient vectors should
be horizontal or nearly horizontal and be less than about
-4
-5
10 or 10
in magnitude.
(c) There should be an "apparent" absence of major singular fracture zones or fault features (tc avoid these features with
total certainty would not be possible because even detailed
surface and borehole investigations may not detect significant singular features at the site).
(d) The groundwater in the repository zone should contain no
14
detectable tritium and no detectable
C.
18
(e) The groundwater in the repository zone should have

0 and

D concentrations that indicate that the water was recharged
before and during Pleistocene time.
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(f) The frequency of systematic fractures with vertical or steep
dips should be very low.
(g) The physiochemical nature of the fracture or joint surfaces
should be such that they have appreciable adsorption capability with respect to the radionuclide species that would most
likely be leached from the wastes.
(h) The site should be located far from any major regional topographic depressions so as to maximize the possibility for long
groundwater travel paths from the repository to the biosphere.
(1) The repository should be located away from any major discontinuities in rock type or structural features, so as to provide
a reasonable basis for generalizing hydrogeologic information,
collected at and near the repository site, to a larger area.
(j) There should be no evidence of fault movements in the region
of the repository during long periods of geologic time leading
up to the present time.
(k) The chemistry of the groundwater at and near
should be such that significant radionuclide
be achieved by chemical precipitation and by
cular or ionic state that would be favorable
3.8

the repository
retardation would
changes in molefor adsorption.

CONCLUSIONS AND RECOMMENDATIONS
The principal conclusions from our preliminary studies are:
1.

Four waste containment barriers can be provided. These are
the waste encapsulation, canister cladding, low permeability
host rock and geochemical retardation.
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2.

The overall groundwater regime indicates an inflow period during
construction,, operation and surveillance phases with recharging
and a return to the initial stage in the long term.

The inflow

period will prevent leakage for 100 years or more.
3.

The key parameters describing the containment system are subject to considerable uncertainty which causes very large variations in leakage time and concentration predictions.

The princi-

pal study tasks should therefore be to narrow the range of
values of these parameters and improve the reliability of safety
estimates.
4.

The waste hazard can be considered in two components:

the

fission products with a hazardous lifetime of approximately
1000 years, by which time they are essentially decayed, and
the actinides which maintain a significant hazard indefinitely.
5.

The principal value of stainless steel cladding appears to
be as a means of demonstrating high reliability isolation for
1000 years or so.

This time span would satisfactorily contain

the fission products but not the actinides.
6.

It may be possible to demonstrate that the additional safety
provided by the very expensive stainless steel cladding provides such a small additional containment over the borosilicate
glass and host rock containment that it need not be provided.

7.

It appears possible to develop a quantified argument for containment safety analysis in probalistic terms for a host rock
pluton containing only systematic joints.

8.

Although it may not be possible to demonstrate the absence of
major singular features with very high reliability, it may
still be possible to develop a safety argument that the upward
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flow in such features is very slow and that surface concentrations, if they occur, would be very small.

Stainless steel

cladding and sealing of rooms would assist in reducing this
problem.
9.

If it can be shown that seismic events could occur with sufficient energy to create a new major singular feature, it may be
possible to show by a probability argument that the risk is
very low.

Again, cladding may provide reliable assurance

against this risk.
10.

The time scales of the leakage processes are extremely long in
comparison to tt>3 duration of possible monitoring and retrievability phases, casting doubt on the value of these options.
The preceding discussions lead to the following principal recom-

mendations related to hydrogeology and waste containment:
1.

Hydrogeological, geochemical and isotopic investigations should
be integrated in the overall site selection and investigation
processes.

2.

À site or sites should be chosen to avoid zones of major faulting which could contain large volumes of water, and to avoid
major topographical depressions, where potential leakage paths
may be short.

3.

Efforts should be made to obtain the best possible numerical
precedent data regarding water inflow rates to mines at comparable depths, and, as far as possible, in comparable geology
to the proposed facility.

4.

During the site investigations, it will be necessary to obtain
reliable permeability and secondary porosity profiles.

This

may involve some development of existing site investigation
techniques for measuring permeability values.
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5.

Isotopic profiles for groundwater age interpretations, etc.
should be established.

6.

An assessment should be made of an "allowable" upper level of
groundwater volume flux to the repository as a basis for site
acceptance criteria.

7.

The feasibility of using some of the site investigation techniques introduced in this report, at depths of the order of
1000 m, should be investigated and development work initiated
if necessary.

8.

The long-term protective design of the canister material should
be undertaken.

9.

Leaching rates of the various radioactive waste in containers
in contact with flowing groundwater should be established.

10.

The potential for degradation of the glass waste encapsulating
matrix medium should be assessed and a basis for predicting
its increase in surface area due to fracture should be developed.

11.

The effects of thermal gradients on groundwater convection
should be studied.

12.

Simulation models should be developed for parametric studies
of combined groundwater flow, thermal convection, diffusion
and dispersion processes.

13.

Laboratory and field experiments should be initiated to investigate nuclide retardation effects due to sorption.

Data are

scarce and uncertain, particularly for the actinides.
14.

Various geochemical engineering concepts should be considered
in the repository design.

These could include adding high
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sorption materials around the canisters and adjusting the
groundwater chemistry to maximize the sorption of existing
minerals in the host rock.

It may also be possible to reduce

corrosion and leach rates by local chemical additives to the
groundwater.

4. THERMAL LOADING*

4.1

GENERAL

The introduction of heat-generating radioactive waste into an
underground excavation or repository results in theraml and thermomechanical design problems not generally encountered in rock excavation
operations.

The need to obtain not only short-term structural stability

but also long-term stability, accessibility and waste retrievability
imposes additional stringent requirements.

The thermal analysis of any underground waste emplacement
concept cannot be performed without complementary studies of such items
as structural integrity and stability, groundwater, safety and economics.
However, the thermal and radiological aspects of the repository design
are,

in fact, the major differences between a conventional mine design

and a radioactive waste repository design.

The basic storage concept examined in the feasibility analysis
utilizes cylindrical canisters with a length of three metres and a
diameter of 0.3 metres generating 250 watts of heat emplaced in holes
drilled in the floor of an underground room.

However, consideration is

given to variable waste packaging, heat generation levels and storage
concepts.
The principal authors of this section are J.L. Ratigan of RE/SPEC
Inc., R.6. Charlwood and E.L. Skiba of Acres Consulting Services
Limited; consultation and review by P.F. Gnirk of RE/SPEC Inc.
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The site rock and the high-level waste were assumed to be
homogeneous and isotropic with no thermal property temperature dependence.

In all probability, the plutonic rock mass will possess tempera-

ture-dependent thermal properties and possibly some local anisotropy.
Conduction is assumed, whereas some convectional heat transfer may occur
in practice.

The analysis presented applies closed form conduction solutions
to simplifications of the proposed repository geometry for near field
response. Analysis prior to detailed design will, by necessity, incorporate the use of sophisticated numerical methods, such as the finite
element method, which must be capable of modeling anisotropic and temperature-dependent material behavior and complex geometries.

However,

in this report we present results of analytical approximations to the
thermal response in order to provide guidelines for conceptual studies
on canister layouts and to identify key parameters and the design
tradeoffs.

The placement of 250-watt waste canisters in drill holes in an
underground room floor is, indeed, a feasible method of waste storage
based on preliminary thermal criteria.

Preliminary analysis indicates

that a Gross Thermal Loading of 32 W/m

is not unreasonable, as regards

a feasibility study point.

The 250-watt canisters can be spaced on a

square grid as close to each other as practical large-hole production
drilling constraints will allow.

The power level of the canisters can

be increased without unreasonably affecting the Gross Thermal Loading by
increasing the canister spacing.

Prior to final detailed design, the

feasibility of the preliminary canister spacing indicated in this report
must be substantiated with a thermomechanical analysis of the entire
repository utilizing a material model representative of the specific
plutonic rock chosen for excavation.

The utilization of the drill hole,

emplaced canister storage concept, as described in this report, is not

the only storage method available for the radioactive waste particular
to Canadian nuclear reactors and reprocessing methodology. Similarly,
the utilization of site rock to remove heat from waste is not the only
alternative for waste cooling. Several alternative methods for waste
emplacement and waste cooling which merit consideration are described in
this report.
4.2

STORAGE CONCEPTS FOR RADIOACTIVE WASTE

4.2.1

Requirements of Storage Concepts

The specific requirements for a radioactive waste repository
concept which ensures waste containment and retrievability are extensive.
Since thermal, thermomechanical, radiological and economic requirements
are all interrelated, the overall repository design problem is complex.
However, for the purposes of this portion of the study, the thermal requirements of any storage concept are considered to relate to the following three areas:
(a) Temperature history of the emplaced waste;
(b) Temperature history of the rock in the near-field vicinity of
the waste;
(c) Temperature history of the far-field repository environment.
The temperature history of the emplaced waste determines the
thermomechanical and thermochemical behavior of the radioactive waste
and waste packaging, and is affected by the thermal properties of the
waste (age, thermal diffusivity, conductivity and decay rate), the
geometry of the waste packages, the proximity to other waste packages,
the waste cooling provided by the site rock and the repository ventilation and the storage concept.
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The primary factors affecting the temperature history of the
site rock are the thermal characteristics of the pluton (thermal conductivity and diffusivity), the waste package storage mode and density
and the repository ventilation.

Temperature histories in the host rock

adjacent to the waste packages are greatly influenced by the magnitude
of the thermal loading and geometry of individual waste packages and the
waste package storage concept.

The temperature history of the site rock must be determined to
assess the extent of the thermomechanical behavior.

The extent of the

thermomechanical behavior in the underground repository, in fact, determines the allowable rock temperature history required to ensure waste
containment and retrievability.

The thermomechanical behavior of the

site rock may be assessed in the laboratory through an extensive testing
program which will enable an evaluation of the failure of the rock in
terms of the temperature and stress states.

The waste repository design addressed in the U.S.A.

( 62}
, which

considers drill hole emplacement canisters, was constrained by requirements (a) and (b) previously described.

These requirements were the

major thermal constraints in the repository design due to the low thermal
conductivity and diffusivity of the waste and the high level of the
individual canister heat generation rates. A waste repository design
utilizing lower levels of individual canister heat generation rates
would result in a different repository design.

The thermal criteria

will be examined in detail in Section 4.3.
4.2.2

Drill Hole Emplaced Waste Canisters

The underground storage of radioactive waste packages has been
considered primarily in two modes - either storage in the underground
room or burial in the underground room floor.

The room floor burial
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method has undergone extensive analysis in the United States

' '

and requires that holes be drilled in the floor of the underground room
for placement of. cylindrical waste packages.

This waste storage concept

takes advantage of the natural radiation shielding provided by the site
rock and allows utilization of the site rock as a heat sink.

Individual

package containment and retrievability are also provided in the drill
hole, emplaced canister concept, provided that the design minimizes
peripheral spelling or excessive hole closure.

Probably, one major disadvantage of utilizing the drill hole
storage method in h.ard rock such as granite will arise from the cost of
drilling the waste emplacement holes. The cost of drilling the emplacement holes possibly could be reduced by "constructing" the holes.

In a

trench concept, a portion of the room floor could be removed, concrete
or similar type sleeves would be installed and the remaining void backfilled.

For the purpose of this preliminary analysis, each drill hole
is assumed to contain only one canister.

However, more detailed economic

considerations may indicate the desirability of emplacing more than one
canister per drill hole and/or multiple storage horizons.

4.2.3

Room-Stored Waste Packages

An alternative to the burial of high-level radioactive waste
packages or canisters is the storage of packages on the excavated room
floor.

The storage of the waste packages on the room floor results in a

quite different thermal and radiological situation.

Natural radiation

shielding provided by the site rock in the drill hole emplaced concept
is no longer present in the room-stored storage mode.

Similarly, the

heat sink attribute provided in the drill hole concept is not as advantageous in the room-stored concept.
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The majority of the heat generated by the high-level waste must
be removed through the aine ventilation in order to minimize the resulting
waste temperatures and potential thermomechanical damage to the packaged
waste and the rock walls. À major interruption or termination of the
mine ventilation system may result in potential damage to the waste
packaging and the site rock walls. For the purpose of this preliminary
study, consideration has been given to the determination of approximate
ventilation requirements.

However, no quantitative consideration has

been given to the analysis of mine ventilation interruption in relation
to subsequent waste temperature history or thermally induced rock spalling
or slabbing.

4.3

THERMAL CRITERIA

4.3.1

Heat Transfer Mechanism

The cooling of the heat generating waste containers eraplaced
in drill holes can, in principle, be accomplished by two heat transfer
modes.

The first mode of heat transfer involves the removal of the can-

ister heat to the host rock, which Is utilized as a heat sink.

The

second mode of heat removal involves the convective transfer of heat to
the mine air.

This convective cooling can be accomplished by passing

cooling air over the "heated" mine floor or by directly passing a portion
of the generated heat to the mine air via an artificial cooling device.

The relative desirability of utilizing a specific rock type as
a natural heat sink can be assessed by examining the thermal diffusivity
and conductivity of the site rock(s).

The higher the conductivity and

the lower the diffusivity, the more advantagous a rock is as a natural
heat sink. At any given time after waste emplacement, the temperature
in the site rock(s) is approximately inversely proportional to the thermal
conductivity and directly proportional to the square root of the diffusi-
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vity.

The thermal conductivity and thermal diffusivity of bedded salt

are approximately twofold and threefold greater, respectively, than the
conductivity and diffusivity of granite. Therefore, salt possesses a
somewhat greater advantage over granite as a natural heat sink.
If a constant heat source (no decay) were placed in a rock
mass, the eventual temperature rise in the rock mass would be independent
of the diffusivity and inversely proportional to the thermal conductivity.
However, since radiologically induced heat generation possesses a decay,
the eventual maximum temperature rise depends on both the thermal diffusivity and thermal conductivity of the site rock.

The convective cooling requirement which must be provided by
mine ventilation is obviously dependent on the extent of heat loss to
the host rock and the maximum allowable rock and canister temperature
and/or thermomechanical stress.

If the maximum temperature arising in

the canister and rock are within design limitations, considering only
losses to the host rock, convective cooling is not necessary.

Local heat transfer is of interest in the utilization of the
host rock as a natural heat sink.

Once a waste canister has been emplaced

in a drill hole in the excavated room floor, an air/water gap or annulus
is left separating the rock mass and the waste container.
be backfilled with crushed rock or sand.

This gap can

However, if the gap is not

backfilled, the heat transfer from the waste to the rock is reduced, with
higher waste temperatures resulting.

If the drill hole is sealed, the air/water temperature in the
annulus rapidly rises and heat transfer from the waste to the rock proceeds in a manner similar to that which would occur if the annulus were
backfilled with sand, for example.

However, if the annulus is left

unsealed, convective currents result in the annulus with subsequent heat
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loss to the mine air.

The convectlve loss to the mine air can be ad-

vantageous, provided that the mine ventilation is adequate to remove the
hent; however, the heat sink attribute provided by the site rock is not
necessarily utilized to the fullest extent in this system.

The choice

of a backfilled, closed or open waste rock annulus depends on detailed
analysis utilizing specific temperature history criteria in the waste
canister.

4.3.2

Thermal Criteria for Drill Hole Emplaced Waste in Salt

Recent U.S. studies by Oak Ridge National Laboratory^
RE/SPEC Inc.

and

have analyzed the thermal responses of proposed reposi-

tory designs at Lyons, Kansas and Carlsbad, New Mexico.

At the Lyons

site the particular geology was addressed and a set of specific thermal
criteria were utilized*

. Additional detailed thermal analyses for

various mine geometries showed certain possible variations in thermal
reg*ne<63>.

In this section we review these criteria and identify those
which governed the design.

We consider two levels of detail: First,

the "near-field response", including the canister, its surrounding rock,
the room and pillars; and second, the "far-field response" which treats
the response of near surface layers, major geological structures and
locations outside the site buffer zone.
Figure 10 shows a cross-section through one of several three(62)
dimensional models analyzed numerically by Cheverton and Turner
for
far-field response of the Lyons site. This design considers 0.15 m
diameter canisters, with a thermal power of 4300 W at the time of
burial, placed in a single row at 9.14 m spacing in the center of a
4.6 m wide room.

The pillars are 7.6 m thick and are salt.

Shale

layers surround the rooms. The thermal conductivity (k) and diffusi-
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vity (a) are shown for each material.

The following indices are useful measures of the thermal
loading mine geometry and are used In subsequent discussions:

NTL (W/m )

»

Net Thermal Loading • canister power per unit room floor

GTL (W/m )

=

Gross Thermal Loading = canister power per unit room and

area

pillar area
ER

«

Excavation extraction ration » area of room
area room and pillar

(Note that GTL = NTLxER)
For the mine design shown in Figure 10, these indices are
NTL * 103 W/m2, GTL - 39 W/m2 and ER = 0.375.
The temperature history will be discussed for the locations
at the waste canister centerline (Ta), the canister-rock interface (Tb),
the pillar centerline at waste level (Tc), the pillar centerline at
room floor level (Td) and the room floor level directly above the
canister (Tk).

The near-field thermal criteria utilized in the analysis
stated that the waste temperature should not exceed the minimum melting
point of the waste matrix, Ta < 593°C, and that two areal measures of
salt temperature were not to be exceeded as a means of controlling creep
deformations which were observed in the laboratory studies. An area of
a "Thermal Cell" bounded by the centerlines of the waste canister and
pillar vertically, and the top and bottom of the canister horizontally,
was defined.

The temperature was not to exceed 250°C in 1 percent and

200°C in 25 percent of the area of this cell.
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Figure 11 shows a section through a two-dimensional axisymmetric model which was analyzed to study the expected far-field response.

Here again, the particular stratigraphy was modelled with the

mine located at a depth of approximately 300 m.

The rooms and pillars

were modelled as an equivalent heated disc. The internal heat generating capacity of the storage area is measured by:

STL (W/m2) = Surface Thermal Loading = g g * g ^ r e a

of m±ne

In this design approximately 80 percent of the total area is
o

used for storage and therefore STL = 31 W/m . The STL is the most
2
suitable index for estimating the far-field response (29 W/m is equivalent to IS Mg of ten-year-old U.S. waste per ha or 390 kW/ha).
The temperature controls used for the far-field response were
generated partly from environmental considerations and partly to preserve the structural integrity of overlying shale formations, thus
avoiding groundwater flow into the salt beds. The temperature rise at
ground level (ATe) was limited to less than 0.6°C, as was the maximum
temperature rise in any geologic structure outside the 1500 m buffer
zone surrounding the mine (ATj).

The temperature rise in the near sur-

face aquifers (ATf) was limited to 8°C at 30 m depth and 38°C at 90 m
depth.

The temperature rises in the overlaying shale layer (ATg) and at

the location of the possible alpha waste repository (ATi) were monitored
and found to be acceptable at 95°C and 14°C, respectively.

These statistics are summarized in columns 3, 4 and 5 of Table
20, together with the times of occurrence of maximum temperatures at
certain control points.

It can be seen that the near-field peaks are

within forty years, while the far-field peaks occur after five hundred
years or more.
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The effects of ventilation were also studied.

It was shown

that approximately 40 percent of the heat generation could be removed by
forced ventilation.

This would allow significant reductions in certain

near-field temperature rises if ventilation was maintained for thirty
years or so.

(The half-life of the heat generation was thirty years).

The effect of ventilation on the far-field temperature rises would be
similar.

Comparing the limits with the predicted values, the controlling criteria can be identified.

Cheverton and Turner's design repre-

sents an optimum design in which several constraints apply simultaneously.

In the near-field, the waste temperature (Ta) is at its maximum

of 593°C while 25 percent of the thermal cell is at the maximum allowable 200°C.

In the far-field, the ground surface temperature rise was

0.14°C which is within the limit.

The temperature rise of the aquifer

at 90 m was close to controlling as probably was the temperature rise in
the shale bed above the room (ATg).

The model used in the near-field analysis carried out by
ac.
RE/SPEC Inc.

' for the New Mexico site in salt is shown in F
Figure 12.

Here, 0.30
1.30 m diameter 5000 W canisters were analyzed, with NTL
212 W/m22 and GTL - 11 W/n 2
212 W/m and GTL - 11 W/m . More detailed analyses were made of the
canister sleeve assembly.

The results for the New Mexico site showed that again the
waste temperature (Ta) governed at a maximum of 538°C with a GTL «
2
11 W/m . However, the canister-rock interface temperature was much less
than the Lyons model owing to the inclusion of Imperfect thermal contact.

Also the pillar centerline temperatures (Tc and Td) were much

less owing to the larger pillar thicknesses and absence of insulating
shale layers. These are summarized in column 6 of Table 20.
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The controlling constraints are encircled or boxed in Table 20
for easy identification in the following discussion on the transformation of these constraints to hard rock sites in the Canadian Shield.

4.3.3

Thermal Criteria for Canadian Shield Sites

In order to identify the principal design options for hard
rock repository designs in Canadian Shield sites, the thermal criteria
and responses of the previously discussed salt designs will be systematically reexamined for various possible emplacement concepts. Tentative
limits have been placed on appropriate control temperatures used in salt
designs, additional controls are proposed and various designs are assessed using the thermal loading indexes NTL, GTL and STL.

Thermal response was estimated using preliminary approximate
analyses in order to identify controlling criteria.

The thermal factors

in critical areas will then be. examined in more detail in the following
sections. A finite element analysis of the near field thermoelastic
response of the "Baseline" design will be presented in Section 5 (Rock
Mechanics).
closely.

In that report, near-field criteria will be examined more

However, for this initial thermal loading assessment, approxi-

mate analyses are appropriate.

The basis for assigning thermal criteria for hard-rock designs
may be summarized as follows:

(a) Near-Field Temperature History
(i) Variables Affecting the Temperature Response

-

The Thermal Properties of the Waste and the Site Rock;
Thermal conductivities and diffusivities of the waste and
the site rock, in addition to the waste power density and
half-life.
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The Waste Package Emplacement Method:

The amount of

package surface area in "Intimate" contact with the site
rock.
-

Mine Ventilation:

The quantity of the mine ventilation

air, Including possible interruptions.
Waste Package Geometry:

The smallest dimension is ap-

proximately inversely proportional to the maximum waste
temperature.
Local Heat Transfer Mode: Radiation, convection, conduction or any combination thereof *7hich may exist.
Hydrology:

The quantity of water in contact with the

package and the associated water migration paths.

(ii) Variables Affected by the Temperature History

Waste Matrix: Possible melting or thermal fracture.
Package Integrity: Corrosion possibly accelerated by
nucleation, waste fuel expansion relative to package
expansion.
Long Ter» Containment and Retrigvability:

Thermomechani-

cal and theraochemical behavior which may introduce
mechanical and radiological problems.
Structural Integrity of Individual Package Excavation:
Local slabbing or spalling of a drill hole or structural
damage to an "artificial drill hole".
Structural Integrity Of Excavation Periphery:

Thermally

induced slabbing or spalling of excavation walls; roof
falls, floor heave.

- 103 -

Fissure and Fracture Behavior: Opening or closing of
cemented or uncemented fractures or joints; associated
hydrological environment alterations.
Net Thermal Loading (NTL):

Heat generation of canisters

per unit room floor area.
Gross Thermal Loading (GTL):

Heat generation of canis-

ters per unit room and pillar area which is related to
NTL by the extraction ratio.

(b) Far-Field Rock Temperature History

(i) Variables Affecting the Temperature Response

Thermal Properties of Site Rock(a);

Thermal conductivity

and diffusivity of site stratigraphie column.
Hydrological Characteristics of Site: Aquifers, groundwater, and associated flow paths.
Surface Thermal Loading (STL):

Power load in repository

projected to surface including number of levels, layout
at each level including haulageways, shafts, ventilation
dirfts, etc.
(ii) Variables Affected by the Temperature History

Aquifer Heating:

Transmission of heat to regions outside

the repository domain.
Ground Surface Heating:

Local vegetation effects in

addition to other environmental concerns.
Gross Rock Mass Movements : Large scale rock mass uplift;
shearing of the site rock mass from parent stratigraphy.
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At particular locations, certain general criteria emerge. The
maximum waste temperature should not exceed the melting point which is
assumed to be the same for Canadian reprocessed waste as has been applied
to U.S. waste, that is Ta < 593°C.

Figure 13 shows a typical cross-section through our "Baseline"
design.

This uses rooms with a drill hole emplacement system for four

rows of 0.30 m diameter, 250 V canisters on a 1.5 m square grid.

From

practical considerations, this pitch is the closest which could be
drilled in a production situation without interference between holes.
An extraction ratio ER • 0.3 was selected as a reasonable upper limit.
2
2
Then NTL - 106 W/m

and GTL « 32 tf/m (It may be noted that from purely

practical considerations, this GTL took a value approximately the same
as the optimum value derived by Cheverton and Turner*

) . Using the

layouts developed in AECL-6188-1, Section 2 - Underground Layouts, for
2
a single level mine, as shown in Figure 14, we compute STL « 16 W/m .
This occurs since in fact only 50 percent of the total mine area is used
for storage rooms.
The "Baseline" design data and estimated thermal response are
summarized in column 8 of Table 20

(As mentioned previously, the re-

sponse values are very approximate and are for determining priorities
only - they will be determined by analysis in later studies where necessary).

It is expected that this design will satisfy all preliminary

criteria easily.

In the near-field, this is due primarily to the low

density heat generation of the 250 W canisters, in spite of the fact
that granite has relatively low conductivity and diffusivity when compared to salt.

Estimates for the response of a single row array of 2000

W canisters at 3.0 a centers in a drill hole emplacement system shown In
Figure 15 are shown in column 9 of Table 20.
A conceivable ventilated room storage scheme is shown in
Figure 16. The estimates of possible waste and canister surface tea-
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peratures are discussed in Section 4.5. Continuous ventilation for
more than the heat generation half-life is desirable. However, if this
is possible, the room temperatures are then held to low values and all
other controls are held to almost-zero rise. If the radiological question associated with this concept can be overcome, clearly this practically eliminates thermal loading criteria from mine design. These
estimates are summarized in column 10 of Table 20.
The cost of drilling 0.35 m diameter holes for low density
waste in the "Baseline" design is very high. Consequently, an excavated
trench with constructed emplacement tubes is proposed for consideration
as a possible alternative. A preliminary layout is shown in Figure 17.
In this layout, the canister spacing grid of 1.5 m used in the "Baseline"
design is maintained since the backfill may possess thermal conductivity
one-fifth to one-tenth that of the Intact host rock. The maximum canister temperatures presented in Section 4 using Appendix D are approximately inversely proportional to the conductivity and, therefore, waste
temperatures Ta « 593°C may occur. Other control temperatures may be
higher than the "Baseline" case. However, even with the same GTL - 32
ff/m , this design shows considerable cost savings and should therefore
be analyzed in more detail. If lower waste temperatures can be achieved
through the use of backfill with good conducting properties, then the
GTL could be increased without violating far-field criteria, and major
cost savings would b*e achieved. The possibility of dense packing in
such cooling systems warrants further detailed analysis. The data for
this scheme is summarized in column 11 of Table 20.
The previously discussed schemes were all single-level concepts. However, in large, deep plutons it may be possible to achieve
acceptable designs with a multi-level repository. A typical layout is
shown in Figure 18. Such a design would reduce the required plan area
and thus ease site selection. A cost comparison between the saving in
horizontal haulage distance and the extra cost of shafts will also be
necessary. These options will be examined in subsequent reports.
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From the thermal loading viewpoint, the multi-level options
are summarized in columns 12, 13 and 14 of Table 20 for the "Baseline"
room design of Figure 13; the 2000 W design and the "Hot Trench" design
are shown in Figure 15 and Figure 17, respectively.

In the interior levels, the near-field temperatures will rise
to some extent due to additional heat flux from lower levels. The STL
increases in proportion to the number of levels and may cause far-field
criteria to be limiting although greater depths may alleviate this.

Since multiple-level layouts may offer other advantages, and,
since the detailed thermal analysis models and criteria tor single-level
designs can easily be modified for multi-levels, we recommend that
further analyses be made to check feasibility.
4.4

PRELIMINARY ANALYSIS OF DRILL HOLE EMPLACED CANISTER LAYOUTS

4.4.1

System Feasibility

The demonstration of the technical feasibility of the drill
hole, eaplaced canister storage concept is performed through the utilization of analytical approximations to the physical configuration and
comparison of these solutions to precedent studies.

The near-field response of the "Baseline" layout shown in
Figure 13 is analyzed in this section.

In this layout, various rows

of 250 W canisters are placed in 1.5 m and 3.0 m square grids. A range
of one to five rows is considered.

In addition, the response of a single

row of 2000 W canisters as shown in Figure 15 is considered.

The analysis of thermal criteria presented in Section 4.3 indicated that the controlling design parameters were canister spacing and
consequent Gross Thermal Loading.

However, the surface temperatures are
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computed and shown to be within the limits of the preliminary thermal
criteria.

The detailed results of the near-field analysis for room and

pillar temperatures using the MARC finite element program will be presented in Section 5 - Rock Mechanics Analysis.

Far-field analyses will

be required but were not performed since the far-fiel criteria are dependent upon the particular site which has yet to be determined.

In this respect, the computations provided in this report yield
and approximation to the temperature history in the repository.

However,

actual temperatures which will be exhibited in the repository, will depend on the site rock thermal response, the local canister/rock heat
transfer modes, mine ventilation and site hydrology.

Therefore, the

reader of this report should keep in mind the fact that an extensive
laboratory and field testing program and an extensive numerical analysis
are required to accurately predict the temperatures in this repository.

For the purpose of this preliminary study, the drill hole emplaced waste canisters are approximated by exponential decaying point
heat sources with a half-life of thirty years contained in an infinite
medium (see Appendix D ) . The infinite medium is assumed to have a
thermal conductivity of k - 2.05 W/m°C and a thermal diffusivity of
o
32 cm /h. The heat loss to the mine air and the "heat capacity" of
the waste are not taken into account.

Mine ventilation would obviously

result in decreased temperatures.

The approximate canister-rock interface temperature rises
existing with the emplacement of a single point source and multiple rows
of 250 V point sources spaced at 1.5 m are displayed in Figure 19 as a
function of time.

As can be observed in this figure, the maximum tempera-

ture rise resulting from the emplacement of four rows of point sources is
t> 180°C, occurring about ten years after waste emplacement.
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The maximum temperature rise and the time of occurrence increase
as the number of rows increases.

The effect of spacing on the approximate

canister-rock interface temperature history can be observed by comparing
Figure 19 with Figure 20. The latter figure was constructed by assuming
a spacing of 3.0 m rather than 1.5 m.

The maximum temperature rises are

reduced and times of occurrence are increased as the spacing increases.
The effect of the magnitude of the initial heat generation can be observed
by comparing the two previous figures with Figure 21, which was constructed
by utilizing 2000 W point sources spaced at 3.0 m.

As indicated in the

figure, the magnitude of the temperature history increases linearly with
an increase in initial heat generation.

The 180°C maximum temperature rise indicated in Figure 19 for
the approximation to four rows of 250 W canisters spaced at 1.5 m would
result in an absolute temperature of approximately 200"C at a depth,of
1000 m.

Whether this particular temperature magnitude and associated

gradients result in thermomechanical demage to the plutonic rock mass
may be jedged from the results of extensive laboratory and field investigations.

However, it is likely that this temperature will not be great

enough to result in thermomechsnical damage to the site rock, particularly
when one considers that any mine ventilation would reduce the temperature.

4.4.2

Feasible Gross Thermal Loadings and Canister Spacings

Gross Thermal Loading, GTL (heat per unit area of room and
pillar), is determined by the heat generation per canister, the canister
arrangement and spacing, and the excavation area extraction ratio.

The

Gross Thermal Loading is a valuable index for assessing design options
in terms of canister spacing, canister power output, etc.

The optimum

canister spacing and arrangement are determined with consideration to
specific constraints indicated by the specific design criteria.

The

constraints provided by the design criteria utilized by the Oak Ridge
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National Laboratoryv

, together with tentative criteria for granite,

were discussed in Section 4.3.
For square grids, the Gross Thermal Loading can be stated in
terms of the canister spacing and dimensions, waste volumetric heat density, and repository areal extraction ratios, viz:
2
2
Gross Thermal Loading (GTL) - irR Lqe/(pb) (W/m )
where

e - areal extraction ratio
b » canister grid spacing (m)
p » canister grid pitch (m)
R - canister radius (m)
q - waste volumetric heat loading (W/m )
L * canister length (m)

This relation is displayed graphically in generalized form in
Figure 22 as a function of the ratio of canister spacing to canister
radius for several values of heat density times areal extraction ratio.
The specific values of the above variables utilized in evaluating the
technical feasibility of the "Baseline" design throughout this study
result in a Gross Thermal Loading of 32 W/m

as indicated in the figure.

Design options can be clearly seen in Figure 23 in which Gross
Thermal Loading is shown as a function of canister spacing for the range
of thermal power considerd, i.e. 250 W, 2000 W and 5000 W.

Plots are

given for square grid layouts where they fit within the room width of
6.3 m and also for single rows.

The curves for square grids requring

room widths larger than 6.3 m are shown dotted.

A lower limit or canister spacing of 1.5 m is shown because
of practical drilling problems.

For 250 W canisters this defines

point "1" with a Gross Thermal Loading of approximately 30 W/m . This

- 110 -

happens to almost coincide with the optimum value ci GTL * 32 W/m , arrived at by Cheverton and Turnerv

for the Lyons site in salt which is

shown approximately by point "2".
2
If 2000 W canisters are used, the maintenance of GTL • 32 W/m
would require either a single line at 3.0 pitch or a square grid at 4.5
m.

4.5

These values are shown by points "3" and "4".

ANALYSIS OF NOVEL EMPLACEMENT AND WASTE COOLING METHODS
As stated previously, emplacement of canisters containing

heat-generating radioactive waste in drill holes in a mine room floor is
not the only method available for the storage of radioactive waste
particular to the Canadian reactors and proposed recycling methods.
Several alternate methods of emplacement and waste cooling are presented
in this section in a qualitative fashion which merit some consideration.
Each of the several alternate methods of emplacement and :raste cooling
presented would require further analysis to determine both technical and
economic feasibility.

The "burial" of radioactive waste in mine room floors need not
necessarily be accomplished by utilizing holes drilled in the floor.
The economics of the hole drilling may indicate that "construction" of
holes may, in fact, be a more feasible avenue for waste storage.

In

this regard, the choice of backfill material dictates the site rock and
waste temperature histories. A coarse backfill would provide for higher
canister temperatures, the magnitude of which would have to be determined by sophisticated analysis.

Considering the drilling of holes in the room floor, economics
may indicate that the drill holes should be deep enough to contain more
than one canister.
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An alternative to some form of room floor burial of waste
packages is in the storage of the waste packages directly on the mine
floor.

The areas of concern which must be evaluated in this storage

concept include radiological hazards, the analysis of the thermomechanical response of the excavated room periphery and the waste package.

Cer-

tainly, in both the room-stored and the floor-stored concepts, the waste
packaging deserves extensive study.

Depending on the repository site

rock hydrology and the temperature history of the waste, nucleation and
subsequent extensive corrosion at the waste package periphery may occur.

Novel waste cooling methods are generally concerned with the
design of the mine ventilation.

In this regard, variations in the choice

of the repository layout and the number of storage horizons will allow
for the design of several ventilation schemes which may be advantageous
to particular emplacement techniques.

In particular, the emplacement of

heat pipe devices in the walls, roof and/or floor of the excavated room
with associated mine ventilation would result in lower site rock peripheral temperatures and perhaps less thermomechanical damage. Analysis
may indicate that small drill holes in the room floor left vacated will
provide sufficient "floor cooling" to minimize potential thermcmechanical
damage to the canister drill hole periphery.
A preliminary analysis of ventilation cooling of room-stored
waste is given in Appendix E.

It is shown that with modest ventilation

flow rates, the canister temperature rise can remain at about 20°C.
Estimates of the heating during loss of ventilation show that in the
early life of the waste, the temperature rise rates are not a problem
for normal maintenance.

However, permanent shutdown is certainly

serious in the early mine life.
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5. ROCK MECHANICS*

5.1

GENERAL

The basic rock mechanics problems inherent in the construction
of an underground radioactive waste repository, and any key issues which
may have an Impact upon the feasibility of the proposal, are considered
in this section. The broad questions considered as part of this assessment may be categorized as:
(a) Are the postulated repository excavations within the bounds of
precedent regarding their geometry and epth?
(b) On a more fundamental level, can the stresses developed around
the repository openings be adequately predicted?
(c) Can the "strength" of the rock mass around the openings be
adequately predicted and modelled?
(d) Can the "strength" of the rock mass be adequately related to
the stresses which are generated in order to permit confident
design of the facility and assurance of stability?
(e) For the baseline repository layout (Section 2, AECL-6188-1),
can any potentially critical rock mechanics questions be
Identified which could jeopardize the feasibility of the
concept?
(f) What other rock mechanics issues can be identified which,
although not obviously jeopardizing feasibility, should be
studied further to enable final design to be undertaken with
confidence?
The principal authors of this section are A. Hahtab and D.R. McCreath
of Acres Consulting Servides Limited, with review and consultation by
P.F. Gnirk and J.L. Ratigan of RE/SPEC Inc.
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5.2

PRECEDENT

The heart of the baseline repository layout outlined in AECL6188-1, Section 2, consists of a series of storage rooms of 6.3 m span,
lying in a parallel herringbone pattern and spaced at 15 m edge-to-edge
(Figure 24). The depth at which the openings would be constructed has
been assumed as 1000 m.
As a first level of assessment, openings of the suggested size,
spacing and depth may be related to precedent underground excavations.
It is important to note in this context that the rock mass within which
the repository would be housed would be carefully selected to provide
excellent conditions of stability and dryness—a benefit which is seldom
enjoyed by precedent mining or hydroelectric excavations.
Examples of successful precedent excavations can be found in
hydroelectric powerhouses, oil-storage caverns and mines. Cooke and
Strassburger
list more than 300 underground hydroelectric powerhouses which have been constructed successfully at depths from less
than 100 m to more than 1500 m in various types of rock. Benson (18)
gives a table of underground powerhouse excavations, including several
in granitic rock, which required little artificial support. In the
granitic rocks of Scandinavia, oil-storage caverns with spans of 20 to
25 m and heights of up to 35 m have been constructed at around the
100 m depth with little requirement of support
'. An 8 m diameter,
2400 m deep mine shaft was sunk successfully in the Sudbury district
of the Canadian Shield through 1300 m of norite and 1100 m of a mixture
of gabbro and granite' .
Clearly, from even a cursory review of precedent, it may be
stated that the suggested baseline repository is well within the bounds
of precedent with regard to the spans and spacings of the openings and
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with regard to the depth of excavation. In fact, given the added factor
of selection of the best possible geological regime to host the repository, the question of the feasibility of the postulated repository excavations may appear as almost trivial in looking at these excavations in
the context of precedent. There are, however, two general factors concerning the repository which are quite different from the other precedent
excavations :
(a) Due to the critical nature of the waste material which must be
handled and stored, the level of confidence which must be
achieved concerning the stability of the excavations is greater
than that required for the other types of excavation discussed,
i.e., the design must provide quantitative assurances that it is
fully adequate.
(b) The heat generating nature of the stored waste may significantly
affect both the stresses around the chambers and the strenth of
the host rock, and these effects must be adequately quantified
as they do not exist for the precedent excavations.
Because of these factors, it was concluded that, while a prefeasibility assessment based solely upon precedent provides a good general
indication that the proposed excavations would not present undue problems,
some more fundamental assessment should be undertaken.
For completeness, the following sections of this report contain
brief discussions of basic rock mechanics principles and summaries of
available analytical and design techniques. Preliminary analysis and
assessment of the baseline repository are then presented.
5.3

ANALYSIS OF STRESS
During excavation of a series of underground cavities, such as

a waste repository, a redistribution of the virgin ground stresses occurs.
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The magnitude of the redistributed stresses (stress concentrations) along
certain positions in the peripherey of the opening nay be several times
the magnitude of the in-situ (or initial) stresses. Determination of
the stress concentrations is a prerequisite of assessing the stability
and undertaking the design of the openings.
This section of the report will discuss the principal factors
affecting stress concentrations and outline the methods used for analysis
of stress around underground openings.
5.3.1

Factors Affecting Stress Concentrations
The principal factors affecting boundary stress concentrations

around repository excavations may be discussed in four convenient groups.
(a) Geometry
(b) In-Situ Stresses
(c) Material Properties
(d) Thermal and Other Loads
5.3.1.1

Geometry

The geometric characteristics of the openings are major factors
influencing boundary stresses. Figure 25 shows the influence of change
in shape of a single opening (from a circle to an ellipse, an oval, and
a square) on the boundary stress concentrations
. The in-situ stresses are noted as CL. in the vertical direction, and o~. in the horizontal
direction, with the applied stress ratio.

K - -^ - 1/3

°V

It should be noted that Figure 25 is included solely for the
prupose of demonstrating geometric effects, and that the applied stress
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ratio of K « 1/3 is also assumed for demonstration purposes only.

The

figure shows only the tangential stress concentrations (a /a» » tangential stress/applied vertical stress).

The stresses were computed using

a linear theory of elasticity solution for stresses around a hole in an
infinite medium with material properties being constant with respect to
direction, spatial location, and stress levels, and with plane strain
conditions being satisfied.

Note that the tangential boundary stresses

in the case of the circular opening are everywhere compressive, with the
maximum stress concentration occurring at the springline (Figure 25).
The other three shapes of opening show tensile stress concentrations
near the crown, and maximum compressive stress concentrations near the
springline, that are higher than the corresponding values for the circular
opening.

Stress concentrations may locally exceed the values shown for

actual underground openings due to local variations in geometry.
In the design of multiple repository openings, the average
stress concentrations in the pillars are important considerations.

As

shown in Figure 26, the average pillar stress approaches the maximum
pillar stress at extraction ratios greater than 0.8 (for the shape of
openings shown)

. However, the proposed design (Figure 24) of the

repository openings gives an extraction ratio of 0.3 which corresponds
to z.u average pillar stress that is about half the maximum pillar stress.

5.3.1.2

In-Situ Stress
The in-situ stresses in the rock mass prior to excavation,

sometimes referred to as the virgin rock stresses or initial stresses,
exercise a major influence on stress concentrations around openings.
Before analyzing their influence on stress redistribution, it would be
appropriate to briefly consider the nature of the in-situ stresses and
the difficulties in measuring or quantifying their magnitude and direction.
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It is generally assumed

that the vertical stress in virgin

rock at depth y is due to gravity and can be expressed as a

- py, where

p is the average density of the rock mass (compressive stresses are considered positive throughout this report).
The horizontal stresses within the rock mass may, however, result from several geostatic phenomena, including the lateral confinement
provided by the infinite rock mass (the Poisson effect), structural inhomogeneity of the region, tectonic history (uplift, folding, previous
surcharge loading, faulting, etc.) and "residual" anomalies (erosion,
metamorphism, thermal and moisture effects).

The horizontal stresses

are therefore less readily predictable, and are generally expressed as:

°H -K °v
where the value of K will be expected to vary from region to region.

It

is, however, generally assumed that the value of K will remain sensibly
constant over the (geologically) limited extent of any manmade excavations which are housed within a relatively uniform geological regime.
At or near the surface of the ground the value of K may become very
large due to high "locked-in" horizontal stresses. However, experience
has shown that the value of K commonly lies in the range of 0.6 to 2
for depths in the range of 150 to 1500 m.

Although the selection of a

specific value of K for the purposes of the. current study must clearly
be somewhat arbitrary, it is judged that the value of K • 1.5 is realistic, based upon limited precedent

'

.

The difficulty of measuring in-situ horizontal stress at
great depth has been discussed in Section 2.4.3.

In that section, it

was suggested that no reliable "down-the-hole" method of measuring horizontal stresses corresponding to K > 1 is currently available. Thus,
conceptual designs must necesarily be based upon an assumed range of
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K values, with final measurement of the actual value being made from
initial development openings such as the shafts and access drifts.
The influence of the in-situ stress ratio (K) on the stress
concentrations is well demonstrated by considering the example of an
elliptical opening

with an aspect ratio, a/b, of 1.5, where a and b

are the lengths of the major and minor axes of the opening.

The stress

ratio K significantly affects the location and magnitude of the maximum
tensile or compressive stress concentrations.

For K « 0.2, a tensile

stress of -0.5 ©„ occurs at the crown, while a compresaive stress of
3.8 a y occurs at the springline.

The corresponding stresses for K - 5

are 12.1 a v at the crown, and -0.2 a y at the epringline.

In the special

case of K - a/b " 1 . 5 , the tangential stresses around the boundary of
the elliptical opening are everywhere compressive and equal 1.67 a...
The example considered above points out the advantage of orienting the
longer cross-sectional dimension of an opening in the direction of the
higher in-situ stress, as this will decrease or eliminate the tensile
stress concentrations near the cavity boundary.

5.3.1.3

Material Properties

ITie theory of elasticity solutions for stresses around underground openings are valid in detail only when the material is homogeneous,
linearly elastic, and isotropic.

However, a rock mass seldom behaves in

detail as a linear elastic material.

The degree to which this departure

is significant depends, of course, upon the magnitude of the departure
and upon the accuracy of stress analysis which is required.

The elastic coefficients of the rock may depend on the level
of stress (mechanical nonlinearity). An example of the effect of mechanical nonlinearity of rock on the stresses around a cylindrical opening
(a vertical well bore) is shown by Hahtab and Goodman

.

The «tresses

at the bottom of a 1825 m well bore in schistose gneiss were examined
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for an in-situ stress ratio K • 1/3.

The most severe departures of

stresses from the linear case occurred at the bottom edge of the hole
and amounted to a deviation of about 18 percent.

In addition, the rock mass may exhibit anisotropic behavior,
depending on several features including foliation and jointing.
and Mahtab

Kendorski

showed that the Frecanbrian granite (quartz monzonite) of

the San Manuel Copper Mine in Arizona exhibited anisotropic behavior which
related to the structure of the rock mass.

Significant anisotropy in the

elastic moduli (Young's modulus and Poisson's ratio) and strenth (both
tensile and compressivc) were shown to be related to the directions of
the three principal, orthogonal joint sets.

The anisotropic properties

of rock are, however, difficult to measure, both in the laboratory and
in the field.

Some simplifications (reduction in the number of elastic

constants) are possible in the case of well defined orthogonal structural
features such as the jointing at San Manuel.

When a rock mass is permeated by a well defined system of discrete planes of weakness, such as joints and faults, stress concentrations around excavated openings may be strongly influenced by such
features.

The planes of weakness can withstand little or no tension,

and the modulus of deformation across them is reduced.

Both these

factors contribute to an inelastic distribution of stresses in discontinuous rock. Analyses of stress around cavities in discontinuous rock
may be performed using finite element methods, provided that the geometric and mechanical properties of the discontinuities can be quantified
with some degree of confidence. An example application of finite-element
(72)
method has been made by Mahtab and Dixon
to the problem of cavability
or collapse of jointed granitic rock mass.

It is shown that the tendency

of a rock mass to collapse above a rectangular slot increases in the
presence of two joint sets, one horizontal and one vertical, and in the
absence of high confinement, i.e., low K value.
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Thus, it may be concluded that analytical methods do exist
whereby the deviation of the rock mass behavior from linear elastic can
be reasonably quantified.

However, it is emphasized that for most:

problems dealing with relatively conventional, small-span openings within
a high modulus rock mass with widely spaced joints, the deviation from
linear elastic behavior will be restricted to very local effects and will
not significantly affect questions of overall stability or design.

For

local areas subjected to unusual conditions, such as the immediate vicinity
of the proposed canister emplacement holes, nonlinear analyses may eventually be required as part of final design.

5.3.1.4

Thermal and Other Loads

Stress concentrations around underground repository openings
will be influenced by loads imposed by other sources than the in-situ
stresses. The additional loads include thermal loads, water or vapor
pressures, and seismic loads.

The response of the repository to seismic

loads is discussed in Section 5.3.2.

The effects of thermally induced stresses will be important in
modifying the stress regime around the chamber and in affecting the
strength properties of the host rock.

Those due to thermoelastic re-

sponse are included in the preliminary assessment of the baseline repository design in Section 5.5.2.

Thermally induced fluid and vapor pres-

sures are not discussed further in this report but do require further
definition and study.

5.3.2

Seismic Response and Design Basis

The seismic design basis for the repository may be subdivided
into two major categories, loss-of-containment earthquake and operatingbasis earthquake.
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5.3.2.1

Loss-of-Containment Earthquake (LOCE)

Tie LOCE would be one which is postulated to be capable of
causing major faults in the host rock, creating major leakage paths. It
will be necessary to show that the probability of unacceptable conse-4
quences of such events is sufficiently low, say less than 10
during
the containment period of possibly 10 000 or more years.

The direct approach in which the seismologists attempt to demonstrate that the probability of occurrence is less than 10~ per year
is not possible since this would require extrapolation from a data base
of only three hundred years or so.

(A similar problem exists in nuclear

power plant design in which the probability of occurrence of a seismically initiated accident is less than 10~ per year during the lifetime
(73)
) . It is therefore necessary to develop an argument

of the plant

that shows that a single (seismic) event does not lead to unacceptable
consequences by both placing upper limits on maximum possible earthquakes and demonstrating substantial redundancy in the containment
system.

This should then be placed in an overall probalistic model of

the hydrogeological containment system.

This topic is further discussed in Section 3 - Hydrogeology
and Waste Containment - in which a possible format for such a probalistic
model is proposed.

5.3.2.2

Operating Basis Earthquake (QBE)

The OBE would be expected to be substantially smaller than the
LOCE and should be established on the basis that design for this level
of earthquake will prevent unacceptable loss of operating ability during
the construction, operation, retrievability, and monitoring phases.
This basis is primarily economic and logistical with safety consequences
for the operators only.
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The failure modes considered would Include collapse or structural damage to rooms, shafts, etc., or equipment failure.

For final

design it may be appropriate to adopt a similar level of risk of loss of
operation to that proposed for Canadian nuclear power plant design.
suggests a probability of OBE occurrence of 10
lifetime for a NPP.

This

per year for a 30-year

Consequently for a waste repository with a 100-year

operating and surveillance lifetime the OBE should have a probability
_2
of occurrence of 0.3 x 10

per year in order to maintain the same life-

time risk.
With regard to seismic response of underground structures,
some data on the response of tunnels has been collected by Duke and
(74)
Leeds

. The data presented suggest that earthquake shaking is un-

likely to cause significant damage to a well constructed tunnel or underground chamber, unless the excavation is transsected by the earthquake
generating fault or its subsidiaries.

This conclusion is further sup-

ported, although indirectly, by work conducted by the University of
Illinois

, on the response of underground openings to virbrations

induced by nuclear blasts.

This work indicated that as the rise time

of a stress wrve became greater than 1 to 2 times the transmission time
of the wave across a chamber, damage became insignificant.
For demonstration purposes, a seismic wave of relatively high
frequency, say 10 Hz, may be considered.

For a velocity in competent

granite of 6000 m/s, the length of the seismic wave would be in the order
of 600 m compared to a cavity span of about 6 m.

Thus, the differential

movement between two adjacent points in the rock will be negligible.

In

essence, the rock surrounding the chamber would respond in a quasistatic fashion, with the field stresses being cyclically modified about
their norm.

Note that the rise time of such a wave from zero to peak

amplitude (0.25 wave length) would be 25 ms, with the transmission time
across the 6 m span chamber being l m s , given a ratio of rise time to
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transmission time of 25 (compared to the "no damage" ratio 1 to 2 noted
previously).

Thus, it is concluded that the seismic loads around a

repository chamber may be neglected for pre-feasibility purposes.

5.3.3

Methods of Analysis and Significant Difficulties
It is not the intention of this report to review the state of

the art of stress analysis methods.

Briefly, however, there are three

principal methods of analyzing stresses around openings, based upon:
Classical theory of elasticity solutions
Physical models
Numerical methods.

The solution of problems involving complicated geometries, material lonlinearity, and geologic discontinuities is not possible through
classical theory of elasticity solutions.

Physical models are expensive

to prepare, their testing is cumbersome, and the results are hard to
interpret.

The numerical methods of structural analysis, including the

finite difference and the finite-element method are, however, well suited
to parametric analyses of problems involving rock.

The finite-element

method of analysis was chosen for this preliminary study.

The results

are reviewed in Section 5.5.2.

5.3.4

Summary

From the preceding discussions, the following points may be
summarized.
(a) Existing numerical methods may be used to determine parametric
variation of stresses around underground chambers with variation in major factors of cavity geometry, elastic material
properties, and in-situ stresses, and can be used to include
other forms of loading, such as thermal expansion stresses.
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(b) Real rock masses will deviate from linear elastic istotropic
behavior. Analytical tools are available to allow nonlinear,
anisotropic modelling and should be used to assess special
local regions in which the deviation from linear elastic behavior is judged to be significant. For the general region around
the repository, such deviation is not expected to significantly
affect feasibility.
(c) At a pre-feaslbility level, seismically induced stresses are
judged to be of minor concern for room design.
(d) Stress analyses for final design will require input data which
can only be adequately acquired once underground access is
available. However, the variation from preliminary to final
results is expected to be a second-order effect, as preliminary
input properties, such as in-situ stresses, may be adequately
judged from precedent.
(e) No major factor with regard to analysis of stress around underground openings has been identified which would seriously
jeopardize the overall concept of an underground radioactive
waste repository.
5.4

ASSESSMENT OF ROCK STRENGTH AMD FAILURE

5.4.1

Strength and Failure of Intact Rock

For "intact" rock, i.e., one which is not intersected by preexisting macroscopic failure planes, the "strength" of the material may
be considered using conventional strength of materials approaches.
Testing of core samples under uniaxial or triaxial states of stress may
be used to derive Mohr-Coulomb envelopes, which will indicate the maximum
stress conditions which the material will sustain prior to failure. In
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general, the modes of failure will depend upon the state of stress,
varying from lateral strain extension (splitting) failure under uniaxial
compression, to tensile fracture under uniaxial tension, and to shear
fracture under triaxial compression.

For the types of intact rock

considered, the uniaxial tensile and compressive strengths of the rock
material are likely to be in the order of 7 MPa and 200 MPa, respectively (Section 2). For shear failure under triaxial compression, the
maximum shear stress which the intact rock can sustain may be approximated by:

T

where

C

* Cr

+ a

N

tan

*r

« cohesion of intact rock

o.. » stress applied normal to potential failure plane
N
«ft * angle of internal friction
The constants C

and <f> may be derived from standard laboratory

testing of the actual intact rock surrounding the repository, with samples
obtained during exploratory drilling.

Due to the special heat-generating

nature of the storage, additional laboratory testing under elevated temperature will be required.

Naturally, any repository design must be such as to ensure that
no significant failure of the intact rock can occur.

In reality, however,

the failure of intact rock will generally be of secondary concern as
potential failures are normally more likely to occur in association with
pre-existing discontinuities in the rock mass such as joints, shears or
faults (discussed in Section 5.4.2).

One important exception to this

general prediction is the so-called "rock-burst" failure.

Rock-burst phenomena have been widely experienced in mines at
considerable depths within brittle rocks, notably the gold mines of South
Africa.

Although not precisely understood, the mechanism of failure is
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associated with extremely rapid release of strain energy upon removal of
one confining stress, i.e., removal of rock from a tunnel causing the
removal of the previously existing confining stress from the periphery
of the tunnel.

It is recommended that previous experience of rock-burst

phenomena be intensively reviewed to determine the conditions of level
of stress and material properties under which such phenomena should be
anticipated.

Of particular interest for the repository design will be

the degree to which thermally induced stresses near the cavity boundaries
may be expected to trigger such phenomena.

5.4.2

Behavior of Jointed Rock

Reference to the influence of geologic discontinuities (joints,
faults, shear zones) on the stability of, and stress concentrations
around, underground opening» has been made in Sections 2 and Section
5.3.1, respectively.

Observations made in some moderately deep mines (400 - 600 m)
in a granitic rock mass show the occurrence of a well-defined system of
(72)
joints (Mahtab and Dixon)
. These joints persist to a depth of
2500 m in the ban Manuel Copper Mine, Arizona.

As mentioned in Section

2, systematic jointing may be expected to persist to a depth of 1000 m
in plutons although the average joint spacing at this depth may be of the
order of several metres.

For the purpose of this report, all planar geologic discontinuities may be classified as joints.

Althouth it is generally recog-

nized that the joints permeating a rock mass are the principal source
of weakness in the rock, there are instances where, because of the
tight bonding of a weather-resistant infilling material to the walls of
the joint, the rock suffers little or no loss in strength.
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Under a given set of boundary conditions, the influence of
joints on the stability of an underground excavation will relate to both
their geometry and their strength.

The influence of a systematic joint

system having one vertical and one horizontal set, on the stability of a
hypothetical opening is illustrated in Figure 27 which is adapted from
Goodman et al

.

For the purpose of this report, it is assumed that joints offer
no resistance to tensile forces across them, but do offer resitance to
shear forces along their mean plane.

The shear strength of fractures can

be obtained by testing fracture specimens in a direct shear machine, and
the results of these tests can be plotted in the manner of Figure 28.
The simplified bilinear strength envelope of Figure 28 derives from the
experiments reported by Fatton

At low normal stresses o.,, the shear strength (T) of a rough
fracture (with its asperities inclined at angle i to the mean joint
plane) is given by

T = a^ tan (<t>.+i)
However, in the range of high normal stresses where most of
the asperities have been sheared off, the residual strength of the joint
is given by

T

= C

+

CTN

tan <f.

Note that this equation again represents the Mohr-Coulomb
strength envelope but with the cohesion, C., and angle of friction, <(>.,
now associated with the joint rather than the intact material.

Alternatives to this equation for representing shear strength
of joints have been proposed by other researchers (for a discussion of
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these alternatives, see Goodman*

, Chapter 5). However, for the pur-

pose of this report, it may be accepted as a good representation of the
behavior of a joint in shear.

The main difficulty, of course, lies in the measurement of the
angle of friction and of the cohesion of the joints.

Results of labora-

tory tests on jointed specimens become unreliable when the condition of
the sample joint has been altered in the process of sampling.

Apparatus

for testing the strength of joints in-situ In small boreholes is still in
the primitive stage of development and its application is limited to soft
rocks.

Indirect measurement (or derivation) of joint shear strength,

through borehole jacking or deformation tests, is also at a very rudimentary stage of development.

The only technically viable test, the

large scale in-situ shear test, is expensive and can only be undertaken
once physical access to the site is available.

It was pointed out in Section 2, that precedent data are useful
in assigning values of joint strength for the purpose of preliminary
design.

Further, empirical relationships of the form

•j *

A log

10 ^

+

*o

can be used to estimate the strength of $. from joints in hard rocks,
where A is a joint roughness number ranging from 0 to 20, o_ is the unconfined (uniaxial) compressive strength of the host rock, a., is the stress
normal to the joint, and $

is the Minimum residual strength (angle of

friction) of the joint.
Note that this equation is a generalized form of the empirical
relationship of Barton

given in Section 2.

There are some additional

factors affecting strengths of rock joints which may further complicate
its form.

These factors include the thickness and shear strength of the

joint material, moisture and temperature conditions, and the degree of
weathering of the walls of the joint.
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5.A.3

Summary
(a) For intact rock, the strength of the rock (failure criteria)
may be adequately defined through testing of core samples using
a Mohr-Coulomb type of data representation.
(b) The only form of intact rock failure which may be of real significance to the repository design is that of "rock bursts",
and this area should receive intensive review.
(c) Laboratory testing under elevated temperature conditions will
be required to simulate the repository conditions, and work
should commence to review the state of the art in this area
although it is not judged to be a major problem.
(d) To characterize the strength (failure criteria) of a jointed
rock mass, a "no-tension" approach coupled with existing shear
strength equations may be used for preliminary design.

Final

design will require in-situ shear tests if preliminary parametric studies show that detailed input is important.
5.5

PRELIMINARY ASSESSMENT OF BASELINE REPOSITORY DESIGN

5.5.1

Finite-Element Modelling

A preliminary finite-element analysis of a typical repository
room has been undertaken, based upon the layout suggested in AECL-6188-1,
Section 2. Various in-situ stress states and temperatures were considered.
The intention of this analysis has been to overview the gross feasibility
of the baseline repository design in terms of the stresses generated
around a typical storage room in relation to the (approximate) strength
(failure) characteristics anticipated for the host rock. No attempt has
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been made to optimize the room geometry, nor has the variation of the
results been reviewed in terms of varying input parameters such as insitu stress or material properties. While it is recognized that this
analysis represents a much simpler approach than would be used during
final design, it is considered that the results are meaningful in the
context of "pre-feasibility".

For the purpose of the analysis, based upon previous sections
and upon previous discussions in this section, boundary conditions as
shown in Figure 29 were selected.

The shape and size of the room as

suggested in AECL-6188-1, Section 2 (also shown in Figure 24 of this
report) were selected for the analysis.

Plane strain conditions were

assumed and only the cross-section of the room is modelled for the
analysis.

The top and bottom boundaries of the model are placed at a

distance of 4 h from the boundary of the room whose height, h, is
4.88 m.

Because of symmetry,.the left vertical boundary of the model

is made to bisect the room, whereas the right boundary bisects the
pillar between the room being considered and the adjacent room to its
right.

Based on the geotechnical assessment (Section 2), the following
physical properties for the rock at the proposed repository site were
chosen to represent averages between a granite and a gabbro.

Young's modulus

E:

41.37 GPa

Poisson's ratio

v:

0.2

Density

p:
k:

2.8 Mg/m3

V
a:

0.837 kJ/kg.°C

v

25.14 MPa

Thermal conductivity
Specific heat
Coefficient of thermal
expansion
Vertical in-situ stress
at 915 m

2 W/m. °C
7.2 x 10"6/°C
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The finite element mesh used for discretizing the model may
be seen in Figures 30 to 37 for the immediate neighborhood of the repository room.

The analyses of the problem were performed on the CDC-6600

computer at AECL, CRNL using the MARC-HEAT and MARC-CDC program packages.
Runs were subsequently made using the Acres program FINI 500.
5.5.2

Discussion of Results

A total of six different analyses of the problem were selected
for this phase of the study by varying the ratio of in-situ stresses K
(0.25 or 1.5) and the time lapse since storage of radioactive waste
(0, 1 and 30 years).

It was judged that K • 1.5 would be a more realis-

tic value for <?H/ov in the proposed repository site. Therefore, the
results corresponding to K » 0.25 are not discussed in this report.
5.5.2.1

Results Before Emplacement

Initial stress analyses were conducted neglecting any temperature effects, i.e. temperature « ambient, and these results are shown in
Figures 30 and 31 for a K value of 1.5 and the the major (cO and minor
(a,) principal stresses respectively.

Thus, the results indicate the

static stress distribution after completion of the cavity excavation but
prior to emplacement of any wastes. Note that the boundary displacements
corresponding to a» « 1.5 a

were applied along the plane of symmetry

through the pillar between two adjacent rooms (see Figure 29) to ensure
that the boundary remained planar after excavation of the room.

From these contours of major and minor principal stresses
(compression positive) several points may be noted.

The maximum com-

pressive stresses tangential to the boundary of the room occur at the
square corner at the bottom of the room (Figure 30). The extreme value
of approximately 100 MPa quickly levels off to 58.6 MPa within a radius
of h/8 (where h is the height of the opening).

Another high value of

- 132 -

a. occurs near the abutment of the elliptical arch in the roof, where
the stresses again level off to 55.2 within a radius of about h/8. Note
also that a. reduces to the level of the horizontal in-situ stress
(38 MPa) within a radius of 1.5 h.
The plot of the minor principal stress, a, (Figure 31), shows
that tension occurs in two elements along the boundary of the room, about
-138 kPa near the bottom corner and about -35 kPa near the middle of the
wall.

Generally, the minor principal stress increases from zero at the

boundary of the opening to the level of the applied <?„ (about 25 MPa)
within a radius of h.
For this case, it is clear that the intact rock strength would
not be exceeded at any point in the rock mass around the cavity.

As

noted in Section 5.3, uniaxial tensile and compressive strengths of about
7 MPa and 200 MPa, respectively, could be anticipated for the host rock.
The stress analysis shows that, under the uniaxial conditions at the
cavity boundary, the maximum imposed compressive stress reaches only half
of the probable compressive strength at a local spot, and reduces very
rapidly away from the cavity boundary while the confining stresses in
the rock increase in moving further away from the cavity.
stresses are essentially nil.

Tensile

The factor of safety against failure in

compression (and tension) is at least two at the periphery of the cavity
and improves rapidly in moving further away from the cavity.

Analyses of the effects of the calculated stress distribution
in terms of the shear resistance of pre-existing geologic discontinuities have not been explicitly undertaken, as this would require a costly
iterative process.

Our judgement is that the modelling of a discontin-

uous rock mass (with joint sets) with realistic input concerning shear
resistance of the joints (Section 5.4) would not identify any major probblem areas of stability.

Nevertheless, such modelling should be under-

taken as part of the preliminary design stages.
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5.5.2.2

Results After One Year From Emplacement
Assuming that all waste canisters were emplaced slmulataneously,

the temperature distribution In the rock after one year is shown in
Figure 32. A maximum temperature rise of approximately 80°C may be seen
at a depth of about h/2 below the room floor.

The temperature rise decreases to less than 14°C around the
upper (crown) portion of the room.

As noted in Section 2, no substantial

variation in the mechanical properties of the host rock are anticipated
at temperature increases in the order of 90°C.

The temperature field

shown in Figure 32 results in a modification to the "ambient" stresses
shown in Figures 30 and 31. Tot^l resultant principal stresses, o, and
a,, are shown in Figures 33 and 34, respectively.

The effect of the rise in temperature has been to generally
increase the magnitude of the major principal stress around the lower
portion of the chamber.

For instance, the maximum value of a, rises to

about 135 MPa at the bottom corner of the room.

The values of a.

reduce to the level of the horizontal ln-situ stress within a radius of
about 2 h (as compared to a radius of 1.5 h for the pre-emplacement
case).

One effect of the rise in temperature after one year of emplacement is the virtual elemination of the tensile minor principal
stresses from the boundary of the room (Figures 34 and 31) although the
overall effect of the temperature rise on the distribution of the minor
principal stress is generally minor.

5.5.2.3

Results After 30 Years From Emplacement

The temperature distribution in the rock after 30 years from
emplacement is shown in Figure 35. A maximum temperature rise of
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approximately 160°C occurs at a depth of about h/2 below the center of
the room floor.

A comparison of the temperature distributions at one

and 30 years after emplacement (Figures 32 and 35) shows that the temperature gradients after 30 years are smaller and that the temperature
rise occurs around the entire section of the room, whereas only the lower
half of the room experienced a temperature rise after, one year.

The effect of the 30-year temperature distribution has been to
generally increase the level of the major principal stress (Figure 36)
around the room.

The effect of the temperature rise on the minor princi-

pal stress (Figure 37) is not significant, although tensile stresses are
now absent from the rock.

The maximum compressive stress (cr., Figure 36)

again occurs at the bottom corner of the room (225 MPa in the most
stressed corner element) where the average stress level has risen by 100
percent as compared to the pre-emplacement stage.

The major principal

stress is also more uniformly distributed around the periphery of the
room as well as deeper into the surrounding rock, the value of G, now
reducing to the level of the horizontal in-situ stress within a radius
of more than 2 h (compare Figures 33 and 36).

When comparing the stress levels after 30 years (Figure 36)
with the uniaxial compressive strength of rock, it follows that the rock
mass in the immediate neighborhood of the bottom right corner of the
room will fail. However, it is noted that the situation in practice
will not be as critical for the corner elements as shown in Figure 36,
because the excavated corner will not be geometrically acute, the rock
mass around the corner will fracture to some extent during excavation
and the stress contours will be spread further into the rock, and the
rock elements even at short distances away from the periphery of the
room will be under a triaxial state of stress (thus leing able to carry
loads in excess of the uniaxial strength value).
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It should be pointed out that the stresses presented here for
various stages of the emplaced waste were based on a one-step linear,
thermoelastic solution of the problem of a repository opening in an
unjointed rock. The stresses obtained are critical only at the acute
corner of the repository.

Some slabbing of the rock around the corner

may be expected on the basis of these results. However, iterative solutions incorporating failure criteria, material property changes, and
stress transfer option should be performed to obtain a more realistic
distribution of stress in the critical areas.

It should be noted that the rise in rock temperature may have
significance with regard to fluid pressures within the rock.

From the

analysis of long-term temperature rise (Figure 35), it is seen that temperatures substantially in excess of the boiling point of water are
locally achieved.

In this case, it may be possible to develop signifi-

cant vapor pressures within the joints of the rock, affecting the shear
strength properties of the mass material.

As this effect is most likely

to occur within the floor rock, it is unlikely to affect the overall
stability of the chamber.

However, this question may be of some signi-

ficance to eventual closure or pinching of the emplacement holes, and
should be included in the detailed non-linear anisotropic analysis of
the local region around an emplacement hole suggested in Section 5.3.

5.5.3

Summary
From the preliminary "pre-feasibility" level analysis of a

typical repository room, the following points may be summarized.
(a) Stress levels after excavation will be substantially less
everywhere than the strength of the intact rock.

At the

most critially stressed points on the periphery of the cavity,
a factor of safety of at least two will be available.
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(b) After one year of waste emplacement, increases in rock stress
will occur but will have only a modest effect on the stresses
at the critical surface, i.e. the periphery of the chamber.
(c) After 30 years of waste emplacement, significant increases in
stress will occur around the acute bottom corner of the repository opening. On the basis of the results presented here, some
slabbing of the rock around the corner may be expected. Iterative solutions using failure criteria, material property changes,
and stress transfer option should be performed to obtain a more
realistic distribution of stress in the critical areas.
(d) It is recommended that analysis of a discontinuous rock mass be
undertaken to relate the imposed stresses to the postulated
joint shear resistance. However, it is judged that such analysis
will not delineate any areas of significant stability concern.
(e) In conjunction with detailed analysis of the rock immediately
adjacent to emplacement holes, using non-linear anisotropic
models, consideration of the temperature effects upon the joint
fluid pressure should be included.
(f) Further finite element analyses should be made for long-term
thermal conditions.
(g) The thermal analyses were made for four rows of 250 W canisters
at 1.5 m centers. The use of 2500 W canisters at the same
Gross Thermal Loading is not expected to cause significantly
different stress as far as room stability is concerned. However, local stress around the emplacement hole may be significant. Further detailed studies will be required.
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5.6

ROCK MECHANICS DESIGN FRAMEWORK
The following is an outline of the objectives for the rock

mechanics studies required for development of the radioactive waste disposal scheme.

(Criteria for the factors are discussed elsewhere).

Time

Phase and Activities

- 10 •+ 0

Field and Laboratory Studies:

(1976 - 1985)

Obtain material properties for input to analysis and
design of the repository openings. Material properties
will include mechanical, thermal, and geochemical characteristics of the host rock mass.

Particular eiaphasis will be

placed on defining the influence of geologic discontinuities
and defects on the behavior of the rock mass under the
given loads (geostatic, thermal, and hydraulic).

Make ana-

lytical predictions and prepare preliminary design of the
repository system.
- 8 •*• 0

In-Situ Experiments:

(1978 - 1985) Demonstrate validity of analytical prediction techniques
for thermoelastic response of mined cavities in jointed
rock mass.

Investigate local failure of rock, such as

spalling, and recommend rock support or stabilizing requirements and procedures.

- 5 •»• 0

Construction Phase:

(1981 - 1985) Make in-situ stress measurements, identify and quantify
geologic defects, and develop criteria for strength
(failure) of rock mass under the combined influence of
geostatic, seismic, and other loads. Modify design of
repository system to suit the situation.

Devise and in-

stall instrumentation for monitoring behavior of rock mass.
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Time

Phase and Activities

(cont'd)

0-10

Test Facility Operation - Emplacement:

(1986 - 1995) Install instrumentation for monitoring deformations,
stresses, temperature, and fluid flow. Verify the results
of the thermoelastic analysis during and after emplacement
of waste.
15 - 75

Operation» Emplacement, Sealing and Decommissioning Phases:

(20C0 - 2075) Selective monitoring for confirmation of performance of
design.
0 - 115

Retrievability Required:

(1986 - 2100) Surveillance and monitoring of thermoelastic and fluid flow
characteristics of rock mass.
115 •*• »

Post-Decommission and Sealing Phase:

(2100 +)

Possible far-fiald monitoring of rock mechanics behavior.
Near-field criteria monitoring probably not required.

5.7

SUMMARY AMD RECOMMENDATIONS

The problem of designing a stable repository room at a depth of
1000 m in a granitic rock essentially consists of determining stresses
around the room, assessing strength of the rock, and defining critically
stressed regions that require support. A two-dimensional finite-element
(plane strain) analysis of a typical room (using the geometry suggested
in AECL-6188-1, Section 2) was performed for selected values of in-situ
stress and material properties as suggested in Section 2. At least until
one year after emplacement of waste, the stresses around the room in this
analysis of the problem do not exceed the strength of the rock and at the
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most critically stressed points on the periphery of the cavity, a factor
of safety of at least two is available.

The stresses obtained after 30

years of emplacement are critical only at the acute corner at the bottom
of the repository.

Additional iterative solutions are necessary to

define a more realistic distribution of stress in the critical areas.

The various factors affecting stability of the repository rooms
are listed below along with an interpretation of their importance and
criteria for their evaluation in the framework of rock mechanics design.
Factors Affecting Stability
Geometric Factors

Interpretation and Evaluation
Optimize geometry by performing parametric finite-element analysis

Shape, dimensions, and

Recognizing constraints of functional

spacings of typical rooms

layout

Geologic Factors

Perform laboratory and field studies

Rock types

prior to final design.

Jointed rock systems

joint systems for input to analysis

Shear zones, faults

and design

Mechanical Factors

Quantify

Make field and laboratory tests before

In-situ stress

and during the heater experiment.

Strength of rock

Quantify mechanical parameters and

Strength of discontinuities

perform finite element analyses.

Anisotropy and non-linearity

Delineate critically stressed regions

of rock mass
Thermal, seismic and other loads
Creep, spelling, and rock bursts

and suggest stabilizing/support measures. Monitor behavior of room(s)
during heater experiment and trial
phase. Modify design if significant
deviations occur from predicted behavior.
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The pre-feaslblllty level analysis of a typical repository room
reported here did not Include the mechanical non-linearity, discontinuous
nature, and long-term thermal behavior of the rock mass.

It is recommended that analysis of a discontinuous rock mass be
undertaken to relate the imposed stresses to the postulated joint shear
resistance.

To characterize the strength (failure criteria) of a jointed
rock mass, a "no-tension" approach coupled with existing shear strength
equations may be used for preliminary design.

Final design will require

in-situ shear tests if preliminary parametric studies show that detailed
input is important.

The only form of intact rock failure which may be of real significance to the repository design is that of "rock bursts", and this
area should receive intensive review.

Non-linear, anisotropic models of the rock mass in the neighborhood of the emplacement holes, especially around the bottom corner of
the repository, should be used for more accurately predicting the behavior
of the rock in these critical regions.

Laboratory testing under elevated temperature conditions will
be required to simulate the repository conditions, and work should commence to review the state of the art in this area although it is not
judged to be a major problem.

Further iterative, non-linear finite element analysis should be
made for long-term thermal conditions.

In addition, consideration of

temperature effects upon the water or vapor pressure in rock joints should
be included.
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TABLE 1
UNCONFINED COMPRESSIVE STRENGTHS
Rock Types

Range In Values
(MPa)

Reference

Granite

159 - 290
55 - 241
(mostly 110-207)
41 - 290
(mostly 138-241)

(1) Chapter 1

(3)

48 - 324
(mostly 48-117)

(4)

Gabbro

276

(5)

Diabase

172
138
310
207
103

-

345
345
345
352
324

(2)

(1)
(2)
(3)
(4)
(5)

TABLE 2
TENSILE STRENGTH
Range in Values
(MPa)

Reference

Granite

3.4 - 6.9
2.8 - 6.9
7.0 - 17.0

(2)
(3)
(5)

Diabase

24.0 - 48.0

(5)

Rock Type
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TABLE 3
YOUNG'S MODULUS OF ELASTICITY
Range in Values (GPa)

Slock Type
Granite

Gabbro

Reference

14 - 83
(mostly 34-69)
14 - 54

(2)

14 - 55
77

(3)
(6)

85

(1)
(4)
(7)

(1)

47 - 58
75 - 122
Diabase

Basalt

69 - 103
48 - 68

(4)

100

(6)

(1)

TABLE 4
VARIATION OF YOUNG'S MODULUS OF ELASTICITY WITH TEMPERATURE
Temperature (°C)

24

121

260

371

482

538

77.2

67.6

39.3

23.4

15.9

11.0

100

88

50

30

18

14

100.7

98.6

95.1

87.6

83.4

80.0

100

98

95

87

83

79

Charcoal Granite <6)
Modulus of elasticity (GPa)
lodulus as percent
initial value
Dresser Basalt"'
Modulus of elasticity (GPa)
todulus as percent
initial value

- 150 -

TABLE 5
POISSON'S RATIO
Range in Values

Rock Type

-

Reference

Granite

0.02
0.11
0.09
0.19

0.31
0.24
0.39
0.23

(2)
(3)
(4)
(6)

Gabbro

0.16 - 0.20

(4)

Diabase

0.17 - 0.38

(4)

Basalt

0.22

(4)
(6)

0.23 - 0.24

TABLE 6
VARIATIONS OF POISSON'S RATIO WITH TEMPERATURE
Temperature (°C)
Charcoal G r a n i t e ^

Dresser Basait "'

24

121

260

371

0.2

0.15

0.03

-O^

0.24

0.24

0.22

0.19

482

538

-0.06 -0.10

0.18

0.16
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DENSITY
lock Type
Sranite

Range in Values
(Ite/«3)
2.60
2.54
2.56
2.52

-

2.80
2.64
2.75
2.81

Reference
*(2)
*(3)
(4)
(11)

Charcoal granite
(granodiorite)

2.72

Sabbro

2.81 - 2.93

*(3)

2.85 - 3.12

(11)

2.79 - 3.06

(4)

2.80 - 3,11

(ID

2.70 - 3.01
2,97

*(3)
(12)

Diabase

Basalt

(12)

Specific gravity quoted, not density
TABLE 8
THERMAL CONDUCTIVITY
Sock Type
Quartz
Granite

Range in Values
(W/m.°C)
7.7

Reference
(24)

2.6 - 3.8
3.2 - 4.0
2.5 - 6.3
3.3-4.2 (mostly)

(11)
(25)
(26)

1.6 - 4.0
2.1-3.3 (mostly)

(27)

Gabbro

2.Ù - 3.0
2.0-2.3 (mostly)

(27)

Diabase

2.1 - 2.3

(27)

Anorthosite

1.7 - 2.0

(27)
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TABLE 9
SPECIFIC HEAT CAPACITY
Rock Type

Range of Values
(j/kg.°C)

Granite

880
670 - 800

(12) at 100°C
(27) at 0°C

Granodiorite

710

(27) at

0*C

Gabb/.o

710

(27) at

0°C

710

(27) at

0°C

880

(12) at 100°C

Diabase

**

Basalt

Reference

TABLE 10
VARIATION IN SPECIFIC HEAT CAPACITY WITH TEMPERATURE (J/Kg-°C)
Rock Type
0

Temperature (°C)
100 200 300 400
921

Reference
500

Granite

879
670

Granodiorite

712

963

1089

(27)

Gabbro

712

1005

1089

(27)

Diabase

712

879

963

(27)

Basalt

921

963

1005 1047 1089 1172
963
1089

1005 1047 1130 1172

(12)*
(27)

(12)*

Data at 0°C are extrapolated from results at higher temperatures.
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TABLE 11
THERMAL DIFFUSIVITY
Rock Type

Range in Values
(nm2/s)

Reference

Granite

0.84 - 1.35

(See 2.2.3.3)

Granodiorite

0.86 - 1.10

(28) 110-25°C

Gabbro

0.63 - 0.94
0.81 - 0.92

(See 2.2.3.3)
(28) 110-25°C

TABLE 12
LINEAR THERMAL EXPANSION COEFFICIENT
Reference

Rock Type

Range in Values
(iim/m-°C)

Granite

8 ± 3

(11)

6.4 - 11.2
3.4 - 11.9
(average 7.7)

(8)*
(29)

Gabbro

5.4 ± 1
8.5
3.6 - 9.0
(average 5.6)

(11)
(8)*
(29)

Diabase

5.9 - 6.5

(8)*

Values obtained by dividing quoted volumetric thermal expansion
coefficients by 3.

TABLE 13
REQUIRED INTACT ROCK AND ROCK MASS PROPERTIES WITH APPROPRIATE INVESTIGATION TECHNIQUES

Important Intact Rock and
Rock Mass Properties
Required

Appropriate Direct
Investigation
Techniques

Appropriate Geophysical
Investigation
Techniques

Lithology, Stratigraphy

Core recovery and Inspection.
Borehole caaera or television.

Numerous, Including spontaneous or i
natural potential, resistivity,
I
caliper log, sonic velocity.
)
Nuclear probe, i.e. natural gaaaa,
neutron-neutron, neutron-gamma,
gammi-gaau.

Comments
(A) Good data obtainable
(B) Some uncertainties but no
major adverse Implications

- Open borehole.
- Open or cased borehole
- Core inspection more reliable. (A)

Fissure, joint and bedding
plane frequency (RQD)

Core recovery and inspection.
Borehole caaera or television.

Resistivity, caliper log, sonic
velocity, seisviewer.

Fissure, joint and bedding
plane orientations

Borehole caaera or television.
Oriented core (Corex).

Caliper log.

Fissure, joint and bedding
plane roughness and undulation

Cor' recovery and inspection

None applicable.

Good assumption can be made in
competent rock.

Fissure, joint and bedding
plane filling and condition

Hineralogical and pétrographie
examination (indirect)

Natural gaoua (clay or shale
content of adjacent rock).

Caution should be used in design
if high clay content identified. (B)

Fissure widths

Borehole camera or television.
Core recovery and inspection.

Caliper log
Seisviewer.

Fine fissures - core, integral
sampling, seisviewer, caliper.
Wide fissures - all methods
except core.

Direct methods and seisviewer most
useful. Seisviewer can be used In
mud-filled hole.
(A)

(A)

(B)

(A)

Location and extent of weak
zones

Core recovery and inspection.
Borehole camera or television.

Numerous, as llthology and
stratigraphy, plus seisviewer.

Mineral content of weak zones

Hineralogical and pétrographie
examination of core.
Borehole camera or television.

Natural garaa (clay or shale
content).

Hay be some difficulty in recovering V. weak material due to
effects of drilling wash.
(A)

Mass Peraeability

Packer tests, drill stem tests,
borehole camera or television
(highly permeable zones).

As for fissure widths and
frequencies

Packer and drill stem tests best
direct methods. Other methods
should Indicate presence of very
permeable zones.
(B)

(A)

TABLE 13 (CONT'D)
REQUIRED IMTACT ROCK AND BOCK MASS PROPERTIES WITH APPROPRIATE INVESTIGATION TECHNIQUES - 2

Important Intact: Rock and
Rock Mass Properties
Required

Appropriate Direct
Investigation
Techniques

Appropriate Geophysical
Investigation
Techniques

Porosity and bulk density

Core recovery and testing

Spontaneous or natural potential.
Neutron-neutron, neutron-gamna,
gamma-gamma and seismic velocity.

Vater levels (pressures)

Piezometers.

Spontaneous potential, resistivity,
neutron-gamma, gamma-gamma.

Comments
(A) Good data obtainable
(B) Some Uncertainties but no
major adverse implications

(A)
(A)

ln-situ state of stress

Hydraulic fracturing.

None applicable.

Other methods available but not
for use at great depth. Hydrofract. of limited use if oH>ov. (B)

Dnconfined coapresslve and
tensile strength of intact
rock

Core recovery and testing.

None applicable.

Standard lab tests, no problems
foreseen.

Uneralogical composition
of rock

Hineralogical and pétrographie
examination of core.

Some available, but redundant if
core is recovered.

Groundwater chemistry

Mechanical baler with opening
and closing hatch at depth.

Calibrated fluid resistivity.
Neutron chloride logging.
- Measure ion concentration
and salinity.

Baler may need some minor
development.

(A)

Core.

Sonic velocity.

Modulus determinations not of
najor significance, but useful.

(B)

Modulus of elasticity of
intact rock or rock mass
Rock temperature

None.

Temperature probe.

Source and movement of
groundwater in hole

None.

Flovaeter (could be considered as
direct technique, but performed by
geophysical exploration company).

Borehole directional survey

Dipmeter.
Multi-shot photographic directional inclinometer.

See comments.

Lithological and stratigraphie
correlations between drill holes.

Various geophysical techniques at
ground surface. Lithological and
stratigraphie correlations between

Overall geologic structure

(A)

(A)

(A)

(B)
Hole direction can be surveyed
during drilling and/or with
geophysical logging.

(A)

TABLE 1 4
(A) DIRECT INVESTIGATION TECHNIQUES
Complete Hole (CH) or Repository
Level only (RL)

Technique
Core inspection

CH
CH

Camera or television

CH but more intensive at RL

Mineralogical and pétrographie
examination

CH but more intensive at RL

Packer tests

CH but more intensive at RL

Drill-stem test

CH but more intensive at RL

Hydraulic fracturing

RL, occasionally in CH

Mechanical baler (water samples)

CH at regular intervals

Piezometers

RL possibly

Multi-shot photographic
directional inclinometer

CH at regular intervals

Diamond drilled core recovery

(B) GEOPHYSICAL INVESTIGATION TECHNIQUES
May be run together in compatible groups. All used throughout complete
hole.
Resistivity
Caliper log
Sonic velocity

)
)
)

Seisviewer

)

Spontaneous (or natural) potential

)
)

Saturai Gamma
Neutron-Neutron
Neutron-Gamma
Gamma—Gamma

)
)
)
)

Fluid resistivity

)

Temperature

)
)

Flowmeter

"Down the hole"
investigations

Various techniques performed at ground surface to deduce overall
geologic structure.
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TABLE 15
VARIATION OF JOINT WIDTH, POROSITY AND FLOW VELOCITY WITH
ASSUMED JOINT SPACING, TOR FIXED VALUES OF PERMEABILITY
AND HYDRAULIC GRADIENT

0.1

Permeability, K (nm/s)
Hydraulic gradient, i

10- 4

1

10
11

Joint width, b (um)

5

3
7

Porosity, r\

io- 5

0.5 x 10" 5

0.2 x 10" 5

Flow velocity, v (nm/s)

1

2

5

0.03

0.06

0.16

Toint spacing, s (m)

(m/a)
Volumetric flow rates, Q (m /a)

0.004

TABLE 16
VARIATION OF JOINT WIDTH, POROSITY AND FLOW VELOCITY WITH
ASSUMED PERMEABILITIES, FOR FIXED VALUES OF JOINT SPACING
AND HYDRAULIC GRADIENT

Joint spacing, s (m)
Hydraulic gradient, i

3 .
10 4

Joint with, b (um)

1
15

Porosity, n

io- 5

0.5 x 10"

Flow velocity, v (nm/s)

10

2

0.5

0.3

0.06

0.015

0.04

0.004

0.0004

Permeability, K (nm)

(m/a)
Volumetric flow rate, Q (m /a)

Based on flow channel 4 km wide x 3 m deep

0.1
7

0.01

3
5

0.2 x 10~ 5

TABLE 17
SUMMARY OS HYDROGEOLOGICAL PHASES
Phase

Age
(a)

Flow Processes

Quantitative Analysis
and Modelling Required

Excavation,
Emplacement and
Surveillance

0 - 120

Inflow to mine. Possible
groundwater level drawdown

1. Transient inflow leading
to steady-state conditions.

2

Readjustment

120 1000 ?

3

Long-term
quasi-equilibrium

10310 6 -

1

2. Steady-state inflow.

?

Inflow to and filling of
mine. Reestablishment of
original groundwater conditions

1. Extension of inflow modelling to estimate recharge
duration.

Radionuclide contaminant
transport by groundwater
flow, convective mixing
and molecular diffusion.
Sorption of the contaminant in the jointed rock
medium, e.g. ion-exchange

1. Steady-state groundwater flow
in jointed rock.
2. Contaminant dispersion in
groundwater in jointed rock.
3. Modification to (2) due to
sorption processes.

TABLE 18
WASTE DILUTION REQUIREMENTS AND WORST ISOTOPES (m3(HoQ)/kg(fuel)>
90

Sr
?
(3.89xio')

9 Sr
°
6
(4.02x10°)

9

°Sr 4
(3.38x10*)

241

*»
3
(5.58xlOJ)

241.
Am
(1.80xl0J)
243,
Am
_
(2.48x10^)
240

Pu
2
(2.80xl0Z)

2

* 3 Am
2
(1.06x10^)

240

Pu
,
(1.08xl0z)

239

Pu
2
(1.55x10^)
Ra
,
(1.93x10 )

226

Ra
(1.61xlO2)

226B
Ra
2
(1.76x10 )

129X

129J.

129J.

226

1

(1.98X10 )

1

(1.97X10 )

(1.89X101)
210

Pb
,
(1.76xlOX)

Total F.P.

4.28xlO6

4.23xlO6

3.58xlOA

3.81X101

3.71X101

3.45X101

2.46X101

Total Actinides

1.57xlO4

9.23xlO3

6.54xlO3

2.51xlO3

4.11xl02

2.13xlO2

2.16xlO2

Age (Years)

5

100

300

1000

10 000

100 000

1 000 000

TABLE 19
CORROSION OF SELECTED METALS UNDER CONDITIONS RELEVANT TO
RADIOACTIVE WASTE CANISTERS EMPLACED UNDERGROUND
Indicated
Corrosion
Life for
6 nm Metals
(years)

Metals

Conditions

Corrosion
Rate
(um/a)

Stainless Steels

Mine water, pH 3 - 4

< 2.5

> 2500

52

< 2.5

> 2500

52

< 2.5

> 2500

52

< 2.5

> 2500

52

< 2.5

> 2500

53

Frequently
> 25.0

< 250

53

Generally
> 12.5

Generally
< 500

53,54

Mine water, pH 6 - 8

)

Chlorides 14.8 g/L

)

Mine water from
sulphide ore
Fresh hot and cold
water, range of
conditions
Range of Stainless
Steels

Range of Carbon Steels
Lead, Copper, Zinc,
Aluminum and related
alloys

)
)

Wide range of temperature,
neutral to high pH, wide
range dissolved oxygen
and hydrogen concentrations
As above

References
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TABLE 20:

?"
(13)

SUMMARY OF THERMAL CRITERIA
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Note:

All Dimensions in Metres

2.5

H

2.5
Ventilation
Drift

Sub-Main Haulage
Drift

A-A

C-C
Storage Room
B-B

FIGURE 1 : LAYOUT OF A TYPICAL ROOM

.__ — » ,

FIGURE 2: TYPICAL STORAGE PANEL CONTAINING 50 ROOMS

~J

' î

- 164 3 570 m

I

H

FIGURE 3: LAYOUT OF A SINGLE-LEVEL REPOSITORY CONTAINING
FORTY-FOUR PANELS

Evaporation and Transpiration

Repository
Exclusion Zone

Precipitation

écrive GrounOwater
Zone
Intermediate Zone

— ^~^ — — —Infiltration —
Access
Shafts

(n.t.s)
Inactive Zone

5 m (not to scale)

4 km (n.t.s)
Legend
fr* Possible groundwater flow in active zone
^ Possible groundwater flow in intermediate zone
^ Possible groundwater flow in inactive zone
FIGURE 4 : VERTICAL CROSS-SECTION THROUGH PROPOSED REPOSITORY SHOWING
ELEMENTS OF HYDROLOGICAL-CYCLE
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•»

s-

Flow d .]ection

1b

12s

n

2b
s

Where:
Q = groundwater flow rate (m /s)
i = hydraulic gradient
A = cross-section area of conducting rock mass (m^)
v = flow velocity (m/s)
n = secondary porosity (2 water conducting joint sets
only)
K = hydraulic conductivity (m/s) (joints only)
b = average joint width (m)
s = average joint spacing (m)
FIGURE 5 : GROUNDWATER FLOW I N JOINTED ROCK

1.0

0.8

u

\

I 0.6
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\
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t - 102

t - 104

\

t = 106
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\

t = 108 years

0.4

u
o

\
0.2

\

1

1(

V V V
\

\

102
Distance

10 *

io4

(m)

FIGURE 6: RELATIVE CONCENTRATION PROFILES AT TIME t DUE TO RADIONUCLIDE
DIFFUSION IN A PLANAR WATER-FILLED FRACTURE

—5 2
(C - Constant Initial Concentration, D* • 10 en /s)
o

INPUT
Geotechnical assessment
and thermomechanical
analysis
[C&HIGEN output [^

ANALYSIS

CONTAINMENT BARRIERS

1. Postulate potential leakage paths for
leakage from exclusion zone

J Repository siting and layout I

2-, Determine nature and quantity of
hazardous nuclides as function of age

Metallurgy and
groundwater chemistry

3. Assessment of canister cladding lifetime
and corrosion

j Cladding |

Laboratory and field
experiments

4.J
4. teaching rate prediction of waste |

I Waste encapsulation!

IGeotechnical
assessment]
1
*

5.J Predict groundwater flow and diffusion
*| regime

I Geochemistry |_

6. Estimate loss and retardation of nuclides
by precipitation reactions and adsorption
in host rock

I CANIGEM output]

7.j Compute decay in groundwater with timej

Simulation

I Simulation

Geochemical retardationj

8. Probabilistic estimation of time of
possible exit from exclusion zone
I
9. Probabilistic estimate of concentration
and hazard of leaked waste
10. Develop Acceptance Criteria I

Safety Assessment

I

FIGURE 7 : LOGIC DIAGRAM FOR HYDROGEOLOGICAL WASTE CONTAINMENT SYSTEM
DESIGN AND ASSESSMENT

O

09
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-Ground Surface and Water Table
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5 ^ -/»
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at depth
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Modification to flow
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convection
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joints
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Contaminant

Diffusion
Expanding
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contaminati

/

\
Thermal convection cells

\
•

\

'

\
(b) Leakage Path 2

Singular
feature

k
n

-Flow and
(accelerated by
Dispersion thermal convection)

Cc) Leakage Path 3

FIGURE 8: POSTULATED LEAKAGE PATHS
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Dilution Requirements (m3 H20/kg fuel)

I
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3
m

3a
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aT(m>
183 -

T

Thermal P r o p e r t i e s

Constant
Temperature

(10"6m2/s)

K(W/m.eC)
299

,
80%

300

Salt,_20%_Shale_

3.52*

1.70*

4.96*
0.22

2.40*
0.15

1.62

0.81

4.96*

2.40*

0.43

0.25

302_

Ta <:A iTb

Te*

/ ^- Waste
311.LJ
312

r
I

-1.62
0.81
* temperature dependent
Power = 4300 W
Pitch «= 9.0 m

2.291(1^ ^

3.81. m

427
x.
"*•

y

Shale

LXConstant
Temperature

'

ER
NTL

=0.375
= 103 W/m 2

GTL

=

39 W/m 2

FIGURE 1 0 : NEAR-FIELD THERMAL CRITERIA FOR LYONS SITE I N SALT/SHALE
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R(m).

«ï(m)

1050 m

AEC B u f f e r Zone
1500 m

Te

Thermal Properties
K(W/m.

a(10" 6 m 2 /s)

2.72

1.30

1.62n

0.81

4.75n

2.52

2.58

1.53

1.62"1

0.81

Surface Deposits & Aquifers

111
Shale

230
Tg
Salt & Shale

305

V

7/SA
Source
& Shale -*•

•Ti

326
Shale

1,800 m
• Tj

•temperature dependent
+anisotropic

STL = 3 1 w/m

FIGURE 11: FAR-FIELD THERMAL CRITERIA FOR LYONS SITE IN SALT/SHALE
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fi I (m)

r

|2.7 m

Thermal Properties

9.1 m

K(W/m.°c)
604 _

a(10"6m2/s)

4.21

2.32

Void

Td

610_
612 _

-Sleeve
Sait

Ta

Tb

Te a
Power = 5000 W

615 -

NOTE:

NTL

212 W/m 2

GTL

11 W/m 2

This model is constructed in cylindrical
coordinates

FIGURE 1 2 : NEAR-FIELD THERMAL CRITERIA FOR NEW MEXICO SITE IN SALT
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Thermal Properties

I

1001.5

0.89

Void
Granite

J .

0.75_m,

<M10~ 6 m 2 /s)

2.05

.. Te

995

1000

K(W/m.°C)

7.50 m

3.15

Tn

_(

_|
Ta

/
/Tb
éTc

1004.5 _
i

\Z

Waste

Power =

4 X 250W

Pitch = 1 .5 m

ER

NTL
GTL

0 .3
106 W/m 2
32 W/m 2

FIGURE 1 3 : TENTATIVE NEAR-FIELD THERMAL CRITERIA FOR CANADIAN
SHIELD SITE IN GRANITE - 250-WATT CANISTERS - BASELINE
DESIGN
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Buffer Zone

0-

I

Te

Thermal P r o p e r t i e s

60 _( ,

K(W/m.°C)

a

(10" 6 m 2 /s)
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APPENDIX A

COMMENTS ON PARAMETERS CONTROLLING RADIONUCLIDE MOBILITY

From the AECL printout of the program CANIGEN, which gives the
constituents for reprocessed Pickering type fuel, it is evident at various stages of the waste's decay history, that a variety of hazardous
radionuclides will exist. Included among these are isotopes of Sr, Cs,
Pu, Am, Cm, U, Y and others. The mobility of these elements in groundwater flow systems in fractured plutonic rock will depend mainly on:
(a) Groundwater velocities
(b) pH of the groundwater
(c) Eh (redox potential of the water)
(d) Ionic strength of the water
(e) Concentrations of other specific inorganic solutes (cations,
anions, etc.)
(f) Dissolved organic compounds
(g) Geochemical character of the fracture surfaces.
There are sufficient data in the literature to enable the hydrochemical behaviour of some of these radionuclides to be appraised in
at least a semiquantitative manner. However, for such an analysis to be
very useful in specific terms, information on the pH, Eh, major ion
concentrations, dissolved organic matter, dissolved gas, and some of
the natural trace elements in the groundwater is required. It is
reasonable to expect that the pH of deep groundwater in plutonic rocks
is generally in the range of 6 to 9 and that the Eh is in the range of
+ 0.6 to - 0.2 V. Estimates with such broad ranges, however, are not of
great use in developing radionuclide mobility estimates. Equilibrium
aqueous concentrations of elements such as Sr, Fu, U, Am, Cm, Y, and
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others can vary many orders of magnitude over a pH range of only a few
units.

The redox potential (expressed as Eh or pE) is also an extremely

strong control variable for the multivalent elements such as Fu, Am, U
and Y.

This is illustrated by the evaluation of Fu behaviour in aqueous

systems presented by Andelman and Rozzell

and the pH-Eh analysis of

dissolved species and solid phases of uranium compounds by Garrels and
Christ<A2>.
Plutonium is generally an extremely immobile constituent in
(A3)
soils and in river sedimentsv
. In fractured plutonic rock, However,
its mobility may be quite significant.

Andelman and Rozzellv

indi-

cate that, if the Eh of water is greater than [0.51 - 0.059 pH], PuO_
(0H)2 will be the solid phase in equilibrium with the water and, if the
Eh is below this value, Pu(OH), will be the solid phase.

Since igneous

plutonic rock would not contribute organic matter to the groundwater, it
is reasonable to expect that the redox potential of the groundwater
would not decrease much below the point at which all significant dissolved oxygen is consumed.

Under these conditions the Eh would remain

well above the Pu0_(0H)o - Pu(OH), stability boundary. According to
(AIT
Andelman and Rozzellv
, the significant dissolved species that would
occur in this stability field, in the pH range of 5 to 10, are Pu0-(0H)+
-2
and PuO2(CO.)

. The carbonate complex would occur if the water con-

tains more than 0.1 x 10~ dissolved inorganic carbon, which would most
certainly be the case for waters in plutonic rocks of the Canadian
Shield.

The hydroxide complex is cationic, whereas the carbonate com-

plex is anionic. A great difference in the tendency of these two dissolved species to be adsorbed on the fracture surfaces would therefore
be expected.

The equilibrium concentrations of both of these dissolved

species in equilibrium with the solid phase Pu0_(0H)2 decrease greatly
with Increasing pH. At pH » 5, the equilibrium concentrations are of
the order of 0.1 mnol/L and at pH « 9 they are below 0.1 umol/L (for
water with total dissolved inorganic carbon « 1 mmol/L). The equilib-2
riua concentration of PuCUCCO-)» increases with increasing inorganic
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carbon concentrations.

In the pH range of interest, the dissolved in-

organic carbon (DIC) would be almost entirely in the form of HCOl.
From a review of the literature on major ion chemistry of groundwater in
granitic igneous rocks, there is reason to believe that deep groundwater
in plutonic rocks of the Canadian Shield would have DIC values in the
range of about 0.5 to 3 ramol/L, with pH values of about 5.5 to 6.5 corresponding to the lower end of this DIC range and values of about 7.5 to
8.5 corresponding to the upper end of the range.

Based on these range

estimates, it is expected that the dissolved species, PuO_{CO-)2 ,
will be the dominant form of Pu in the groundwater.
(kl)
Eh-pH diagrams in Garreln and Christv

Inspection of the

indicates the dominant dis-

solved uranium species under these pH, Eh, and DIC conditions will also
be anionic carbonate complexes that decrease in concentration with
increasing pH.
The stable valeuce state of Am and Cm under the expected redox
conditons is + 3.

From the information presented by Seaborg^

, it is

expected that the dominant species of the elements in water would be hydroxide and carbonate complexes.

The carbonate complexes would probably

be anionic, as in the case of the Pu and U carbonate species. Based on
a review of the literature, Price' ' states that the radioéléments Am,
Cm and Np have received little attention regarding research on their
mobility in aqueous or soil systems. However, as.indicated above, there
is reason to expect that their equilibrium concentrations in fractured
plutonic rock will be strongly dependent on the pH, Eh, and DIC characteristics of the water.

Another important element that has a strong pH and DIC dependancy in water is strontium.

Equilibrium Sr concentrations would pro-

bably be controlled by the solid phase, SrCO,.

Concentrations would

decrease with increasing pH and DIC values. Grisak and Jackson (1976)
have listed equilibrium constants for SrCo, and other carbonate minerals
that would influence the hydrochemical system.
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The potential occurrence of transuranic elements such as Pu,
Am, and Cm in solution as anionic carbonate complexes is particularly
important because it is likely that the silicate mineral surfaces of the
fractures and this clay-mineral weathering products will have little
capability for adsorption of these complexes.

According to Parks*

,

the Zero Point of Charge (ZPC) for a solid surface is the pH at which
the surface charge from all sources is zero. At pH values above the
ZPC, the surface has a net negative surface charge and therefore will
adsorb cations, and below the ZPC, a net positive charge causes anions
to be adsorbed.

The ZPC values for minerals such as quartz, albite,

microcline, augite, kaolinite, montntorillonite are all less than 5.0
(Parks^'; Stumm and Morgan^

O.

These minerals would therefore be

expected to adsorb cations and not adsorb anions.
and Cs

+2
Radionuclides of Sr

therefore would probably migrate through the fractures at ve-

locities much less than those of the groundwater.

If the fracture sur-

faces have Al.O, and/or iron hydroxide precipitates included in the film
of weathered product residue, there may be significant capability for
adsorption of anionic species. These amorphous or poorly crystallized
substances tend to have ZPC values above about 8.5.
Rozzell and Andelmanv

studied the adsorption of aqueous

Pu(N) on particulate silica surfaces and observed that adsorption was
strongly influenced by pH and dissolved inorganic carbon concentrations.
They attributed the reduction in adsorption caused by HC0~ addition to
the effect of complexing.

The purpose of this discussion has been to outline the main
factors that will influence the mobility of hazardous radionuclides in
fractured plutonic rocks.

It is evident that development of quantita-

tive predictions of radionuclide mobility at specific sites will require
detailed data on the groundwater chemistry and geochemical nature of
fracture surfaces. Techniques must be developed to collect water samples of adequate volume from test boreholes at depths where the permea-

A-5

bility is very low. For pH and Eh data to be representative of in-situ
conditions, it «ill be necessary to develop special techniques for collecting samples from boreholes in a manner such that degassing or oxygen
uptake does not occur. Down-hole measurement techniques may be most
appropriate.
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APPENDIX B

COMMENTS ON RADIONUCLIDE RETARDATION IN FRACTURED GRANITIC ROCK

The capability of a granular porous medium to retard the movement of radionuclides being transported in a groundwater flow field is
usually expressed by the relation (which neglects the effect of dispersion)

where V. is the velocity of the radionuclide, V

is the average velocity

of the groundwater, K, is the distribution coefficient, y, is the dry
a
D
bulk density of the porous medium, and n is the poro3ity, expressed as
a fraction.

K. is normally reported in ml/g.

clides such as

Sr,

Cs and

K. values for radionu-

Co (the most hazardous fission pro-

ducts) generally range from minimum values between 0.1 and 1 to values
in the hundreds or thousands.
To our knowledge, there are no data available on fission product retardation in fractured plutonic rocks.

The purpose of the fol-

lowing analysis is to estimate from data on granular media the fission
product retardation capabilities that may be expected from fractured
media.

The first step is to develop a relationship for extending K,

data for granular media to fractured media.

To do this, we need to

develop a relationship to convert K, values expressed in cm /g to equiv3
2
aient values (denoted as K ) in cm /cm . In other words, rather than
express the radionuclide liquid-to-solid partioning relation on a unit
dry weight of soil basis, it is appropriate for fractured media to express the partitioning relationship on the basis of a unit area of frac-

B-2

ture surface.

The relationship between K, and K is:

K d (cm 3 /g)
±?
5
A (cm2/g)
where A
soil.

*

K (cnfVcnT)

(B2)

a

is the total surface area of particles in a gram dry weight of
For simplicity, it will be assumed that the granular medium is

composed of equal sized spherical grains with radius, r and uniform specific unit weight, S (weight of volume).

The number of grains in a gram

dry weight of granular medium is therefore:

N

4/3 irr3S

3
where S is expressed in grams per cm .
The surface area per grain or particle, i.e., surface area of
2
A
a sphere, is 4wr and therefore the total surface area, A , of the equivalent sized spherical particles in one gram of dry granular medium is
(area per grain x number of grains):

A*

.*si^ . ^
4/3ur 3 S

(B3)

rS

The relationship between K, and K

can then be expressed as:

K.rS

-y"

(B4)

3
3
If S is expressed in g/cm , r in cm, and K, in cm /g, the
3
2
units for K
phase.

are cm of solution per cm

surface area of the solid

Nearly all minerals of interest In problems of radionuclide

retardation have specific gravities in the range of 2.5 to 2.8. A

B-3

representative value is 2.65. A reasonable approximation for Equation
(B4) is therefore:
-

0.9rKd

(B5)

The relative radionuclide velocity in a fracture is expressed
by the relationship{B1*:

Vvw - T T V Ï Ç

a*)

where R. is the surface to volume ratio for the fracture. For a planar
fracture with uniform aperture width, b, R, « 2/b, and hence Equation
(B6) becomes:

v

2K
1

+

Therefore greater radionuclide retardation occurs in fractures
with larger K values and smaller aperture widths.
We now want to consider the question, can fission products
such as °Sr
Sr and 1 3 7 Cs
Cs be
be significantlj
significantly retarded during transport by
groundwater through fractured granite?
Laboratory batch and column K, experiments on clean granular
materials of the size of sand (washed natural Ottawa sand), quartz sand,
and crushed sieved feldspar (microcline) were conducted by the Lawrence
Livermore Laboratoryv
. K. values were determined for
Sr and
Cs
on numerous samples of these materials using various radionuclide concentrations and competing cation concentrations. The K, values generally ranged from 0.1 to 100 cm /g, with values in the range of 0.5 to 10
being most typical.
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To obtain an estimate of the significance of these values in
terms of fractured rock, we will assume an average grain radius of
0.05 mm (equivalent fine sand size) and on this basis will convert
the K, values to K

values using Equation (B5). The corresponding K
a
3
2
ranges are therefore approximately 0.0005 to 0.5 cm /cm as a general
3
2
range and 0.0025 to 0.05 cm /cm as the range which includes most of the
data.

The range of aperture widths for systematic joints or fractures in granitic rocks at the depths of the proposed repository has
been estimated to be 15 to 3 um (see discussion in Subsection 3.3.1).
Combining this aperture width range with the range of most typical K
values calculated from the K, data (indicated above) yields a range for
v,/v of 1/331 to 1/4.
i w
This analysis indicates that fission products such as
and

90
Sr

Cs being transported by groundwater through fractures in granitic

rocks may be strongly retarded due to adsorption on the fracture surfaces.
The question should be raised as to whether or not K

data

obtained on granular media composed of quartz and feldspar actually have
any relevance to the process of adsorption on fracture surfaces in granite.

With the exception of the Ottawa sand, the K, referred to above

for quartz and feldspar were obtained on granular samples prepared by
crushing rock specimens until the desired size range was obtained.

Be-

cause the grains were angular and irregular in shape, it is reasonable
to expect that their surface area would be somewhat larger than that of
smooth spheres as assumed in the derivation of the formulae presented
above.

The crushed rock samples, however, would not have had signifi-

cant amounts of geochemical weathering products on the grain surfaces.
It is expected therefore that K_ values determined on these fresh-surface materials would tend to represent minimum values compared to what
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we would obtain for quartz-feldspar (granite) surfaces coated with claymineral or clay-mineral precursor weathering products and/or with iron
oxyhydroxide precipitates.

Joint or fracture surfaces in deep granitic rocks, which have
been subjected to thousands of years of geochemical weathering, will
very likely be characterized by K

values near or above the upper range

of values obtained above by conversion of K, obtained on granular samples prepared by crushing quartz and feldspar rock specimens.

Fractured

or jointed granite at great depth may very well provide a significant
barrier over appreciable time periods with respect to migration of
cationic fission products such as

Sr and

Cs. The crucial para-

meters that are required for quantitative analysis of these radionuclides
elides in fractured granite are the fracture aperture width b and the K
value.

With regard to the transuranium elements such as Pu, Am, Cu,
and Np it would be expected that the fracture surfaces will exert very
strong retardation due to adsorption in situations where the dissolved
species are cationic.

If the pH, Eh, and dissolved organic carbon con-

ditions are such that these elements can occur in significant concentrations as dissolved complexes or ion pairs, the effect of adsorption
will probably be minimal.

This conclusion will await geochemistry data

from the site investigation.
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APPENDIX C

EXAMPLE OF PROBABILISTIC CONTAINMENT CALCULATION

An example calculation is given below for the probability
distribution of time of exit from the exclusion zone and containment
hazard in groundwater, based on the postulated leakage path 1 discussed
in Subsection 3.5.2.

Assuming Darcy flow and the Dupuit-Forcheimer relation (see
Subsection 3.3.1):

v

where:

w

v

•

flow velocity (m/s)

•> K

»

permeability of jointed rock system (m/s)

i

-

hydraulic gradient

n

«

porosity

Snow

where:

(CD

has shown that we can assume

b

•

joint width (m)

s

»

joint spacing (m)

The nuclide transport velocity v. is given by

v±

C-2

where the retardation factor (R) is:

R «

l+KaRf

where:

R. «

surface area/volume of crack

b

-

crack aperture (m)

and

K

*

distribution coefficient (m)

â

*

2/b

We will use average values of K for faulted rock for all nug
a
elides derived from particulate media and approximate surface to volume
relationships (see Appendix B ) . In more detailed studies, different K
values for each positively charged nuclide of concern should be used.
These will give the usual contaminant spikes.
Then:

2Kfl/b) Ki/n
It is expected that the most predictable variables here will
be K , K, i and s, and we therefore transform the above relationship to:

v,
X

-

(1 + 188 K K
3.

2/3 2/3
-1/3
-1/3 -1
X/
s i / J ) •"• 4 7 K s i

The average time of exit T

T

exit

*

T

corr

+ 2

. of nuclides is given by

/< 3 l- 5 * l o 6 * v i>

(years)

(Cl)

where:

T

« time for the can cladding to corrode
corr
z * length of leakage path which Is asumed for these calculations to be a constant and equal to the radius of the
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exclusion zone.

(Alternatively z could be considered to

be a variable whose distribution includes various possible lengths of leakage paths).

We can now calculate the hazard in terms of the quantity of
water required to dilute the total quantity of nuclides which leave the
exlusion zone in the first year as
Q(m3H,O)

where

I

*

-

A-3650-(N/N )'(a/ao).a8«N -h(T)

leach rate (g/cm

(C2)

day)

(N/N ) *

ratio of number of canisters contacted to total

(a/a0) «

ratio of average surface area being leached to initial
area (m2/m2)

h(T) »

hazard (dilution requirement to ICRP Regulations) at
time of exit allowing for decay using CANIGEN output for
soluble nuclides (m 0LO)/kg waste)

For these calculations, we have assumed that the hazard per kg
fuel is approximately equal to the hazard per kg waste on the basis that
the specific gravity of the waste is 3.0.
Many of the variables to be used in the calculations are subject to considerable uncertainty at this time and will remain so. Conseouently, it is most appropriate to do the calculations in a probabilistic form recognizing the uncertainties explicitly.

(This will no

doubt be required for safety assessment purposes In which estimates of
the risk of significant leakage may be acceptance criteria.

The role of

the investigation and laboratory programs will then be to narrow the
range of uncertainty of the key variables).

The equations (Cl) and (C2) given above, are in terms of the
variables, z, K, S, i, Kfl, I, (H/Nt), (a/a») and h which were selected
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as the most conveniently predictable variables at this time. The assured ranges of their values used in this example calculation are given
in Table Cl. The hazard h is plotted in Figure 29 of the main report
for fission products and actinides separately. In the calculations the
total hazard was used.
Calculations were then made for:
(a) Probability distribution of time of exit
(b) Probability distribution of dilution requirement at exit.
The computations were made using a simple Monte Carlo simulation program. For our initial example calculation, we have assumed that
the exponents of the above variables are randomly distributed within the
ranges quoted above and the variables are statistically independent.
The formulae used in the calculations have been put in a form which minimizes the dependence of variables.
The results are plotted as cumulative probability distributions on Figure Cl.
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TABLE Cl
RANGE OF VALUES OF SIMULATION PARAMETERS
FOR PROBABILISTIC CONTAINMENT CALCULATION

Variables and Units

Range in Values

T
corr

(years) cladding life

103-

z fm)

radius of excl. zone

5000

permeability

104

s (m)

joint spacing

i o - 8 - ID" 11
1-10

i

hydraulic gradient

i o - 3 - ID" 6

K a (m)

distribution coefficient

2.5-10" 4 - 2.5.10"6

I (g/cn»2.d)

leach rate

i o - 6 - io- 9

<N/Nt)

canister contact ratio

Ca/ao)

canister surface ratio

K

(m/s)

lo- 1 - io- 3
io- 2 - 10°

h(m3(H2O)/kg) waste dilution required

See Figure 7

a 8 (m2)

surface area of new canister

2.96

N

total number of canisters

106

t
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FIGURE CI: EXAMPLE OF CUMULATIVE PROBABILITY DISTRIBUTION FOR TIME OF
EXIT AND DILUTION REQUIREMENT OF WASTE LEAKAGE.
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APPENDIX D

EXPONENTIALLY DECAYING POINT HEAT SOURCES

To analyze qualitatively the effects of canister heat loading,
spacing and site rock material properties on the resulting near-field
temperature behaviour in the drill hole, emplaced canister concept, an
analytical approximation to an array of heat-generating canisters has
been developed.

The approximation to the waste canister configuration

vas taken to be an exponentially decaying heat source located in an infinite medium.

Previous analysis^

'

has indicated that the point

heat source is a reasonable approximation to the heat-generating canister
buried in the floor of an excavated room.

The temperature distribution in an infinite medium containing
a time-dependent heat source at the origin of the coordinate system can
be stated as (D3):

T <r,t>

-

(Q/8)
<t-t)

where:

Q

*

initial heat generation relative to the heat capacity of the infinite medium

»

q/pc.

q

"

initial heat generation of the point

p

»

density

c

»

specific heat

o

»

thermal diffusivity

r

*

distance from point heat source

*(t) »

time dependency of heat generation

For this particular analysis, *(t) is determined by considering an exponential decay, which can be stated as:
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*(T)

-

exp (-A t)

In the above formulation, the value of X is determined by the
half-life of the source decay.

A value of 0.
0.023105 (years)"

provides

for a source decay with a 30-year half-life.

Through the proper variable substitution, the integral stated
above can be reduced to:

T(r,t)

-

2
(qr/2kr) TT~3/2 exp(-At) I lexp
exp (Ar
(ArVAax')-x'ldx
/Aax2)-x2Jt

where:
k

»

thermal conductivity

x

•

variable of integration

a « r/2 /ait
The so1» tion to this type of inegral can be found in Reference (D4). Upon simplification of the solution, the value of the temperature as a function of tine and spatial position can be stated mathematically as:

T(r,t) - q/vlexp (-r2/4at)/(4kr)

Rjw pVt + ( r/2/it) j

where:

R(w(x)) »

the real part of the complex error function of x

In order to employ this solution to analyze the effect of canisters placed on a grid network, the principle of super-position is em-
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ployed.

In particular, the temperature field resulting from an infinite

row of exponentially decaying heat sources can be represented as:

T(r,t) -

(q/4kir)

[exp (-r2/4at)/r]R{w[/Jït

+ 2{ f ) [exp(-(nb + r)2/4at)
n-1
/(nb + r)R{w[At+(i(nb + r)2/xt)]}]}

where:

b

»

spacing between sources.

This method can be employed to analyze, not only a single row
or sources, but also multiple rows of sources by additional super-position.

This property was also used to analyze the response of several

adjacent rooms, each with rows of canisters, and thus can allow prediction of the effect of the mining extraction ratio as well as canister
power and spacing.

The canister/rock interface temperature estimates given in
Section 4.4 use the values of the temperatures calculated by the point
source technique at a radius of 15.24 cm from the source. This assumption has been verified for the "Baseline" case by comparison with the
finite element analysis reported in Section 5 - Rock Mechanics.

For

other canister layouts, it is expected that this assumption is appropriate for conceptual planning studies.

If more accurate values are

required, then more detailed analyses should be made.
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APPENDIX E

COOLING OF ROOM-STORED WASTE

Consider an array of cans standing in a rack with free air
space both below and above. For reasonable ventilation air speeds,' the
local convective cooling of the cans is of the natural type, not forced,
Warm air from lower air space would rise by buoyancy over the can surfaces and be swept out of the room through the upper air space. Radiation would be significant from the cuter cans in the array, while those
in the interior would have radiation almost completely suppressed because of the hot surfaces of the cans in their vicinity. Two cases
bracket the thermal regime; viz:
(a) a single can with convection and radiation
(b) a single can with convection only.
The basic relationship for heat loss from the can is given
by(E1):
q »

h A (T - T)
t

where:

S

(I
'

q •
h =

A

the rate of heat loss (W)
the surface heat loss coefficient composed of the convection coefficient h , and the radiation coefficient
h r (W/m2.°C)
2
= surface area of the can (m )

T

=

f

= ambient temperature (taken as 38°C)

surface temperature of the can (°C)
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CONVECTION

1.

Two fundamental dimensionless parameters determine the rate of
convect±ve heat loss from the can. These are:
(a) Prandtl number (El)
Pr
where:

« c ]i/k

c «

(E2)

specific heat (J/(kg«°C))

p * dynamic viscosity (Fa*s)
k

a

»

thermal conductance (W/(m*°C)

The Prandtl number is a measure of the relative diffusion rates
of momentum and heat.
(b) Grashof number^ 21 '
Gr
where:

g

-

(gS/v2) (T - T) L 3
s

(E3)
o

* gravitational constant (m/s )

3 - coefficient of thermal expansion (°C
L

)

* cylinder length (m)
V/P

kinematic viscosity (m /h)

The Crashof number is the ratio of buoyancy force to viscous
forces.
Taken together, these two numbers determine the Nusselt number (El)
Nu
the dimensionless heat transfer coefficient.

(E4)
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A range of can surface temperatures has been assumed and the
heat loss calculated for convection alone and combined cooling to 38"C
ambient air and rock walls.
It is appropriate to evaluate convective parameters at the
film temperatures
ratures T f - (T + T)/2. These are tabulated in Table El
(Kreith, Table A-3
Since the parameter (Pr x Gr) falls between 1.22 x 10
1.13 x 10

and

, the convective regime is fully turbulent. The Nusselt num-

ber is given by (McAdams, page 172)' E ':
Nu 2.

1/3
0.13 (Pr x Gr) '

(E5)

RADIATION
Radiation heat loss is formulates as
q

-

(El)

:

oeA (T 4 - T 4 )

(E6)

S

where:

a •

Stefan-Boltzman constant (5.67032 x 10 W/m 2 »K 4 )

c

emissivity (0.8 for steel)

»

This can be reformulated in a fashion similar to equation (El)
with:
h -

3.

(1.3712 x 10" 9 ) (T

2

+ T 2 ) (T + T)

(E7)

SOLUTION
We can now tabulate solutions for convective heat loss (q )

and total heat loss (q ) . Equilibrium is attained for q *

250 W.
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The surface temperatures of the cans lie in the range of 9.5
to 21°C above ambient, depending on location in the can array.

4.

CAN CENTERLINE TEMPERATURE

The steady-state solution for temperature inside an infinite
2
cylinder with hea
heat generation rate Q(1127 W/m ) is given by (Carslaw and
Jaeger, page 205)

T - Ta
where:

-

(Qa2/4k) [1 - (r/a)2]

a

»

can radius (15.24 cm)

k

«

can conductance (assumed 0.433 W/(m*°C))

(E8)

For the maximum temperature difference, at the centerline
(r -

0 ) , we get:

T - Ta

-

15 C°

Under normal ventilation conditions, meaning that some ventilation is present, the predicted can centerline temperature of 24 to
36°C above ambient would appear to present no problems.

5.

VENTILATION

Room ventilation is considered for 38°C ambient air at velo2
cities up to 30.5 cm/s and room cross sections up to 215.3 m . A typi2
cal design poin; is a room cross section of 29.77 m and an air velocity
of 30.5 cm/s.
Figure El is a plot of air mass flow rate GA (106 kg/h)
through the room as a function of speed V or mass flux 6 and room cross-
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section area À.

A density of 1.12 kg/m3 yields 6A

-

0.036 x 10 6 kg/h

for our typical design.

Figure E2 Is a plot of room temperature gradient (°C/m) as a
function of heat input (W/m) or number of cans per linear foot of room,
with mass flow rate as a parameter (C

is the specific heat of air

«

1.00 kJ/kg«°C).

Consider a typical design, for which the room length is
121.9 m and a temperature rise of 5.6eC gives AT/L

-

0.046°C/m and a

loading density of 519.2 W/m or can density of 2.067 can/in. This would
allow 250 cans in the room.

For 20-foot room centerlines and extraction

ratio of 0.3, this is a global thermal loading of 24 W/m2.

An increase in the allowable temperature rise would proportionally increase the number of cans stored in the room.

It appears that possible room dimensions and ventilation air
speeds are such that ventilation can easily remove generated heat from
the cans stored at a density corresponding to allowable global thermal
leadings.

6.

LOSS OF VENTILATION

We will consider the case of a typical room design 29.77 m

2

of

cross-sectional area by 121.9 m in length containing 250 canisters. Each
canister has a mass of approximately 454 kg and, with c » 0.921 kJ/kg«°C,
a thermal capacity of 417.8 kJ/"C. Total canister thermal capacity is
104.45 MJ/°C. The thermal capacity of the room is, neglecting volume reduction due to canisters, 4.083 MJ/°C. The low thermal capacity of the
air indicates that the air would have little effect in alleviating canister temperature rise during loss of ventilation.

As temperatures rise,

the main heat transfer would be by radiation to the room walls. The in-
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Itial temperature rise rate in the canisters would be 2.2 C°/h. After
some short time, the canister temperature would rise sufficiently above
the room wall temperature for the increased radiation to limit canister
temperature.
The radiation heat transfer coefficient varies from approximately 1.0 at T - 38°C to approximately 2.0 at 121°C. Given that all
heat generated in a can is radiated, the temperature rise of the can
surface above the rock wall temperature varies from 15 C° at 38°C to
7.2 C° at 121°C.
The thermal capacity of the rock greatly exceeds that of the
canister, so that the rock surface temperature determines the can temperature. À conservative estimate of rock surface temperature is found
from the case of constant flux from 250 canisters to the total rock wall
area considered as the boundary of an infinite half space. The rock
surface temperature rise above initial temperature is
ATn
where:

-

,(E3)
EJ;
(2F/k) /xtTiF (Carslaw
and Jaeger, page
page /73*
(E9)
oxaw aiiu jacgci.
J
9

flux

k -

2.076 W/(m-»C)

a

- k/pc

t

-

-

24.42 W/i 2

F -

- 0.366 m2/h

time (hours)

We obtain AT - 1.342 ft
The variation of AT up to one year is tabulated as:
Time

AT n (C°)

1 hour

0.74

1 week

9.67

2 months
1 year

28.50
69.78
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The can surface temperature would be about 7.2 to 15 C° higher
than that of the rock, and the can centerline temperature about 15 C°
higher still. The can certerline temperature T assuming 38°C initial
temperature is tabulated also.
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TABLE El
THERMAL CONVECTION PARAMETERS

k

T

a

(°C)

f
<*C)

(W/m.°C)

Pr

121

79

0,02925

0.72

93
66
60

(KU/V 2 ) x 10"6

(m.h^C)"

Pr x Gr x 10" 1 0

1

6.20

11.3

66

0.02838

0.72

7.32

8.93

52

0.02751

0.72

8.74

5.33

0.02734

0.72

9.04

4.41

54

49
46

0.02717

0.72

9.39

3.43

49
43

43
41

0.02699

0.72

9.68

2.36

0.02682

0.72

10.04

1.22

TABLE E2
HEAT LOSS FOR VARIOUS SURFACE TEMPERATURES

T

S

h

Nu

c

h

c

h

t

2

(W/m -°C)

121
93

629
581

6.02 7.04 13.08
5.39 7.10 12.49

66
60

489

4.43 6.25 10.68
4.15 6.08 10.23

459

«c

«t

(W)

<W)

1465

3429

879
358
267

2022

879

674
Convection equilibrium 58.8°C

54
49

422
373

3.75 5.91
3.29 5.79

9.66

182

469

9.08

108

293
Convection - and
radiation equilibrium 47.5°C

43

299

2.61 5.62

8.23

44

135
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GA - MASS FLOW RATE (1O6 kg/h)
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FIGURE ET: MASS FLOW RATE AS A FUNCTION OF THE CROSS-SECTIONAL AREA OF
THE ROOM AND THE AIR VELOCITY.
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GA - MASS FLOW RATE ( 1 Q 6 k g / h )

045

0-04
u
o

0-03

002

001

200

400

600

800

1000

HEAT INPUT (W/m)

NUMBER OF CANS/m

FIGURE E2: ROOM TEMPERATURE GRADIENT AS A FUNCTION OF THE NUMBER OF
CANS PER METREOF THE ROOM.
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