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FOREWORD

Plans for developing deep geological repositories for disposal of
radioactive wastes are moving ahead in several countries. Experts in
these countries generally agree that certain types of experimental
information necessary for establishing the safety of a deep repository can
be obtained only by conducting tests "in situ" deep underground in
appropriate host rock formations. Building and operating such an
experimental facility is an expensive, long-term project. In situ
experiments are thus the focus of international interest and cooperation.

To document recent experience, especially for the benefit of
countries that may soon begin an in situ programme, the IAEA selected a
group of consultants to describe in detail their particular programmes.
Their work includes the geological formations of greatest current interest
for waste disposal. Hard rock (granite) projects in Canada and Sweden are
presented by P.M. Thompson, Whiteshell Nuclear Research Establishment,
AECL, and H. Carlsson, Swedish Nuclear Fuel and Waste Management Co. The
work in argillaceous formations (clay) in Belgium is described by A.
Bonne, Centre d'étude de l'énergie nucléaire, T. Rothfuchs and J. Kunze of
the Institut für Tieflagerung, GSF, discuss the Asse Salt mine in the
FRG. In their respective chapters the authors report on the
accomplishments of their programmes and plans for the future. The IAEA
officer responsible for this report was J.R. Wiley of the Waste Management
Section, Division of Nuclear Fuel Cycle. Review and comments on the
report by the IAEA Technical Review Committee on Underground Disposal is
gratefully acknowledged.
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1. INTRODUCTION

Disposal in deep geological formations is the most widely accepted
way of protecting the human environment from hazards arising from the
radionuclides in high-level waste or spent fuels that have been declared
waste. It is expected that the geological barrier will be complemented
with a variety of engineered barriers such as a leach-resistant waste
matrix, suitable packaging and the use of sealing and water conditioning
materials between the package and the host rock.

Extensive knowledge on the integrated behaviour of these different
barriers is needed to ensure the safety of nuclear waste disposal. Many
properties of the different barriers may be determined in the laboratory
under simulated repository conditions. However, the very complex nature
of actual geologic conditions can require in-situ testing deep
underground. In-situ experiments may be needed in order to determine the
physical and chemical properties of the repository components as well as
their integrated behaviour. Tests should be made under initial conditions
and as well as under simulated and actual nuclear waste repository
conditions. Furthermore, underground in-situ investigations are required
for the development and refinement of site investigation techniques and
models as well as the confirmation of the interpretations of the data
derived from the use of these techniques and models. The overall outcome
of the underground investigations carried out under real conditions is
better knowledge of the physical and chemical parameters governing the
behaviour of a repository, and thus increased confidence in predicting its
safety.

In general, in order to conduct in-situ experiments and
investigations, the following are necessary:

- intensive site and formation characterization on and below the
surface (with preference for non-destructive techniques);

- a disposal concept;
- available and operational modelling tools; and
- technical means for performing the experiments.



2. SCOPE

This report reviews the current status of in-situ experiments
undertaken to assess various concepts for disposal of spent fuel and
reprocessed high-level waste in deep geological formations. Specifically
it describes in-situ experiments in three geological formations — clay,
granite and domed salt. The descriptions are drawn primarily from four
underground research facilities in these formations: the Underground
Experimental Facility, Belgium (clay); the Stripa Project, Sweden; and the
Underground Research Laboratory, Canada (granite); and the Asse Mine,
Federal Republic of Germany (salt). This is a progress report in that it
describes the current status and future plans for research in these
facilities. For countries that may embark on similar programmes, it
provides guidance for planning the project and a technical rationale for
such work.

The emphasis in this report is on the in-situ experiments which
deal with the various issues related to the near-field effects in a
repository and the geological environment immediately surrounding the
repository. These near-field effects are due to the disturbance caused by
both the construction of the repository and the waste itself.

At the present time, some experiments are complete; some are in
progress or planned. They have been undertaken in and around abandoned
mines or specially excavated experimental facilities in the framework of
the investigation programmes on the disposal of nuclear waste in deep
geological formations. In-situ experiments, as described in the present
report, cover earth sciences, material sciences and engineering sciences.

In national research programmes dealing with the disposal of
radioactive waste in geological formations, in-situ experiments will
normally be performed or planned once a potential host rock type has been
identified. Taking this into account, it is felt reasonable to present in
this report the various in-situ experimentation issues according to the
host rock type.

In Section 3 the general issues and objectives that are common for
all three rock types are presented. Specific objectives and resulting



specific tests are then presented in Section 4. In this section tables
are presented that summarize most of the in-situ experiments performed in
various disposal media.

It is evident that depending upon national policies, regulatory
prerogatives, waste management plans, resources and the status of
technical development, the scheduling and location of in-situ research may
vary. Some countries may choose to perform in-situ underground
experiments in experimental sites as well as in demonstration sites and
final nuclear disposal sites. Others may perform such investigations only
in experimental and demonstration sites or only in final disposal sites.
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3. TECHNICAL RATIONALE

The complex task of disposing of heat-producing radioactive wastes,
either HLW or spent fuel, with many integrated engineered barriers
surrounded by a natural geological environment, makes it impossible to
fully study all of the physical parameters of interest through laboratory
testing alone. It is necessary to perform experiments to determine the
physical and chemical properties of the repository components as well as
their integrated behaviour in the geologic media of interest on a macro
scale. This can only be achieved by undertaking a programme of in-situ
experiments. In cases where meaningful laboratory scale testing can be
performed, laboratory determined parameters can then be confirmed through
macro-scale in-situ experimentation, thus increasing confidence that the
system is sufficiently understood.

An initial step in establishing a repository is site selection. The
current 'in-situ' research programmes are applying, improving or
developing new specific investigation techniques and instrumentation in
order to meet present experimental requirements. Thus 'in-situ' projects
can aid in the characterization of actual disposal sites and the
investigation of the response of the site and the potential host rock to
imposed changes.

A second general objective of in-situ experiments is to verify the
feasibility of disposal concepts. This includes the testing of components
used to operate a repository and the development of appropriate techniques
for the construction of shafts, tunnels, and other underground openings.
Components that will be needed to operate a repository include systems for
handling of HLW canisters, underground support (as necessary) and
ventilation equipment.

General procedures in this regard can be assessed by performing
in-situ tests under real or simulated repository conditions. The
optimization of procedures, components and systems is therefore an
important function of in-situ tests. Also limitation of radiation dose to
personnel during the operational phase of the repository is a major
objective. It is clear that these developments can only be made on the
basis of techniques and information available at the time. It is not
considered likely that all techniques now in use will be used for future
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repositories, however experience gained now through in-situ experiments
will assist us in developing new techniques for the future.

The construction, operation and post closure behaviour of a mined
geological repository for the wastes considered in this document will have
effects on the separate system components and on the system as a whole.
The 'in-situ' programmes described in this report are principally directed
at determining effects that could occur near the repository excavation or
the etnplaced waste. These near-field effects can result from two causes:

(1) Effects caused by the construction and operation of a deep
underground repository.

(2) Effects caused by the emplacement of radioactive waste.

Of particular need is a better understanding of waste/host rock
interaction and other near-field effects. This was one of the major
conclusions of IAEA Technical Reports Series No. 251, "Deep underground
disposal of radioactive wastes: near field effects". In that publication
examples were given of in-situ experiments which could contribute to a
better understanding of near-field effects:

Investigations of groundwater flow in different geological
environments ;
Studies on the migration of radionuclides in various rocks and
in various hydrogeological conditions;
Investigation of different buffer materials, including buffer
mass tests and comprehensive analyses of the results;
Heat-transfer experiments in various potential host rocks;
Study of thermally induced rock movements;
Improvement of methods for evaluation of rock behaviour,
including effects of rock stress and fracture generation;
Examination of the chemical and physico chemical behaviour of
certain important radionuclides, for example, mechanisms of
dissolution, leaching and migration of actinides.

The near field effects are strongly dependent on the repository
concept and host rock type. Hence, their relative importance varies
depending on the site being tested. As pointed out in the IAEA Technical
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Report, many of these multi-component near-field effects are already known
and understood to a large extent.

In addition to the near-field effects related to the emplacement of
radioactive waste, a response of the more distant geological environment
will also occur, e.g. thermal, thermo-mechanical and hydrogeological
effects. These are referred to as far-field effects and are generally
considered to be of a lesser concern than near-field effects.

Finally, related to performance assessment is the opportunity,
provided through in-situ experimentation, to assess and improve our
ability to make predictions using numerical models. In-situ experiments
allow us the chance to compare actual field measurements with numerical
model predictions, thus determining how well we are able to predict
specific phenomena, and affording us the opportunity to calibrate and
refine our models to provide more accurate predictions in future
endeavours. Such in-situ experiments allow us to identify, quantify, and
confirm certain parameters that affect overall system response. In
addition, the information gathered during in-situ experimental programmes
vastly increases our overall data base concerning parameters related to
nuclear fuel waste disposal. These data can help to increase our
understanding of the performance of the disposal system components, both
individually, and as an integrated system. An increased knowledge of
these effects will increase our confidence in our ability to successfully
undertake performance assessment and repository design tasks.

For "in situ" investigation of these effects, experiments have been
planned, designed, and performed for various potential disposal media.
According to the overall objectives for these particular tests and the
phenomena investigated, experiments and tests can be identified related to
the following issues:

Initial state

A complete knowledge of the initial geological, hydrogeological,
geochemical and geomechanical conditions at an experimental site are
necessary if one wishes to determine changes in these conditions brought
about by the excavation, development, and operation of a test facility.
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The reconnaissance work to be performed for characterizing the
initial state of a host rock and a site for an experimental facility
should be quite similar to the site investigation techniques discussed and
proposed for the investigation of disposal sites (IAEA. Technical Reports
Series No. 215).

In the procedure of defining the initial state of the site one should
rely as much as possible on non-destructive or remote techniques in order
to minimize perturbing the site.

Most of the initial geological conditions can be obtained from
geological mapping, seismic investigations, core sampling, and borehole
geophysical logging. These investigations are also necessary for:

(1) choosing the most appropriate location and design of the experimental
facility;

(2) taking advantage of particular features (such as lithology for
instance) in the planning of underground experimental locations; and

(3) for evaluating one's ability at a particular site to accurately
predict the geological conditions at depth from information provided
from the characterization techniques used.

Excavation and construction

Repositories generally consist of access shafts, galleries or rooms,
and in some cases, emplacement holes. The construction of such structures
involves excavation and sometimes wall support systems which need to be
carefully studied from the point of view of construction stability and
overall design optimization. In addition, the response of the surrounding
geological medium to such works is of prime importance.

Specific in-situ tests on excavation and support techniques are set
up for each particular type of host rock and specific experiments are
designed for investigating the rock response to the excavation and support
techniques used, if any.
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Depending on the host rock type, tests of various construction
techniques can be made and the response of the rock mass to excavation
monitored during construction of the experimental facility.

Bac kf illj ng/buf;fer

The use of backfilling or buffer material to fill void volumes in
underground repositories is generally considered advantageous to provide
complete sealing of HLW canisters. Considering corrosive components, such
as liquids or gases which may be contained in the host rock, buffer
materials can prevent an undesired release into the disposal areas. The
backfilling of excavations and any remaining voids can also increase the
mechanical stability of rock mass structures disturbed by necessary
excavation activities. In order to verify the suitability of backfill
materials, the mechanical as well as the chemical interactions with the
host rock are to be investigated.

To some extent this can be done in laboratory tests, but in-situ
experiments are indispensible because the complex stress and temperature
conditions in the vicinity of disposal areas must be taken into account.

Heat

Radioactive decay will cause energy to be released from waste
canisters that, depending on the concentration of the waste and how long
it has been stored before disposal, can increase adjacent rock temperature
significantly. As temperatures increase, thermally induced stresses occur
within the host rock. Depending on the host rock type, this can have
various consequences. In media such as clay and salt chemical
decomposition of the host rock and the resulting release of volatile
(corrosive) components (such as moisture and gases) into the disposal
boreholes may occur. In hard rocks, fractures can open and significantly
affect hydraulic conductivities. Thus it is necessary to determine
maximum permitted temperatures in a repository environment, the time
dependence of the temperature, and the overall effects of this heat on the
properties of the host rock. These concerns have motivated in-situ
heating experiments in deep geological formations for the investigation of
the thermo-mechanical and thermo-chemical response of a host rock mass to
thermal loading.

15



Radiation

The effects of ionizing radiation, emitted by the decay of
radionuclides in the waste are strongly dependent on the properties of
waste package components, buffer, backfill, and host rock materials.
Moisture, gases, and other trace minerals contained in those materials can
be decomposed radiolytically, thus producing corrosive substances.

Recombination of such components is very sensitive to the chemical
composition of the rock mass and also the coupled temperature and pressure
conditions around the waste package. In-situ experiments using radiation
sources or radioactive waste forms are performed in underground
laboratories in order to understand the coupled mechanisms that control
such reactions.

Migration

In all deep geological disposal concepts for nuclear fuel wastes
(with the possible exception of salt) one of the most likely pathways for
radionuclides to leave the repository is through the migration of
groundwater which could transport the radionuclides eventually leached
from the waste. In a relatively homogenous plastic medium, such as clay,
this migration is controlled by the permeability of the medium. In a
stiff rock, the hydraulic conductivity of discrete fractures is of major
interest.

The principal objective of migration experiments is to quantify the
processes, and obtain groundwater flow and transport data in the rock of
interest under realistic in-situ conditions.

Combined effects

In a nuclear fuel waste repository, the gamma radiation and heat
production from the HLW will lead to measurable impacts on the surrounding
disposal medium. Due to the uneven temperature increase in the
underground repository, the mechanical as well as the physical-chemical
rock properties can be changed, thereby possibly reducing the integrity of
the geological barrier.
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Since these effects are caused by thermal-radiological-mechanical
interactions, it is necessary to conduct combined experiments to study
this sort of situation. Such combined experiments are tests in which up
to three variables can be controlled independently. The experiments
should be designed to provide multi-coupled data for verification of
properties measured and models developed from earlier experiments.
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4. EXAMPLES OF IN-SITU EXPERIMENTS IN DEEP GEOLOGICAL
FORMATIONS

General

Prior to embarking on an in-situ experimental programme related to
disposal of high-level nuclear wastes deep in geological formations, it
should be understood that all investigative and experimental work done at
an experimental site must be thoroughly documented. Detailed records and
careful work practices contribute to the quality of data produced from
in-situ experiments.

The experimental site should be investigated thoroughly, and
carefully characterized before commencing in-situ experiments. Many of
the site investigation techniques described in IAEA Technical Report
No. 256 are also applicable for this purpose.

In addition, the instrumentation necessary to perform the experiments
accurately and reliably should be specified and obtained as early as
practical in the experimental process. Modifications and refinements to
instrumentation should be performed and the instruments field tested prior
to use in the in-situ programme.

Models must be developed and be functional prior to performing the
experiments so that they can be calibrated at an early stage and refined
and validated as the experiment progresses.

In-situ experiments have and are being performed in various potential
host rock types and at many sites during the two last decades. The
in-situ tests most cited in technical literature for argillaceous media,
hard rock and salt formations are summarized in Tables 4.1 to 4.3.
Obviously the earliest in-situ tests essentially dealt with the heat
transfer characteristics of the potential host rocks. More recently the
other important issues related to the near-field phenomena and the
construction of deep repositories gained more attention. In the last
decade underground research laboratories were specially designed and
constructed for performing in-situ experiments.
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Table A-l In-Situ Tests in Argi l laceous ftedia

ROCK TYPE COUNTRY

Shale USA

Argillite USA

Clay Italy

Clay Italy

TEST SITE TEST CONDUCTOR

Oak Ridge Sandia
(Tennessee)

Nevada Test Sandia
Site (Nevada)

Trisaia ENEA
(Southern Italy)

Monterotondo ENEA
(Rome)

TYPE OF TEST(S)

Near surface
heater test

Near surface
heater test

Near surface
heater test

Near surface
heater test

PURPOSE OF TEST(S)

Investigation of thermal, mechanical
and hydrological responses of shale
to heating

Investigation of thermal and
mechanical response of argillite
to heating

Study of thermal characteristics
of clay

Study of thermal characteristics
of clay and model validation

OPERATIONAL PERIOI

1977-1978

19/8-1979

1977-1979
(?)

1981-1984
(?)

Mudstone UK Harwell UKAEA Sealing test Sealing of boreholes in clay with
cementitious materials

1982-1983

Clay Belgium Terhaegen
(Antwerp)

SCK/CEN Near surface
test on experi-
mental designs,
near surface
heater test and
corrosion test

Investigation of thermal character-
istics of clay and of corrosion
behaviour of potential structural
and waste package materials

1978-1983

C lay Belgium Mol
(Antwerp)

SCK/CEN
in the frame
of contracts
with ONPRAF
CEC & ANDRA
(Fr )

Construction
tests, corrosion,
deep hydrology,
heat impact,
migration,
sealing

Investigation of constructability of
galleries in plastic clay, of geo-
mechanical properties related to
underground constructions, of corrosion
rates of various potential structural,
waste matrix and packaging materials,
of thermal and thermo—mechanical
behaviour or clay, of performance of
sealing techniques, etc

1980-



Table 4-2- In-Situ Tests in Hard Rock
rotiXTRv

Sweden, USA

TEST SITE

Stripa Mine
(Sweden)

TEST CONDUCTOR

LBL/KBS

TYPE 0F TEST(S)

Heater test.
Mac ropermpabi 1 1 ty
experiment

PURPOSE OF TEST(S)

Investigation of the thermo-
mechamcal response of rock to
thermal loading, groundwater flow
through fracture systems

TYPE OF TEST(S)

1977-1980

Gram ta Troon Experj- UKftEft/Harwell Heater test Investigation of the thermo-
mtrtoil Site migration test mechanical response of rock to
(Cornwall, W) thermal loading groundwater flow

in fissured granite

1978-present

l/aft Nevada Test
Site (USfl)

LLM-/USDOE Excavation
rpip^me, spent
fuel test,
migration tests,
heater tests

Study of the thermal stress changes
and displacements due to excavation,
combined effects of heat
and radiation, groundwater flow

1979-1980

Gran î 11c
gneis s

Colorado School Terratek Inc/
of Mines (USft) OCRD/CSM

Heated block Investigation of the mechanical and
thermal behaviour of a jointed rock
mass

1979-1980

Tuf-f USA Nevada Test
Site (USA)

Sandja Water migration Study of groundwater flow under
test, heater thermal loading conditions, model
test and instrumentation development

1979-1980

bweden +
international
group
(Finland,
Japan Sweden,
Switzerland
USA, Canada,
France)

Stripa Mine
(Sweden)

OECO/NEA
Multinational
program

Deep hydrogeo-
logical and geo-
chemical investi-
gations, migr-
ation in a single
fracture, buffer
mass test, cross
hole testing,
3-D tracer exper-
iment, borehole
and shaft sealing
tests

Investigation of deep hydrogeological
and geochemical conditions, groundwater
flow in a discrete fracture, combined
effects of temperature moisture
content swelling pressures and
interactions between buffer simulated
containers (heaters) and host rock,
three dimensional groundwater
flow sealing techniques

1980-1983

Granite Canada Underground
Research Lab
(Manitoba,
Canada)

AECL Initial state. Development of site character-
excavation ization methodology assessment
response, of numerical models, investigation of
construction hydrogeological and mechanical

response to excavation, comparison of
excavation methods

1980-present

Granite Switzerland, Grimsel Test NAGRA/BGR/
FRG Site GSF

(Switzerland)
Geophysical,
geological and
tectonic investi-
gations, migra-
tion tests,
excavation res-
ponse, heater
test

Development of sate characterization
methodology, study of groundwater
flow, geochemistry, mechanical
response of rock mass, thermal
response of rock mass

1984-present

Granite

Granite

France

France

Fanay-ftugeres
Underground
Lab (France)

CEA-IPSN

Fanay-Tenne1les CEA-IPSN
Underground
Lab (France)

Rock character- Development of characterization metho- 1980-1986
ization, dology, investigation of hydro—
hydrogeological geological response to drainage
investigations and scale effects
Hyrothenno Effect of temperature on 1985-1988
mechanical test hydrogeological and mechanical

properties of rock
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ROCK TYPE COUNTRY TEST SITE

Table 4-3 In-Situ Tests in Salt Formations
TEST CONDUCTOR TYPE OF TEST(S) PURPOSE OF TLST(S) OPERATIONAL PERIOD

Bedded USA
salt

Lyons Mine, ORNL
Kansas

Combined heater
and spent fuel
radiation
source test

Gaining of in-situ data on heat-
induced stress and creep in salt
formations, numerical computer code
validation, investigation of brine
migration

1965-1969

Domal
salt

FRG Asse Salt Mine
(FRG)

GSF Heater tests Investigation of temperature distri-
1-6 bution in salt, determination of

thermal conductivity of natural rock
salt, developments for stres-s, creep
and brine measuring techniques

1968-1985

Domal
salt

USA Avery Island
Salt Mine

ONWI
RE/SPEC

heater tests Investigation of brine migration,
stress and creep in salt, validation
of computer codes

1979-1982

Domal
salt

Netherlands Asse Salt
Mine (FRG)

ECN/GSF Dry drilling of
a 300m deep
borehole
including heater
tests

Development of dry drilling techniques,
investigation of heat-induced creep of
disposal boreholes, computer code
validation

1980-1984

Domal
salt

USA and FRG Asse Salt
Mine (F-RG)

ONWI/GSF Combined heater
and radiation
source test

Investigation of radiation effects
on brine migration, stress and creep
in salt, validation of computer codes

1983-1986

Bedded
salt

USA WIPP Site,
New Mexico

Sand i a Construction of
an underground
laboratory and
repository for
alpha-bearing
waste

Development of shaft drilling
techniques and instrumentation of
shafts, mining of tunnels and rooms,
investigation of the rock mass
response in terms of stress and creep
measurements, investigation of thermal
and radiation effects in salt, develop-
ment of sealing tests

1982-



4.1 IN-SITU EXPERIMENTS IN ARGILLACEOUS FORMATIONS

In-situ tests in argillaceous formations have been carried out in
several sites, e.g. Oak Ridge and Nevada Test Site in the USA [1, 2],
Trisaia and Monterotondo in Italy [3, 4], Terhaegen and Mol in Belgium [5]
and Harwell in the UK [6]. The only deep in-situ operational experimental
facility (in a potential formation) is located at Mol in Belgium. An
underground experimental in-situ test facility is planned at Pasquasia in
Italy [4]. Most of the experiences for argillaceous host rocks have been
gained at the Mol site. This report will thus present primarily the
observations and conclusions made for the in-situ test programme at
Mol [4].

4.1.1 Initial State

In the case of the in-situ underground experimental facility at Mol,
site investigation from the surface prior to the construction of the
underground facility provided the definition of the geology, lithology,
local and areal hydrology and topography of the site as a reference before
the excavation of the test facility was begun.

Because the shaft sinking through the aquiferous overburden was
performed after freezing the ground mass with freezing pipes (bored
vertically from the surface down to the level of the experimental gallery)
and for the sake of limiting the perturbances of the site by destructive
investigation techniques, a detailed characterization of the geological
strata was done in one of the deepest holes bored for the insertion of a
freezing pipe.

Site investigation techniques used, prior to the construction of the
underground facility, were:

Geological reconnaissance borings (sampling of geological
strata, borehole logging) in order to establish the lithological
log and correlations;

- 3-D reflection seismics in view of defining the structural
geology.
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Furthermore, in-situ investigation after the construction of the
underground facility provided information and data about the initial state
of the site. In the HADES underground facility at Mol the initial
interstitial pore pressure in the clay at the level of the experimental
gallery was deduced from a series of closed piesometers, installed at
various distances from the gallery. Chemistry of the pore fluid in clay
could be obtained by carefully sampling at sufficient distance from the
construction work before any detrimental effects (e.g. dissication)
altered the rock.

4.1.2 Construction

With regard to other potential formations investigated, such as
granite and salt, excavation and mining experience in deep clays is scarce
and only of recent date. As a consequence the survey of the response of
the clay with regard to the excavation and lining of the underground
laboratory is one of the first issues addressed in an in-situ experimental
programme to be performed in an underground laboratory.

The typical geological context of the deep clay formations that have
been investigated for final disposal of high-level and long-lived
radioactive waste, is that they occur in an alternating sequence of
water-bearing and confining strata. A deep facility will thus have at
least one access shaft through the overburden (aquiferous) and one or more
horizontal galleries within the host formation. The construction of the
shaft, the galleries and the connecting rooms require different and
appropriate techniques for each. The construction of the experimental
underground facility at Mol and the survey of are the only instances of
practical experience in this field. Taking into account the presence of
water-bearing sands above the clay layer, the ground freezing technique
was chosen for sinking of the access shaft. Because of a lack of
experience in the excavation of deep clay and for safety reasons, the
ground freezing technique was also used for the construction of the
horizontal gallery. A schematic view of the whole facility is given in
Figure 4.1.1.
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SCHEME OF TH£ AS tUtt.T
UNDERGROUND eXPEIUU£HTAL FACIUTt

B'igure 4.1.1 Scheme of the As-built Underground Experimental Facility
at Mol

The construction of this underground experimental facility, being of
recent date, and the monitoring of it gives only information about the
early rheological response of the clay with respect to excavation and
lining, and about the deformation of the lining. Further monitoring over
5 to 10 years is required for reaching closer to equilibrium.

Instrumentation and measurements in the access shaft [7]

The instrumentation of the access shaft took place during two
different phases: during the excavation and after the completion of the
shaft.

During the excavation about 50 hydraulic total pressure cells
(Glötzl) were placed in the clay massive prior to the pouring of
the external lining of the shaft. These cells were emplaced in
small niches dug in the clay, in strata with good identifiable
and distinct lithological characteristics. The cells were put
in diverse positions with regard to the shaft in order to
measure the stress field.
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After the completion of the shaft a number of measuring devices
were installed at several levels on the wall of the internal
lining for the measurement of its deformations:

16 vibrating wire extensometers
8 inductance variation extensometers
a large number of reference points, plugged in the shaft
wall, to record local deformations by the aid of mechanical
deformeters and with inductive sensor rods.
24 bolts anchored in concrete for the measurement of
peripheral and diametrial deformations using conductive
sensor rocks.

During the pouring of concrete for the shaft linings, different
water tight access sleeves were placed at various levels. After the
completion of the shaft, some additional devices were inserted through
these sleeves in the clay body:

thermistors for monitoring temperature at different
distances from the shaft lining,

- hydraulic piezometric Glötzl cells for the measurement of
the pore water pressure in the clay,
tubes for further insertion of Menard pressiometers both in
frozen and non-frozen clay.

Instrumentation and measurements in and around the underground
laboratory [8]

An overall scheme of the position of the various geotechnical
measuring devices installed around the access shaft and the connecting
room at the basis of the shaft is represented in Figure 4.1.2. A diagram
of the shaft with concentric geotechnical measuring devices is also
represented in Figure 4.1.3.

The probes around and in the access shaft and the connecting room
allowed following their temperature evolution and stress history [9]. The
monitoring provided the following conclusions:

From the temperature measurements:
reliable temperature profiles could be obtained for the clay
around the access shaft;
the thaw rate decreases considerably between -4°C and 0°C;

26



MEASURING RING
N'1 = -190m —

MEASURING
RING N*2_

T -200 Om

MEASURING RING
N*3» -206m—

MEASURING
RING N°4

T -2U 7m

X

- 2 2 7 5 m

T-229 3m

»j.-»-CONCRETE LINING- 1SJ PHASE
(THICKNESS 0.4m)

-SHAFT ( <J>2.65m)

r

hPOLYETHYLENE SHEET

.CONCRETE LINING 2N-° PHASE
(THICKNESS 0.4m)

•»-WATER TIGHTNESS COLLAR

-MONOLITHIC CONCRETE

\ CROSSING CHAMBERt^4m H-12.8m)

/ ACCES GALLERY ( RECTANGULAR
1.5 X 2 m )

, REINFORCED CONCRETE

L J^L-^1————JL

CIRCULAR GALLERY ( ̂3.5 m )

Figure 4.1.2 Position of geotechnical measuring devices around
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Figure 4.1.3 Geotechnical measurements in and around the access
shaft of the Mol facility (level 3)

From the total pressure cell readings:
the pressure cells are loaded very soon after their emplacement
and lining of the shaft;
the radial and vertical stresses decrease with temperature rise
in the thawing phase. The stress field is thus related to the
ice formed by freezing;
After thawing a steady rise is observed up to 2 MPa for the
uppermost measuring cells (at the time of the writing of this
report);
the stress field is quasi-isostatic;

From the deformation measurements:
the negligible deformations of the shaft lining are fully
compatible with the measured radial stress changes.

During the construction, operation and before the placement of cast
iron lining elements, 25 total pressure Glötzl cells (coupled with
thermistors) were installed in four sections in the clay in various
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positions in order to monitor the circumferential, radial and longitudinal
total pressure around the lining. A large number of strain gauges have
also been placed on the cast iron segments in order to follow the
evolution of the stress state in the lining as a function of the external
pressures build-up.

Piezometric cells and thermistors have also been placed at various
distances in the clay body for following the change of the interstitial
water pressure during thawing.

These measurements allow assessing the influence of the type of
backfill placed or injected behind the gallery lining. This may have a
great influence on the pressure build-up in the lining itself; in this
case, using clay cuttings as backfill behind a cast iron lining, the
pressure build-up rate appears to be particularly low. Furthermore, the
monitoring confirmed the conclusion drawn from the observations around the
shaft, viz. that freezing of the clay does increase the stress level
around the gallery. Upon thawing the stresses first decrease and then
increase steadily. The cells measuring radial and vertical pressures

oindicate after 600 days of above-zero C temperature of the clay mass a
total pressure of 2-2.5 MPa (not systematically for all these cells).

4.1.3 Construction response

In a final disposal facility clay freezing, prior to excavation, will
probably not be applied because of its high cost. However, it may be
desirable to use freezing for conditioning the clay prior to the
excavation of the shaft in the transition zone between aquifers and the
clay and in the aquiferous overburden.

Because the shaft and the gallery were constructed under freezing
conditions, information about constructability in non-frozen conditions
could not be obtained. An in-situ reduced size shaft and drift digging
experiment has been set up to get data on construction in non- frozen clay.

The geotechnical monitoring programme around this in-situ
construction experiment is detailed here. The main purpose of the
geotechnical in-situ tests in the experimental facility is the systematic
measurement of the clay and lining during and after the excavation and
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lining work. That involves stress, deformation and temperature
measurements. The observations on the stresses concern the total stresses
(lithostatic and hydrostatic pressures) and the loading in the lining.
The observations on the deformations concern the study of the Theological
behaviour of the clay body and the deformations undergone by the linings.

Instrumentation around reduced size experimental shaft and drift-Mine-by
test [10, 11]

Before the sinking of this experimental vertical shaft in non-frozen
clay, several measuring devices were placed from the main gallery in order
to monitor the deformations of the clay body during the excavation work
(Fig. 4.1.4):
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Figure 4.1.4 Configuration of measurement points and devices around
reduced size experimental shaft (mine-by test)
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2 vertical and 2 sloping inclinometer tubes for the measurement
of the radial deformation by the aid of an inclinometric torpedo;

3 rod extensometers, anchored at different depths in the clay in
the axis of the small shaft before its excavation and
systematically measured with regard to a reference point in the
main gallery, for the measurement of the deformation of the clay
along the shaft axis as the digging proceeded.

During the digging of the small shaft total pressure cells and load
cells were respectively placed in the clay wall around the shaft and
between the concrete blocks in order to follow the evolution of the
pressure in the clay and in the lining. During the shaft digging and
lining systematic measurements were performed on all installed devices.

The excavation of the 7 meter-long experimental horizontal gallery
(at the bottom of the experimental shaft) was monitored as follows:
A- The displacements within the clay mass

A multiple extensometer, placed in a slightly oblique borehole
drilled from the main gallery, allowed the follow-up of the radial
deformations of the clay massive during digging and after lining at
distances ranging from 1 to 6 metres above the drift (Fig. 4.1.5).

EXTENSOMETËR]

MAIN GALLERY

EXPERIMENTAL SHAFT

DISTOFOR
(ELECTR. EXTENSOMETËR)

EXPERIMENTAL DRIFT
Figure 4.1.5 Mine-by experimental set-up in the Hades laboratory at Mol
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The five cells of the extensometer yield very precise and reliable
measurements. Figure 4.1.6 shows the displacements in millimeters of
these five points during the shaft digging phase. From the recording, an
acceleration of the displacements can be observed when the tunnel face
gets under the measuring positions.

Figure 4.1.7 shows these measurements over a year. After a slowing
down period (between 13 and 60 days), these five points seem to go on
moving but at very low rates.
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Figure 4.1.6 Short term
displacements

Figure 4.1.7 Long term
displacements

B. The pressure at the outer edge of the lining (Figure 4.1.8) and in
the lining (Figure 4.1.9)

After an early phase of important variations between 0 and 20 days,
the evolution rate of the parameters is perceptibly constant.

These two series of measurements do not correlate very well, but by
privileging the force measurement which is the most direct one, it can be
assessed that the mean pressure exerted by the massif on the lining is
below 1 MPa, one year after the initiation of the work, which is only one
fifth of the lithostatic pressure at this depth.
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Figure 4.1.8 Pressure at the
outside of the lining

Figure 4.1.9 Load between the
blocks of the lining

C. The convergence of the drift lining

Each ring of the lining is made of 20 prefabricated concrete blocks
(inner diameter 1.4 m). The diametral deformations measured on the
10 pairs of reference points are represented in Figure 4.1.10.

In short, the following preliminary conclusions can be drawn from the
results obtained up to now in the mine-by experiment:

- The general behaviour of the drift is excellent:
The total convergence of the walls does not exceed 5% for a 1 MPa
confinement.

- The time dependent effects are very pronounced:
Immediately after the digging phase, the measured displacements and
stresses substantially increase. After this transient period which
does not last longer than one month, all of the parameters
(displacement, stresses) still change but at very low rates. During
the last ten months, the mean convergence has increased by about 0.4%
and the confining pressure by 0.4 MPa.

- The ovalization of the gallery is obvious (Figure 4.1.10).
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Figure 4.1.10 Convergence of the drift lining

From the mine by test at Mol one can conclude to date that:

The knowledge of the long-term behaviour of a deep clay is a key
element for evaluating the constructability and feasibility of an
underground disposal facility in clay; the delayed effects, which are
very significant in the case of clay, make the long-term behaviour
complex.

The knowledge of the interaction between the clay mass and the lining
is essential for its design and dimensioning.

An elasto-viscoplastic model, taking into account all important
mechanical parameters related to the mechanical behaviour of a clay
around a gallery, describes fairly well the situation observed
experimentally. However, at this stage of the study, the parameters
which stand for the secondary effects (anisotropy of the natural
state of stress, detailed geometry of the cavities, particular
supports, etc.) must still be simplified.

An underground laboratory allows access to real conditions and
provides for a comprehensive in situ experimental programme for
acquiring the data to understand the long-term behaviour of clay. It
also enables characterization of various geometries and definition of
the optimal dimensions of the disposal facility galleries and of
their lining.
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4.1.4 Backfill, buffer, sealing

In a mined repository in clay these components have the following
function:

BACKFILL: restore or even improve the mechanical stability of the
repository structure by filling of all void volumes. This may
be obtained by filling around the exterior of the lined
structure during the construction phase or in filling rooms
containing disposal shafts, connecting chambers, and galleries
after emplacing the waste package and before closure of the
repository. It should ensure sufficient thermal contact and
heat dissipation and act as a migration retardant.

BUFB'KR: prevent contact between corrosive agents and waste materials
and hamper the release of radionuclides through preferential
pathways created by the construction and eventually left by
the backfill.

SEALING: isolate the total repository from the accessible environment,
by limiting direct hydraulic contact between the
above mentioned system components.

Tests on backfilling related to the construction of underground
galleries have already been performed, and were commented on in
Sections 4.1.2 and 4.1.3.

Because for the clay option no firm selection has been made yet about
the emplacement technique and the materials to be used, no in-situ
experiment has been performed. These are planned in the future and will
essentially be oriented towards:

- the mechanical behaviour
- compatibility with other system components
- combined effects (thermomechanical behaviour).

4.1.5 Heat

Even when waste is stored 40 to 50 years before emplacement, the
response of the repository to the heat released by the waste needs to be
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evaluated for the clay option. The proposed interim storage time and an
appropriate stacking density will limit the temperature rise to 100°C, a
limit which has been chosen by need for conservatism and lack of detailed
knowledge of the thermomechanical and chemical impact of heat. The
influence of a heat source upon each system component can be investigated
individually, however because the waste, thus the heat source, will be
emplaced in a well defined structural configuration. In-situ experiments
will provide the best demonstration of the overall response of components
to heat. Such integral demonstration tests are planned in the framework
of the future demonstration facilities but for the time being in situ heat
tests for clay deal essentially with the study of the clay response to
heaters that simulate the waste. Such tests have already been done in
surface quarries or outcrops of argillaceous rocks at Consauga and Eleana
[1,2], Trisaia [7], Monterotondo [2] and Terhaegen [5]. These tests were
rather exploratory and aimed at testing instrumentation and emplacement
techniques under field conditions and at the validation of heat transfer
models. Heater experiments are also planned to be performed in the near
future at Pasquasia in Sicily.

A first in- situ experiment on heat transfer in deep clay conditions
was started in the underground facility at Mol in 1986. This first test
was made in combination with a 90°C corrosion test (see Section 4.1.7).
The experimental set up around such a heating test is given in
Figure 4.1.11.
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Figure 4.1.11 Configuration of temperature sensors around
corrosion loop (plan)
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The following parameters are monitored during this experiment:

(1) time
(2) power of the source
(3) temperature of the source and surrounding by an array of thermistors
(4) pore pressure in an array around the heat source
(5) total pressure in a configuration and orientation according to the

geometry of the heat source and of the geology
(6) Eh and pH at the surface of the heat source.

4.1.6 Radiation

The effects of radiation, emitted by the decay of radionuclides in
the wastes, or possibly in longer time spans by radionuclides released
from the wastes, on the surrounding barriers will be very dependent on the
configuration of the emplacement and materials used.

For the time being, most efforts in the evaluation of radiation
effects in argillaceous geomedia were made in the laboratory by exposing
clay to gamma sources. Results obtained on Boom clay (Mol) show that the
radiolysis of interstitial pore water and of minor constituants (e.g.
pyrite and organic substances) determines the nature of radiolysis
products. The in-situ fate of radiolysis products and their effects (e.g.
pressure build-up, oxidation) in a real configuration has not been fully
assessed, either theoretically or experimentally. Plans for in-situ
irradiation tests are foreseen to be started in the underground
experimental facility at Mol at the end of the 1980's.

4.1.7 Corrosion

The behaviour of waste, waste matrix, canister, container and
structural material under the specific conditions of the operation,
emplacement and post-closure of an underground disposal repository in clay
need to be studied with attention because of the presence of interstitial
water in the pores of the clay. The interstitial pore water, which can
amount to 35-40% or even higher, is a certain corrosion agent. The
performance of the various barrier system components, which will
ultimately be contacted by the interstitial clay water should be verified
by in~situ corrosion tests.
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In-situ corrosion tests in the deep underground experimental facility
in clay at Mol are run under various experimental conditions:

(1) Direct contact between samples of waste package components and the
clay medium:

direct measurement
- indirect measurement.

(2) Contact between waste package components and volatile constituants of
the clay (in aerated and inert atmosphere).

(3) Various constant temperature levels: ambient (15°C), 90°C and 170°C.

(4) Varying exposure time.

In these experiments, factors that might affect corrosion are
measured (e.g. pH, Eh, time, pore pressure, temperature, volume of gas
swept over clay and specimen), along with instantaneous and integrated
corrosion rates. Extent of corrosion is determined by microscopic
analysis and measurement of corrosion depths.

Corrosion in direct contact with clay (see Figure 4.1.12)

The corrosion loop systems to carry out corrosion experiments in
direct contact with clay are attached to the 76 cm flanges mounted on the
lining element of an experimental gallery. The length of the loops
(5,33 m) is sufficient to reach into the undisturbed zone of the clay
formation. The samples of candidate canister materials including stressed
specimens, structural materials (coated with different anti-corrosion
layers), and different simulated alpha waste forms and high active waste
forms to be tested in direct contact with clay, are located at the outer
side of a specimen holder tube at a distance of about 5 m from the linings
of the underground experimental room. The corrosion tests are carried out
at about 15°C, 90°C and 170°C.

The metallic specimens will be tested as welded rings. The specimens
will be tested either in the as-received condition or after a heat
treatment. The temperature-time dependence of the heat treatment has been
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Figure 4.1.12 View of the in-situ direct-contact corrosion experiment
in the Hades facility at Mol
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derived from temperature measurements carried out on the outer side of a
canister during the conditioning of high-level waste using the French A.VM
process.

The specimens will be heated by a retractable furnace situated at the
inner side of the specimen holder tube. The temperature and
redox-potential will be measured at the clay-candidate container
interface. The diffusion and migration of corrosion products and
radionuclides will be evaluated on clay plugs removed together with the
corrosion loops at the end of each individual corrosion experiment with
exposure times up to 50.000 h.

Corrosion experiments in clay atmosphere

The configuration of the experimental loops designed for the clay
atmosphere tests is shown in Figure 4.1.13. Each of the four loops is
inserted vertically downwards in the clay formation and connected to the
experimental gallery. The loops terminate in a porous, stainless steel
plug. The loops contain heating elements and a series of test specimens,
which can be removed and exchanged during the experimental period.

.--CG -

I © © ©uo ©
l gas inlet; 2 container and waste form samples;
3 heating elements; 4 porous filter; 5 gallery.

B'igure 4.1.13: Schematic view of the experimental loop for in-situ
corrosion tests in contact with clay derived atmosphere

Argon is used as a carrier gas to collect the potentially corrosive
products volatilized from the clay into the experimental loop and to
circulate these over the test samples. The resistance heaters are used to
maintain the sample chamber at temperatures of 170°C, 90°C or 50°C; one

40



loop is to be operated at clay ambient temperature (about 15°C). Tests
are expected to last for 1500 h for a first run and up to 50,000 h for a
second run.

Samples are held in teflon boats in the sample compartment of the
loops. They are in the shape of square plates of lateral dimensions
30 x 30 mm and 3 mm thickness. The same types of samples are also used as
in the tests with direct contact with clay.

In addition to thermometry and temperature control, there are
provisions for the characterization of the corrosiveness of the atmosphere
drawn into the specimen compartment. This characterization is performed
sequentially for each of the four loops. It consists of on-line gas
analysis (by 1R absorption for Cl , SO , NH V , CO, CO ,

£ £ >J /_ £,

NO , H S) and of the determination of the dew point of the loaded
sweep gas. In addition, the corrosive products are condensed (at 8°C and
also at -80°C) and the condensâtes, after warming up to room temperature,
are analyzed for pH and composition.

Following the predetermined corrosion times, the specimens are to be
withdrawn from the loops and characterized by means of weight change,
surface analysis (SEM, EMPA and AUGER) and X-ray diffraction.

Characterization of the corrosion test environment

The corrosion of underground metallic structure is primarily a result
of corrosive factors of the soil itself, and of galvanic effects. Of the
various factors which have been associated with soil aggressivity or
corrosivity, several have been identified as being significant. These
include low soil resistivity, low redox potential in association with
anaerobic sulphate-reducing bacteria, low pH, high concentration of
soluble iron, and structural properties of the soil which could contribute
to oxygen concentration cells. These soil characteristics will be
monitored as a function of clay temperature and time.

Physico-chemical characteristics in immediate environment of corrosion
tests

Two important factors which can be associated with corrosiveness are
pH and redox potential. The values of these factors are to be monitored
as a function of time.
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Redox potential
All test tubes for direct contact with clay corrosion are equipped

with Pt and Au measuring electrodes. These electrodes monitor the effect
of a number of factors such as the disturbance of the clay by drilling,
the heating of the clay and the diffusion of corrosion products into the
clay. As reference a solid body type Ag/AgCl electrode will be
installed.

Measurement of pH
The pH in the vicinity of each test- tube in direct contact with clay

is monitored with a commercial high-pressure resistant glass electrode
which has been further modified to withstand high localized pressures.
Ag/AgCl electrodes serve for reference. In experiments involving contact
with humid clay atmosphere the pH is measured on the collected
condensate.

Automated measurement of instantaneous and integrated corrosion rates

Four different automated systems for continuous measurements of
corrosion rates have been adapted for underground experiments.

Corrater measurements

The corrater apparatus measures the corrosion rate of a metal or
alloy in a soil or aqueous solution based on the linear polarization
resistance (LPR) method. This method is derived from the fact that
approximately a linear relationship exists between the electrical
polarization of a metal in contact with a corrodent and the interface
resistance between the metal surface and the fluid. The basic
relationship derived by Stern and Geary [12,13]

A E B B_ a c
A 1 ~~ (2.31 )(B iB )c a c

states that if a metal in contact with a corrodent is polarized from its
free corrosion potential E by an amount E, a current I will flowc
between the metal and corrodent which is related to the free corrosion
current I and to the slopes of the logarithmic local anodic and
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cathodic polarization curves B and B . The instrument circuitrycl C
measures the interface resistance and converts it directly to corrosion

-6 -1rate in 10 m.y

In addition to general or uniform corrosion, localized corrosion may
occur in a system. A vigorous pit on a metal surface tends to
cathodically protect nearby metal surfaces connected to it, as pits are
very strong anodes. The corrater takes advantage of the distinction
between the current induced by an external potential and the current
resulting from pitting activity. The sensing probes are designed for use

2at temperatures up to 150°C and pressures of 34 N/mm . The sensing
probes employ replaceable electrodes mounted on and electrically isolated
from a metal pressure tube which can be introduced in the clay from the
underground experimental gallery. Eight of these probes are used with a
mechanical retracting device to monitor the corrosion rate of TiO , Pd,
Hastelloy C-4, carbon steel, and of cast iron (grade 60), the construction
material of the linings of the underground experimental room, protected or
not with different anti-corrosion layers.

The electrical conductivity of consolidated clay is 2.55 mS. This
conductivity is compatible with the selected corrater device.

The corrosometer

The corrosometer operates on the fundamental principle that
electrical resistance increases as the cross-sectional area of a metallic
conductor decreases. The heart of a corrosometer system is a probe which
is introduced into the corrosive environment and with which the corrosion
measurements are made. A corrosometer probe functions as an in-situ
sensor which accumulates the corrosion history of the environment. This
information is displayed or recorded on an instrument. The resistance of
an element which is exposed to corrosion is compared with the resistance
of an element being protected against corrosion. The circuitry of the
corrosometer instrument is designed to determine the resistance ratio of
the measuring element to the reference element and ensure that corrosion
readings are directly proportional to the amount of metal loss. The
sensing probes are installed so that the sensing element (made of the
alloy of interest and available in a number of forms and sensitivities) is
permanently exposed to the corrosive environment. A probe consists of any
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sensing element mounted on one end of a metal body, hermetically sealed
and electrically isolated. The probes can be inserted in the clay
formation using fixed and retractable designs.

Specially designed probes, the so-called marine probes, are equipped
with a grounding strap to insure that the probe measuring element is at
the same electrical potential as the linings of the underground
experimental room. These special probes made from cast iron grade 60 will
be tested with different anti-corrosion coatings (galvanization treatment,
duplex system based on a galvanization treatment and painting system).

PAIR technique

Another corrosion rate monitoring instrument based on the "PAIR"
(Polarization Admittance Instantaneous Rate) is also based on the formula,
developed by Stern and Geary 1131, and is a completely computer-compatible
corrosion rate monitor. Instantaneous corrosion rates as low as

-6 -1 -6 -I0.25 10 my and as high as 25.000 10 my can be measured. The
PAIR method of determination of corrosion rate is similar to the LPR
method. The PAIR technique requires three electrodes which establish
electrical contact with the corrosive solution, an adjustable current
source, an ammeter and a voltmeter.

Hydrogen rate monitor

The corrosion of metals is an electrochemical process consisting of
simultaneously occurring oxidation and reduction reactions. The iron is
oxidized to ferrous iron with two positive charges and the hydrogen ions
each gain an electron and are reduced to hydrogen atoms. Some of the
hydrogen atoms formed during the corrosion process do not combine to form
hydrogen gas (H ) but remain as dissociated hydrogen atoms. These atoms
may enter the lattice structure or framework of the corroded steel.
Factors affecting the diffusion of atomic hydrogen through steel are:
corrosion rate, temperature, thickness of steel structure. The partial
pressure of hydrogen gas in a system does not result in steel entry by
atomic hydrogen unless temperatures are sufficiently high to cause
dissociation of hydrogen gas to hydrogen atoms.

The hydrogen patch probe (HPP) features a sensing cell and does not
require a hole to be cut in the pipe or vessel of interest. The HPP is
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mounted directly to the outside of a pipe wall by simple mechanical straps
or is easily mounted on a large vessel (Fig. 4.1.14). The surface of the
pipe or vessel to be monitored is first cleaned. Then a transfer medium
(wax) and a small piece of 0.10" thick palladium foil are placed on the
cleaned metal surface. The HPP is then mounted over the foil. A pair of
gaskets
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Figure 4.1.14: Hydrogen patch probe

and an insert, shaped to the general contours of the pipe or vessel,
provide a leak-tight seal against the foil. The probe is then filled with
a suitable electrolyte (96% sulphuric acid). When the palladium foil is
polarized by the instrument, the foil acts as a working electrode,
quantitatively oxidizing the hydrogen as it emerges from the metal
surface. After the probe is allowed to come to equilibrium, the voltage
indicated by a voltmeter or recorder attached to the instrument is
directly equivalent to the real-time hydrogen penetration rate and
monitors the corrosion rate.

4.1.8 Migration

In the concept of a nuclear waste repository in clay the geochemical
buffering capability of this host rock plays the key containment function
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in the whole system. Argillaceous media have been proven to be very
efficient in retarding the migration of radionuclides released from or
through other barriers.

The controlling phenomenon for the migration process in clay is
diffusion. Diffusion itself, which is due to a concentration gradient, is
a phenomenon which brings about an extremely slow transfer of mass and in
the case of a clay environment diffusional effects are considerably
reduced by other phenomena such as sorption and precipitation of
radionuclide species.

Modelling exercises for estimating the migration distance of
radionuclides in the Boom clay, after closure of the repository, show
that for most of the radionuclides the maximum penetration is at about
5 metres from the source and that this maximum is reached 10,000 to more
than 100,000 years after release from the source (depending upon the
radionuclide considered).

Within this background it is obvious that in situ migration
experiments, simulating post-closure repository conditions cannot be
performed in real time spans. However, in-situ migration experiments have
been conceived for verifying particular parameters of the migration model
and for taking advantage of large volume "samples" which provide a more
realistic scale and less disturbed geochemical conditions (if the
necessary precautions are taken).

A first series of two in situ migration tests in deep clay is running
in the underground experimental facility at Mol. The principle of these
experiments is as follows (Figures 4.1.15 and 4.1.16):

152A clay slab that contains Eu -tracer (50 uCi) is incorporated
in a Boom clay core. This core is in direct contact with the intact Boom
clay mass. Sampling of the clay (source and core) source preparation and
emplacement of it have been made under the necessary precautions in order
to avoid or limit contamination by the air (e.g. flushing of the borehole
by argon). The hydraulic gradient (due to the construction of the
gallery, towards the gallery) forces the pore water of the clay mass to
seep through the source slab and the clay core. The migration of the
tracers from the source is thus intensified towards the gallery, due to
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Figure 4.1.15 In-situ migration test in underground experimental
facility at Mol
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IN SITU MIGRATION TEST
(WITH RADIOACTIVE SOURCE)

Figure 4.1.16 Scheme of the in-situ migration tests in the
underground Hades laboratory at Mol

advection. The seeped water is collected in the gallery. After about
2.5 years the sample (tracered slab and clay core) is to be retrieved and
examined.

The parameters monitored or followed in this experiment are:

time
activity in the seeped water
activity in the sliced clay core (after retrieval) as a function of
distance from the source.

4.1.9 Combined experiments

The identification, simulation and testing of mutual interferences
and interactions among several repository components, whereby one of the
investigated components is the host rock itself, can most adequately be

48



performed in-situ. In the framework of research programmes carrying out
in-situ experiments in deep clay formations, the only ongoing combined
experiments are run in the Belgian programme at Mol.

The combined and mutual effects of excavation, lining and annular
backfilling is investigated in the reduced size experimental drift at the
site, and has been commented on in Sections 4.1.2 and 4.1.3.

The combined experiment of heat transfer and corrosion at that site
has also been mentioned above in Section 4.1.7 and 4.1.5.

4.2 IN-SITU EXPERIMENTS IN GRANITE

As discussed earlier, in-situ experiments to assess the concept of
safe disposal of nuclear wastes in granite formations have been conducted
at a number of sites to date. These sites are included in Table 4.2.

The majority of examples cited in this section describe tests that
are planned or in progress at Stripa (Sweden) and the URL (Canada). At
both sites only purely generic research is being conducted. Work at
Stripa started earlier and is more advanced since the programme at URL.
The URL is unique in that it is the first such facility excavated into an
undisturbed granite batholith, but it is still in the construction phase
and operating phase experiments will not start for several years.

4.2.1 Initial state

In the Canadian Nuclear Fuel Waste Management Programme the
experimental facility, the URL, was constructed in a previously
undisturbed granitic pluton so that a comprehensive site characterization
programme was possible. At other sites such as existing mines like
Stripa, not all of these pre-excavation measurements are possible.

Some of the site investigation techniques that can be used to
determine the initial conditions at an experimental site are described in
the IAEA Technical Reports Series No. 256. Prior to the construction of
an experimental facility in an undisturbed site, detailed understanding of
the following site conditions can be developed:
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(1) the geology through surface mapping of rock outcrops, the logging of
oriented borehole cores to determine lithologies and fracture
locations and orientations, and use of borehole survey methods;

(2) the pre excavation hydrogeological regime, primarily water levels,
permeabilities and hydraulic pressures of discrete fractures;

(3) the in situ stress field as it varies with depth;

(4) the groundwater chemistry.

At the URL site in Canada the initial state was determined through a
detailed site characterization programme.

Geology

A. thorough knowledge of the geological conditions was necessary for
two main reasons:

(1) for choosing the most appropriate location and extent of the
experimental facility, and preliminary planning of underground
experiment locations to take advantage of geological features such as
lithology and extent of fracturing;

(2) to assess the ability to accurately predict the geological conditions
at depth from information provided from surface mapping and diamond
drilled boreholes.

Surface geology boreholes were diamond drilled NQ-3 size (hole o.d.
76 mm, core o.d. 45 mm) [14]. NQ 3 core is of sufficient size and quality
to allow accurate mappings of discontinuities, and the borehole is big
enough to accept suitable test sondes and hydrogeological instrumentation.

At the URL site most of the exploratory boreholes were inclined, in
order that they would intersect the sub vertical joint sets at a
sufficient number of locations to map these joints. Inclined boreholes
are necessary for measuring the orientation of the core using down hole
instruments.
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After shaft sinking began, extensive geological mapping of the
exposed excavations was possible. Detailed geological maps of all
excavation surfaces were prepared as the surfaces were exposed. The core
from pilot boreholes drilled to investigate potential locations for
underground drifts and test rooms were logged. The mineralogy and
petrology of the rock types encountered, fractures, faults and other
discontinuities, and fracture filling materials were some of the features
of interest. Geological mapping of the shaft and tunnel walls, back and
floor (or face), during construction provided information for assessing
the prediction of geological conditions to be encountered and provided a
database on megascopic and mesoscopic scales for:

(1) Understanding the formation and deformational history of
discontinuities in the Lac du Bonnet Batholith granite. This
understanding extends our ability to predict subsurface conditions
from surface and borehole data in similar granites.

(2) Use by experimenters in developing and assessing tests and
experiments and for modelling the rock mass structure.

The basic steps in collecting the data were stereoscopic photography
and standard pétrographie and structural mapping of the excavation
boundary surfaces and routine descriptive sampling of pétrographie and
structural data for statistical treatment.

A programme of sampling bulk rock and alteration zones around
fractures was a component of the geological work and provided chemical,
mineralogical and isotopic analyses of the rocks and minerals of the Lac
du Bonnet batholith. These data were used to assess mineralogical
stability, element mobility-mass balance relations and other parameters of
paleo rock-water interactions. The rock samples for this programme were
bulk rock samples of excavated rock and samples of rock containing
fractures obtained from the shaft and drift walls.

Hydrogeology

The hydrogeological system at the URL area was studied in detail
before excavation, and a monitoring system was installed to record changes
in the groundwater conditions at the site. The locations of the various
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monitoring boreholes on the URL lease area are shown in Figure 4.2.1
Fifty-eight water-table wells and piezometers (0-series boreholes) were
installed in the glaciolacustrine clays and silts (2 to 10 m thick) that
comprise the unconsolidated overburden on the surface depressions of the
bedrock. Forty-one boreholes (B-series) were drilled to investigate the
groundwater conditions within the shallow bedrock. Many of these were
76 mm diameter holes drilled to depths of 10 to 15 m in areas of bedrock
exposure. Eleven of them were 152 mm in diameter and were drilled in
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URL LEASE AREA PLAN URL Shaft Location

Figure 4.2.1 Hydrogeological Monitoring Network at the URL Site

overburden areas to depths of at least 50 m into the bedrock. These
deeper boreholes are used to assess the interaction between groundwater in
the overburden deposits and groundwater in the underlying bedrock.

Eleven 76~mm-diameter cored boreholes (URL-series) were drilled to
depths ranging from 154 m to 1093 m, to investigate and monitor the deeper
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portions of the rock mass. These holes were geologically, geophysically
and hydrogeologically logged. Fourteen 152-mm-diameter boreholes
(M-series) were drilled using pneumatic percussion methods to depths
ranging from 163 to 443 m, specifically for hydrogeological monitoring.
These holes were visually, acoustically and geophysically logged. Many of
these are in the area surrounding the URL shaft and have been located to
complement the network of URL-series holes.

Suitable hydrogeological monitoring equipment has been developed at
the URL. The equipment consists of a stainless steel multiple-interval
casing system, as illustrated in Fig. 4.2.2.

K'echonicol
Hydraulic Packer

Pressure Measurement Valve

Figure 4.2.2 Schematic for Multiple Internal Borehole Casing System
for Hydrogeological Monitoring
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The geological, geophysical and hydrogeological data collected from
testing in and between the URL- and M-series boreholes were used to
develop a detailed understanding of the hydrogeological conditions in the
volume of rock surrounding the site selected for the construction of the
URL shaft and underground openings. The rock mass has been found to
contain three major, extensive, low dipping, horizontally continuous
fracture zones. They are identified as zones 1, 2 and 3 in Figure 4.2.3.
Other aspects of the hydrogeology of the site have been discussed by
Davison [15].

1
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URL11 M4A.4B URL« M2A, 2B
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-200- Croi« faction© -(J): no vertical exaggeration
100 ZOO m
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FRACTURE ZONE

2/j HIGH PERMEABILITY REGION OF ZONE

§•§ LOW PERMEABILITY REGION OF ZONE

Figure 4.2.3 Geological Cross Section of URL Lease Area
(from Davison and Guvanasen, in prep.)

From the geological and hydrogeological characterization programs it
was known that when the shaft was excavated it would intercept fracture
zone 3 and a low permeability splay of fracture zone 2. The higher
permeability part of fracture zone 2 would be a few metres below the final
shaft bottom. Hydrogeological monitoring was concentrated most heavily on
those zones expected to respond to excavation of the shaft. Piezometric
levels have been recorded automatically at 75 sensitive pressure
transducers. All other piezometer intervals were monitored on a regular
monthly or weekly basis. Monitoring of groundwater pressures and
chemistry was done for more than one year before the start of excavation
to allow monitoring of a full annual cycle of the natural fluctuations in
groundwater pressures and levels. This information was useful for
corrections due to natural groundwater level changes needed to the water
level changes observed near the experimental facility.

54



In-situ stresses

A thorough knowledge of the in- situ stress field, both near surface
and deeper were necessary for:

(1) preliminary design of the URL experimental facility, in terms of both
opening geometries and drift orientations;

(2) early input into models to predict the convergence and stress changes
due to excavation stress relief during first unloading bulk moduli
determinations ;

(3) determination of the changes in the stress field with depth, its
variability, and if any stress anomalies existed at the site.

At the URL site, the in-situ stresses were determined using hydraulic
fracturing (hydrofracturing) techniques. Unfortunately these measurements
were not very satisfactory. Hydrofracturing makes the assumption that the
vertical stress is purely the result of lithostatic pressure, an
assumption that can be quite erroneous in a granitic batholitic rock.
Furthermore, while the magnitudes of the horizontal stress field can be
determined fairly accurately using the hydrofracturing method, the
measured directions of the major and minor horizontal stresses are often
incorrect due to the influence of planes of weakness in the rock fabric,
which can cause the fracture plane to open in an oblique direction to the
direction of minimum principal stress.

Other methods which could be considered in future deep in-situ stress
measurements are:

(1) biaxial overcoring (at depths of up to 400 m) using the West German
BGR gauge [16] or a modified United States Bureau of Mines (USBM)
borehole deformation gauge presently being tested at the URL
(designed for depths to 1000 m). Such tests have been performed at
Grimsel in Switzerland.

(2) triaxial overcoring (at depths of up to 400 m) using the Swedish
State Power Board cell [17].
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Based on the URL experiences, it is suggested that at least two
methods of in situ stress determination be used to verify the results.

Groundwater chemistry

The initial state of groundwater chemistry was determined by
obtaining groundwater samples from the hydrogeological monitoring system.
The multiple interval casing system shown in Fig. 4.2.2 has a sample
access port between each set of packers from which a sample can be
withdrawn and analyzed in the laboratory. The chemical sampling and
testing period extended through the one year period of hydrogeological
monitoring to detect any seasonal fluctuations in the groundwater
chemistry.

4.2.2 Construction

The stability of excavated shafts and drifts is not generally a
problem in massive granite formations at the depths (500-1000 m) being
investigated for nuclear waste disposal. The strength and modulus of
granite are both relatively high and unsupported rooms are generally the
norm, except in areas adjacent to fracture zones or other anomalies, where
rock bolting and/or other primary support may be necessary.

However, an essential parameter for the vault sealing programme in
the granite option is an estimate of the quality of rock around shafts,
drifts and rooms where seals must be constructed. In order to develop and
emplace a satisfactory seal, it is necessary to know the extent of
fracturing, natural and excavation induced, in the rock to which the seal
will be anchored. At the URL, a site specific study of controlled
excavation methodology and excavation damage assessment is being
undertaken. This study involves design of excavation blast rounds to
minimize the extent and quantity of excavation-induced damage and field
measurement of the actual extent of excavation-induced damage.

The excavation damage assessment activity includes application of a
variety of techniques to assess the change in rock mass quality (degree of
fracturing) that has occurred near the excavation. The programme requires
that excavation-induced change in fracture density be identified and the
variation in magnitude of this change with distance away from the
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excavation be identified. Based on the conclusions of a programme
conducted at the Colorado School of Mines experimental mine [18] the
following techniques were selected for application at the URL:
(1) connected porosity analyses on sections of core from various

distances from the excavation boundary
(2) vacuum permeability
(3) ultrasonic crosshole surveys
(4) high pressure borehole dilatometer (CSM cell).

When applied in the URL shaft collar, these techniques did not
provide conclusive results. The excavation damage assessment programme
has now been modified for application only in situations where the
geometry will allow rock mass conditions to be assessed before and after
an opening is excavated. This will occur during test level development.

At the URL a study is also being undertaken in which conventional
drill and blast excavation is being compared with machine bored excavation
passing through the same rock conditions. The shaft was excavated to a
depth of 255 m using both drill and blast techniques. The ventilation
raise was then raise bored to the surface from 240 m depth. Geological
mapping of the raise bore has indicated that the number of fractures
present on the walls is substantially lower in the machine bored
excavation as one would expect. A similar comparison has been performed
at the Grimsel site in Switzerland where the main drifts have been
excavated with a full face tunnel boring machine, and some of the smaller
galleries by conventional drill and blast techniques.

Construction phase experiments

The construction of an underground experimental facility is an
excavation-related activity and as such a number of 'construction phase*
in-situ experiments can be performed, if the construction schedule is set
up to make such experiments possible. For example, during the sinking of
the URL shaft, eight hours daily (0800-1600 hrs) were set aside for
experimental activities. The shaft sinking contractor was permitted to
drill, blast and muck only on evening and nightshift (1600-0800 hrs). By
the start of dayshift all muck had to be removed from the shaft (except
for the sump), the lower 3 m of walls and the bench had to be washed clean
with water in preparation for geological mapping and stereo photography.
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In addition, there were also three excavation shutdown periods of
about 12 days each, during which the shaft was continually available to
experimenters to install instrument arrays and to conduct tests. A
special construction contract was drawn up to permit all of the above.

The experimental activities that were performed at the URL and which
can be performed during the construction phase of other experimental
facilities include hydrogeological and geomechanical tests that are
summarized in the following sections.

Major hydrogeological tests during construction of the URL shaft were:

(1) the Groundwater System Drawdown Experiment, and
(2) Near Field Hydrogeological Monitoring.

Groundwater system drawdown experiment

The URL groundwater system drawdown experiment has been described by
Uavison and Guvanasen [19]. Based on the data from the previously
described geological and hydrogeological characterization program at the
URL area, two 3 dimensional finite element models of the flow system were
constructed by AECL using the computer code MOTIF [19]. One was a
regional scale model representing a much larger volume of rock mass
surrounding the URL site. The regional model was used to establish the
boundary conditions for the local-scale model. The vertical and
horizontal boundary conditions and element parameters were selected to
provide results that were consistent with field data. Two types of finite
elements were used in the model: solid elements were used to represent
portions of the rock mass whose properties could be approximated by porous
media equivalent properties, and planar elements were placed within the
solid element array to represent the layered surficial deposits and the
major fracture zones.

The local-scale model was adjusted and calibrated by fitting the
results of several large scale pumping tests that were performed in the
major fracture zones at the site. A major validation exercise has been
performed to assess how effective these models have been in predicting the
groundwater system changes caused by URL shaft excavation. Before any
excavation, the models were used to predict the piezometric responses at
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171 locations around the URL shaft. These locations correspond to the
locations at which piezometric monitoring is being conducted. The models
were also used to predict the expected rate of water flow into the shaft
excavation. The predictions were done using the following assumptions:

Hydrogeological parameters were independent of geomechanical stress,
and were not affected by the excavation of the shaft.
The shaft construction period was 8 months and the excavation rate
was uniform over the period.
The infiltration rate was time invariant.
The flow was laminar.
The hydrogeological parameters of the background matrix were
horizontally uniform.

The water flow rate into the shaft was slightly overestimated by the
models. However, the trends of the predicted and the actual flows agree.
The difference in absolute value may be due in part to the lack of
mechanical-hydraulic coupling in the model. The predicted and actual
piezometric heads agree very well over the short period of comparison. A
final comparison will be carried out at the end of the geotechnical
characterization phase of the project, at which time steady-state drawdown
conditions should have developed.

Information essential to the assessment of hydrogeological models
includes the measurement of groundwater inflow rate to the excavations and
identification and assessment of the influence of subvertical fractures on
the hydrogeological conditions.

The water inflow to the shaft was zoned and measured by installation
of water rings at selected locations in the shaft and by monitoring water
inflows in the horizontal developments.

Near-field hydrogeolo&ical monitoring

The averaged permeability of the large volume of rock surrounding an
excavation is affected by many factors. A significant factor is the
relationship between the excavation boundaries and the fracture systems in
the rock mass. The closure strains generated in the rock mass around the
opening will affect the aperture of fracture systems and hence the

59



permeability. To begin studying the mechanisms of this response,
near field hydrogeological instrumentation of two forms was installed in
association with each ring of convergence instrumentation.

The effects of excavation on near-field hydrogeological conditions in
the rock mass near the excavation wall at the URL was monitored as the
shaft excavation proceeded away from the monitoring point. The monitoring
borehole was a 15 m long NQ-3 cored borehole drilled horizontally into the
excavation wall near the excavation face at the elevation of each of the
shaft instrumentation rings. The cored borehole was instrumented with a
mechanical packer string containing several monitoring zones. The packer
spacing and number of zones to be monitored was determined from
examination of borehole core.

In order to maximize the data on hydraulic conditions in subvertical
fractures intersected by holes drilled for other instruments, special
equipment was developed to allow isolation of several zones in the
convergence ring boreholes containing CS1RO cells while allowing passage
of the CS1RO cables. One such installation was made during shaft
excavation at an instrument ring at 184 m depth from surface. When
excavation resumed, the change in hydraulic conditions in each zone
together with the changes in stress field and displacement data,
identified the fractures on which motion occurred and provided a
quantitative measure of the relationship between stress, displacement and
permeability in a fractured rock body.

The results of this experiment indicated a drop in permeability in
subvertical fractures as excavation continued. As axial stresses
decreased and tangential stresses increased, the permeability of the
fractures being monitored dropped. This stress change and permeability
drop corresponded to displacements across joints measured on extensometers.

In order to test the importance of subvertical fractures in the local
flow system and to obtain additional information on hydraulic gradients,
additional hydrogeological characterization of the rock mass around URL
excavations was conducted. The hydrogeological conditions in the rock
mass were monitored prior to, during and after the horizontal
development. This characterization programme comprised the drilling,
testing, instrumenting and monitoring of eight cored boreholes up to 250 m
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long from both the upper and lower shaft stations. The hydrogeological
data collected during level development along with the data collected in
the surface based monitoring network was used to assess the accuracy of
the hydrogeological drawdown predictions made from computer simulations
prior to excavation,

Geomechanjcs

The construction phase geotneehanics experiments at the URL have been
described by Thompson et al. [20] and primarily involved excavation
response measurements at four locations in the shaft at depths below the
surface of 15 m, 61 m, 184 m, and 217 m.

The primary objectives of the URL construction phase geomechanics
experiments were:

(1) to determine the rock mass unloading deformation modulus by measuring
the deformations and changes in rock mass stresses due to excavation,

(2) to determine in-situ stress field,
(3) to map the excavation-related stress field in the rock mass around

the shaft, and
(4) to utilize these data to calibrate geotnechanical computer models.

During shaft sinking, the following parameters were investigated via
geomechanics experiments and tests:

(1) excavation-induced displacements
(?) excavation-induced stress changes
(3) the thermal regime in the rock adjacent to the shaft
(4) the in-situ stress field in the horizontal plane.

At each of the four instrumentation arrays, geomechanical instruments
were installed to monitor the shaft convergence and stress changes that
occurred as the shaft excavation progressed. The general layout of each
instrumentation array is illustrated in Figure 4.2.4. Each array included
the following instrumentation:

(1) Four to six 15 m long sonic-probe five-anchor borehole extensometers,
manufactured by 1RAD GAGK of Lebanon, New Hampshire, USA, installed
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Figure 4.2.4 URL shaft convergence array

in horizontal BQ-3 (60 nun diameter) diamond drill holes. The holes
were collared within 0.5 m of the shaft bottom. Two extensometers
were installed in one shaft wall, with one or two in each of two
other walls. The fourth wall was reserved for hydrogeological
testing, as described previously in the near-field hydrogeological
monitoring system.

The 1RAD GAGE extensometer system was modified to include six
thermistors along each extensometer, and a stainless steel flange was
added to the measurement head to prevent anchor slippage during
blasting. The measurement heads were anchored with epoxy and
C-clips at the base of 0.15 m deep H-sized (100 mm diameter)
collars. The thermistors permitted detailed monitoring of thermal
changes in the extensometer connecting rods, allowing corrections to
be made for thermal expansion or contraction. Thermistors have been
used for the temperature measurements rather than thermocouples, or
other devices, based on recommendations contained in Koopmans (1982)
[21].

62



(2) Six convergence pins were installed within 0.5 m of the shaft
bottom. These were monitored using a proving ring tape extensometer
manufactured by the Slope Indicator Company (S1NCO) of Seattle,
Washington, USA. These measurements gave the total convergence
across the shaft and provided a rough check on the borehole
extensometers.

(3) Six Hollow Inclusion (HI) triaxial strain cells, developed by the
Commonwealth Scientific and Industrial Research Organization (CSJRO)
of Melbourne, Australia, were installed in diamond drill holes angled
down from the shaft walls at 75° and 83° from horizontal in the same
three walls as the extensometers (north, east, and south). The HI
cells were installed approximately 8.5 m below the shaft bottom, and
1.3 m and 2.6 m outside the projected excavation lines.
Finite element analysis showed that at 8.5 m below the shaft bottom
the HI cells were beyond the zone of disturbed stresses when they
were installed. At lateral distances of 1.3 m and 2.6 m from the
projected excavation wall the HI cells were beyond the zone that
would be damaged by blasting, but were within the projected area of
excavation-induced stress changes. Each HI cell measured a different
part of the stress field.

The HI cells were used to determine the percentage of excavation-
induced displacement that occurred before the borehole extensometers were
installed. Both the borehole extensometers and convergence pins recorded
the displacements that occurred after extensometer installation. By the
time the extensometers and convergence pins were installed 0.5 m above the
shaft bottom, a large percentage of convergence had already taken place.
By monitoring the total strain change with the HI cells, the displacements
that occurred prior to the time the extensometers were installed could be
estimated.

All CS1RO HI cells installed at the URL were modified by the addition
of a thermistor inside the cell body during fabrication. These
thermistors, in addition to providing extra data on the thermal regime in
the rock mass, were used to compensate for temperature changes to the HI
cells during the stress monitoring period, and also to monitor HI cell
temperatures during eventual overcoring, to take place during the
geotechnical characterization phase.
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At each instrumentation ring a number of USBM biaxial overcore tests
were performed in a vertical hole below the shaft bottom to give reliable
in-situ stress information, and as a check on the hydrofracturing results
obtained during site characterization.

In addition to the four main instrumentation arrays, a number of
simple total convergence arrays were installed at approximately 15 m
intervals throughout the URL shaft. Each array consisted of six
convergence pins, and was monitored with the S1NCO tape extensometer. The
objective was to obtain information on the variation of the rock mass
deformation modulus with depth and varying rock conditions, including two
fracture zones that were identified from core logs obtained from surface
boreholes. This information on spatial variation of modulus will be used
for modelling operating phase experiments and as an input to a planned
rock mass classification system assessment.

The rock displacement measurements have indicated that sub-vertical
jointing in the rock mass appeared to be the main controlling factor with
respect to rock displacement magnitudes and therefore local rock-mass
modulus values [22]. Total displacements varied from 0.09 to 1.75 mm.
Convergences ranged from 0.5 to 2.5 mm.

Rock displacement variations associated with fracture frequency
changes are an indication that a single assumed "average" rock mass
modulus is not appropriate for input to numerical models designed to
accurately predict local responses in a large volume of rock. The field
measurements indicate that such response will be variable and different
values of rock mass moduli will be needed depending on rock conditions at
the points of interest. In some cases it may be necessary to model
"active" fractures as individual features since the field measurements
show that these features tend to dominate the rock mass response to
excavation.

4.2.3 Excavation response

The excavation response experiment (ERE) or mine by test is similar
to tests conducted at the Spent Fuel Test-Climax (SFT-C) [23,24] and other
sites in hard rock. The URL programme provides more flexibility in
experiment geometry than SFT-C and will allow more effective monitoring of
the rock mass and groundwater system response.

64



The ERE will be designed:

(1) to determine the rock mass deformability on a large scale. This
experiment will provide an opportunity to apply state of-the art
mechanical modelling methodology using parameter values determined
from construction-phase experiments. Accuracy of the modelling
predictions will be assessed by comparison with field measurements of
both displacement and stress.

(2) to predict and assess the extent of the excavation damaged zone to
test the accuracy of the predictive methodology.

(3) to monitor the near-field mechanical/hydraulic response of the rock
mass to excavation. This will include the study of variations in
hydraulic properties, fracture aperture and stress field in order to
understand the coupled response.

4.2.4 Backfill, buffer, sealing

Many disposal concepts include the application of a buffer material
between the container and the rock in the emplacement holes, as well as a
backfilling material in the tunnels and shafts.

The function of the buffer material is to constitute a mechanical and
chemical zone of protection around the container and to limit the inward
transport of corrosive substances from the groundwater to the container
surface, and in a later stage to limit the outward transport of leached
radioactive substances from the container.

The function of the backfill in tunnels and shafts is (a) to preserve
the mechanical stability of the excavated spaces, and (b) to restore the
hydrogeological conditions in the area.

The function of sealing materials is to prevent any future migration
of radionuclides from the repository to the surface along boreholes,
tunnels, and shafts. The materials chosen must have appropriate chemical
and physical properties and be compatible with the host rock.
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Buffer and Backfilling Materials

The effectiveness of buffer and backfilling materials should be
determined by laboratory experiments but the integrated effects on the
material, caused for example by heat and distribution of water inflow,
should be investigated by in situ experiments. Furthermore, the
applicability of the materials in the emplacement holes as well as in the
tunnels and shafts should be demonstrated under representative geological
conditions.

At Stripa, the so called Buffer Mass Test (BMT) was carried out
during 1980 1985 [25,26]. The objective of the BMT was to investigate the
behaviour of highly compacted Na bentonite as buffer and sand/bentonite
mixtures as tunnel backfill under simulated repository conditions. In
principle, the Swedish KBS 3 concept with clay-buffered containers in
large boreholes formed the basis of the test design, the scale being
approximately 50%. The general layout of the test arrangement is given in
Figure 4.2.5, which shows the array of six 0.76 m diameter, 3 m deep
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tigure 4.2.5 Main features of the Buffer Mass Test (BMT)
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core drilled holes hosting electrical heaters surrounded by clay. The
heaters, which had a diameter of 0.38 m and a height of 1.5 m were
operated at powers ranging from 600 to 1800 W, yielding the approximate
absolute temperatures and temperature gradients in the clay that are
expected in real emplacement holes. Two of the heaters were located in
the completely backfilled inner part of the test tunnel, while the outer
four were covered by backfilled boxing-outs in a large concrete slab. The
heavy concrete lids covering the boxing-outs could be removed for sampling
and excavation at any required time.

The bentonite used as buffer material was prepared by isostatic
compaction of air-dry, commercial Wyoming bentonite (MX-80) powder under a
pressure of approximately 100 MPa. Through this operation, large
homogeneous cylindrical bentonite columns were obtained with a bulk

3density of 2.07 to 2.14 Mg/m and a water content ranging between 10 and
13%. The large clay bodies were then divided into geometrically well
defined blocks by sawing so that they could be tightly arranged around the
heaters. The size and arrangement of blocks were chosen so that the

3ultimate bulk density after complete saturation would be 2.10 Mg/m .
The initial degree of saturation was approximately 50%.

The composition of the backfill in the boxing-outs and the inner part
of the tunnel was based on the principle that the hydraulic conductivity
and the compressibility should be at minimum, and that preparation and
application of these masses be made by using ordinary contractor
techniques. This was achieved by using mixtures of 10 percent by weight
of air-dry bentonite powder and 90 percent suitably graded ballast for the
boxing-outs and the lower two thirds of the backfilled tunnel, the
material being applied in 20-30 cm layers which were then compacted by
10-15 runs with a 400 kg electrically operated plate vibrator. Tap water
had been added to a water content of 10 percent, which is slightly less
than optimum. The average bulk density of the compacted mixture was

3 31.98 Mg/m . At full saturation the bulk density became 2.15 Mg/m
while the water content reached the value 17 percent.

For practical reasons, the upper part of repository tunnels have to
be filled by pneumatic blowing, the resulting rather low bulk density
being compensated for by increasing the bentonite component. In the
Buffer Mass Test the mixture consisted of 20 percent by weight of
bentonite powder, and 80 percent ballast material of the same type that
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was used for the clay-poor part of the backfill. No water was added
except for the wetting that had to be made at the nozzle in order to avoid
clogging. This gave a net water content of 15 percent and an average bulk

3density of 1.5 Mg/m , which is rather low. At full saturation the bulk
3density became about 1.85 Mg/m , the corresponding water content being

35 percent.

The major objective of the test was to record the development of
temperature fields, water uptake, and swelling processes in the highly
compacted bentonite in the heater holes as well as in the tunnel
backfill. Also, the associated build-up of water pressures was of major
interest.

The general conclusion from the Buffer Mass Test is that the main
physical processes are understood and can be predicted for various
repository geometries. The major process is the water uptake from the
rock since it governs the build up of temperature and swelling pressures.
This uptake is primarily related to the water-bearing capacity of the
surrounding rock, i.e. through the presence of one or a few hydraulically
active joints or fractures.

The agreement between predictions and measurements was rather good
and it was also shown that the practicality of bentonite based buffer
materials and the techniques used for preparation and application are more
than adequate.

Sealing Materials

An important area of experimentation in an underground research
facility is the construction on a relevant scale, and testing in a
representative geological environment, the materials and systems proposed
as effective shaft, tunnel, room, and borehole seals proposed in a nuclear
fuel waste disposal concept.

At Stripa highly compacted bentonite has been used in an ongoing
investigation for sealing of boreholes and a shaft as well as for sealing
of a highly water-bearing zone intersecting a drift.
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These investigations, which started in 1983 and ended in 1986,
comprise four individual plugging tests in which highly compacted sodium
bentonite is used. Two of them deal with borehole sealing, the primary
aim being to test the technique of inserting clay plugs in holes of
various length and to determine the maturation rate of the bentonite.
This property is a function of the water inflow into the holes and
therefore also very much dependent on the rock structure.

In the shaft plugging test the clay/rock interaction is investigated
in great detail and various sealing effects of the bentonite will be
illustrated. These effects are not expected to be the same in blasted and
slot-drilled rock and since both techniques have been used to produce the
shaft, differences will probably be observed in the differently excavated
parts of the shaft. The evaluation requires that the major water-bearing
structures are well known and much effort has therefore been put into the
identification of such features.

The purpose of the tunnel plugging test is to demonstrate the
construction phase and general isolating power of a full-scale version of
the plugging concept described in the KBS- 3 report [27]. Knowing the
nature and connectivity of the major water-bearing structures in the
seeping rock volumes, the detailed sealing mechanisms are expected to be
demonstrated.

In-situ experiments where bentonite and other candidate sealing
material will be used are being planned and will tentatively be expanded
to include injection of these materials into the rock by different
techniques. Similar tests are planned for the URL site in Canada.

4.2.5 Heat

Radioactive decay will cause energy to be released from waste
canisters that, depending on the concentration of the waste and how long
it has been stored at the surface, can increase adjacent rock temperature
significantly. The question arises as to whether or not the low thermal
conductivity of granitic rock might lead to thermally-induced stresses
that could cause rock failure. The extent to which thermal stresses will
influence the process of rock failure and/or the consequent movement of
water through the non-homogeneous rock mass is too complicated to be
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treated as a simple analytical problem. Nor can laboratory experiments
be performed easily to simulated fluid flow through a large, fractured
rock mass undergoing changes in temperature. These limitations have
motivated in-situ heating experiments in deep geological formations.

To date, several heater experiments have been performed in granitic
and gneissic rock (Stripa in Sweden, Nevada Test Site and the Colorado
School of Mines in the USA) and others are being planned (Grimsel Test
Site in Switzerland and the Underground Research Laboratory in Canada).
Although the experimental design might differ at the various test sites,
the heat source normally consists of one or several simulated waste
containers of various size and power output. Boreholes, equipped with
different kinds of instrumentation for monitoring the changes in the
physical and chemical behaviour of the rock (temperatures, stresses,
displacements, water flow, etc.) are drilled at different distances and in
different directions relative to the heat source. The general objective
of a heater test is thus to determine the integrated in-situ
thermomechanical and hydrogeological response to thermal loading, and to
assess the ability of available or developmental computer codes to
simulate these responses.

At Stripa, two Full-Scale Heater tests were carried out during
1977-1980 where the purpose was to investigate the short-term, near-field
effects of an applied thermal load on the rock mass [28]. Two heaters,
each 3 m long and 0.3 m in diameter, were emplaced in vertical boreholes
drilled to a depth of 5.5 m into the floor of the Full-Scale Heater
drift. Power outputs of the two heaters were 5 kW and 3 kW to simulate
3-year old and 5-year old PWK high-level waste containers, respectively.
The two emplacement holes were 22 m apart, and were thus thermally
isolated from each other. Instrumentation installed in the floor of the
drift included extensometers, USBM gauges and 1RAD vibrating wire gauges
to monitor displacements and stresses, and numerous thermocouples to
measure temperature. Additional extensometers, USBM and TRAD gauges were
also installed in horizontal holes from a parallel drift. A schematic of
the experiments showing some of the installed instrumentation is given in
Fig.A.2.6.
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Pig. 4.2.6 Schematic Illustrating Full-Scale Heater Experiment and
Installed Instrumentation from [28]

Due to the low thermal conductivity of the rock, temperatures and
temperature gradients in the near field reached a maximum in a few months
and measured temperatures showed very good agreement with predictions.

The rock deformation was considerably less than expected and was
non-linear. A partial explanation of the deformation data may be the
closure of fractures in response to thermal expansion of the rock. This
fracture closure was well documented by the water inflow to the holes and
by cross hole ultrasonic results. Water inflow to the heater and
instrument holes dramatically increased with each increase in heater
temperature. The flow rates typically peaked 3 to 6 days after the
temperature change, after which the rates rapidly decayed to zero. This
behaviour was attributed to the squeezing of water from fractures which
closed as the rock expanded. Cross hole ultrasonic logs in the Full-Scale
test area also indicated fracture closure as sonic velocities
significantly increased during heating and decreased during cool down.
Again this behaviour can be attributed to fracture closure caused by the
rock's thermal expansion.

As an addition to the 5 kW heat input, eight 1.0 kW heaters, that had
been spaced around a 0.9 m radius from the 5 kW heater, were switched on
after 204 days of heating. This had the effect of overdriving the rock
mass in the immediate vicinity of the central heater by increasing the

orock temperature by approximately 100 C with a corresponding increase in

71



compressive stresses. Temperatures on the wall of the central borehole
owere calculated to be 300 to 350 C during this period. Spalling of the

wall of the 5.0 kW heater borehole occurred within a few days after the
auxiliary heaters were turned on, and increased with time both in the
extent along the length of the borehole and in size of the rock chips.
This time-dependent spalling behaviour was not predicted by thermoelastic
theory.

A Time Scaled Heater test was also carried out at Stripa where the
purpose was to investigate the long-term thermomechanical response of the
granitic rock to thermal loading [28]. This was accomplished by utilizing
the laws of heat conduction to compress the time scale 10:1 by compressing
linear scales (distance, power, etc.) by the ratio of the linear distance
to the square root of the product of time and the thermal diffusivity of
the host rock.

The test consisted of eight l kW heaters 1m in length emplaced
10.5 meters below the floor of the drift. The heaters were spaced 8 m
apart along the axis of the drift and 3 m apart laterally.
Instrumentation was installed to monitor temperature and rock
deformation. The layout of the test and its location within the facility
is shown in Figure 4.2.7.

Figure 4.2.7 Location of the Time Scaled Heater Test Within Stripa
Facility, and Arrangement of 1.0 kW Electric Heaters
Within Time Scale Drift [from 28]
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The test was initiated on June 1, 1978. The scaled heater power of
l kW corresponds to a full scale power of 3.12 kW, this power was
decreased during the test to simulate the decay in heat output of actual
radioactive waste. Analysis of the heat transfer data showed good
agreement between measured and predicted temperatures. Rock deformation
response data, however, showed an unexpected non-linear behaviour.

Although several heater experiments have been carried out at
different test sites, it is advisable to perform similar investigations at
future test sites. However, these should be extended to also include
monitoring of the possible changes of the hydrogeological conditions
around the test site. Most probably, similar tests have to be carried out
at a final repository site for the purpose of determining site-specific
in-situ thermomechanical parameters for use in the modelling of the
stability of the repository and the hydrogeological changes in the volume
of rock surrounding the repository.

4.2.6 Radiation

The only radiation test that has been carried out so far in granite
is the Climax Spent Fuel Test at the Nevada Test Site in the USA [29].
The test was accomplished through the emplacement of several spent-fuel
assemblies, packaged in stainless steel containers, in a specially mined
rooms 420 metres below ground. The assemblies were transported to the
Nevada Test Site in licensed commercial shipping casks and sealed in
stainless steel canisters at a special packaging facility on the test
site. The emplacement of these fuel canisters, along with three
subsequent exchanges for other fuel canisters, showed that a safe and
highly reliable emplacement system can be engineered and operated with no
significant radiation exposure to operating personnel.

Construction at Climax was authorized in 1978 and culminated in the
emplacement of 11 spent fuel assemblies by May of 1980. Three parallel
drifts were excavated underground and the spent-fuel canisters were
located on three-metre centres in the floor of the centre excavation. Six
electrical heaters were emplaced in the two outside drifts and were
operated to simulate, within the test array, the thermal field of a
portion of a large repository. Special equipment was designed and
fabricated to transport a shielded cask, containing the spent-fuel
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canisters, from the packaging facility to the shaft collar. Transfer of
the fuel canisters from the surface to the underground storage drift took
place through remote controlled hoisting equipment which precluded the
need for extensive shielding. Transfer of the canisters from the
underground receiving station to the emplacement holes took place in a
fully shielded, remote controlled, rail-mounted underground transport
vehicle.

In the Climax facility a highly reliable data acquisition system was
installed to monitor and verify technical information coming from nearly
1000 transducers which measured temperature, displacement, power levels,
radiation and ventilation in and around the underground facility. The
results of the test are presently being analysed and will be reported when
they are available.

4.2.7 Corrosion

The waste disposal concept for deep disposal of high level nuclear
wastes in granite consists of a series of engineered barriers:

(1) the vitrified waste pellets, monolithic glass block, or fuel bundles
or rods, which would only allow minimal leaching should groundwater
ever make contact with them;

(2) the metallic containers housing the fuel waste which are designed to
resist corrosion for at least 500 years;

(3) the bentonite clay-based buffer material surrounding the metallic
containers in the emplacement holes, which swells under contact with
groundwater and results in a virtually impervious barrier to the
removal of radionuclides;

(4) the compacted sand/bentonite material which is used to backfill the
emplacement rooms and seal the shafts, etc., in conjunction with
other shaft and borehole seals and prevent groundwater migration into
and out of the excavations;

(5) the stable granite rock mass with its low porosity and permeability
and its high integrity which is the final barrier separating the
wastes from the biosphere.
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Corrosion studies relating to nuclear waste disposal in granite
examine the interaction between items (2) and (3) above.

To date these tests have been performed primarily under controlled
laboratory conditions. A number of metallic alloys are being considered
as suitable candidate materials. Cost is one factor that cannot be
overlooked. Copper, stainless steel, titanium alloy and titanium sheathed
stainless steel are potential choices.

4.2.8 Radionuclide migration

In a final repository for radioactive wastes in crystalline rock,
water flowing in the fractures may transport the radionuclides eventually
leached from the waste. To be able to predict the migration of the
radionuclides, the processes involved must be understood. To quantify the
processes, data from flow and transport in real fractures under realistic
conditions are needed. Models used for prediction must include
descriptions of important processes and mechanisms.

The migration modelling in the safety analysis for a repository in
granitic rock is based on the knowledge that if and when any radionuclides
are leached from the waste, practically all of the important radionuclides
will interact chemically or physically with the bedrock and will thereby
be considerably retarded. The magnitude of this retardation depends upon
the flow rate of the water, the uptake rates and equilibria of the
reactions as well as the surface area in contact with the flowing water.

Laboratory experiments and field investigations [30,31,32] have shown
two of the mechanisms that are of importance for the magnitude of the
retardation of the migrating radionuclides:

(1) Diffusion into the rock matrix adjacent to the fracture and
subsequent sorption on the inner surfaces.

(2) Channelling within a fracture, i.e. only certain parts of the
fracture conducts water.

The first mechanism considerably enhances the capacity of the bedrock
to retard the radionuclides. The second mechanism counteracts the first
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by reducing the contact surface between the flowing water and the
bedrock. It may also give rise to "fast" channels.

Information on the integrated effects on the migration of nuclides
and their retardation can be studied by performing in situ migration
experiments using actual or simulated radioactive tracers.

At Stripa, an experiment was carried out during 1980-1985 [33] where
the purpose was to investigate if it was possible to extend results on
sorption and retardation of radionuclides in granitic rock, obtained from
laboratory experiments, to a real environment with migration distances up
to 10 m. Furthermore, it was also attempted to determine the extent of
channelling within fractures. Both sorbing tracers (analogues for
radionuclides) and non sorbing tracers were used.

Figure 4.2.8 shows the layout of the test site with two fractures and
five injection holes intersecting the fracture planes. Only fracture 2
was used when tracers were injected.

njection holes (g) Sampling holes

Fig. 4.2.8 Schematic view of the test site for migration studies
in a single fracture at Stripa
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The tracers were injected into the fracture which had an induced
water flow towards the drift and the water was collected in around
15 shallow sampling holes drilled along the investigated fracture. The
sorbing tracers were continuously injected at one of the injection points
for several months. At the end of the experiment, part of the fracture
around the injection point was excavated by core-drilling for analysis of
the migration of the sorbing tracers.

From the results obtained from the investigation it is obvious that
the sorbing tracers were strongly retarded but also quite clear that there
are some inherent difficulties concerning the interpretation of the runs
with the sorbing tracers. Among these was the variation in the natural
content of the tracers over the fracture surface, local variations in
fracture surface mineral compositions giving different Kd values and
variations of the thickness of the fracture filling and coating materials.

Different models (channelling; with and without matrix diffusion)
were applied when predicting the results. A good fit between predicted
and actual data was obtained for all models and the correct retarding
mechanism(s) must be selected by some other independent process.

In the experiment, diffusion into the matrix was observed by direct
observation of penetration depths, channelling was observed by using a
large amount of collecting points. Because only a fraction of a fracture
is open to flow, sorbing radionuclides will encounter less surface on
which to sorb and from which to diffuse into the matrix, than if all the
fractures were carrying water. This will reduce the retardation
capability of the rock.

The actual fracture width is considerably larger than what was
previously assumed using the cubic law. The actual water velocity will
thus be lower and the residence time of non-sorbing species larger than in
previous estimates. This may be important for some nuclides.

The matrix diffusion and sorption in many cases can be expected to be
the by far most important retardation mechanism. The penetration into the
matrix of some of the sorbing nuclides gives a further indication that
this process is active under real conditions in the field. However,
further migration experiments using both non-sorbing and sorbing tracers
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are needed in order to shed light on the groundwater flow and the nuclide
migration mechanism in fractured crystalline rock.

In an ongoing migration test at Stripa [34] the spatial distribution
of water flow pathways is investigated in a large block, of rock.. Flow
parameters like mean residence time, dispersion, longitudinal as well as
transverse, are being studied.

A number of migration tests are planned for implementation at the URL
site including:

Radionuclide Migration and Sorption Experiment;
Solute Transport Study in a Large Volume of Moderately Fractured Rock;
Permeability, Porosity and Compressibility Testing of a Highly
Fractured Zone.

The major difference between the Stripa and URL tests is the
significantly larger effort to be spent pre characterizing the fractures
that will be part of the URL experiments.

4.2.9 Combined experiments

Combined or coupled parameter experiments are tests in which up to
three variables can be controlled independently. One such test that has
been conducted at the CSM Experimental Mine in Colorado is the heated
block test [18]. A heated block test based on the experience gained at
CSM is planned for the URL operating phase experiments.

The most comprehensive tests planned for an experimental facility
will be designed only after many other experiments have been operating and
the resulting data are available. The experiments should be designed to
provide multi-component data for verification of properties measured and
models developed from earlier experiments.

Heated block experiment

The heated block experiment will be designed to study in situ the
thermal, mechanical and hydraulic response in a jointed rock mass. In
concept, a block of rock containing at least one discrete vertical joint,
is cut from the rock mass by vertically slotting around its edges.
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Devices to apply load to the block edges, electric heaters to heat the
block and instruments to monitor conditions within the block and the joint
are installed.

This experiment will allow controlled mechanical, thermal, coupled
mechanical-thermal, and coupled mechanical-thermal-hydraulic tests to be
conducted. This will provide data to assess the scaling factors for
laboratory properties to field scale on a site specific basis, will assess
the accuracy of the models for various degrees of coupling, and will
provide consistent sets of data for each of the cases tested.

Multi-component experiment

A test room will be constructed containing buffer/container
installations in boreholes. The test room will be backfilled and sealed.
Naturally or artificially, groundwater will be introduced into the
system. The test will be heavily instrumented with instruments developed
and tested during earlier URL experiments to collect data on the response
of the multi-component system. These data will be used to assess
predictive models and to study interactions in the physical system at a
realistic scale. The test will run for 8 to 10 years.

An example of a multi-component experiment that has been performed at
another site is the previously described Spent Fuel Test at Climax where
both heat and radiation were applied to the rock mass [35].

Pressure chamber experiment

The objectives of the pressure chamber test are:

(1) to obtain information on the anisotropic elastic and deformation
properties of a large volume of rock mass as an aid to modelling;

(2) to obtain information on the coupled thermal-mechanical properties of
a large volume of rock mass;

(3) to determine the coupled mechanical-thermal-hydraulic relationships
in fractures that have undergone minimum disturbance before testing.

(4) to conduct macro permeability experiments if appropriate;
(5) to monitor generation and propagation of microcracks during loading

and unloading cycles by acoustic monitoring methods;
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(6) to monitor changes in geophysical properties of a relatively large
volume of rock due to imposition of a known stress/temperature field;

(7) to assess the depth of excavation damage due to boring and stress
relief for comparison with results from blasted circular shafts.

As presently envisaged, the pressure chamber would be a 1.5 to 3 m
diameter vertical raise bore, some 40 to 100 m long. The inside of the
bored raise would be lined with an impermeable membrane (at least for the
initial experiments) and would have bulkheads at each end. Pumps would
fill the chamber with water and pressurize it. Ideally, the pressure
chamber could be pressurized to just below the minimum in situ horizontal
stress - expected to be about 10 to 15 MPa. It is proposed that high
temperature tests be conducted by heating the water.

In later tests, all or part of the membrane could be removed to allow
macro permeability tests to be conducted.

4.3 IN-SITU KXPKKIMKNTS IN SALT

Salt formations are found worldwide. They occur in different forms as
bedded salt formations or domal salt formations. They are often of permian
age (about 250 million years old). Salt formations exhibit several
properties that make them attractive candidates for radioactive waste
disposal :

large rooms can be excavated and left without support for long
times ;
salt does not break easily but creeps under stress and load put
on it;
permeability for gases or liquids is very low;
heat is distributed very well.

Disposal in salt has been studied extensively in the Federal Republic
of Germany (FRG) and the USA. The following discussions will describe the
work performed in the Asse Salt Mine in the FRG.

The Asse Salt Mine, located in the north-eastern part of the FRG, was
in operation as a potash and salt mine from 1908 until 1964. Salt mining
was then stopped because of economic reasons. By that time considerations
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of where to dispose of active wastes were being made. Experts concluded
that the Asse Mine could serve as a research centre to find and test
disposal methods. It was also considered that the results obtained at the
Asse mine would be transferrable to other repository sites in the FRG
provided that the research work and the disposal were performed in the
same stratigraphical horizons. From 1965 to 1978, 125.000 drums with
low-level radioactive waste and 1.300 drums with medium-level radioactive
waste were taken into the existing openings of the mine. This work was
done according to the regulations established for radiation protection
[36] (Figures A.3.1 and 4.3.2).

E23Planned disposal room
L__DDisposal rooms until Dec 31 78"
153 Disposal room and entrance backiith

0 100 200

Figure 4.3.1: Simplified ground plan of the 750 m-level

.Shaft 2

Figure 4.3.2: Vertical cross-section of the Asse Salt Mine
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Since the FRG's atomic law was changed in 1976 and a new licensing
procedure regulating the final disposal of radioactive waste was
established, no radioactive material was put into the mine after the
existing license ran out at the end of 1978. It was then decided to use
the Asse mine as a experimental facility for performing R -t D work,
especially with regard to high level radioactive waste (HLW) disposal.

4.3.1 Initial state

In order to evaluate these data obtained from in situ tests often
performed at different sites than the selected repository site - it is
necessary to characterize carefully the host material as well as the test
conditions prior and after the performance of the experiments.

In this regard the following conditions are to be investigated before
and after performance of the experiments:

Geology (by core drillings)
Initial stress state
Deformations in surrounding openings
Mineralogical composition of the salt
Water/gas content of the salt
Rock mechanical properties of the salt.

After having characterized the test site by geological mapping, in
situ observations and laboratory investigations on core samples, a
calculation is made to predict the response of the test site in regard to
the test conditions. During and after performance of the tests the data
obtained in situ are compared with the predictions and conclusions are
drawn for further analyses.

The creep capability of rock salt is considered to be advantageous,
especially with regard to sealing of the waste and consolidation of
backfill material; creep is accelerated under heat and heat induced
stresses. To perform long-term predictions concerning this, it is
necessary to carefully investigate the creep behaviour of rock salt and to
find a constitutive law. Laboratory testing on rock salt samples and
in-situ measurements have been undertaken for proving mathematical
approaches and parameters used to describe the creep of salt. Activities
in this regard are described in Section 4.3.2.
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The temperature increase in the host rock surrounding the waste
canisters and irradiation of the rock mass can reduce the integrity of
natural rock salt because of thermal and radiolytical decomposition of
halite and other minerals contained in natural rock salt (e.g. polyhalite:
K MgCa (SO ) .2H 0 or kieserite: MgSO .H 0). The experiments

£. £. t\ *\ £ ?\ *,.
performed in this regard are described in Sections 4.3.5 and 4.3.6.

4.3.2 Construction, lining

Gaining access to a body of salt underground begins generally with
the sinking of shafts. Difficulties to be overcome are likely to arise
from the presence of water, water-bearing sands or brine. Serious trouble
in the past led to the development of special methods and techniques to
overcome these difficulties. For a salt repository lining of the shaft is
necessary only in the overburden to seal the repository from the
water-bearing strata.

Having reached the project depth in the salt formation, the
excavation for tunnels and chambers will start. Lining of such openings
is generally not necessary because of the stability of rock salt.

4.3.3 Excavation response

With the beginning of excavation underground the balance of stresses
in the salt is changed and convergence starts. Viscoplasticity of the rock
leads to the closure of any open rooms as time passes. Greater depth and
higher temperature accelerate the convergence. Although convergence of
openings in a salt mine will start from the moment they are being
excavated, this does not cause serious trouble. Within a period of months
or years it is necessary to examine the roofs and walls and scale off
loose rock to make them safe, as is done in any mine.

Deformation rates vary not only because of different compositions of
minerals, they depend on the size of crystals and strains applied to them
in the past [37]. Extensive laboratory investigations were performed by
the Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) on rock
samples to find a constitutive law for the creep behaviour of rock salt.
Figure 4.3.3 shows preliminary results of steady state creep measurements
on Asse rock salt performed by the BGR.
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Figure 4.3.3:
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Preliminary results of steady state creep measurements
on Asse rock salt

Describing secondary (steady state) creep of salt BGR [38] recommends
the followings equation:

(4-1)

with

é = A (o/o*)n exp (-Q/RT)

-1A = Structural Parameter (sec"1)
Q = Activation Energy
n = Stress Exponent (-)
R = Gas Constant
T = Absolute Temperature (K)
o = Stress (MPa)
o* = 1 MPa

(J mol"1)

(J K'1 mol"1)
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In order to validate numerical calculations performed using equation
4-1 in situ measurements were performed at the Asse mine at different
locations where little or no influence from former mining is expected.

3In April 1977 a cavity of 10.000 m was excavated in the
Stassfurt-halite of the Asse Mine at a depth of about 1000 m. An array of
nine extensometers was emplaced. The results of four and a half years,
showing the radial displacement of horizontal extensometer K6 as an
example, are given in Figure 4.3.4 [39].
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Figure 4.3.4: Horizontal extensometer No. K6, central plane of cavity
(west). Relative radial displacements versus time at
different hole depths.

Prior to the cutting of two parallel roads on the 865 m-level, seven
boreholes were drilled from the floor of the 852 in-level to be equipped
with extensometers, inclinometers and flat jacks. This situation is shown
on a plan view and a cross-section (Figures 4.3.5 and 4.3.6).
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Figure 4.3.6:
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The displacement before, during and after cutting the road on the 865
m-level can be seen in Figure 4.3.7, the increasing loads of the flat
jacks are given in Figure 4.3.8 [40].
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Figure 4.3.7: Displacement versus time
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Figure 4.3.8: Increase of stress versus time
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The remnants of a roadway driven into the carnallite of the Stassfurt
potash seam at the Asse Mine in 1969 are shown in Figure 4.3.9. The
original height of the drift was about 2.5m, the width 4 m (marked with a
dotted line). Only because some debris - pieces of wood, etc. - were
thrown in before convergence closed the drift, can the outlines still be
observed (marked with a full line). This turned out to be a remarkable
"in-situ" experiment left by our forefathers.

Figure 4.3.9 Remnants of a roadway driven into the carnallite of
the Stassfurt potash seam at the Asse Mine in 1969

4.3.4 Backfill/Sealing

The use of backfill materials in a salt mine serving as a repository
for radioactive wastes helps to reduce the time until the salt creeps
around the waste packages, thus avoiding the possibility for any contact
with any other substance or the release of leached radionuclides.

Research and development in backfilling studies are being conducted
in the Asse mine where use is being made of existing openings located
750 m below surface to carry out in-situ observations and tests.

The programme includes:

Investigations into backfilling disposal chambers, the voids
between waste containers and the galleries and drifts;
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- Investigations into sealing the chambers, galleries and
boreholes;

- Backfilling and sealing the mine openings and shaft.

The current backfilling programme falls into three categories:

Technological investigations by handling and emplacement of the
backfill material;
Geotechnical in-situ experiments;
Complementary laboratory investigations with the backfill
material.

The technological procedures for the insertion of backfill into the
disposal chambers and for the backfilling of remaining voids were
successfully developed and tested during the years of radioactive waste
disposal operations (1967-1978).

In-situ experiments have included observations on the comparative
rates of convergence of open and backfilled (60 years old) drifts and
measuring of the convergence rate and density of the old backfill.
Supporting laboratory testing has measured permeability, compressive and
tensile strengths and creep velocities.

Observations have also been made on the behaviour of gravity-stowed
salt and to determine the influence of the backfill upon the deformation
of horizontal pillars and walls. Extensometers, inclinometers, flat jacks
and settlement cells have been used for these purposes and associated
testing has included drop penetration tests and density measurements [41].

Figure 4.3.10 shows an example of the instrumentation installed in a
chamber at the 532 m-level at the Asse mine for monitoring the interaction
of the backfill material and the surrounding rock mass. Figure 4.3.11
gives an indication of the settlement by gravity of the crushed salt put
into the open chamber.
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Figure 4.3.10:
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Figure A. 3.11: Measurement of settlement in showing gravity in a
backfill chamber at the Asse salt mine

The complementary laboratory testing has involved: confined
compressive tests on crushed salt and other process residues from the
factory plant to determine load-deformation behaviour; unconfined and
triaxial compression testing; permeability measurements on compacted salt
grit specimens; permeability testing using saturated NaCl-brine on crushed
salt specimens at varying densities, porosity, grain-size distribution and
size ranges.
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In the general field of sealing, work has been carried out regarding
preselection and pre-testing of suitable materials, testing of seals in
chambers, drifts and boreholes, measurements during the construction of
seals and supervision of the construction process. The current programme
has involved the construction and monitoring of two chambers and one drift
seal at the Asse salt mine and the construction and monitoring of a drift
seal in the flooded Hope salt mine (near Hanover); a constant brine
pressure of 6 MPa having been applied at the latter. The observations
accompanying these works include measurements of pressure, temperature,
permeability, displacements, humidity in the seal and rock deformation.

4.3.5 Heat

Heat production of HLW influences the mechanical and also
physical-chemical properties of rock salt.

Mechanical Aspects

Due to the accelerated creep behavior of rock salt under heat and
heat-induced stresses, the borehole wall will creep onto the canister
surface and seal the radioactive canister in place. This is considered to
be an important advantage because it restores the natural condition of the
formation's low permeability around the canister.

Figure 4.3.12 shows the arrangement of an in situ heating test
performed on the 775 m-level at the Asse mine. An electrical heater of 3 m
length and 200 mm diameter was placed in a borehole of 280 mm diameter.
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Figure 4.3.12: Arrangement of In Situ Heating Test No. 5 - Asse Salt Mine
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The salt temperature at the borehole wall was increased in five steps,
starting at about 120 C and ending at 270°C.

The temperatures at the wall of the borehole (R = 0.14 m), at a
distance of 0.6 m and 0.8 m from the centre of the heater in the adjacent
rock salt are given in Figure 4.3.13.

TEMPERRTURE TEST 5 - GSF/IFT

si na 151 2M 25« 311 351
T I M E I N D R T S

Figure 4.3.13: Timed progression of temperature at different points
(Al = wall of the borehole)

Figure 4.3.14: Heater element completely enclosed in rock salt
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The test was finished after 304 days of heating. To get access to the
heater a new tunnel was excavated parallel to the borehole at a distance
of 2 m. Using a cutter saw the salt surrounding the heater was taken off
in blocks. The rock salt had not only closed the gap between hole and
heater completely, but had also deformed the hollow heater element
following every detail of its crushed body (Figure 4.3.14). No fissures or
increase of permeability could be observed in the salt throughout the
total testing period [42].

Physical-Chemical Aspects

Rock salt contains small amounts of water and gases. These volatile
components tend to move toward a heat source such as heat-producing HLW
that is disposed of in rock salt. Water is contained in rock salt by
hydrated minerals such as polyhalite (K MgCa (SO ) .2H 0) and

t t- H ^T £,

kieserite (MgSO .H 0). It exists on grain boundaries, or as small
liquid inclusions, also called negative crystals.

The average water content of rock salt from the Asse salt mine,
measured in samples taken at various places in the mine, is given in
Figure 4.3.15 [43]. The water is mostly (about 90%) from the hydration of
polyhalite and kieserite (see also Section 4.3).

0 4 05 0.6
Water content [%]

Figure 4.3.15: Distribution frequency of the water content of
202 rock salt samples
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If the water and gas components are released into the disposal
borehole, they may accelerate corrosion of the waste canisters, thus
leaching radionuclides from the waste matrix. They can also increase the
borehole gas pressure, in the case of completely sealed boreholes,
possibly up to the fracture strength of the salt formation. For the design
and selection of waste overpack materials and borehole plugs, it is
therefore necessary to estimate the time dependent release of water and
gases as accurately as possible. The measured results on in situ
experiments can be used to confirm theoretical models and to validate
numerical computer codes, as reported in Refs.[44 and 45].

Figure 4.3.16 shows relative effects of gas liberation from rock salt
obtained in a laboratory test [46]. With regard to the water release, two
different mechanisms of migration (movement) must be taken into account:
vapor and liquid inclusion.

Figure 4.3.16:
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Liberation of the gas components 1̂ 0, f^S, HC1,
CC>2 and CH^ with change in temperature of
an irradiated and an unirradiated sample. Mineral
composition: 95 wt% halite, 5 wt% anhydrite polyhalite
and kieserite
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Vapor migration is the motion of water vapor generated by the
evaporation of water contained in the salt porosity or from hydrated
minerals. This motion is assumed to be proportional to pressure gradient
and to be dependent on the radius of the pores in the salt. Vapor motion
can be described according to the following equation given by Engelhardt
[47].

(4-2)
r v

where V = velocity of the water vapor (cm/s)
cv - Knudsen factor [cm /( K -s)3K 2K = permeability of the salt (cm )
u = viscosity of the water (bar *s)
P = water vapor pressure (bar)
T = absolute temperature (K).

Whether the first part (Darcy term) or the second part (Knudsen
term) governs Eq.(4-2) depends on the relationsship of the radius of the
salt pores to the average free path length of the water molecules. If the
radius of the salt pores is smaller than the average free path length of
the water molecules, then the Darcy term becomes zero and the Knudsen
term predominates.

Liquid inclusion migration is the motion of small inclusions of
saturated brine located within the salt crystals or on the grain
boundaries. This motion is known to be proportional to the local
temperature gradient and increases in velocity at higher temperatures.
The following equation for the velocity of liquid inclusions as a
function of temperature and temperature gradient describes the motion of
liquid inclusions:

V = Vt

where V = inclusion velocity (cm/yr)
t = temperature gradient in the salt (°C/cm)
t = temperature of the salt (*C)
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To evaluate the predominant migration mechanism several experiments
were performed at the Asse mine. The set up of one of these experiments
was shown in Figure 4.3.12. The predicted and measured amount of released
water in this case is shown in Figure 4.3.17. The results shown here
indicate that a combination of different models seems to be necessary to
explain the measured data.

TEMPERRTURE TEST 5 - GSF/IFT

15* 211 251 3M 35»
TIME IN DRTS

«M

Figure 4.3.17: Predicted and measured amount of released water
Temperature Test 5 at Asse Salt Mine

4 .3 .6 Radiat ion

Ionizing radiation that passes through an absorber medium generates
heat, radiolysis products and, in solids, radiation damage, e.g. lattice
defects and discontinuities. Radiolysis is understood to be the
decomposition of chemical compounds under the effect of ionizing
radiation. The resulting radicals can either react or recombine with
each other and with their environment.

It is conventional to describe the extent of the compounds destroyed
or newly formed during radiolysis by the so-called g-factor:

g(x) = number of molecules of compound x formed
100 eV of energy absorbed

96



High-level radioactive waste emits alpha, beta and gamma radiation as
well as neutrons. The alpha and beta radiation is however absorbed in
the product or the containment; therefore, only the gamma radiation and
the neutrons get into the emplacement medium.

The energy of gamma radiation is given off to the salt by: the
photoelectric effect, Compton effect and pairing.

Particle radiation can contribute to radiolysis through nonelastic
collisions with the shell electrons of the medium. However, the course
of a chemical reaction is sometimes sensitively dependent on the
environment in which it takes place, as well as the environmental
conditions such as pressure and temperature. Thus it seems impossible to
make quantitative predictions on the radiolyses products formed in salt
during the emplacement of HLW because a very complex system is also
involved in the case of natural rock salt. The formation of H, H , Cl
radicals and HC1 can occur. If gaseous chlorine diffuses out of the
crystalline lattice under the effect of radiation or if it reacts with
hydrogen, it is conceivable that colloidal sodium remains [48].

To obtain information on the effects of in situ irradiation of rock
salt a cooperative in situ test [49] was started in December 1983 in the
Asse mine using Cobalt-60 sources for irradiation and electric heaters to

oproduce temperatures up to 210 C in two vertical boreholes. Two more
boreholes at the same site were equipped with electric heaters only.
Eight guard heaters were positioned around each of the central heaters.
The test gallery is shown in Figure 4.3.18.

Figure 4.3.18: Test Gallery
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One of the most important objectives of the tests was to observe
conditions in the boreholes resulting from the arrival of brine and water
and the resulting gas generated by radiolysis and corrosion of materials.

60To investigate the effect of radiation, two 9000 Ci Co sources
were placed in the lower 2 m of the two radioactive tests (Figure 4.3.19).
The maximum radiation dose delivered to the salt at the wall of the

6borehole was estimated to be 5 x 10 Gy at termination of the tests. A
significant difference between radioactive and non radioactive tests was
not observed [50,51]. In other words, a radiolytical decomposition of the
liquid water or of hydrated minerals is, if it exists, of low significance.
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Figure 4.3.19: Cross-section of Brine Migraton Test Assembly
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Measurements of gas pressure in the test volume, which was filled
with alumina beads, were made at all four test sites. Prior to start-up
of the experiments, all boreholes were purged with dry nitrogen gas (N )
to remove all moisture and other gas components contained in the borehole
atmosphere. Figure 4.3.20 shows the pressure increase of the pressurized
test volume of one of the radioactive test sites until test day 215. Table
1 compares data on the composition of other gases besides water vapor
contained in the borehole atmosphere of a radioactive and a nonradioactive
test site at this time. All gas components contribute to the total gas
pressure increase as well as the temperature due to heating. The
levelling-off of the pressure indicates decreasing water (and gas)
liberation into the closed borehole.
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Figure 4.3.20: Pressure increase

The production of small amounts of hydrocarbons, carbon dioxide, and
carbon monoxide is not surprising since it is known from former
investigations that these components usually occur as traces in rock salt.

4.3.7 Corrosion

The humidity of air in a deep salt mine is extremely low (<40%).
Corrosion of material is minimal under these conditions. Material
positioned in shafts or intake of airways close to the shafts however can
be corroded. Corrosion may be caused by traces of gas (H S) as well as
by water traces enclosed in salt if additional heat is applied.
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The heat/radiation experiment, described in Section 4.3.6, gave some
results with regard to corrosion of materials in HLW emplacement holes.
Hydrogen was found with nearly the same concentration in the radioactive
experiments as in the non-radioactive experiments. It is likely that the
small amounts of hydrogen (see Table 1) are mostly produced by corrosion
reactions of the steel tubes due to the release of small amounts of water.

TABLE 1

Composition of the Borehole Atmosphere

Component Concentration (vol %)
radioactive non radioactive

H2
02
N2
COco2
CH^
C2H6
C3"8

0.57
0.3

91.3
0.35
6.45
0.23
0.046
0.03

0.79
2.5

93.0
0.04
3.0
0.09
0.008
0.0054

Corrosion of HLW canisters, however, may be caused by traces of water
(brine) and gas (H S, HC1, CO , CH ) since these components are
liberated into the disposal boreholes at higher temperatures and higher
pressures (compare Section 4.3.5).

In situ corrosion experiments are performed by the Nuclear Research
Centre Karlsruhe - KFK [52] in the Asse salt mine.

In these experiments a set of 20 corrosion specimens were attached to
the thermocouple cage (T/C Cage) shown in Figure 4.3.19. These specimens
consisted of Si Casting, Titanium-Paladium, Mild Steel, Hastelloy and
Nickel-Resist D4. The specimens were irradiated with Cobalt-60 sources up

6 2to a dose of 5 x 10 Gy with a dose rate of 3,4 x 10 Gy/h at a
omaximum temperature of 210 C. The specimens were retrieved from the

borehole after a testing duration of approximately 700 days and analyzed
for corrosion.

100



No corrosion could be detected at the Titanium-Paladium and Hastelloy
specimens. Only little corrosion was observed for the remaining
materials. Since only 7-10% of the hydrogen, observed in the boreholes
could be explained by the corrosion of the specimens, it is assumed that
the Inconel sheathing of the tubes containing the Cobalt-60 sources
corroded to a certain extent. This is likely because nearly the same
amount of hydrogen was observed in the radioactive and nonradioactive
tests, (compare Table 1).

4.3.8 Migration

The migration of radionuclides out of a repository in a salt
formation is calcualted by computer models, not done by in-situ tests.
The scenarios taken into consideration largely depend on the
hydrogeological situation whcih is site-specific and differs from place to
place.

In the West German "Projekt Sicherheitsstudien Entsorgung" (PSE) a
safety analysis for the isolation of radioactive wastes in a salt dome
repository has been carried out [53].

The site selected for the repository is the salt dome at Gorleben.
The dome is covered with sediments of 300 m thickness. The drift system
of the repository lies at about 800 m below surface.

Aim of the research was the development and testing of models and
computer programmes for the assessment of radiological consequences for
various scenarios. For this, the repository system is divided into the
sections salt dome, overlying rock and biosphere. The section salt dome
comprises the disposed waste as well as the possible mobilization and
transport of radionuclides to the boundary of the salt dome. The section
overlying rock deals with the transport of the released radionuclides
along the path of the groundwater flow and a possible contamination of the
groundwater near the surface. The section biosphere is concerned with
different possibilities of groundwater use and the resulting radiological
consequences on man.

In order to assess the processes taking place in these three sections
extensive theoretical and experimental studies have been carried out at
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different institutions in the following fields:

corrosion of containers,
dissolution of solidified waste,
solubility of radionuclides,
permeability of backfill materials,
convergence of cavities in salt rock,
development of temperature in the borehole wing,
convection of brine in filled cavities,

- groundwater flow,
permeability of rock formations,
sorption of radionuclides.

The aim of this was to gain a better understanding of the individual
processes and also to determine the necessary data for modelling.

A scenario which can lead to the transport of radionuclides into the
biosphere has been selected to demonstrate the methodology developed so
far. As the internal geological structure of the salt dome is yet
unknown, it is assumed that a main anhydrite layer exists which forms a
pathway for groundwater from the aquifer system of the overlying strata
down to the repository level. It is conceivable that the shafts or nearby
drifts at the center of the repository cross the anhydrite layer. After
closure and sealing of the repository water may intrude into the
repository from the main anhydrite. In contrast to possibly existing
brine pockets in rock salt which might shed a limited amount of brine into
the repository, water intrusion from the main anhydrite is limited by the
void space of the repository only.

The spread of radionuclides in the mine workings flooded by brine can
be effected either through convection of the brine or through diffusion in
the brine. At the same time, a sorption of radionuclides in the mine
workings is possible by precipitation on exceeding the solubility limit.

The convection of brine inside the mine workings may have different
causes :

pressure forces are exerted on the brine from hydrostatic
pressure at the entry point and from the convergence of the
brine-filled residual cavities in the mine workings;

102



gas develops as a result of the radiolysis of brine and the
corrosion of the canister material. The movement of gas bubbles
through the brine because of their buoyancy causes a flow of
brine in the interspaces of for example the backfill material;

differences of density in the brine are caused by different
temperatures and by changes in concentration during the
dissolution of waste packages. Both of these lead to
interchange processes in the brine.

The release of the radionuclides from the mine workings are assumed
to take place via the main anhydrite. Then the transport of the
radionuclides in the overlying rock commences. The transport of
radioactive material into the biosphere is possible through the
groundwater flow in the aquifers. A barrier effect of the overburden is
produced by the dilution of the nuclide-bearing brine due to groundwater
flow, dispersive transport as well as a retarded arrival into beds close
to the surface - an effect which may be enhanced by sorption.

From the existing computation results, important research and
development work for the future can be formulated:

investigation of convergence processes in back-filled and
brine filled cavities;

investigation of radionuclide mobilization from waste packages
in the case of very small brine volumes;

experimental confirmation of solubility limits obtained under
the in situ conditions;

experimental confirmation of model approaches and data for
retention and/or sorption of nuclides in porous materials.

4.3.9 Combined experiments

Most of the experiments performed in an advanced stage of underground
testing are combined experiments. It is often an objective of in-situ
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experiments to answer more than one question, and instrumentation applied
covers a fairly wide range which should be specified in the test plans.

Such a test plan was developed [54] for a high-level radioactive
waste test disposal at the Asse salt mine. The investigations during
testing include radiation effects, temperature effects, rock mass stresses
and displacements. Also a handling system for transportation and disposal
of HLW canisters will be developed and tested.

Thirty canisters containing vitrified high level radioactive waste
will be emplaced in two test galleries at the 800 m-level. The
arrangement of boreholes and distribution of nuclear waste canisters is
given in Figure A.3.21. The duration of the testing will be approximately
five years and all canisters are to be retrieved at the termination of the
test due to licensing regulations.

Data Acquisition
Station
/ A / /

Figure 4.3.21: Arrangement of boreholes and distribution of canisters
in the HAW-Project at Asse mine
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The design of the experiment is based on the FRG/USA contract on
"Technical Exchange and Cooperation in the Field of Treatment and Disposal
of Radioactive Wastes". It has been agreed to produce sources with the
following characteristics:

- Set 1: Ten canisters spiked with Cs-137 and Sr-90 with a canister
gamma-dose rate of 5.0 x 10 R/h at the surface and a
heat power of 2065 Watt;

- Set 2: Ten canisters spiked with Cs-137 and Sr-90 with a canister
gamma- dose rate of 5.0 x
heat power of 1680 Watt;
gamma- dose rate of 5.0 x 10 R/h at the surface and a

- Set 3: Ten canisters spiked with Sr-90 only, so that the canisters
will have a negligible gamma-dose rate but will also have a
heat power of 1680 Watt.

Each canister will contain 60 1 of glass and will have a height of
1.200 mm and a diameter of 300 mm.

The test field will consist of a set of eight boreholes. Four of
othese boreholes will have a maximum salt temperature of 250 C and four

o oof 200 C. Two of the 250 C boreholes will be heated only electrically
and each of the two others will be charged with five radioactive canisters
of Set 1.

Two of the 200 C boreholes will be heated only by etnplacing five
Sr-90 sources of Set 3 and each of the two remaining boreholes will be
charged with five sources of Set 2. In this manner it is possible to
investigate the impact of the gamma radiation and of the heat released at
different maximum salt temperatures.

By use of the above mentioned radionuclides only the most important
parameters, heat and gamma radiation, which are significant during the
first 200 years after HLW disposal are simulated in a representative way.
Long half-life alpha emitters are neglected.

The duration of the test should be as long as necessary to get
steady-state conditions. It is expected that a five year period is
adequate to meet this requirement.
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5. CONCLUSIONS

This report has described progress in 'in-situ1 experimentation in
four of the world's most advanced underground research facilities. These
include three of the leading candidate geological formations for deep
disposal of radioactive wastes: clay, granite, and salt. Each step of
establishing an 'in-situ' facility provides the opportunity to gain
information that can be applied to establishment of an actual repository.
These steps generally follow the outline of the report and include:

Selecting the site and determining in detail its characteristics
before it is disturbed by major excavation.

Constructing the necessary shafts, tunnels and rooms.
Construction techniques are developed and refined by doing this
work. The response of the host formation to the excavation is
measured as construction proceeds, and this promotes developing
and refining methods to measure the response.

Emplacing backfill and sealing materials which may be done in
some formations to keep water out of the facility. Actual
experience in handling and emplacing these materials is gained,
along with a direct test of their effectiveness.

Operating the various experiments for which the facility was
built. The various cause and effect relationships among heat,
radiation, repository environment, materials, and finally
migration, can be studied in a controlled manner.

Primarily reflected in this report is the considerable ongoing effort
to devise tests whose results can be interpreted clearly within a
reasonable time and to develop instrumental methods for measuring with
adequate sensitivity the response to a particular test. Research in these
areas will continue to advance with the state of-art in 'in-situ' research.

As both the quality and quantity of data taken by 'in-situ'
experiments improve, the confirmation of mathematical models of the
repository system will be possible and the present uncertainties in such
models will decrease. This should provide assurance to regulatory bodies
as well as to the public that the disposal concept being developed is safe.
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This report has emphasized that data collected by 'in-situ' testing
cannot be obtained in any other way; hence in spite of the costs 'in-situ1

programmes are a good investment for countries that are seriously planning
deep geological disposal of radioactive waste. The experience and lessons
learned with the facilities described in this report can well be applied
to save costs and expedite the development of underground laboratory
facilities in other countries.
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