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FOREWORD
This report discusses the effects of heat on the deep geological
repository systems and its different components.

It reviews the

experimental data and theoretical models of the effects of heat both on

the behaviour of engineered and natural barriers.

This document aims at

supporting another IAEA publication in a related subject, viz. "Deep

Underground Disposal of Radioactive Waste - Near Field Effects",
Technical Reports Series (in preparation). The latter deals with all
those effects occurring in the near field which affect the mobilization
of radionuclides and their subsequent migration to the far field.

The

document deals mainly with high-level waste and spent fuel, but considers
other types of waste as well, whenever appropriate.
however,

The present report,

is focussed specifically on effects due to thermal energy

release solely from high-level waste or spent fuel.
This report is the outcome of an IAEA Technical Committee Meeting on
"Effects of Heat from Radioactive Waste in Deep Geological Repositories",
held in Stockholm from 28 August to 2 September 1983.

The initial draft

of the report was made by Mssrs. P. J. Bourke (UK) and L. Werme
(Sweden). After the Technical Committee Meeting, Mr. Werme revised the
draft of the report.
The responsible officer at the IAEA for this report was
Mr. V. S. Tsyplenkov from the Waste Management Section of the Division of
Nuclear Fuel Cycle.
same Division.

The work was completed by Mr. J. U. Heinonen of the
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1.

INTRODUCTION

High-level radioactive wastes produced by the nuclear power
industries must be disposed of in a way which assures that radionuclides
will not reach the human environment in concentrations and quantities
that could result in an unacceptable detriment to public health at
present or in the future.

Disposal of high-level wastes in conditioned form in a carefully
designed underground repository constructed deep in a selected geologic
environment is at present the most widely accepted approach.
The safe disposal of the radioactive waste depends on the

performance of the overall waste disposal system.
include both engineered and natural barriers.

This system may

The isolation

effectiveness of each component of the disposal system depends on a
number of natural and emplacement-induced effects.
Near—field effects associated with the emplacement of highly

radioactive wastes in a deep geological repository are discussed in the
IAEA-TECDOC on "Underground Disposal in Deep Rock Formations, Near-Field
Effects". A major consideration in both near and far fields is the heat
generated by the waste due primarily to the presence of large amounts of
concentrated beta and gamma emitting fission products.

Many of the

technical uncertainties in the design of a high-level waste disposal

system are related to this thermal energy release, the resulting
temperature field, and the impact this temperature field has on the waste
disposal system.

The heat generated by the nuclear wastes will

eventually flow from the waste form, through any container and buffer
round the waste to the surrounding rock, and then be transferred through
this rock and will be ultimately dissipated to the atmosphere.

The rate and duration of the heat release can affect some physical

and chemical properties of the barriers in a repository system.
Transport by groundwater is by far the most likely mechanism by which any

eventual release of nuclides to the environment may occur.

Thermally induced changes in the waste form, containers or buffer

materials could affect their integrity or effectiveness.

For example,

waste glass may undergo devitrification which can eventually increase
dissolution rates.

As the container surface temperature increases so

does its susceptibility to corrosion.

This can lead to an earlier

contact with groundwater, if present, than if the container were not
generating heat.
The stability of openings in the heated formation is an important
consideration.

If the structure of the rock is affected, it will change

a groundwater movement pattern and the transport pathway for
radionuclides to the environment.
A systematic assessment of the thermal loading of the repository is
required to assure that the energy generated by the emplaced wastes will
have a controllable effect.

This includes studies of the effects of heat

on the structural stability of the host rock and radionuclide release and
migration from the conditioned waste forms to the environment. That
should lead to establishing maximum acceptable thermal loads and maximum
temperature for underground repository components that will not violate
safety, engineering, and operational requirements. Well defined thermal
limits of the various disposal system components do not yet generally
exist, and may not necessarily be based exclusively on absolute physical

criteria.

An attempt at deriving such criteria or limits was however the

subject of a study on "Admissible Thermal Loading" carried out in the
framework of the Radioactive Waste Management Programme of the Commission

of the European Communities [1].
This document deals with the effects of heat on the entire

repository system.

It reviews the experimental data and theoretical

models of the effects of heat both on the behaviour of engineered and of
the natural barriers.
The materials considered as engineered barriers are:
borosilicate glass and spent fuel for the waste form;
-

steel, copper, stainless steel, high nickel alloys, titanium and
titanium alloys for containers;

-

clays, cement, zeolites, and crushed rocks for backfills and buffers.

A wide variety of rock types available throughout the world can
constitute effective natural barriers to radionuclide migration.
Granite, basalt, tuff, salt and argillaceous rocks are considered in this
document.
The report also contributes to identifying some subjects for

experimental work and for theoretical modelling and suggests some thermal
design guidance for repositories.

2.

DECAY HEAT PRODUCTION

All the effects of the temperature field on the repository system

components can be attributed to the heat generation by high-level
radioactive waste.

The rate of heat release by the waste will be

initially high and will decrease with time due to the decay of the
radionuclides.

Hence, the increase in rock temperature will rise to

early maxima and thereafter fall towards the local ambient value.
The variation of the transient temperature field will depend on:
-

heat release from the waste

-

the means of heat transfer

-

the relevant thermophysical properties of the waste form, its
packaging, the buffer material surrounding the waste form and the
rock

-

the size and shape of the waste package, quantity of waste per
package, pitch, and layout of the array, and the total heat load.

2.1.

Heat release characteristics of waste form

The rates at which heat is released from the waste form will in
general depend on:
-

the type of reactor in which the nuclear fuel was emplaced;

-

composition of the solidified waste form;

-

the time between fuel discharge from the reactor and emplacement in
a repository.
Heat generation results from the decay of the radionuclides

incorporated in the waste form being solidified, high-level reprocessing
waste or encapsulated spent fuel.

A typical composition for the

vitrified waste from light water reactors is given in Table I.
Corresponding figures for spent fuel are given in Table II.

The major

part of the heat release from both waste forms results from beta/gamma
emitters.

The heat generation from those beta/gamma emitters, mainly

from the daughter products of decay of Sr-90 and Cs-137
(having approximately 30 years half-life), will decrease rapidly in the
first few hundred years after discharge from the reactor.

After this

period mainly alpha emitters are responsible for heat generation.
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TABLE I.

COMPOSITION OF SOLIDIFIED HIGH-LEVEL REPROCESSING WASTE IN WEIGHT PER CENT [2]

Glass Ceramic
Bl/3

Fission Product
oxides
Waste oxides
Fe203
Cr
2°3
NiO
MgO
A1203
U308

Glass SON
Glass SON
Glass Ceramic
C31.3EC
58. 30. 20. U2 64. 19. 20. F3
13.85

Glass
209

Glass
189

15.20

9.75

9.58

d/
2.73
0.56
0.36
6.34
5.11
0.06

d/
2.68
0.55
0.36
6.23
5.03
0.058

14.55

22.69

a/
1.51
0.43
0.24

b/
0.60
0.20
0.10

0.50
0.20

a/
1~47
0.42
0.23

0.47

0.10
3.60

0.90

0.46

Ç/

5.90

Glass
VG 98/3
15.54

Glass 78/7
Pamela
28.10

0.70
0.24
0.21
0.40

0.5
0.20
0.20

1.21

2.40

ALSO: a/ 2.2% Na20, c/ 5.9% Gd2O3, d/ 0.1% S04, 0.4% ZnO and 0.23% P205 , b/0.60% P205

Glass formers
Si02
B203
Na20
Li20
A1203
CaO
BaO
Ti02
ALSO:

a/
28.00
6.40
1.60
2.40
12.80
4.00
14.80
4.56

e/ Zr02 0.8%,

43.60
19.00
9.40

• 44.20
17.30
11.50

£/
34.75
4.14
1.12
0.98
10.28
3.84
14.48
2.80

50.88
11.12
8.30
3.99

41.51
21.87
7.68
3.69

41.84
10.48
22.25

P205
Fe203
A1203

48.50
15.2
4 .9

1.20
2.32
3.52

ZnO 3.60%, As2O3 0.40%, MgO 1.2%, f/ Zr02 0.8%, ZnO 4.88%, As203 0.48%, MgO 1.44%

TABLE II.

EXAMPLES OF COMPOSITION OF LIGHT WATER REACTOR FUEL

(PERCENTAGE BY WEIGHT) ON DISCHARGE FROM THE REACTOR

BWR, 28,000

MWd/tU

PWR, 38,000
MWd/tU

2.9

3.9

96.2

95.1

fissionable)

0.8

0.9

Other heavy nuclides

0.06

0.09

Fission products
Uranium (of which
0.6%-0.8% fissionable)

[3j

Plutonium (approx. 75%

Due to the higher actinide content of spent fuel, the decrease of
heat generation is slower than that of reprocessed high-level waste
(Fig.

1).

Spent fuel from heavy water reactors, such as the Canadian CANDU
reactor, have a heat generation similar to a light water PWR reactor up
to about 200 years, but a major difference is noticeable after

1000

years.

The heat generation rates as a function of time for both

spent fuels normalized to unity at 10 years after reactor discharge are
shown together in Fig. 2.

The specific heat generation in a repository is dependent on the
time between discharge of the fuel elements from the reactor and
emplacement of waste in the repository.

Ten years after discharge from

the reactor, the heat generation has decreased by a factor of 10.
Additional 50 years intermediate storage will lower the heat output with
a factor of about 3 (see Fig. 1).

2.2.

Means of heat transfer
Heat transfer through the waste form, its container and surrounding

materials and the rock will be mainly by conduction with a theoretical
possible contribution from convection in the rock by water movement

either naturally occurring or thermally induced.

Heat transfer by

radiation and convection is negligible after backfilling.

During the

operational period ventilation of the galleries may remove a portion of

the heat emitted by the waste.
Various assessments have been made of the convective contribution to

heat transfer in evaporites, clays and fractured crystalline rocks.
evaporites and clays, convective currents are negligible.

For

Convection

currents are possible in fractured hard rocks, if groundwater is

present.

However, this phenomenon will not greatly affect the

temperature field.

Therefore the temperature field for these host rocks can be

predicted without major error assuming the transfer to be by conduction»
For long-term predictions, the heat transfer at the surface must also be
taken into account.
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For a repository located in the unsaturated zone above the water
table, vaporization may have a significant effect on heat transfer.
this case boiling is controlled by atmospheric conditions.

For

Vaporization/

condensation behaviour of the water could account for a redistribution of
the latent heat resulting in a significant increase in the effective
thermal conductivity.
2.3.

Such behaviour has been identified for tuff.

Thermophysical properties

The temperatures in the near field strongly depend upon the

properties of the material used in this near field: waste form, container
and backfill material and host rock.

There is a variety in materials

used in the near field of the numerous repository designs proposed, thus
resulting in a wide range of values for the physical properties.
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The temperature distribution in the particular host rock depends

only on the physical properties of the rock itself. Numerous studies of
the thermophysical properties of various host rocks have been made and
representative values of the physical properties are given in Table III.
TABLE III. TYPICAL INTERVALS OF THERMOPHYSICAL PROPERTIES
OF ROCKS AT ROOM TEMPERATURE

Host rock

Thermal
conductivity
(W/m.K)

Density
(ton/m3)

Specific heat
capacity
(J/kg.K)

Clay

1.5 - 1.7

1.99 - 2.04

910 - 1700

Granite

2.0 - 2.5

2.65 - 2.90

720 - 880

Salt

5.0 - 5.29

2.16 - 2.20

850 -

Tuff

1.4 - 1.8

2.4.

2.20

920

910

Repository design variables
The near-field temperature distribution is primarily determined by

the amount of heat produced in each package and the size and shape of the
package.

However when arrays of large numbers of packages are buried at

one place the temperature fields produced by the individual packages will
coalesce after some characteristic time, thus producing a higher

temperature at every position than would have occurred otherwise. If the

distance between the packages is large enough, then the near-field
temperature will have reached its maximum before this characteristic
time.

Hence the interaction of the individual thermal sources will not

influence the maximum near-field temperatures for repositories with at
least this minimum distance between the packages.

In practice this

distance is dependent on the pre-cooling time of the waste, the fission

product content, the size of the waste package and the rock type.
For repositories where the spacing between the individual packages
is smaller than this distance, the analysis of the maximum local

temperature has to take into account the interaction of the temperature
fields produced by the individual packages.

This means that for a

repository with at least this minimum spacing and a fixed design of the
waste packages and backfill, the maximum near-field temperature can be
controlled only by the amount of heat produced in each package.
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The temperatures in the repository between the individual packages
and in the host rock in the emplacement area are determined by the total
amount of heat produced in the repository.

Given an amount of waste there are three ways to reduce the
temperature field.

-

Reducing the heat production by postponing the disposal by means of

a long intermediate storage.
-

Dispersing the waste more widely in a larger number of smaller size
packages in each repository, thus reducing the near-field
temperatures.

-

Distributing the waste in smaller quantities between a larger number

of repositories, thus reducing all the temperatures.

2.5.

Representative temperature field
Heat emission from the waste forms depends on the characteristics

of the waste, and decreases with time as the fission products and other
heat generating waste products decay.

During the period of significant

heat generation, a variable temperature distribution, both in time and
space, develops in the waste form itself and in the surrounding
materials.

The actual heat distribution is very complex and depends on

thermal properties of the waste form and surrounding materials and the
design of the repository.
In the general situation a rapid temperature rise in the disposal

zone occurs, resulting in a maximum temperature in the repository region
after 50-100 years.

This heat pulse slowly decays and the temperature

approaches that of undisturbed rock after 300 - 10,000 years. At the
surface of the waste form, the heat pulse is always more pronounced; the
maximum temperature is reached after some decades (10 - 50 years) and

during the first few centuries (0 - 300 years) the decay is relatively
rapid.

After that period, the temperature of the waste form approaches

that of the surrounding media.
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3.

THERMAL EFFECTS ON THE ENGINEERED BARRIER COMPONENTS

During the heat pulse, the elevated temperature will affect the
engineered barriers, including the waste form.

Some of the effects on

the waste form may take place prior to loss of containment, and may have

altered the properties of some of the materials in the waste isolation

system at the time nuclide release occurs.

Parallel to or following

these phenomena, corrosion of the metallic barriers will proceed and
eventually dissolution* of the waste form will start.

Other heat effects

(reversible or irreversible) may influence container corrosion, the rate

of waste form dissolution, and radionuclide transport.
3.1.

Effects on waste form prior to dissolution

3.1.1.

Borosilicate glass
Three heat effects may degrade the performance of borosilicate

glass used for immobilization of high-level wastes.

Two of these effects

involve phase transformations and can be classified as:
_id_ pha_se_ £epa£at_ioinj_

The growth of non-crystalline

phases differing in composition from the original glass.
^:

The growth of crystalline phases in the glass.

These phases may have the same composition as the original glass.
An overview of these phenomena can be found in textbooks of glass science
or in review articles, e.g., [6] and [7].

The third heat induced effect involves £.rac:]cing_pf^ the_ e}-ass_ matrix.
3.1.1.1. Liquid-liquid phase separation
Liquid-liquid phase separation is a relatively common
phenomenon in glasses.

separation.

The borosilicate system exhibits phase

The constraints imposed by the vitrification technology and

* Throughout this document, the word 'dissolution' has been adopted to
describe the reactions between waste form and groundwater, resulting in
release of radionuclides.
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waste composition may lead to a final glass that in some temperature

interval is susceptible to phase separation, which may change the
physical and chemical properties of a glass.

Borosilicate glasses have relatively large areas of immiscibility
for temperatures below about 750 C.

However, at low temperatures, the

increased viscosity of the glass acts as a kinetic barrier against phase

separation.

Prolonged storage at elevated temperatures will promote

phase separation in the nuclear waste glass, should it be sensitive to

such alterations.

The maximum permissible temperature depends on the

glass composition.

Temperatures below 400-500 C should be sufficient

to prevent phase separation.

3.1.1.2.

Crystallization

Crystallization of a glass system may be preceded by a phase
separation.

The crystallization of a glass is controlled mainly by the

same factors that control phase separation.

Consequently, the kinetics

for crystallization is extremely slow at low or moderate temperatures.
Normally, temperatures below 400 C are considered safe.

3.1.1.3.

Cracking of glass
Emplacement of borosilicate glass-filled containers in a

repository will produce a significant thermal gradient between the glass
centerline and its periphery due to the cooler surrounding rock.

The

resulting thermal stresses may be of sufficient magnitude to cause the
glass to crack, and substantially increase the surface area.

The

increased area would be expected to increase the dissolution rate of the
matrix, once the metallic container has been breeched, assuming
?
sufficient water is available to allow the dissolution to proceed.

A "threshold" maximum temperature for cracking in the glass of
400-500 C has been identified [1J. Appropriate treatment during
fabrication, such as annealing, would reduce or even eliminate the
cracking phenomenon.
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3.1.2.

Spent fuel
Some temperature-related effects need to be considered on the

direct disposal of unreprocessed spent fuel.

One such effect is

potentially important in the case that credence is given to the presence
of intact Zircaloy fuel cladding as a barrier to radionuclides release
from the irradiated fuel matrix.

Most modern fuel assemblies used in

light water reactors employ a pressurized inert gas - typically helium inside the sealed cladding to improve heat transfer characteristics and

retard fuel pellet oxidation.

This gas is present at pressures up to

approximately 5 MPa at ambient temperatures.

It is therefore necessary

to limit the allowable temperature of the fuel rods to prevent over
pressurization and consequent stress rupture of the cladding.
Theoretical and experimental studies indicate that maximum allowable
temperatures for limited time periods (decades) in the range of

350-400 C should be observed to avoid this failure mechanism [8].
A second adverse effect on spent U0„ fuel is the potential for
oxidation to U000 with an attendent significant volumetric increase
J o

and tendency to powder when heated in the presence of an oxidizing

atmosphere.

The increased surface area available for dissolution effects

will increase the potential release rates.

Thus it is important to

assure that low temperatures - less than about 200 C [9] should be
maintained in the region of spent fuel components after the metallic
containers have been breeched and the fuel pellets are accessible to
water if there is an oxidation source, such as oxygen evolved by

radiolysis of water, available to the fuel.

3.2.

Dissolution of the waste form
After failure through corrosion of the container, dissolution of

the waste form will occur if moving groundwater contacts the waste.

dissolution may,

This

depending on the point of time for container failure,

take place or start during the heat pulse period.
Throughout the past fifteen years, several types of high-level waste

glasses have been developed. At the present stage the borosilicate
glasses are technically most advanced. However, the interaction of these
glasses with an aqueous fluid phase is extremely complex and the exact
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nature and mechanism of these chemical reactions depend to a large degree
on the manner in which glass dissolution experiments are carried out.
For example, in so-called 'dynamic' dissolution experiments (e.g. Soxhlet
or flow-through systems) waste glasses have dissolution rates at room
_C

temperature in the range of 10

_O

- 10

_O

g cm

_T

d

[2], and the

temperature dependence on leach rates would appear to follow an Arrhenius
type relationship with an apparent activation energy of around
15 kcal mole

, which would imply dissolution rates at 100 C about

30-50 times higher than at room temperature.
In the context of modelling waste form dissolution in a repository
environment, such dynamic tests are inappropriate because of limited
groundwater flow rate.

Solubility of waste species will, under

repository conditions, be rate limiting and Arrhenius extrapolations of
low temperature behaviour will be invalid because of competing
dissolution and precipitation reactions.

The solubilities of waste

species will be affected by the composition of the groundwater, the
presence of complexing anions, etc. For example, in clay environments,
dissolution rates may be up to 15 times greater than in distilled
water [10], whereas salt brines appear to reduce dissolution rates as
compared to distilled water.

At high temperatures, borosilicate glasses

break down rapidly but surface layer alterations and crystalline
precipitates [11] limit waste solubilities [12].
At present, there are not many field experiments on glass
dissolution reported, but the general trend for experiments related to
nuclear waste management is that dissolution rates are considerably lower
than in laboratory experiments [13].
Thus, the rate of radionuclide release will be a function of
solubility and groundwater flow rate at any given temperature, and
possibly also a function of the reaction rates of the glass with
groundwater.
For these reasons, it seems reasonable to limit the maximum
temperature to the range below 150 C or perhaps, conservatively, to
below 100 C at the time when water is expected to reach the waste
form.

These temperatures can be achieved either by isolating the waste

from water during the thermal pulse or part of it or by limiting the heat
generation in the waste by using a sufficiently low disposal density.
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For other candidate waste forms, such as multiphase ceramics (e.g.
Synroc) or spent fuel (mainly single phase, microcrystalline U0?), the
situation is in many respects similar to that for high level waste

glass.

Although debated whether the leach rates for Synroc at

temperatures up to about 100 C are only in the same range as is found

for the best borosilicate glasses [14], Synroc seems to be more resistant
to hydrothermal alterations [15]. However, there is at present
relatively little information available on the dissolution of ceramics in

groundwater and salt environments; particularly on waste loaded ceramic
materials.
Spent fuel may be regarded as a ceramic waste form.

It is a single

phase UO

ceramic, but has been altered considerably while in the

reactor.

At present, there are by far less data available on spent fuel

than on vitreous waste forms and data from different laboratories are

difficult to compare.

However, the leach rates are similar to those

found for other waste forms and temperature sensitive in similar ways

[16].

3.3.

Corrosion of containers

The purposes of containers are to provide a package around the
nuclear waste in order to facilitate handling and at least more

important, to ensure zero release of radioactivity during some required

period.

The primary cause for container failure during normal

operational conditions is corrosion.

The types of corrosion to be

considered are: general corrosion, crevice corrosion, pitting corrosion,
stress corrosion cracking.

It is well known that elevated temperatures

generally cause accelerated corrosion.

It is also possible that types of

corrosion that are not anticipated at lower temperatures must be

considered if the temperature is increased.
In discussing the corrosion of containers, the materials most
frequently considered, can be subgrouped as:
1.

Thermodynamically stable containers

2.

Kinetically stable containers.

3.

Sacrificial containers.
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A completely thermodynamlcally stable metallic container is
unrealistic, since it would call for the use of gold or platinum.

However, partial stability can be obtained in a specific environment,
e.g., copper in reducing (oxygen-free) groundwater.

Ceramic containers

have been proposed, but to date these concepts are less advanced than the
concepts using metallic containers, and will not be discussed.
The kinetically stable containers refer to overpacks that, although

not thermodynamically stable, are protected by their own corrosion
products, which form a stable layer on the surface and more or less

inhibit further corrosion by, for instance, acting as a diffusion barrier
for oxidants.

Examples of this type of container are: stainless steel,

titanium and its alloys, nickel base alloys etc.

The sacrificial containers are overpacks that are neither
thermodynamically nor kinetically stable, but corrode at a known rate and

by their thicknesses ensure an absolute isolation of the waste for a
desired period of time.

3.3.1.

Such materials are mild steels, cast iron etc.

Considerations for choice of a container

In choosing container material, the desired service life of the

container shall be considered together with the characteristics of the

near field of the waste package.
water chemistry.

The most important parameter is the

The composition of the groundwater at the disposal

area, its pH and E, , are of fundamental importance, as are the
processes and mechanisms controlling them.

A temperature gradient caused

by the thermal load in the waste will tend to shift the existing

equilibria such that temperature induced flows and possible evaporation
effects may create environments around the waste package varying with
time after disposal.

In that respect, the container may have to be

designed to withstand corrosion in a range of temperature and groundwater

conditions in a hard rock or clay repository.

For salt repositories,

where flow in an ordinary sense is not expected under normal

circumstances, these environmental variations may be important.
In addition to thermal effects on the surrounding chemical system,
radiation effects will also have to be considered.

Gamma-radiolysis will

produce H , H CL and 0 . Since H„ is expected to escape from
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the near field, the remaining effect of radiolysis will be an increase in
the oxidizing capacity of the groundwater.

temperature independent.

The radiolysis is not

Both the production of radiolysis products and

subsequent recombination reactions are temperature dependent.

For pure

water, the radiolysis is less severe at elevated temperatures [17].

However, for more complex groundwater systems, very little is known about
the effects of temperatures on radiolysis.

The stability of the

radiolysis products must also be taken into account; at 300 C HO
rapidly decomposes.

Increased temperatures also strongly affect the

diffusion constants for most radiolysis products, which can then more

easily escape from the waste package near field.

However, if radiolysis

is considered to be a problem this could, for instance, be overcome by
choosing a sufficiently thick container.

3.3.2. Thermodynamically stable containers

The only container material that may be considered as
thermodynamically stable as a metal in oxygen—free water is copper.

It

has mainly been considered for hard rock, where in particularly granitic
rocks, the redox potential (E,) is typically 0.25 V and the pH is in

the range of 8-10.

The reactions controlling these properties are of

course the reactions between groundwater and the surrounding rock.

However, in this context it is important to note that the concept of a
'system' Eh which assumes that all redox reactions in the aqueous phase

are in equilibrium is a gross over simplification [18], since the
oxidation state of groundwater is perturbed by biological activity and
the kinetically slow oxidation and reduction of light elements such as

C,H,0,N,S. A simplified E, - pH diagram for copper at 25 C in water
is shown in Fig. 3.

With increasing temperature, the CuS and Cu„S

phases become less stable (CuS disappears at 150 C), while the window
of stable Cu-metal is unchanged in size, although somewhat displaced
within the pH-Eh diagram [19].
During the operational, or post sealing period, the corrosion

requires transport of oxidants, such as oxygen or sulphides to the copper
containers.

Thus the corrosion rate is more controlled by the access of

corrodants and by thermodynamics, than by temperature dependent corrosion

rates or mechanisms, provided that the waste package is stored at a

25

temperature where the container materials retain their partial
thermodynamic stability [20].
In addition to these effects, in sulphate-containing waters, the
kinetic barrier for the sulphate-sulphide reaction can be overcome.

This

reaction, which at room temperatures or temperatures below 100°C only
can be catalyzed by bacteria, is known to proceed at temperatures above
200 C.

A consequence of this is a new supply of oxidants. Depending

on the sulphate content of the groundwater, this source of oxidants may
well be rate determining for the copper corrosion and finally set the
service life for the container at temperatures above 100 C [20].
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3.3.3. Kinetically stable containers
The kinetically stable materials owe their corrosion resistance to
forming a thin impermeable oxide layer on the surface (or more generally
a film of corrosion products).

This protective film will then prevent or

considerably slow down further corrosion attack.
The major candidates for kinetically stable container materials are:
stainless steels, titanium, titanium alloys, and high nickel alloys.

These alloys retain a great deal of their resistance to general corrosion
and have been used widely as industrial materials.

Especially nickel and

titanium base alloys (Hastelloy, Inconel, Ti-code 12, etc.) show good
corrosion resistance at elevated temperatures.
Common types of stainless steels are reported to suffer from crevice
corrosion and pitting at temperatures even below 100 C.

However low

carbon stainless steels such as SUS 304 L, SUS 304 EL are expected to
show good corrosion resistance.
The nickel base alloys are less corrosion resistant than Ti below
100 C and are also reported to be susceptible to stress corrosion
cracking and crevice corrosion above 100°C in groundwater [21].
At present, the most promising materais seem to be titanium and
titanium base alloys, in particular a Ni, Mo- alloy called
Ti-code 12 [22]. The pH - E diagram for titanium is shown in Fig. 4.
As can be seen the metal is passive over the entire range where ordinary
groundwaters are found.

Corrosion rates for Ti in different types of

water have been measured over extended periods of time (several years)

both under oxic and anoxic conditions. At low Cl

contents (4000 ppm)

the corrosion rates are in the range of 0.1 - 0.01 ,um/a at temperatures
in the range of 100-130°C [24]. Even in brines (15-20% Cl~) the

rates are in the range of a few microns per year at 250 C [25J.
Against general corrosion a titanium container, 6 mm thick should last
3
5
10 - 10 years, provided the passive film does not break down.
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However, titanium and titanium alloys are sensitive to localized

corrosion, crevice corrosion seeming to be most severe.

The most

important agents for producing crevice corrosion in titanium are Cl

and F . At moderate temperatures and moderate to low Cl
concentrations, titanium is normally considered as immune to crevice

corrosion. At present, it is not clear which temperatures and
Cl~ concentrations are permissible, but there are reports in the
literature that crevice corrosion may occur at 100 C at
Cl~ concentrations as low as 1% [26]; the sensitivity to crevice
corrosion in F

containing solutions are generally considered as far

higher.

The immunity of Ti from crevice corrosion is illustrated in

Fig. 5.

This refers to commercially pure titanium; the Ti-code 12 alloy

is reported to be far more resistant Lo crevice corrosion.
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In salt

formations, commercially pure titanium can therefore be considered for
applications where the surface temperatures are less or about 100 C,
while the Ti-code 12 alloy has a potential for applications at higher

temperatures.
3.3.4.

Sacrificial containers
Mild steels and cast iron can have relatively low corrosion rates

in anoxic groundwaters.

It is conceivable that as sacrificial materials,

10-20 cm thick would provide a controlled barrier against radioactive
release for some thousand years in hard rock at medium to low
temperatures. As iron is not thermodynamically stable in pure water, the
direct reaction between iron and water, resulting in hydrogen production,

has to be considered.

From general experience, this reaction is known to

be kinetically inhibited at lower temperatures and the reaction rate

approaches zero. At 100 C this reaction is still considered as slow,
but the reaction rate increases strongly with temperature, particularly
in the presence of chlorides.
When using iron or mild steels as sacrificial materials in oxygen

containing waters, the strong temperature dependence of the reaction
rates must be considered. Assuming an Arrhenius type temperature
dependence and the expected activation energy for the reaction, an
increase in reaction rate of the order of one order of magnitude would
not be
1 unlikely, when increasing the temperature from 25 C to 120 C
not
[27]
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3.4.

Backfill, buffer materials

The buffer material is used to fill the space between the waste
package and the host rock after the waste has been emplaced.

The

backfill material is used to refill the excavated portions of the

repository (tunnels and shafts).
The main functions of these materials are:

-

to restrict the access of water to the waste packages.
to locally modify the chemistry of the groundwater in order to
reduce the potential for corrosion of the container and for the
transfer of radionuclides through the buffer.

-

to cushion the waste package and limit the stress on the package

in case of rock movement in and around the emplacement hole.
-

to retard the movement of radionuclides released from the waste

package.
-

to transfer heat from the packages into the host rock.

A number of backfill buffer materials are currently discussed.

For

hard rocks, swelling clays or clay minerals seem at present to be most
favoured but other materials such as cementatious materials, zeolites
etc. are also considered, as well as mixtures of these materials with
sand and/or crushed rock. When the host rock is clay or salt the buffer
material usually produced during the construction of the repository is
the excavated rock.

Because of the proximity of the waste packages, buffer materials are
the most influenced by thermal effects.

Some temperature limits must be

observed in order to conserve the desirable properties of these
materials, particularly the low permeability.

3.4.1.

Swelling clays
Swelling clays, mainly bentonite, have been proposed for

backfilling waste repositories.
alumino-silicates.

These materials consist of sheets of

By binding water onto the sheets as ordered

molecules, the spacing can be varied, thus giving the mineral a swelling

capacity.

If a compacted bentonite has access to water and is confined,

it excerts a considerable pressure on the walls of the confinement as it
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saturates with water.

The advantage of this is that a high degree of

uniform density is preserved as well as a self-sealing capacity, should
the backfill suffer local mechanical damage.

This also guarantees a good

contact between the backfill and host rock and a uniform low permeability

in the backfill.

The structure of the mineral also gives it an

ion-exchange as well as an ion adsorption ability.
The desired physical and chemical properties of bentonite or other
swelling clays can only be retained if the structure of the material is
maintained.

100-150°C.

At elevated temperatures, bentonite loses pore water at

If during the early stages of the heat pulse, water has not

saturated the bentonite, temperatures in the range of 100-300 C can

cause a loss in swelling capacity.

Shorter exposures (several hours) at

temperatures up to 600 C have indicated that the structural changes of
the smectites may be reversible to some extent, but the response to
long-term heat treatment of dry bentonites is largely unknown [31]. In

the presence of water, hydrothermal reactions may change the structure of
smectites.

A leaching of silicates and other components like alkali

metals (potassium) from the minerals are to be expected.

If potassium is

present, and the concentrations of Ca, Mg and Na are low, a change from
smectites to illites may occur.

This change results in losses in

swelling capacity and also to reduction in volume of the clay, leading to
increased permeability of the backfill material.

Provided the conditions

for these alterations are favourable concerning supply of potassium,

temperatures as low as 100 C may be sufficient for the reaction to
proceed at reasonable rates.

In the absence of potassium, temperatures

above 100 C can cause cementation of the smectites due to the

replacement of Si by Al in the structure,
3.4.2. Zeolites

Zeolites have been proposed either as a backfill material or as
an additive to other backfill materials mainly because of their excellent
ion-exchange capacity.

However, zeolitt;s are known to lose water at

temperatures exceeding 300 C and losing their ion-exchange
capacity f28J.

conductivities.

Furthermore, in dry the jcate, zeolites have low thermal.

Concerning long-term stability, geological evidence

indicates that zeolites are unstable at higher temperatures.
increasing pressure they are easily converted to feldspars.

At
However,

cementing properties of zeolites are provided in Reference f30J.

3.4.3.

Crushed salt
The use of crushed salt will be restricted to the backfilling of

repositories in salt formations.

In this case, the main function of this

material will be to ensure proper heat dissipation from the waste, and to

provide mechanical support.

Crushed salt will not be unfavourably

affected by temperature.

3.4.4. Granular material
Granular material is used to modify groundwater chemistry to

saturate it, for instance for glass components the Si and Fe containing
material can be used.

3.4.5.

Cementatious materials
A variety of these materials have been considered to be used in

different ways in constructing a repository system.

One of the specific

aspects to be considered in using these materials is the heat release
from the hydration of concrete.

The major effect of elevated

temperatures (above 100 C) on hardened concrete would be attempts of
free water to evaporate.

A rise in vapour pressure could conceivably

disrupt the concrete and increase its permeability.

Concerning the

hydrostatic pressure in a repository, this seems very unlikely to occur

at temperatures moderately exceeding 100 C.

Differences in the thermal

expansion coefficients for waste container, concrete and hard rock as
well as differences in thermal gradients during the thermal pulse may

also cause cracks to open in the concrete with locally increased
permeability as a consequence.

To avoid dehydration and thermal

stresses, which may lead to microcracking followed by reduced structural
properties, temperatures below 150 C are normally recommended [28].
However, these problems may be solved by using selected ballast materials
and special cements.

Considering the long-term thermodynamic stability

of cements, a compilation of available thermodynamical data can be found

in [29].
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4.

THERMAL EFFECTS ON THE SURROUNDING ROCK

Due to the very interactive nature of the phenomena involved with

heat propagation in rock masses, their only meaningful description would
be a 'system-approach' one. This implies consideration of the
interactions of all components.

However, and only for the sake of

simplification, a sequential presentation will be performed below; the

effects will be somewhat arbitrarily classified under three main headings;
thermomechanical effects
changes in water flow patterns
thermally induced geochemical effects
4.1.

Thermomechanical effects
When heated by the thermal flux of the waste containers most rock

types tend to expand.

The state of confinement of these rocks at depth

prevents their free expansion and generates thermal stresses, the
development of which can be studied by principles of rock mechanics.

It

is clear that the thermal stresses and the response of the rock to these
thermal stresses will depend upon (a) the presence or absence of
discontinuities, (b) the stiffness of the rock, (c) the respective
properties of solid rock and interstitial water, and (d) disturbances
caused by the building of the repository.

In addition, the effects will

be different according to the distance from the heat sources, and will of
course be time-dependent.

These thermal stresses should be considered together with the
'primary1 state of stress in the rock mass, due to the weight of the
overburden and to possible tectonic loading and the local relief of
stress conditions due to the mine excavations.

The resulting stresses

must be kept at admissible levels so as not to impair confinement

properties of the host rock at the time of the 'heat pulse', otherwise,
any damage might prove to be irreversible when the rock cools down again.
Salt

Although some heterogeneous layers can be found in salt deposits
(e.g.
anhydrite, carnallite) salt can be considered as a continuous
medium. Salt expands under the influence of a temperature rise, but the
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build-up of stresses of confined salt is somewhat relieved by its ability
to deform plastically, even under constant load: this phenomenon is known
as 'creep'. Tests show that this ability to 'flow1 increases with

increasing temperature.
In the vicinity of the heat sources, the creep of salt will result
in rapid closure of the inlined disposal holes and thus a restoration of
the confinement pressure on the waste packages. Therefore, the disposal
holes should be cased if the waste containers are to be retrievable.
During the period before backfilling of galleries takes place, the
convergence rate of the walls may be accelerated by the heat propagating
from the waste, without this resulting in failure at the walls.

After closure of the repository, the salt formation and overlying
strata will temporarily show some uplift followed by some later
subsidence.
Excessive differential displacements in the more compact 'cap-rock1

(e.g. anhydrite) may result in some fracturing of this cover layer.
Continuous uplift due to diapirism is a reason for assuming the cap-rock
to be fractured already.

In the bulk of the salt itself, any generation

of new fractures, or re-opening of existing ones, can be considered as
unlikely, due to creep; moreover, even if fractures were to be generated,
geological evidence indicates that they would 'self-heal' and no longer
behave as discontinuities.
Most of these effects can be predicted by numerical simulations with

a reasonable degree of confidence. Large-scale, in-situ tests are
carried out in several countries; for instance, the extensive research
programmes in USA [32] and in the Federal Republic of Germany [33],

which, for example, includes several heating experiments associated with
measurements of borehole and gallery closure rate, changes in rock

salt pressure etc. These tests allow validation of predictive computer
models (see Section 5.3 below).
Granite
Heating of the rock in the vicinity of the waste causes it to expand

and push out the cooler surrounding rock.
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Due to the rock stiffness,

this will induce tensions in the cooler rock and additional compressive
stresses in the hotter rock.
At the depths selected for repositories in granite, there should not
be any serious risk of rock failure at the wall of open galleries or
disposal holes.

After closure of the repository, the magnitude of the

stresses developed will, in practice, depend upon the extent to which the
rock behaves as either a continuum with homogeneous mechanical
properties, or a fractured medium.

In the latter case, expansion of the

rock near the heat-sources is taken up by closing of fractures locally;
in the cooler rock, and particularly between ground surface and the
repository area, fractures will tend to open under tension.
These effects could therefore be beneficial in that compression will
tend to close cracks in the hotter region, thereby reducing the flow of
water to and from the waste in the repository area. They may, however,
also be harmful in that the tensions will open the existing fractures
between ground surface and the repository area, thus increasing the
permeability in the far field of the rock cover.

If these tensile

stresses are too high and not counteracted enough by the existing state
of stress, they could even induce creation of new fractures which might
remain as permanent defects after the heat pulse is over.
Although it is difficult to predict these effects globally, some

general principles can be identified.

If appreciable expansion is

confined to only the volumes of rock containing the waste, i.e. if their
dimensions are small compared with the depth, the effects can be
considered likely to be small.

In any case, the effects can be

controlled by keeping the temperature rise at moderate levels, i.e. by
suitable waste characteristics and/or repository lay-out.

Most of these effects are amenable to computer modelling.

In-situ

heating tests at the Stripa mine [34] and in the Climax granite [35]
allowed the quantification of these near-field effects.

Damages to the

rock close to the heat sources were observed only at temperatures much
higher than those currently envisaged for disposal in granite formations.
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A wide range of thermomechanical properties are covered under the
generic term 'clay'.

They can range from plastic materials with high

water content to more rigid rocks with appreciable strength and lower
water content. The mechanical response of clay layers subjected to a
temperature rise under repository conditions is not clearly known, as
most of present in-situ heating tests are being performed close to ground
surface [36].
In the immediate vicinity of the heat sources, drying out of the
clay could occur if there were some way for water to migrate and/or to
vaporize; this drying-out would induce shrinkage of the clay, therefore

resulting in some degree of fracturing.

It is, however, highly unlikely

that drying out would occur at a distance from the heat sources once the
galleries are backfilled, the potential for 'large-scale' fracturing of
deep clays under heating seeming to be very low in the repository area.

The behaviour of heated clay will depend upon the respective
proportions of pore water and solid matrix.

For plastic clays with high

water-content, heating will induce expansion of the pore water; as the
solid matrix will also expand, but to a lower extent, there will be an
increase in pore pressure, inducing some water flow away from the heated

zone. The magnitude of this excess pore pressure would of course depend
upon the permeability of the clay layer. At present it is difficult to

assess the consequences of this phenomenon.

For more competent clays

however, the heating could produce effects similar to those described

above for granite, and below for tuff and basalt.
In-situ testing is planned, e.g. in the underground laboratory at
Mol in the plastic boom clay and will allow quantification of the
behaviour patterns presented here.
Tuff
Available information mainly concerns the Yucca Mountain site,

USA [37].

Investigations show that this tuff (consolidated, welded

volcanic ash) may be considered as a porous, hard rock, where some
natural fracturing is present; it must be pointed out that other sites

may reveal different properties.
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For the Yucca Mountain site,

calculations of thermally induced stresses were performed using data from
laboratory testing.

They show that the additional stresses will be

absorbed by limited movements along the existing fractures; neither the
disposal holes or galleries, nor the overlying strata above the
repository would be affected by new fracturing.
An 'in-situ water migration - heater test' was performed on this
site, which concluded that the actual effects of heating were even less

pronounced than those predicted by computer models [38].
Basalt
From the point of view of its thermomechanical properties, basalt
can be considered as a hard, moderately jointed rock; therefore, most of
the conclusions presented for granite also apply for basalt.
Specific investigations have been performed on the basalt flow of
the Columbia Plateau in the Hanford Reservation [39] including a
near-surface heating test.

In this specific case a very pronounced

horizontal stress field is present at the depth envisaged for the
repository.

As a consequence a 'flat' elliptic shape was given to the

galleries and the disposal holes are horizontal, so that the total
(thermal + excavation induced) stresses do not endanger the rock in the
repository area. As regards the larger-scale effect, some stress-relief
should take place along the existing joints which give the basalt its

typical 'columnar' structure.

4.2.

Changes in water flow pattern
Heating of the host rock may cause changes in the water flow

patterns by changing the properties of the solid and liquid phase [40,41]
For the liquid phase:
-

changes in physical properties depending on temperature (density,
viscosity)

-

changes in physical properties depending on water compositions
(density, viscosity changes caused by dissolution reactions see
Section 3.2).
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For the solid phase:
-

changes in permeability and porosity of rock due to
thermomechanical effects

-

(see section 3.2)

changes in permeability and porosity of rock due to
dissolution/precipitation reactions in the groundwater bedrock
system (see Section 3.2)

If the repository is saturated, changes in density of water modify
or induce groundwater flow.

Consequences may be large convective cells

depending on temperature and average permeability and porosity of the
rock (i.e. the existence of interconnected fractures).
The water travel time to the surface will be modified and this
effect persists until most of the thermal effect of the waste has
vanished.
The thermomechanical response of the overburden rock could result in
the opening of existing fractures near the surface due mainly to
nonlinear uplift. The resultant increase in near surface fracture
permeability may also affect the waterflow patterns.
Vaporization may be an important means of removing heat and water
from the rock surrounding the underground openings during the operational
period or for repositories located above the water table.
Salt
Salt generally contains very little water, less than 0.3 volume % in
diapiric salt and slightly higher in bedded salt.

Inclusions of brine in

rock salt tend to migrate towards the heat sources if the thermal
gradient is sufficiently high.

However, the inflow of brine will be very

limited (in the order of a few litres per canister) and will cease after
a few decades [42].
If the inclusions also contain gas, that is liquid-gas inclusions,
the direction of migration is inverted and the inclusions move away from

the heat source, again as long as the thermal gradient is sufficiently
high.
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Granite
Granites are hard, massive rocks with closed joints and fractures at

depths.

The matrix permeability of granites is usually very low, and

relative to fracture permeabilities, can be taken as zero.

If the

fractures in the rock surrounding the repository contain water, heating
may induce flow due to convection for the reasons discussed above.
convection cells will modify the travel times to the surface.

Such

However,

this phenomenon can only happen when fractures are interconnected.
Because the convective flow is very small, it has virtually no influence
on the temperature field or on mechanical effects.
Clay
In clay, permeabilities are so low that convection effects will not
be the major consideration.
If temperatures in the host rock are limited to 100 C, the only
effects expected are related to the thermal expansion of interstitial
fluids and solid particles forming the matrix of the rock.

This is

expected to result in a pressure gradient and some flow of pore water
away from the heat sources.

If the temperature were allowed to exceed 100 C significantly,
then vapour might be formed and pressures might reach much higher
values.

In this case the possibility of cracking and the magnitude of

the phenomenon would need to be investigated.

In addition at

temperatures in excess of 100 C the possibililty of hydrothermal
reactions with associated mineralogical and other physico-chemical

changes would need to be investigated.
Tuff

One concept is to place a repository in tuff in the unsaturated zone
(above the water table).
atmospheric conditions.

In this case boiling behaviour is controlled by
Heating will cause substantial increases in

water vapour pressure with the potential for drying out large portions of
the rock mass surrounding the waste.

Vapour movement also may account

for a large transfer of heat due to removal of the latent heat of
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vaporization and the subsequent redeposition by condensation at a
different location.

The direction of water movement in tuff is determined by the
boundary conditions.

If the waste emplacement boreholes are 'open1 the

heated water vapour moves into the cavities where it is carried out of

the system by ventilation or it condenses and flows out of the system
along the fractures [38].
If the waste emplacement boreholes are closed (for example, with a

swelling bentonite backfill), the pressure gradient forces the water
vapour radially outward from the heat source where it condenses in the

rock at temperatures below 100 C.

This results in increasing the water

content of the rock (in some cases approaching saturation) and increasing
the effective thermal conductivity.
Of equal importance is the rate at which the dry regions of rock
re-acquire water as the thermal pulse decays away.

It is only then that

corrosion of the waste container and leaching of the waste form can
begin.

The driving forces for re-wetting the rock are primarily the

infiltration rate and the matrix capillary forces.
Basalt
The hydraulic conductivity in basalt depends largely on the degree

of fracturing present.

The changes caused by heating are much similar to

those already described for granite.

Following emplacement of high-level

waste, the temperature of the rock will rise and the water contained near
the repository will be driven away. After certain time resaturation will
take place, thereafter the waterflow depends on the density and
orientation of fractures, including the original fractures as well as
those induced by thermo-mechanical response of the rock.

Flow direction

will depend on the local hydraulic gradient [43].
4.3.

Thermally induced geochemical effects

The heating of a repository host rock from the ambient geothermal
gradient to temperatures of 100 C or more through the emplacement of
high-level radioactive waste may locally have profound effects upon the
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chemical composition of the groundwater and the mineralogical

constitution of the host rock, which in turn will affect backfill buffer
stability, container corrosion, the nature of waste form dissolution and
radionuclide ratardation in the near field. The nature of these chemical
changes will depend upon the host rock, its mineralogy, the chemical

composition of the groundwater or fluid phase and the temperature, but

may be adequately simulated by closed system hydrothermal laboratory
experiments [11], or by geochemical mass transfer computer programs [44J.

The thermal pulse will also perturb any microbial populations
contained within the original undisturbed system (rock groundwater) and
those introduced during construction of the repository.

Biological

activity within the repository environment may have considerable effects
upon groundwater chemistry, but their interactions with physical and
chemical systems are complex [45]. Site specific data on microbial
populations are necessary to evaluate the effects of high temperatures
upon their behaviour.

No treatment of the temperature dependence of sorption processes in
the rock will be given here since radionuclide retardation by these

processes is seen as being predominantly relevant to the far-field (i.e.
thermally unperturbed) portion of the repository system [45]. However,
where thermally induced changes of mineral assemblages may affect
radionuclide retardation in the near field, then these will be mentioned

below.

Salt
Salt deposits predominantly consist of halite (NaCl) with smaller,

additional proportions of minerals such as anhydrite (CaSO,),

polyhalite (K MgCa (SO,),.2H 0), carnallite (MgKCl3.6H20),
kieserite (MgSO,.H„0), and various carbonates, clay and bitumen.

The

important geochemical effects resulting from thermal load revolve around
the thermal stabilities of these constituent minerals and also the
tendency of fluid inclusions contained within the deposits to migrate
towards a heat source.

The minerals above which are particularly

sensitive to thermal changes are polyhalite and kieserite which liberates
water at very high temperatures (greater than 300 C) and rarnallile
which begins to dehydrate at about 80 C when exposed to the atmosphère
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or at about 170 C for the in-situ confined conditions [47]. Obviously,
if the maximum temperature in a repository in such rock types exceed
these values, one must take into account the effect of dehydration
proportions of such minerals contained within them.

Granite
Granite consists of quartz, feldspars and mica with small

proportions of accessory minerals such as apatite and iron-titanium
oxides, all of which are stable phases under dry heating up to

temperatures of at least 300 C.

However, at repository depths an

aqueous fluid phase (groundwater) will be present 'in fractures and
intergranular pores.

The chemical composition of the groundwater will

change when going from ambient underground temperatures up to 100 C or

more through thermally driven, irreversible mineral-fluid chemical
reactions.

The exact nature of these chemical reactions will depend upon

the initial groundwater composition (e.g. some granitic groundwaters may

be unusually saline, such as those investigated from the Canadian
Shield [48] but in general, the silica content of the groundwater will

increase (quartz solubility is strongly temperature dependent [49]) and
the pH and ionic content of the groundwater will be altered through

dissolution of the original silicate minerals and precipitation of
secondary silicates.

Because of the pronounced thermal gradients away

from waste containers during the first 100 years after disposal, silica
may be transported away from the immediate container zone by convective
groundwater movement to be precipitated in cooler zones. Experimental
investigation of these processes has revealed a decrease in permeability
by 10-100 fold in those zones where the precipitation has taken
place [50]. Increased alkali (potassium) content in the groundwater
through dissolution of potassium silicates (e.g. feldspars, mica) may
also accelerate the conversion of smectite in the backfill to illite,

depending on the groundwater flow direction. The alteration of the
granitic mineralogy along paths of water movement may ameliorate the
sorption characteristics [51].

Clay
Clays (and argillaceous rocks in general) show great variability in
chemical and mineralogical composition, and water content. Most clays
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contain significant amounts of non-clay minerals such as quartz,
carbonates, sulphides and organic matter.

The most important aspects of

the heating of clays concern the thermal stability of their constituent
minerals and the potential dewatering of the formation and/or the

generation of a corrosive fluid phase. All clay minerals lose water from
their structure upon heating, which may be complete at a temperature of
400°C. Heating will lead to a loss of plasticity and the potential of
transformation of smectite to illite or chlorite. The pH of the fluid
phase may decrease dramatically through mineral breakdown reactions and
the increased fugacities of C0„ and S» through breakdown of
carbonates, sulphides and organic matter.

The sorptive capacity of the

rock will decrease if temperatures are high enough such that mineral
transformations of the type clay —»mica take place.

In general,

temperatures below 150 C should ensure that detrimental geochemical
changes will be minimal.
Tuff

Tuff is a porous volcanic rock consisting of glassy shards and
pumice. Many tuffs are devitrified such that the mineralogy consists of

quartz, feldspar, zeolites and minor amounts of smectite clay.

If the

tuff is water-saturated, increased temperatures may lead to dissolution
of primary minerals and a concomitant change in groundwater composition.

The silica content of the groundwater will increase to values appropriate
to quartz or amorphous silica saturation at the temperature attained and

pH will be in the region of 8-9 [52].
temperatures in excess of 200°C [53],
capacity at higher temperatures.

Zeolites break down at
which would mean poorer sorptive

The sealing of pore and fracture

voidage by silica precipitation in cooler regions may significantly
reduce permeability in the near-field zone.

Basalt
Basalt is a volcanic rock resulting from the cooling of flows of
molten material and consists of pyroxene, olivine, plagioclase, glass,
accessory iron-titanium oxides and secondary smectite clay.

These

primary phases would be stable to temperatures well in excess of those

considered for waste disposal, so that the most important geochemical
effects caused by heating are those resulting from the interaction of the
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mineral phases and glass with groundwater.

Again, the exact nature of

these reactions will depend upon the chemical and mineralogical
composition of the basalt, the composition of the groundwater and
temperature.

The interaction of basalt and groundwater has been studied

experimentally to temperatures of 300 C in [54]. The results of this
study revealed a formation of secondary zeolites and increases in the
silica and potassium content of the groundwater.

The pH of the

groundwater showed a slight decrease, from ambient to pH = 6-7. Comments
made about permeability decreases through silica precipitation for
granite and tuff will also apply to basalt. The formation of zeolites

through reaction of groundwater with the basalt would increase the
sorptive capacity of the near field.
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5.

NUMERICAL EVALUATION OF THE EFFECTS OF HEAT

5.1. Introduction

The processes which can lead to a release of radionuclides from a

repository and the influence of temperature on these processes are
described in Chapters 3 and 4.

The thermal effects on the components of

the system are summarized in Table IV.
TABLE IV.

PROPERTIES AND PROCESSES AFFECTED BY TEMPERATURE

_________Component_________________Thermal Effect___________
waste form
- glass matrix

- spent fuel

crystallization
phase separation
cracking
dissolution rate
cladding integrity
oxidation

container

stresses
corrosion rate

backfill/buffer

saturation with water
swelling pressure
permeability
nuclide retention

host rock

geochemistry
stresses
fracture opening
fracture distributions
water transport
uplift of surface

For most components models are available to describe their behaviour.
Most of these models can incorporate the effect of heat.

The collection

of relevant data is in general the bottleneck for the use of these models

in performance analyses.
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However, accurate models (conceptual and mathematical) for
describing the interactions of the near field components (waste form,
containers, backfill and host rock) as well as the effects of temperature
on these interactions are still being developed.

Another field for

further improvements is the study of influence of rock stresses on

fractures and thereby on the permeability for water [55]. Natural
stresses, the stresses induced by the building of the repository as well

as the stresses caused by heat release from the waste have to be
considered.

As noted above in the introduction, the heat release from the

high-level radioactive waste is only one of the factors which might
influence the performance of a waste repository.

Different disposal

concepts will rely to a different degree on the individual components of
the multibarrier system.
During recent years the following effects of the released heat have
been subjected to both measurements and theoretical modelling:
Temperature distributions

-

Thermally induced stresses

-

Thermally induced groundwater convection

-

Thermally accelerated chemical reactions.

The thermal effects are important in several aspects.

The thermally

induced stresses, depending on whether compression or tension, may cause,
in the first case, borehole and tunnel decrepitation, when combined with
the excavation-induced stresses.

Induced tensile stresses can initiate

new fractures and reduce the normal stress component across fissures in
the rock mass, thus causing increased permeability.
The heat released from the radioactive waste will cause, in some

cases, significant changes in the flow regime in the near field. The
changes may or may not decrease the travel time of radionuclides from the

repository to the biosphere.
It is important to develop long-term predictive models for waste
form leaching and corrosion, in which temperature dependency can be

included, so far it will be of influence seen the limited time period of
the heat pulse relative to possible isolation periods.
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An extensive review of computer programs to be used for the analysis
of the processes listed above is given in [56].

In this review the

status of the programs with respect to the important aspect of
verification and validation is also given.
An important aspect is the compatibility of the data with the models

for which the data are needed.

The means of data acquisition should be

considered, as well as the treatment of the data, and eventually, the

algorithm used to convert the primary data into data for the
computational models.

5.2.

Numerical models to describe the processes

5.2.1.

Temperature distribution

The calculation of the temperature distribution in the repository
and the host rock can be performed accurately if:

-

The thermophysical properties are well known, including the
temperature dependency.

-

The boundary conditions are well defined, in particular for
long-term prediction.

The finite difference as well as the finite element method are used to
solve the heat transfer equation for complex geometries with constant or

temperature dependent properties.
For constant material properties and idealized geometries use has
been made of analytical solutions.

In [57] such an approach is used for

a detailed 3-D temperature calculation of a multi-layer high-level waste

repository in a salt dome.
Comparisons between calculations of rock temperature considering the

temperature dependent properties and calculations based on constant
properties have been carried out [58, 59J. Deviations in calculated
temperatures remain within a few percent of the maximum value, provided
the temperature range is less than 200°C and the constant properties

are chosen at ,an average temperature.
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In réf. [60] a finite difference code has been used to calculate the
temperature distribution as a function of depth at various times in a

granitic repository assuming constant thermal properties of the rock.
The results of the calculations are illustrated in Fig. b. Using a
similar code, the effects of the repository design have been investigated
[61] and they are illustrated in Fig. 7 for a one-level repository and in
Fig. 8 for the same amount of waste equally distributed in a two-level
repository with 100 m between the levels. The figures also illustrate
the differences between two models: one simplified model for periods over
60 years and a 3-D model for times up to 60 years. As can be seen in
Fig. 8, the two-level repository design will result in two maxima in the

temperature-time dependency. The relative height of these maxima were
found to be dependent on the repository design parameters.
Temperature distributions have been calculated in the near field of
horizontally emplaced canisters surrounded by bentonite. Temperature

dependent properties have been used for the bentonite and the waste
package [62].

Similar calculations have been performed for other rocks

as well.
5.2.2.

Thermal stress distribution
The rock response to thermal loading has been investigated in

several experiments [63-66]. The theoretical modelling has been either
coupled to these experiments or been performed independently.

The

approaches have been analytical solutions to an idealized

repository [67], or the applications of finite element methods for
numerical solutions [63, 68].

In the analytical solutions in [67] the heat producing waste
(10,000 kW initial heat production and half-life = 30 years) is spread
uniformly throughout the volume of the repository in a hard rock, which
is taken to be spherical.

Heat is given out uniformly throughout the

spherical region and a linear elastic theory is used to predict the
stresses induced by the heat.

The rock is treated as a continuous

medium, i.e. fissures and faults are disregarded which is a simplifying
assumption.

The stress distribution is calculated in a domain with

cylindrical symmetry.
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A result of the calculation is shown in Fig. 9.

Temperature
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FIG. 6.

Temperature distributions in the granitic repository
and in the whole formation at different times after
disposal of the waste [60] •
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The general conclusion from the calculations is that after about

100 years, nett tensile stresses can occur in the rock overlying a
repository.

At the same time, compressive stresses occur at the centre

of the repository.
At this moment programs are under development in which a proper
modelling of the fissures and faults is taken into account.
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FIG. 9.

Time dependence of principal hoop stresses âc
various depch (z) above ehe repository
(radius = 250 m, depth of the repository = 1000 ra,
thermal conductivity 2.51 W ra-1 K-l) [67].

The models in [64] discuss the results of a two-dimensional

finite-element model applied to a Canadian immobilized waste vault. The
vault geometry is shown in Fig. 10.

assumed to be 269 W.

The power per waste package is

The horizontal stress field after 30 years is shown

in Fig. 11 while Fig. 12 shows the horizontal stress vs depth after

200 years. As can be seen both the excavation and thermal loading tend
to reinforce the state of horizontal compression in the rock mass above
the repository. A conclusion drawn in [68] is that the analyses have not
detected evidence of thermal fracturing. Thus, it must be concluded that

the possible development of nett tensile stresses is dependent on the

repository design.
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Geometry of immobilized waste room and container [68],

For salt repositories the stresses, mechanical as well as thermal,

are difficult to model. This is due to the fact that rock salt cannot be
treated as a linear elastic material. At ambient and at elevated
temperature the deformation behaviour is strongly time dependent.

This

behaviour can be described with creep equations as is done in [66]. The

time and temperature dependent deformation problem can be solved using
the finite element method as done in [66]. A finite element programme

was used to analyse the behaviour of locally heated salt. The salt was
modelled as elastic-plastic material with secondary creep. A comparison
with experimental results [62] showed that the methods give a good

prediction of the thermomechanical effects in rock salt, at least with
respect to near field and relatively short time spans.
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FIG. 11.

Horizontal stress (MPa) distribution at
30 years [68],
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Horizontal stress vs depth for an immobilized
waste repository at 200 years after waste
emplacement on a 2-dimensional finite element
analysis [68] •

To avoid high computation costs special attention must be paid to
the coupling of the transient temperature distribution and the time
dependent deformation analysis.

In [69] a special purpose program was used for the analysis of the
stresses in a salt dome where a repository with a total initial heat
generation of 27.75 MW is located.

It is concluded that the total

stresses in the salt dome remain compressive.

With respect to the modelling of the thermal stresses in clay, only
preliminary work has been done and programs are still under
development [70].
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5.2.3.

Thermally induced groundwater convection

Two problems are related to the modelling of the thermally
induced groundwater flow.
-

The validity of Darcy's law for very low permeable media such as

-

clay.
The characterisation of the permeability and porosity of hard
rocks like granite having a matrix with a low permeability and
fractures with a high permeability.

Models for the thermally induced water flows in a hard rock
repository have been developed by several institutions; examples are
given in [40,41,70,71,72,73]. As for the thermomechanical model, both
analytical solutions [41] and numerical computations [40,71] are used.
The analytical solutions in [41] treat an idealized repository
similar to the one in [67]. The analysis assumes that fractured rock can
be treated as an equivalent porous medium.
is assumed to be low;

The permeability of the rock

i.e. the dominant heat transfer mechanism will be

heat conduction through the rock and convection can be neglected.

In

this model, the temperature field is deduced from the heat conduction
equation and the water flow is then determined using the temperatures as
driving forces.

The flow is assumed to be described by Darcy's law

through a saturated homogeneous isotropic porous medium.

The result of

such computations are of course dependent on permeabilities, regional
flows etc.,

but a general conclusion is that the thermal convection of

water near a repository could be as important as regional flows for

several thousand years.
In [41] a mathematical model is described, which consists of coupled
non-linear partial differential equations for heat and groundwater flow.
The system of equations is solved numerically using the finite element
method in two or three dimensions.
1.

Two overlapping continua;

The fractured rock is treated as:

one representing the network of fractures

and one representing the solid blocks of rock.
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2.

A single equivalent medium.
Anisotropy in the permeability has also been taken into account in

the model.

The model is illustrated for cases where the initial pressure

and geothermal gradients are parallel and for cases where the repository

is situated under the crest of a hill or under a hillslope.

All examples

show that the heat released from the repository may have a significant
impact on the flow regime around it.

Even at very moderate increases in

temperature (10 C), there is a significant effect on the flow patterns.

5.2.4.

Thermally accelerated chemical reactions

Realistic modelling of the temperature dependence of glass
leaching and container corrosion requires a qualitative understanding of
the physical and chemical interactions in the repository near field,
including the backfill. Even if detailed modelling is probably

impossible, simplifications may reduce the task to manageable
proportions.

However, although much data has been accumulated so far,

the interpretations of the data are in doubt. In the following a very
brief overview will be given of the status of the modelling of the

dissolution and the container corrosion.
5-2.4.1. Waste form dissolution

The status of modelling of the interactions between simple
glasses and aqueous media can be found in a review paper on glass science

(see e.g. réf. [74]). However, for nuclear waste glasses, which are very
complex in composition, there may not be one model, but in the extreme a
model for each nuclide, depending on the interaction of the nuclides with
the aqueous medium [75]. At present, the temperature dependence of

leaching is assumed to follow an Arrhenius type relation (see e.g.
Fig. 13) [10, 76]. It may be concluded that at present, the major
efforts in modelling concern the mechanisms themselves, and their
temperature dependence are of secondary importance.
At present, only attempts at modelling the interactions between
spent fuel and water have been made [77]. It is important that the

temperature dependency of spent fuel dissolution is incorporated into
such models.
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5.2.4.2.

Arrhenius plots of the specific weight losses of
6 different glasses after 7 days in distilled water [10.

Container corrosion
The same statements as in Section 5.2.4.1. are generally valid

also for container corrosion, although the corrosion of containers is
perhaps less complex than waste form dissolution.

The Arrhenius type

relation for the kinetics of the reactions are normally assumed to be
valid.

5.2.4.3.

Alterations in backfill
Up to now, changes in the backfill caused by increased

temperatures are described qualitatively and sometimes quantitatively in
conceptual models [78]. No computer models have yet been developed.
However, as mentioned before there is a need for modelling of the

integrated near field.

Important temperature dependent processes in the

backfill are transport of water through backfill, diffusion, convection
and sorption of radionuclides in the backfill.

These effects are of course relevant for clay-type materials; for
other backfills, such as crushed salt in salt repositories, other effects

could be considered.
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5.2.4.4. Water-rock system
Increases in temperature due to the emplacement of radioactive
waste will potentially affect both the chemistry of naturally occurring

compounds and of compounds originating from the waste.

It is quite

probable that small quantities of radioactive material will leave the
waste package during the first 300 years after closure when temperatures
are the highest.

Nevertheless, the chemical behaviour of radionuclides

released can be modelled with the same theory as is the chemistry of the
naturally occurring compounds, although this modelling requires

additional data.
The chemical modelling of high temperature natural aqueous systems

is based on equilibrium speciation and reaction pathway tracking models
used in groundwater chemical evolution studies.

In these models the mass

of each element is distributed in the system among the aqueous and solid

phases available and potentially available.

Kinetics have been treated

to some degree by using an extension of reaction coefficients and an
attempt has been made to incorporate rate constants.

At temperatures

between 25 C and about 50 C, Van't Hoffs rule has been used
successfully to account for temperature effects above the standard
state.

Above this temperature, heat capacity functions are often

necessary to model speciation, and particularly, to model precipitation
and dissolution.

Models of these processes at higher temperature (up to

several hundred degrees centigrade) have been developed to describe the

geochemical evolution of hydrothermal systems [79]. The chemical
processes occurring within the heated zone can be modelled as if the
system were some hundred meters deeper along the geothermal gradient.
5.3.

Experiments to provide data for the models

5.3.1. Parameters to be determined
Most of the local effects of heating can be simulated in
laboratory tests.

The main parameters to be determined are the

sensitivity to temperature of:
- dissolution of the waste form

- degradation of containers
- mechanical properties (e.g. strength, expansivity, creep) of
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the rock
- thermochemical properties of the chemical components
Some of the extensive effects of thermal loading may be amenable to
field investigations. These probably include the ability of pre-existing
fractures in the rock, to relieve stress and interrupt the propagation of
deformation in fractured rock and the thermoplastic and creep properties
of some rocks.

It will inevitably be impractical to simulate

experimentally more far-ranging effects, such as extensively induced
thermal flow.
5.3.2. Laboratory tests
The local effects listed above can be investigated in laboratory
tests.

Some of these may require both the temperature and state of

stress to be comparable with real values, in which case high-pressure
vessel techniques will have to be used.

In some cases it will

additionally be necessary to apply mechanical stresses and
vapour-pressure conditions representative of in-situ values during
experiments.
Inclusion of water with a chemistry identical to the in-situ
chemistry, into the experiment would increase the applicability of the
results for realistic modelling. Also the backfill to be used in the
repository should be considered.

Such integrated experiments have been

developed and will be used in several laboratories to derive realistic
parameter values for models as well as for the development of more

realistic models [79,80,81]. Care should be taken that the laboratory
conditions will be representative to measure the effects under in-situ
conditions.

5.3.3. Field tests
Major underground field programmes are in progress or planning:
for hard rock in the USA [32], Sweden [34], Switzerland [82],

Canada [83], India [84] and Japan [85] with minor supporting

programmes in France [86] and the U.K. [87].
for clay in Belgium [88] and Italy [89].
for salt in Germany, Fed. Rep., [33] and USA [90].
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In-situ measurements in these programmes are being made for studies on
heat transfer and the effects of temperature on corrosion, creep,
deformations, and other mechanical properties of the rock.

For example,

a part of the German programme in the Asse salt mine included (a) the
development of a "Standard Probe", to measure the convergence of a heated
simulated disposal hole, and (b) the measurement of salt pressure on a

steel casing inserted in the hole.

Good agreements were found between

prediction and actual field measurements [49]. A summary of the current

status of research and repository development including underground test
facilities in OECD/NEA countries is presented in Table V [42]

5.4.

Verification and validation

Verification and validation are defined according to the IAEA
Radioactive Waste Management Glossary [91] as follows:
"A computer code is 'verified' when it is confirmed that the
conceptual model of the real system is adequately represented by the
mathematical solution.

Verification can thus be carried out, for

example by intercomparison of codes and by comparison of numerical
codes with analytical solutions.
"A conceptual model and the computer code derived from it are
"validated1 when it is confirmed that the conceptual model and the
derived computer code provide a good representation of the actual

processes occurring in the real system. Validation is thus carried
out by comparison of calculations with field observations and
experimental measurements."

For the models described above the status of their verification and
validation is discussed.
Analyses using models being verified and validated only produce
correct results if the boundary conditions on the problem are defined

correctly.

For the temperature, deformation and flow problems, the

initial conditions and the conditions at the physical boundaries must be
handled with care, as they can lead to completely wrong results.
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TABLE V.

CURRENT STATUS OF REPOSITORY DEVELOPMENT IN OECD COUNTRIES [42]

TEST

USA

Switzerland
Sweden
Granite

Finland
Canada
France
Japan
Spain
Sweden
Switzerland
UK
USA

X
X
X
X
X
X
X
X
X
X
X
X

X
X
X

X
X

X

X
X
X
X
X
X
X

X
X
X

'
X
X

X
X

X
X

X

X
X

Stripa
Grimsel Pass .

X
X

X
X

X
X

X

X

Climax

X

X

X

Asse II

X

Avery Island

X
X

Lyons
WIPP (2)

X

Felsenau

X
X

Hoi

TEST BOREHOLES

SURFACE INVESTIGATIONS

Crystalline Rocks

SURVEY OF SITES

COUNIRV

GENERIC STUDIES

FACILITIES AT DEPTH

•5

^

"""

n —i

«

u.

LOCATION

j ê uî
j 3 tjj

X

IVhiteshell

Other

Gabbro

Sweden

Canada
Diabase

X

X X

Japan

X

X

Evapontes
Denmark
F.R. Germany
F.R. Germany
Netherlands

X

X

X

X

X
X

X
X

X
X

X
X

X

X

X

USA

X

X

X

X

Spain
USA
USA

X
X

X
X

X

X

Switzerland

X

USA

X

X

Clay

Belgium
Italy
Switzerland
UK

X
X
X
X

X
X

X
X

X

X

Shale

USA

X
X
X

Salt Diapirs

Bedded Salt

Anhydrite

X

Gorleben (2)

X

(2,3,4)

Other Sedimentary
Rocks

Japan
Spain

X

X

(2)

X
X

X
X X

Other
Mixed Marine Sed. F.R. Germany
Sequence

X

Basalt

USA

X

Tuff

USA
Japan

X

X

X

X

X

X X
X

Konrad (2,3)

X

X

NSTF Hanford (2)

NTS (2)

1. Tesb Facilities at depth without a shaft being sunk implies the facility is
in an existing mine.

2.

This facility or another facility at this site has accepted or is planned to
accept waste.

3. Low and intermediate waste only; no high level waste.
4.

The Asse mine ia situated in a salt anticline.

5.4.1. Temperature distribution
In [58] a verification is reported of the temperature codes by
comparing the results of the different codes with each other and with an
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analytical solution leading to the conclusion that the codes do a good
job.

Validation by means of field tests in clay are reported in [89] and

[92].

In-situ heating experiments were and are being performed in the Asse
salt mine as part of the CEC R&D Programme on Radioactive Waste
Management [42]. The so-called 'Temperature Test IV' was performed at a
depth of about 750 m; a vertical borehole, 15 m deep, 35 cm diameter, was

drilled in the floor of a gallery; in this hole, heating sources with
controllable power output were inserted in the bottom 6 m.

Temperature

of the heater was increased up to 270 C during 3000 hours, then kept at
a constant value (80 C) during almost one and a half years.

The

temperatures around the heater were recorded by thermocouples inserted at
various distances from the heat source. Good agreement was obtained

between the measurements and predictions using computer codes. Another

experiment, called 'Temperature Test V' is also being performed in the
same mine, not far from the Test IV, but in a zone where salt includes
some heterogeneous layers of polyhalite.

The heaters are inserted in a

horizontal borehole in the wall of a gallery.

The heating test is still

in progress, but it seems clear that, once again, the computer codes used

allowed a good prediction of the actual test data presently recorded on
the site [93].
A heating experiment was carried out at approximately 20 m below the
mid level of a quarry, situated about 50 km south west of Mol, in an area
where the Boom clay formation outcrops [92]. The experiment ran for

one year at 1000 W output and for another 6 months at 1500 W.

A thermal

conduction code, taking also into account the water movements into the

boreholes, was used to interpret the experimental results. The fit
between numerical and experimental data was quite good, see Fig. 14.
An in-situ experiment was also carried out at shallow depth in an
open clay quarry in the area of Monterotondo, near Rome [89]. The
experiment was carried out in two stages at the power of 250 and 500 W,
respectively.

A thermal conduction code, elaborated by Belgian staff,

was used for comparisons between measured and predicted temperature
increases.

The clay was considered as a continuous, homogeneous and

isotropic medium, where heat dissipates by conduction.
properties were assumed as temperature independent.
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14.

Temperature diagram (horizontal mid plane) at several radial distances (r)
from the heater [92]•

increases measured in clay fit quite well the theoretical values obtained
by the numerical code.
During the period 1980-1983, a large scale in-situ test was fielded
in quartz-monazite (granite) rock at the Climax stock in Nevada,

USA [94]. This test employed both electrical heaters and actual spent
fuel assemblies as thermal sources.

A total of 37 thermal sources were

emplaced in an array of three parallel drifts which was designed to
simulate a portion of a repository.

The test depth was 420 m below the

surface and 150 m above the water table.

Extensive thermal calculations

were made [95] using both finite difference and finite element codes as

well as superposition solutions for analytic formulations.

These

calculations also took account of all heat transfer mechanisms and
allowed for heat removal by the test ventilation system.

A total of about 600 precision temperature recordings were made
3
throughout the test area, which included about 10,000 m of rock where
measurable temperature effects were observed.

Peak rock temperatures up
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to 200°C were observed.

Very good agreement was found between the

measured and calculated temperature fields.

The maximum variation was

less than 5 C over the three year duration of the test.
The effects of a heater placed in a partially saturated, fractured,
porous welded tuff are described in [38]. The location of the experiment

was about 425 m below the surface in G-tunnel on the Nevada Test Site.
The heater was operated at powers of l kW and 750 W.
was heated to approximately 240 C.

The rock surface

A finite element thermal conduction

code, which also accounted for the latent heat of vaporizing water and
radiative heat transport from the heater to the rock was used to compare
with the experimental results.

In general, the agreement between the

calculated and measured values was good [96].

Full-scale heater tests have been performed in the Pomona basalt at
the Near-Surface Test Facility on the Hanford Reservation, Washington in
the USA. Based on 270 days of heating, during which heater power levels

were raised in steps to 3.0 kW, it has been concluded that the thermal

properties of the basalt are isotropic in a horizontal plane, with good
agreement between predicted and measured temperatures.

Although more

difficult to evaluate, thermal response in the vertical direction is not
appreciably different than in the horizontal direction. A thermal
conductivity of 1.9 watts per metre per degree centrigrade seems to best
account for the response observed [43].

5.4.2.

Thermal stress distribution

The computer codes to analyse the thermally induced stresses are
either general purpose commercial finite element programs or special

purpose programs.

The verification of the general programs is being

carried out. The verification of the special purpose programs is not
always performed, and it seems that some work has to be done here by
means of benchmark analysis.

The validation of the programs has been

performed by means of in-situ heater experiments.
The models in [63] have been developed to guide the design and

interpretation of an in-situ heater test experiment in the Stripa mine.
Two experiments are modelled; one full-scale test comparable in size and

power to a high-level waste container and one time-scaled test. Linear
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Plot showing measured rock displacements. Also included are
displacements predicted using constant as well as temperature
dependent properties of the rock [71].

thermoelasticity and temperature independent thermal and mechanical rock
properties are assumed.

For the full-scale experiments, radial symmetry

is assumed, while for the time-scaled experiments three-dimensional
models have been used. An evaluation of the models is given in [71].
Comparisons between measured and predicted displacements in the rock have
shown that the rock movements are far less than predicted from linear
thermoelasticity for intact rock. Upon including temperature dependency
for the material properties, better agreement could be obtained (see
Fig. 15). A special purpose structural analysis program is now under

development [72].
The experiment described in [66] can also be regarded as a

validation of the models used for hard rock.
No verification and validation is done on the models describing the

thermal stresses in clay.
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5.4.3.

Thermally induced groundwater convection
The verification and validation of the models used to describe

the thermally induced groundwater convection has been initiated.

Models

of the effect of stresses of fractures and the permeability of rock are
being developed.

Verification and validation will need much attention

and benchmarks should be defined [42.97].

5.4.4. Thermally accelerated chemical reactions
The models of geochemical processes described in Section 5.2.4.
have been validated with some success in hydrothermal systems, but
validation has not been performed for combined precipitation/dissolution,
corrosion and alteration of waste package components.
Geochemical groundwater evolution models have been successfully used

to describe the chemistry of a wide variety of natural aquifer systems.
The models have been verified and validated in a number of geothermal
systems in the United States, Canada, and Europe [42,97].
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6.

6.1.

DISCUSSION AND RECOMMENDATION

Introduction
Thermal effects are only one of many factors which influence the

performance of a repository.

For performance analyses, integrated

systems modelling is a prerequisite.

Different repository concepts rely

to a different degree on the individual systems components.

Therefore,

temperatures which may have detrimental effects on single components, may
not or only slightly affect the performance of a repository in some
concepts. Validation of the modelling is needed to increase confidence

in the performance of a repository. Therefore site-specific data have to
be collected for use in and for validation of the models. In addition,
integrated experiments are needed.
These integrated experiments should combine the different components
of a repository to evaluate the interactions, e.g. waste form, container

or its corrosion products, backfill, and site specific host rock as well
as site-specific water.
6.2.

Thermal limitations

It is possible to establish two types of thermal limits or criteria

on the various repository components.

These are technical limits based

on the absolute behaviour of an individual component and practical (or
engineering) limits based on the possibility to predict the behaviour of
the component in a specific environment. A technical thermal limitation

ensures that the desired properties of the component remain unchanged for
the duration of the time for which it is expected to function, and it may
or may not depend on the site-specific environment. Technical

limitations have been summarized in [28,97 and 98]. Examples of such
limitations, among many, are maximum temperatures for glass waste forms

to prevent devitrification, maximum temperatures for spent fuel to

minimize oxidation of UO , and maximum temperature for bentonite
backfill to prevent irreversible loss of swelling capability due to

collapse of the crystal lattice. The difficulty with such limitations is
that they do not necessarily address the kinetics for the long-term

alterations associated with the thermal effects in nuclear waste
repositories, they do not address the special environments associated
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with specific repositories and they do not account for possible

interactions between various repository components.
The development of practical thermal limits for components will be

required for engineering design of a site-specific repository. The
practical limits should be based on a total system analysis which

includes all aspects of component interaction and repository
performance. The practical thermal limits for components will also
include adequate factors of conservatism to allow for uncertainties in

the properties of the materials as well as the variability in properties
of the components, especially the naturally occurring elements such as
host rock and groundwater chemistry.
6.3.

Mitigation strategies
There are mainly three ways to influence the heat release from a

given accumulation of waste:
-

Postponing burial which is the same as increasing interim storage.
This will decrease the temperature maxima in the waste in its

direct environment as well as temperature maxima in the far field.
-

Dispersing the waste over a larger area of over a larger volume of

host rock.

This will mainly reduce temperature maxima in the waste

environment, and to a lesser extent the temperatures in the far
field.

-

Distributing of the waste over a larger number of repositories.
This will not change the temperatures in the near field; however it
might reduce the far-field temperatures in some cases.

Beside the strategies mentioned before, technical concepts for the
near field will influence to a large extent the near-field temperatures,

e.g. dimensions of waste form and container as well as properties and
dimensions of the backfill.

6.4.

Recommendations for further research

(a)

Although generic research and calculations may be carried out, the

part played by temperature in the overall performance of disposal
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systems must be assessed on site-specific and concept—specific
bases.

For instance, the extent of fracturing may vary from one

granitic site to the other; and, even for similar wastes and
repository lay-outs, the thermally induced effects on stresses and

groundwater flow may be quantitatively and qualitatively different,
with the potential impacts on water geochemistry, and later on
waste form degradation processes.

Therefore, it is recommended

that any assessment of temperature effects uses high quality,
specific data and that the conclusions drawn from studies on a
given site be not transferred to other sites without careful
examination.

(b)

A significant improvement of theoretical capabilities should be
made, both at the level (1) understanding and modelling of the
behaviour of individual repository components (i.e. container,

backfilling material), and (2) coupling and linking of individual
models into integrated, comprehensive models, where temperature
influence is adequately taken into account.

To give an example:

It was seen that heating has an influence on the flow pattern in

fractured and porous rocks, and that groundwater geochemistry will
largely affect the degradation rate of the waste forms.

Coupling

of groundwater flow and geochemical models is an area requiring
much additional work.

This leads to a second example:

For fractured rock, most of the

flow calculations are performed without taking into account the
changes in fracture permeability due to thermal stresses.

This is

however a typical example of coupled processes, for it is well

known that even a minute change in fracture aperature can induce
drastic changes in the rock permeability.

Future assessment of

heat effects on groundwater flows should therefore be performed by
coupled heat-stress-permeability hydraulic, mass transport
calculations, for which adequate concepts and coupled computer
codes should be important.
In addition, attention should be given to effects accompanying the

cooling-down of the whole disposal system.

Unfortunately the

time-span necessary for cooling down is orders of magnitude longer
than that for heating-up, so the rate at which these effects would

occur is extremely slow.
69

(c)

Lastly, the need for 'systems-scale1 testing (i.e. interactions in
multi-component set-ups in which temperature plays a role) must be

stressed, both for the production of reliable input data and for
the validation of the coupled theoretical models. Although these
kinds of experiments are amenable to laboratory testing, due to the
better control of test conditions one can achieve, it turns out

that the most representative conditions could be found in actual,
in-situ experiments, for instance in underground laboratories.
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