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ABSTRACT

A large in-ground experiment has examined how heat affects the performance of the dense sand-
bentonite 'buffer' that has been proposed for use in the Canadian Nuclear Fuel Waste Management
Program. The experiment was performed by Atomic Energy of Canada Limited at its Underground
Research Laboratory, Lac du Bonnet, MB between 1991 and 1994.

The experiment placed a full-size heater representing a container of nuclear fuel waste in a 1.24-m
diameter borehole filled with buffer below the floor of a room excavated at 240-m depth in granitic rock
of the Canadian Shield. The buffer and surrounding rock were extensively instrumented for tempera-
tures, total pressures, water pressures, suctions, and rock displacements. Power was provided to the
heater for almost 900 days.

The experiment showed that good rock conditions can be pre-selected, a borehole can be drilled, and
buffer can be placed at controlled densities and water contents. The instrumentation generally worked
well, and an extensive data base was successfully organized. Drying was observed in buffer close to the
heater. This caused some desiccation cracking. However the cracks only extended approximately one-
third of the distance to the buffer-rock interface and did not form an advective pathway. Following
sampling at the time of decommissioning, cracked samples of buffer were transported to the laboratory
and given access to water. The hydraulic conductivities and swelling pressures of these resaturated
samples were very similar to those of uncracked buffer. A good balance was achieved between the mass
of water flowing into the experiment from the surrounding rock and the increased mass of water in the
buffer. A good understanding was developed of the relationships between suctions, water contents, and
total pressures in buffer near the buffer-rock interface.

Comparisons between measurements and predictions of measured parameters show that a good under-
standing has been developed of the processes operating in the experiment.
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RÉSUMÉ

Une expérience de grande ampleur effectuée sous terre a permis d'examiner de quelle manière la chaleur
modifie le rendement du «tampon» de sable et de bentonite dense dont l'utilisation a été proposée dans le
cadre du Programme canadien de gestion des déchets de combustible nucléaire. Cette expérience a été
menée par Énergie atomique du Canada limitée sur les lieux de son Laboratoire de recherches souterrain
à Lac du Bonnet (Manitoba), entre 1991 et 1994.

Pour réaliser l'expérience, on a placé un réchauffeur de grande taille représentant un conteneur de
déchets de combustible nucléaire dans un trou de forage de 1,24 m de diamètre rempli de matériau
tampon sous le plancher d'une chambre creusée à une profondeur de 240 m dans la roche granitique du
Bouclier canadien. Le tampon et la roche avoisinante contenaient un grand nombre d'instruments
destinés à mesurer les températures, les pressions totales, les pressions d'eau, les succions et les
mouvements de la roche. Le radiateur a été chauffé à l'électricité pendant presque 900 jours.

Cette expérience a montré que l'on peut faire une présélection de bonnes conditions de roche, creuser un
trou de forage et mettre le tampon en place en contrôlant les teneurs en eau et les densités. Les
instruments utilisés ont en général bien fonctionné, et on a réussi à établir une base de données
importante. On a noté un assèchement dans le tampon à proximité du radiateur. Cela a causé quelques
fentes de dessiccation. Toutefois, les fissures ne s'étendaient que sur environ un tiers de la distance à
l'interface roche-tampon et n'ont pas créé une voie de transport advective. Des échantillons ont été
prélevés lors du déclassement, et on a transporté des échantillons fissurés de matériau tampon au
laboratoire où on les a mis en présence d'eau. La conductivité hydraulique et la pression de gonflement
de ces échantillons resaturés étaient très semblables à celles du matériau tampon non fissuré. On a établi
un bon équilibre entre la masse d'eau provenant de la roche avoisinante et pénétrant dans le matériau
servant à l'expérience et la masse d'eau pénétrant dans le tampon. On a acquis une bonne connaissance
des rapports entre les succions, les teneurs en eau et les pressions totales dans le tampon à proximité de
l'interface roche-tampon.

Les comparaisons entre les mesures effectuées et les prédictions des paramètres mesurés montrent que
l'on comprend bien les processus qui se déroulent au cours de l'expérience.
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SYNOPSIS

Atomic Energy of Canada Limited (AECL) has completed a major experiment to investigate
geotechnical components of the Canadian concept for nuclear fuel waste disposal, in particular,
the 'borehole emplacement' concept. The experiment involved many disciplines in civil,
geotechnical, and geological engineering, and was well-controlled in terms of its siting,
construction, instrumentation, and material characterisation.

The text of this report, plus figures, photographs, and computer animations of many of the
principal processes in the experiment can be found on the CD-ROM that accompanies the
written text.

The experiment, known as the 'Buffer/Container Experiment', involved placing a 635-mm
diameter heater, 2250-mm long in a 1.24-m diameter borehole, 5.0-m deep in the rock floor of a
room excavated at the 240 Level in the Underground Research Laboratory, Lac du Bonnet, MB.
The borehole was drilled using newly developed technology based on high pressure water jets.

Careful rock characterisation procedures led to the selection of a homogeneous body of granite
rock as the site for the experiment. The rock was subsequently instrumented with a series of
thermistors, packer strings, pressure transducers, displacement gauges, and radial strain cells to
monitor how the rock was affected by the heater.

The material of principal interest in the experiment was the sand-bentonite 'buffer' surrounding
the heater. This consisted of a 50:50 mix of bentonite and quartz sand that was compacted into
the emplacement borehole with an average dry density 1.76 Mg/m3 and a water content of
17.9%. Parallel research programs in several laboratories examined its compaction properties,
hydraulic conductivity, water content vs. suction relationship, strength and compressibility, and
hygro-thermal transport characteristics. The buffer was instrumented with thermocouples, total
pressure cells, psychrometers, and thermal needles. Additional research was done on the
properties of the surrounding rock.

The heater was operated for a period of almost 900 days. Careful data acquisition and
management produced a unique set of data that give added confidence that the physical
processes operating in the experiment are well understood. The data will be valuable for future
work in developing and validating predictive modelling tools.

An important feature of the research was the care taken to monitor and control water fluxes
between the rock, buffer, and the air in the control room above the experiment. This has been
the first experiment to produce a good understanding of the water mass balance between the
rock and buffer.

This report provides a detailed overview of other AECL reports that describe in more detail
(a) the construction and installation of the experiment, (b) instrumentation, and (c) pre- and
post-test properties of the rock, buffer, backfill, and sand components of the experiment. It
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starts by outlining the planning, site selection, material properties, instrumentation, construction,
and management of the Buffer/Container Experiment. It continues with a presentation of the
data that were collected from the experiment, and a synthesis of these results into a general
understanding of the coupled processes in this complex and challenging combination of natural
and engineered systems. The report concludes by examining how the experiment has
contributed to a better understanding of the technical issues associated with AECL's concept for
deep burial of nuclear fuel waste.

The report is arranged in four parts:

Part 1 reviews the background to the experiment, the reasons why it was undertaken, the
preparatory work before installation, and procedures that were put in place to ensure a
technically viable and logistically secure experiment. The report describes the design rationale,
geological context, construction, instrumentation, and management of the experiment. It
explains the need to relate measurements and observations to the coupled processes in the
buffer/container/rock system. It also explains how the rock is an integral part of the system and
cannot be ignored in evaluating these processes. Attention is also given to microbiological
effects.

Part 2 presents a selection of the principal results that were collected. The selection was done
on the basis of what the reader needs to know for developing an informed judgement of the
quality of the data base and conclusions that can be drawn from it. Data included in the report
have been taken from the official data base of the experiment held at AECL's Whiteshell
Laboratories. Presentation of the data in the report is based on the approach used in progress
reports presented at Buffer/Container Experiment Coordination Meetings, Technical Progress
Reports produced by AECL staff at the Underground Research Laboratory, and the extensive
series of journal and conference papers that have already been produced on the project. Many of
the principal relationships have also been presented in the form of digital animations that can be
found on the accompanying CD-ROM. The CD also contains digital versions of 52 photographs
that were taken during the construction, operation, and decommissioning of the experiment.
Following pages provide a list of figure captions, table captions, file names for the digital
animations, and captions for the photographs on the CD-ROM.

Part 3 relates measurements taken during the experiment to the physical processes that control
the hygro-thermal-mechanical behaviour of the system. The experiment involved a large
number of coupled processes whose effects can only be determined from close examination of
the experimental data. As in all projects of this nature, the data are of necessity restricted and
confusing. Understanding the patterns of behaviour that were observed is considerably assisted
by animations shown on the CD-ROM.

Insight into the results obtained from the experiment can only come from a sound understanding
of the physics that control the behaviour of this multi-component barrier system. This third part
of the report takes the form of a technical comparison of measurements obtained from the
experiment with results from closed-form and numerical modelling of the experiment. The
purpose of this exercise is two-fold. One, if good agreement can be shown between predicted
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and measured relationships between parameters in the experiment, it reinforces confidence both
in the measurements themselves and the computational techniques. Two, an ability to produce
adequate modelling contributes to developing predictive capabilities that will be needed for a
full-scale disposal facility.

Part 4 deals in a more general way with issues concerning the relationship between expectations
from the experiment when it was planned and the observations that can be made following its
completion. This part of the report examines how the Buffer/Container Experiment has
advanced AECL's ability to develop effective solutions for the safe disposal of nuclear fuel
waste.

The experiment marks an important step in developing capabilities needed for the safe disposal
of nuclear fuel waste deep underground. It developed and confirmed a series of important
technologies for site selection in rock, including borehole drilling, buffer compaction,
instrumentation selection, interpreting psychrometer data, and managing large in-ground
instrumentation systems. AECL's abilities to perform such experiments successfully are now
considerably greater than they were when the experiment was initiated.

The experiment contributed considerably to an understanding of coupled heat and moisture
movements in dense clay buffers, and has drawn attention to two aspects of this work that were
not commonly appreciated before - the importance of being able to model volume changes, and
the need to develop solutions in terms of potentials (or suctions) rather than using volumetric
water contents. Suctions in the buffer were successfully interpreted from thermocouple
psychrometers.

The following paragraphs outline conclusions that can be drawn from the experiment.

a) The effect of desiccation cracking on buffer properties. Drying near the heater produced
some cracking in the buffer. However the cracks only extended approximately one-third of the
distance between the heater and the rock. Testing of samples of fissured buffer taken from the
experiment during decommissioning showed that after they had been resaturated they possessed
hydraulic conductivities and swelling pressures that were statistically indistinguishable from
those of fresh, intact specimens. Desiccation cracking does not seem to affect the resaturated
properties of buffer. As a result, they would not provide an advective pathway for radionuclide
migration.

b) Pressures on a fuel waste container. In a disposal vault, a container will experience
pressure from a combination of direct pressure transferred through the sand annulus by the
matrix of the buffer; water pressure from the surrounding rock; and mechanical stresses
generated by thermal changes in the container itself. The Buffer/Container Experiment
modelled the container using a full-scale heater. Several of the pressure-producing phenomena
were transient. Drying close to the container caused buffer to shrink, resulting in reduced
contact pressures. Buffer near the buffer-rock interface became wetter through a combination of
a hydraulic gradient towards the container and a hygro-thermal gradient away from the
container. This wetting, in combination with shrinkage close to the container, allowed the
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buffer to expand. The container itself expanded and contracted in response to temperature
change and to the applied pressures. Part of the water pressure in the surrounding rock resulted
from thermal expansion of water in the rock pores. This was observed to increase quickly at the
beginning of the experiment but to decrease in the latter part of the experiment.

The stresses in such a system are strongly coupled with displacements and take the form of a
classic soil-structure interaction problem. While the Buffer/Container Experiment has led to
considerable improvements in understanding these interactions, the ways in which they can
combine to produce pressure loadings on containers cannot yet be sufficiently quantified to
permit immediate progress to detailed stress analysis for container design.

c) Microbiological activity. A statistical evaluation of almost 400 culture data obtained from
samples carefully taken throughout the entire experiment showed clearly that water content and
not temperature was the main factor controlling viability of bacteria in this experiment.
Virtually no bacteria could be cultured in samples with a moisture content <15%.

d) How does the Buffer/Container Experiment contribute to improved numerical modelling?
The experiment produced data that can be used for testing the validity of numerical models.
While the experiment showed that highly consistent rock could be selected for the site of the
experiment, and buffer could be placed with very uniform properties, nevertheless some
variability still occurred. It is still unclear whether numerical procedures that rely on modelling
of homogeneous continua can reliably predict the behaviour of materials with complex and
interacting properties that appear incapable of measurement in the laboratory. It is likely that
numerical modelling will develop in two ways. One will allow sensitivity analysis that gives
insights into how the performance of a container will be affected by assumed changes in
material properties or boundary conditions. The second will use simplified analysis to provide
broader semi-empirical predictions of expected performance. This process is typical of all large
engineering projects, and will provide the confidence needed before site-specific construction
can begin.

e) How long will it take for buffer to resaturate in a vault? While the Buffer/Container
Experiment was lengthy in terms of normal scientific and academic research, it was not long
enough to provide reliable information on the time it would take for the buffer to become
saturated. This is important for two reasons. There can be no pathway for advective flow of
radionuclides if there is no continuous water pathway through the buffer, and hydrostatic water
pressures will remain low until the buffer is saturated. It will be remembered that the buffer and
rock were both carefully selected to be 'tight', that is to have low hydraulic conductivity.
Originally, this experiment was to be followed by a second, heated experiment with controlled
access to water, but it has been postponed. An unheated experiment, (consisting of buffer
compacted into a borehole without a heater) was undertaken, but it did not allow control of
water flow or temperatures. The experiment that has just been concluded shows that a longer,
follow-up experiment is needed to examine wetting-up times under carefully controlled
conditions of hydraulic conductivity, hydraulic gradients, and thermal gradients that are
representative of conditions in a vault.
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The Buffer/Container Experiment has produced a series of valuable results that show AECL has
the ability to plan, design, construct, implement, manage, and complete a lengthy experiment
underground.



PART 1: PURPOSE, PLANNING, HYPOTHESES, MANAGEMENT OF THE
EXPERIMENT

This first part of the report provides an overview of the Buffer/Container Experiment. It
reviews the background to the experiment, the justification, the work that was undertaken before
it was constructed, and procedures that were put in place to ensure it was technically viable and
logistically secure. Part 1 outlines the need to relate measurements and observations to an
understanding of the coupled processes in the buffer/container/rock system. It shows how the
host rock is an integral part of the system and must be included in the analysis.

1.1 PURPOSE. HYPOTHESES. SCOPE

1.1.1 Why Was the Experiment Undertaken?

Atomic Energy of Canada Limited (AECL) is investigating deep underground disposal as a
potential means for safe and permanent disposal of the radioactive wastes produced by the
Canadian nuclear power industry. The Buffer/Container Experiment, which forms the topic of
this report, represents an important milestone in the development of the technologies needed to
achieve this goal. The experiment was conceived in 1985 (Simmons and Cooper 1990) to be
one of the first major experiments in AECL's Underground Research Laboratory (URL) at
Lac du Bonnet, MB (Fig. 1.1).

At the time the experiment was proposed, the Canadian Nuclear Fuel Waste Management
Program had already established their general concept (Fig. 1.2) for deep disposal of radioactive
wastes in plutonic rock in the Canadian Shield (Hancox 1986, AECL 1994). The purpose of
such disposal would be to ensure that no radioactive or toxic material could escape to the
biosphere in concentrations that would pose unacceptable risk. The granite batholiths of the
Shield rocks have high strength and are normally thought of as being highly impervious to water
flow. Nevertheless they do contain fracture zones associated with ancient faulting. They contain
water moving under hydraulic gradients, though the gradients are usually very low.
Construction of the shafts and tunnels will cause opening in the rock and localised reductions in
rock quality through excavation damage. These damage zones may allow hydraulic connection
with the natural fracture zones. For this reason, the rock mass by itself can not be relied upon to
exclude radioactive materials from the biosphere. Potential pathways for water flow from a
vault are shown schematically in Fig. 1.3. Careful site selection and the development of
engineered seals and barriers will be needed if flux rates are to be held acceptably low.

Accordingly, an ongoing Vault Sealing Program was initiated with the following general
objectives:

1. design appropriate seals for a nuclear fuel waste disposal vault that will minimise flow from a
breached container to an interconnected fracture network;

2. assure the performance of the seals, and describe technologies for seal construction; and
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The Buffer/Container
Experiment Room 213

The Isothermal
Test Room 205

FIGURE 1.1: General Layout of the Underground Research Laboratory,
Lac du Bonnet MB
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FIGURE 1.3: Major Pathways for Water Flow in a Vault and
Associated Grouting Measures
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3. provide information needed for determination of the impact of the seals on vault
performance.

Within the general framework of the general disposal concept shown in Fig. 1.2, a proposal was
developed for what is known as borehole emplacement (Fig. 1.4). This involves a multi-barrier
system in which used fuel bundles would be sealed in metal containers. The containers would
be inserted into boreholes drilled below the floor of rooms excavated at depths from 500 m to
1000 m. The space between the containers and the borehole walls would be filled with a
compacted 'buffer' material consisting of a 50:50 (by dry weight) mixture of quartz sand and
sodium-rich bentonite that has been defined by Dixon and Gray (1985), AECL (1994). (An
alternative approach known as in-room emplacement (Baumgartner et al. 1996) has also been
developed.) Finally, the rooms and shafts would be backfilled and sealed with combinations of
concrete and bentonite bulkheads. The proposed disposal system therefore consists of a
succession of barriers - the wasteform itself, a corrosion-resistant container, sand-bentonite
buffer, various engineered seals in the tunnels and shafts, and the host rock mass.

At the time of emplacement, the buffer and backfill will not be fully water-saturated. However
they will gradually become saturated later as ground water pressures return to their pre-
construction levels. The main thermodynamic forces in the near-field of a nuclear fuel waste
multiple-barrier system during the unsaturated stage are gradients of temperate, fluid pressure,
and chemical potentials. (The near field is here defined in a general sense as the region that is
directly affected by mechanical, thermal, and hydraulic fields associated with the excavation
and the heat-producing waste). When the Buffer/Container Experiment was being planned, the
processes involved in such a system were known to be complex. While components of the
processes formed part of the established corpus in fields such as soil physics, geochemistry,
hydrogeology, and geotechnical engineering, no project had been built that involved these
processes acting together.

The problem is complicated because many of the processes are coupled. That is, changes in one
set of relationships affect other sets of relationships. For example, it is known that heating will
cause buffer to desiccate in a heated region, and water to migrate to cooler regions. This
produces changes in thermal conductivity, hydraulic conductivity, stiffness, and swelling
pressure. In turn these changes in physical properties of the buffer can be expected to again alter
the temperature field. Thus a series of interactions (or couplings) can be foreseen.

Early in the development of the Vault Sealing Program, it was realised that the effects of these
interactions on the bentonite component of the buffer could be significant. At that time, they
were unpredictable in quantitative terms, and a research program was begun.

Bentonite was chosen for the clay component of the buffer because of its low hydraulic
conductivity and for its swelling ability which was seen as an advantage in sealing any cracks
that might develop. However, bentonite is a material with complex properties, and little
detailed information was available about how it would behave at the densities and temperatures
that were envisioned. This led to a series of research projects at laboratory scale that examined
the hydraulic conductivity, mechanical (stress-strain) behaviour, swelling properties, thermal
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FIGURE 1.4: Schematic of the Borehole Emplacement Concept
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properties, and coupled heat and moisture behaviour of bentonite and sand-bentonite mixtures.
Examples of the extensive list of publications that have arisen from this research may be found
in the List of References at the end of the report.

At the same time, it was appreciated that it might be difficult at a later date to justify a
technological 'jump' directly from laboratory experiments to full-scale prototypes, especially
since the laboratory programs mostly involved non-coupled processes. Two initiatives were
therefore undertaken. In the first, mid-sized experiments up to one-fifth scale were
commissioned at Ontario Hydro and at Carleton University that modelled container-buffer-rock
interactions using model heaters in blocks of concrete or granite (see for example, Radhakrishna
et al. 1990, Selvadurai 1994). The second initiative was a decision to undertake a large-scale,
though still idealised, experiment in the Underground Research Laboratory. The experiment
would evaluate the overall integrity and efficiency of the buffer under extreme conditions of
heat and moisture flow.

Conceived in 1985, the Buffer/Container Experiment consisted of a heater (representing a
container of fuel waste) installed in buffer in a 1.24-m diameter x 5.0-m deep borehole in the
floor of a room excavated at 240-m depth in AECL's Underground Research Laboratory
(Figs. 1.5 and 1.6*) It therefore represented just one of the many boreholes that would be in a
full-scale vault (Fig. 1.2), and one of the three boreholes that were anticipated in a cross-section
of one of the rooms in the conceptual design of the reference vault (AECL 1994) (Fig. 1.4).
Swelling and moisture movements in the buffer were resisted by a 1-m-thick layer of clay-rock
backfill, a top cap, and restraining columns reacting against the roof of Room 213 (Figs. 1.7 and
1.8). The heater, buffer, and neighbouring rock were extensively instrumented to produce
measurements that could be compared qualitatively with the expected behaviour and
quantitatively with predictions from numerical modelling.

Predictions of expected behaviour were to be incorporated into the Final Design Report for the
experiment. Detailed development and preparation of final designs of the experiment
commenced in 1988. Preparatory excavation of Room 213 that was to be used for the
experiment started in June 1989. Drilling the emplacement borehole began in May 1990, and
installation of the experiment in May 1991. The experiment itself started operating in
November 1991 and continued until May 1994, a period of 896 days.

1.1.2 Hypotheses

At the end of a lengthy, complex undertaking like the Buffer/Container Experiment, it is
difficult to assess the state of knowledge and the level of understanding when it was begun.
Knowledge gained during the lifetime of the experiment has influenced how it is now seen.
However, reports written at the time, and conversations with people involved with the early

Photographs included in the text are also to be found in a more complete set of photographs
included on the CD-ROM that accompanies this report.
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FIGURE 1.5: Cutaway View of the Buffer/Container Experiment

FIGURE 1.6: Heater Being Lowered into Emplacement Borehole (Photograph 24)
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development of the experiment indicated that the experiment was designed to examine the
following hypotheses.
1. A full-scale experiment in a single-borehole can produce data that clarify the inter-

relationships between mechanical, temperature, and hydraulic fields.
2. Preliminary work on characterising the rock and buffer provides a technology that ensures a

sound borehole, known hydraulic conditions, and adequate support for the container.
3. Instruments can be selected that will produce useful, reliable measurement throughout the

duration of the experiment. Once the performance of the instruments has been proven in the
Buffer/Container Experiment, similar instrumentation can be used later to monitor the
performance of an actual disposal vault.

4. Management can be put in place that will assure successful construction of the experiment;
collection, recording and archiving of an extensive body of data; and decommissioning.
Such activities will be required during waste disposal in a vault which will function over
many years (AECL 1994).

5. 'Steady-state' temperatures, pressures, and water contents will be reached in the time-frame
of the experiment, and will therefore be useful for comparison with numerical predictions.
'Runaway' temperature conditions (as a consequence of buffer dryout, reduction in thermal
conductivity and subsequent temperature increase) will not occur.

6. Numerical modelling done before the experiment is started can provide good predictions of
temperatures, total pressures, water pressures, water contents, and suctions in both the buffer
and the rock.

7. Given access to water, the buffer will swell and seal cracks that might be present during
construction or form through desiccation.

8. Knowledge gained from this single-borehole experiment will be applicable to the design of a
later multi-component experiment, and eventually to a full-scale vault.

There were additional reasons why buffer was considered suitable for long-term disposal of
nuclear wastes. These include its ability to (1) serve as a geochemical filter for radionuclides
after a container has been breached, and (2) accommodate any detrimental effects of rock
movement. However neither of these additional reasons was examined in the Buffer/Container
Experiment.

Much of the remainder of this report presents details of the experiment and modelling that were
done in examining the hypotheses. A final section relates the conclusions that can be drawn
from the experiment to the hypotheses that appear to have contributed to its design.

1.1.3 Objectives. Records, Documentation

The Buffer/Container Experiment was a multi-disciplinary experiment carried out at a depth of
approximately 240 m below ground surface (that is, at the so-called '240 Level') at the URL.
The experiment examined the behaviour of Reference Buffer Material (RBM) in a realistic
geologic setting under the effects of heat and the availability of water from the host rock.
(Reference Buffer Material is a 50:50 sand-bentonite mixture by that has been compacted to
better than 95% ASTM Modified Dry Density - 1.67 Mg/m3 at a water content of 18%.) The
experiment was designed to provide data that could be used for validating predictions of
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temperature, moisture movement, and mechanical behaviour from conceptual and numerical
models that drew on the accompanying materials research program underway at AECL, at
various universities, and at Ontario Hydro (Kjartanson and Gray 1987, Onofrei et al. 1995).

The objectives identified in the detailed report prepared for the design of the experiment were as
follows (Kjartanson and Keil 1991).

1. Provide experience with experimental methods, geotechnical instrumentation, underground
materials handling, in situ buffer compaction and large diameter borehole drilling in granitic
rock.

2. Evaluate and document the full-scale, in situ performance of the RBM in a realistic geologic
setting.

3. Produce a database that would allow validation and further development of numerical and
conceptual models for the processes of heat and moisture transfer, development of swelling
pressure and contact stresses and volume changes in the buffer. The interaction of the buffer
with the heater, the backfill and the surrounding rock were also to be evaluated.

4. Provide information for the design and conduct of the Multi-Component Experiment that was
proposed for a later date.

It will be clear from preceding sections that the experiment was one that involved a sizable
workforce with many different skills and responsibilities. Excavation, instrumentation,
emplacement, monitoring, management, and decommissioning all had to be planned and
implemented over a total period of eight years, with the experiment itself running for almost
three years. With such undertakings, changes in responsibilities and changes in personnel can
lead to major reductions in the value of the results unless special care is taken with managing,
recording and archiving data.

Early planning for the experiment identified the need for careful data management and quality
assurance procedures which would ensure that all work on the experiment was performed as
intended to the highest standard of engineering and scientific practice, and that all work was
fully documented and centrally filed for future reference and re-analysis if necessary.

1.1.4 Geotechnical Objectives

The preceding section was purposely written to emphasise how the Buffer/Container
Experiment fitted into the broader context of the Nuclear Fuel Waste Management Program. Of
course, the expense and effort put into experiment could only be justified if it were felt that
detailed scientific and technological objectives could be achieved. These were framed in terms
of the geotechnology of the project, that is, the science and engineering of the materials,
construction, and analysis of the behaviour of the earth materials in the experiment.

As shown in Figs. 1.5 and 1.6, a cylindrical heater (representing a used fuel waste container)
was to be placed in a borehole in the floor of a vault at the URL 240 Level and surrounded with
a densely compacted mixture of sand and bentonite buffer containing about 18% water (by dry
weight). Heating was expected to cause water in the buffer to move outwards away from the
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heater, while high water pressures in the rock would cause water to move towards the heater.
The net effect would be drying of the buffer close to the heater and wetting of the buffer near the
buffer-rock interface (Philip and deVries 1957).

The effects of these moisture movements were seen to be potentially significant. Drying near
the heater could cause shrinkage, increases in suction, reduced total pressures, and perhaps
cracking. These effects could cause changes in hydraulic and thermal conductivities that might
lead to fluid flow pathways for radionuclides in a full-scale facility, or to 'runaway'
temperatures and thermal instability. Studies such as those by Philip and deVries (1957)
showed that the physics of the mechanisms were known, but the magnitude of the effects could
not be assessed in detail. An extensive array of instrumentation was therefore installed in the
experiment to collect data for confirming the general nature of the behaviour of the experiment
and for quantitative comparison with results from accompanying numerical analyses.

Kjartanson and Gray (1987) reported that the geotechnical objectives of the experiment were to
measure and examine:

a) thermal conductivity and temperature fields in the buffer-rock system
b) rate of water uptake and moisture distribution in the buffer
c) swelling and self-healing properties of the buffer
d) development of swelling pressures on both the surrounding rock and the heater
e) the nature and rates of change of pore water pressures in the buffer and surrounding rock
f) in situ chemical diffusivity of a selected tracer, and
g) possible buffer alterations and/or cementation due to heating, and its effects on the physical

and mechanical properties of the buffer.

The experiment would also provide a data base for coupled model verification and
improvement, development of engineering technology for drilling large (1.24-m diameter x
5-m deep) boreholes in granite; experience in materials handling underground, emplacement of
buffer in boreholes, and performance assessment of geotechnical instrumentation.

1.1.5 Scope and Significance

The work being undertaken by AECL at its Underground Research Laboratory represents one of
the largest research efforts in the last ten years in North America in the fields of civil, geological
and geotechnical engineering. Projects of similar stature include the Strategic Highway and
Road Pavement (SHARP) project in the United States (with its Canadian component
C-SHARP), the USDOE WIPP project in salt deposits in New Mexico, and their Yucca
Mountain Project in Nevada. In Europe, somewhat earlier work of a similar nature was
undertaken in Sweden with the OECD/NEA Stripa project between 1980 and 1992 (Gray 1993).
At about the same time as the Canadian Buffer/Container Experiment, a similar approach was
undertaken at ground level in Japan using sand-bentonite mixtures in large-scale boreholes cast
into concrete. Related, though conceptually different work is in progress in clay-shale at the
Mol site Belgium, where borehole emplacement is being investigated. At the time of writing (in
late 1996) further large-scale experiments are being operated or planned in Japan, Switzerland,
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and Sweden. Many of these involve multinational cooperation. No other technology is required
to engineer solutions with lifetimes of many thousands of years, time frames that considerably
exceed the life of the pyramids in Egypt.

The features that distinguish the Canadian research effort at the URL from other countries'
efforts are (1) the use of a previously undisturbed granitic batholith, and (2) the quality of the
geological and hydrogeological characterisation that preceded ground opening. A considerable
amount of background scientific and engineering research accompanied the project.

The value of the Buffer/Container Experiment is examined later in this report under two
headings. The first is how lessons from the project contribute to the need to develop technology
for the safe disposal of nuclear fuel waste. Related to this question, is how the experiment
contributes to regulatory review, and to public confidence in the disposal concept. Second, the
report will present how the Buffer/Container Experiment has contributed to the state of
scientific knowledge that can be used in other projects and industries. An earlier section
mentioned that the buffer would be unsaturated, under high stresses, experience high
temperature gradients, and have limited access to water. Its behaviour under these conditions
was not fully understood at the beginning of the project and predictive tools had yet to be
developed. An important feature of this report is therefore an examination of whether the time,
effort and expense that went into the experiment have produced results that are scientifically
valuable and contribute to the larger question of the safe design of full-scale disposal facilities.

The report has been organised so that answers to these questions can be identified in a later
section. It has been arranged in four parts. The remainder of this part of the report (Part 1)
provides an overview of the experiment, including preparatory geological and hydrogeological
studies; instrumentation selection and calibration; construction; and the management system that
was put in place to ensure a technically viable and logistically secure experiment.

Part 2 summarises and documents the principal results from the experiment and presents them in
a way that emphasises the broad nature of the response of the reactions between the container,
buffer, and the surrounding rock. It does not reproduce all the data that have been collected.
Rather it draws from existing reports and publications which have already been prepared as
'documents of record'. Part 2 provides a critical review of the most important results, and
relates them to the purposes for which the experiment was established.

Part 3 deals with the physical processes operating in the experiment. It is not simply sufficient
to measure. Rather, it is necessary to understand, if the lessons that can be learned from the
Buffer/Container Experiment are to be successfully integrated into the next phase of developing
acceptable procedures for the safe storage of nuclear fuel waste. This section of the report
describes the various physical coupling processes in turn, presents the mathematical modelling
that has been undertaken, and reviews the comparison between prediction and performance.

Part 4 is an examination and commentary on the extent to which the Buffer/Container
Experiment has fulfilled the expectations identified at the beginning of the project.
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1.2 OVERVIEW OF EXPERIMENT

The first meeting of the Buffer/Container Experiment Coordination Committee in 1988
identified the purposes of the experiment as an examination at full scale of the performance of
the reference buffer material under heating in a realistic environment; and comparison of the
observed behaviour with predictions from numerical and conceptual models. Results measured
in the experiment were intended to provide a data base for qualification and improvement of
numerical models for coupled heat-moisture mass transport, and for time-dependent stress and
deformation characteristics.

1.2.1 Preliminary Outline of Physical Processes

Thermal and mechanical properties of buffer all vary with water content. Heat flow; the transfer
of swelling pressure to the container, rock and backfill; volume changes (both shrinkage and
expansion), and stress-strain-time properties all depend on moisture content. Conversely, water
contents and water distribution in the buffer depend on temperature, temperature gradients,
water potentials, and moisture flux boundary conditions.

Buffer function and properties. It is first necessary to examine in a qualitative way how the
buffer was expected to function. Buffer is an engineered earthen material, designed to provide a
number of physical and mechanical properties deemed necessary for the isolation of
immobilised heat-generating nuclear fuel waste. The material selected as the RBM is a mixture
of equal proportions by dry weight of graded silica sand and crushed sodium-bentonitic clay
blended with a controlled amount of water and compacted to a controlled dry density (Gray and
Dixon 1985, AECL 1994). After mixing, the material consists of moist peds that can be
compacted in an emplacement borehole to surround waste containers. The properties of buffer
which are deemed most important in the RBM are:

a) its capacity to transmit heat away from the heater to the rock
b) minimal shrinkage on drying
c) a bearing capacity sufficient to support the heater
d) its ability to seal cracks and fissures
e) low hydraulic conductivity
f) long-term mineralogical stability
g) low radionuclide diffusion coefficients (Pusch 1995).

Buffer properties are described in more detail in Section 1.2.4.

The procedure anticipated for constructing the Buffer/Container Experiment was that a large
emplacement borehole (1.24-m diameter x 5.0-m deep) would be drilled in the floor of a spe-
cially constructed room at the 240 Level at the URL. The borehole would then be filled with
carefully compacted buffer. Once the buffer was in place, a slightly over-sized hole would be
drilled to receive the heater. The annular space between the heater and the buffer would then be
filled with dry, uniform sand to provide the necessary thermal and mechanical continuity. The
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effects of this sand layer on buffer performance were to be examined in the Buffer/Container
Experiment, mostly using numerical analysis of layouts with and without the sand.

Coupled processes. Immediately after the heater would be switched on, a number of coupled
processes would begin. Heat would flow through the buffer towards the cooler rock, causing
temperatures to rise. Water which was initially uniformly distributed throughout the buffer
would migrate down the temperature gradient away from the heater towards the buffer-rock
interface. The host rock contains water with potential well in excess of atmospheric pressure,
while the water in unsaturated buffer has much lower potentials corresponding to suction
pressures lower than atmospheric pressure. Under these conditions, water would move towards
the heater down the hydraulic gradient from the rock into the buffer. Chemical concentrations
in the pore fluid of the buffer might be expected to change as the water contents and degrees of
saturation vary. If this happens, it would induce osmotic potential gradients which would cause
water transfer and alter the physical properties of the buffer. (Laboratory experiments by Dixon
(1995) showed that the behaviour of buffer is relatively insensitive to changes in pore fluid
chemistry.)

The Buffer Mass Test (BMT) Experiment at Stripa. All these features were evident in the only
preceding experiment of this type, performed as part of the 'Stripa Project' which was an
OECD/NEA project performed in Sweden between 1980 and 1992 (Gray 1993). The Buffer
Mass Test at Stripa was the first experiment of its type. It was similar in nature to the
Buffer/Container Experiment except that it was at half-scale and used densely compacted blocks
of pure bentonite instead of the compacted buffer in AECL's Buffer/Container Experiment. The
Stripa experiment involved a series of six boreholes in rock with differing hydraulic
conductivities in each borehole, and differing restraint conditions above the boreholes. In some
of the boreholes, swelling forces from the bentonite reacted directly against backfill, while
others reacted against tie-down anchors in the rock. The hydrogeology of the Stripa site had
been considerably disturbed by preceding excavation for an iron mine.

The Stripa experiment produced a saturated skin of bentonite at the bentonite-rock interface and
a dried and cracked annulus close to the heater. The bentonite was shown to have variable
thermal conductivity depending on its water content. Results from the Stripa test showed that
the time required for the buffer in the Buffer/Container Experiment to reach full saturation
would depend on the availability of water at the buffer-rock interface. Temperature gradients
and absolute temperatures did not appear to have a controlling influence on the rate and
distribution of water uptake (Pusch 1983). Osmotic pressures in the buffer and availability of
water were seen as more significant than the effects of temperature.

The Buffer/Container Experiment. Lessons from the Buffer Mass Test at Stripa provided useful
guidance for the design of the Buffer/Container Experiment. In particular, closer attention was
paid to the instrumentation and modelling programs, to monitoring pore water pressures around
the experiment at the beginning of the test, to water fluxes around the experiment, and to
limiting vertical swelling.
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Despite the differences between the dry bentonite blocks used at Stripa and the compacted sand-
bentonite used in the Buffer/Container Experiment, broadly similar behaviour can be expected
from the two experiments. Regions of the buffer that experience drying (decreases in the degree
of saturation) will shrink and probably crack. In regions that experience wetting, the high
smectite content with its strong affinity for water will produce a tendency to swell, or to higher
pressures if expansion is impossible, and will close any localised cracks that may have formed
during construction or an earlier desiccation phase. Expansion of the buffer can increase
horizontal pressures against the rock and the heater; and vertical pressures against the restraint
system. Waste containers will experience the sum of these swelling pressures and water
pressures.

Thus the designers of the Buffer/Container Experiment expected a period during which
temperatures, pressures, water contents, degrees of saturation, and densities would all vary with
position in the experiment and with time. The intention was to measure carefully the conditions
in the experiment at emplacement, switch on the heater, and then monitor changes in both the
buffer and the surrounding rock until steady state conditions were reached. Modelling was also
to be attempted that would follow the evolution of the most important parameters.

The question arises of what steady state conditions were to be expected. It will be appreciated
that in a full-scale disposal vault, ground water has first to be drawn down during operation of
the facility. In the long-term, after the facility has been closed, the ground water will rise
towards its pre-construction condition. At that time, the water table (water at atmospheric
pressure) will again be close to the ground surface. Under these conditions, the buffer will
eventually become fully saturated and transfer heat from the container to the rock more
effectively than when it was unsaturated. Current estimates suggest that the time required for
saturation to be achieved is of the order of several decades to several thousand years after
closure, depending on the characteristics of the host rock (Chandler et al. 1992). At that stage
the container might expect to experience ground water pressures of about 10 MPa (for 1000-m
depth) plus pressures from swelling of the buffer of the order of 1 - 2 MPa.

However, returning to the more narrowly defined Buffer/Container Experiment, it was thought
unlikely that saturation would be achieved in the buffer since the URL would remain
functioning, ground water pressures would be kept low in the immediate vicinity of excavated
tunnels and rooms, and the rock had low hydraulic conductivity. As well, for obvious reasons,
the duration of the experiment had to be limited to a much shorter timeframe than the estimated
time to saturation. Nevertheless, as explained previously, there would be a water flux toward
the heater under hydraulic gradients established between high pressures in the host rock and
sub-atmospheric pressures in unsaturated buffer. It seemed likely that with constant power
being provided by the heater, conditions approaching steady-state would be reached in which
some of the buffer would remain unsaturated.

The rate at which this steady-state would be approached would depend on how fast water could
enter the buffer from the rock mass. This flux rate was uncertain when the experiment was
planned. For this reason, two closely similar experiments were initially planned, differing only
in the rate at which water could enter the buffer. The Buffer/Container Experiment described in
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this report was the first of these two planned experiments. It was constructed with the buffer in
direct contact with the surrounding rock. Water flow into the experiment was therefore
controlled by the hydraulic conductivity of the rock, by its homogeneity, and by the hydraulic
gradients that had been established during the construction period before the heater was
switched on. The second experiment has been postponed. It would have had the capability of
injecting water under pressure into a geofabric placed between the buffer and the rock and
thereby providing an essentially unlimited supply of water to the buffer.

1.2.2 Design Requirements

Implementation of the plan for the Buffer/Container Experiment required development of
engineering technology for:

a) drilling large diameter boreholes in granite at a size greater than had been done before
b) buffer handling and sampling, including quality control aspects
c) in-situ compaction of buffer, and
d) geotechnical instrumentation that would produce reliable results for lengthy periods of time

under harsh operating conditions.

Detailed description of the work done on these components has been dealt with in other AECL
reports. Only a brief summary will be given later in Section 1.3 of this report.

At the time the experiment was being planned a considerable amount of preparatory work had
already been undertaken. Thorough geological characterisation had taken place, although
further detailed work was needed to map conditions in the site that was finally selected. The
local geohydrology was also well known, though again, further work would be needed at the site
of the experiment. These additional geological and hydrogeological studies are outlined in
Section 1.2.3 of this report.

Detailed designs were required that would lead to the following achievements:

a) Experience in the design and implementation of heater experiments in a realistic rock
environment that would benefit all future experiments in the URL, and in particular the
multi-component experiment.

b) Development of high pressure water jet rock cutting technology for drilling large diameter
boreholes.

c) Development of in-situ compaction techniques and equipment that would allow placement of
RBM in boreholes.

d) Development and verification of models to predict the performance of RBM during both the
transitional drying phase, and the steady state saturated condition.

e) Insight into the behaviour of the granite rock at URL under the effects of heat.
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The accompanying program of numerical modelling was required to include solutions for:

a) The near field thermal regime, that is, temperatures at the heater surface for a given power,
the temperature distribution across the sand annulus and the buffer, and temperatures in the
rock.

b) The distribution of water content changes in the buffer, in particular the pattern of drying and
wetting that could be expected.

c) Values of pressures in the water phase of the buffer, including suctions (negative potentials)
close to the heater, and positive pressures close to the buffer-rock interface if they develop
through wetting-up from the rock.

d) Volume change distributions in the buffer, including shrinkage associated with drying and
swelling associated with wetting.

e) Any likelihood of loss of contact, cracking, or separation between components of the
experiment that could affect thermal conductivity and therefore the temperature field.

f) Swelling pressures and contact stresses at buffer-rock and heater-sand interfaces.
g) Displacements of the heater during the course of the experiment.

It will be shown later that most solutions for coupled heat and moisture problems had been
previously written in terms of relationships between suctions and volumetric water contents (see
for example Philip and de Vries 1957). This form of solution is applicable for problems where
only one soil type was involved and where there are no volume changes. Early in the planning
for the Buffer/Container Experiment it was recognised that four different materials were
involved - the sand annulus, the buffer, the backfill, and the rock (Fig. 1.8). Because of the
differences in pore sizes in these materials, suctions would be discontinuous across the material
boundaries. This could not be handled by solutions based on suction - volumetric water content
relationships and the development of new solutions would be required.

1.2.3 Geology and Site Selection - Initial Conditions for the Test

The Underground Research Laboratory shown schematically in Fig. 1.1 is situated in the
Lac du Bonnet granite batholith 120 km ENE of Winnipeg, MB and about 20 km NNE of
AECL's Whiteshell Laboratories. Rock conditions were characterised by an extensive program
of drilling and geophysical investigation before excavation. The geology and structural setting
of the URL are shown in Fig. 1.9. The upper 200 m is essentially pink heterogeneous or
xenolithic granite characterised by extensive vertical jointing. Two low-dipping fracture zones
(thrust faults) intersect the main shaft - Fracture Zone 3 (FZ3) just above the 130 m shaft station
and Fracture Zone 2 (FZ2) below the 240 Level. A major splay from FZ2 intersects the shaft
above the 240 Level. At the 240 Level, the rock is essentially unfractured, homogeneous, grey
granite with some pink alteration present at the north end because of the influence of FZ2. The
geology of the 240 Level is shown in more detail in Fig. 1.10. Mechanical properties of the
granite at the 240 Level are summarised in Table 1.1 (Chandler etal. 1992; Katsube and
Hume 1987).
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FIGURE 1.9: General Overview of Geology at the Underground Research Laboratory
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TABLE 1.1

MECHANICAL PROPERTffiS OF GRANITE AT 240 LEVEL

Uniaxial compressive strength, MPa 167
Brazilian tensile strength, MPa 8.7
Tangent compression (Young's) modulus, GPa 60
Poisson's ratio v 0.22
Hoek and Brown failure parameters: m, s 30.54, 1.0

Granite between the fracture zones is generally intact and tight, but contains the usual non-
homogeneous rock types that can be expected in granitic batholiths. Below FZ2, the rock is
unfractured grey granite varying from homogeneous to heterogeneous to xenolithic. At the
420 Level, the rock mass is composed of approximately 60% granodiorite, 30% grey granite,
and 10% xenolithic granite (Martin 1990, Simmons 1990).

Chandler et al. (1992) present details of in situ stress states in the rock near the experiment
(Table 1.2). These were developed from a program of overcoring that was begun at the URL
site in 1981. The major principal stress C\ was found to be 30.3 MPa with a trend 222° and a
plunge of 13°. Broadly speaking, the major and intermediate stresses are sub-horizontal, and the
minor principal stress sub-vertical.

TABLE 1.2

STRESS MAGNITUDES NEAR THE BUFFER/CONTAINER EXPERIMENT

DETERMINED FROM OVERCORING

Principal Stress Magnitude, MPa Trend, Degrees Plunge (Degrees)

G3

Following general characterisation of the site, a location was chosen for the Buffer/Container
Experiment in an intact mass of grey granite at the 240 Level. This was done to avoid possible
problems with higher water transmissivity of rock in FZ2. Initial planning for the experiment
established that excavation should produce a room for the experiment (Room 213) with a length

30.3
15.5
13.1

222
123
328

13
36
51
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of 22 m plus an access drift of a further 10 m to provide room for data acquisition and
miscellaneous test equipment (see Fig. 1.10). Once the intended location and layout had been
identified, geophysical techniques were employed to verify the choice. Cross-hole radar and
cross-hole seismic surveys were conducted in two holes straddling the proposed excavation. No
significant features were detected in any of the surveys. More details of the geological features
of Room 213 were presented by Thompson (1990).

Design criteria for room. The experiment was located in Room 213 sufficiently far from the
end of the room to avoid complex stress states. It was also thought important to minimise any
tendency to spalling due to high stress gradients following excavation. This combination of
requirements led to a total excavation for Room 213 that was approximately 32-m long with
azimuth 040° (the direction of the major principal stress G\) to minimise stress concentrations.
The cross section of the room was rounded, with width 5.8 m and height 4.8 m (Fig. 1.8). A
concrete slab about 0.6-m thick was poured on the rock floor of the excavation to provide good
working conditions. A 9 tonne overhead hoist was installed for handling of the buffer, heater,
and other components during installation and decommissioning (Fig. 1.7). The room was
furnished with electrical power, lighting, ventilation, service water, potable water, and
compressed air. An underground control centre was located at the entrance of the room to
accommodate the data acquisition system, heater controller, and office facilities.

An important feature of the experiment was careful evaluation of water flow from intact rock
into the buffer. It was therefore important to minimise fracture damage to the rock during
excavation since this could lead to much higher transmissivity that might dominate the natural
flow from undamaged rock. This was particularly true at the floor of the room where it was felt
that water might be able to work its way into the experiment through a layer of disturbed rock
beneath the concrete floor. For this reason, excavation was done by the combination of 'drill
and blast', and 'pilot and slash' methods. Details of the drilling procedures that were used for
drilling the 1.2-m diameter emplacement borehole for the experiment are described in
Section 1.3.1.

Post-excavation characterisation. Once Room 213 had been excavated, detailed geological
characterisation was undertaken to ensure that the rock quality and water pressures in the rock
were suitable for the experiment (Fig. 1.11). This work also produced an accurate record as a
baseline immediately before the actual experiment was begun.

Woodcock et al. (1991) reported that the rock around Room 213 is unjointed and unweathered.
It hosts various steeply-dipping granodiorite dykes and shallow-dipping leucocratic sills. FZ2 is
57 m below the collar of the BCE borehole, while FZ2.5 is approximately 45 m above and to the
west. The rock mass between the two thrust faults is essentially unweathered and unjointed.
Medium-grained gneissic to schlieric grey granite separated into two subhorizontal granite
domains with distinct fabrics. About 15% of the rock mass is pegmatite and granodiorite
dykes. Earlier work had suggested that 2 leucocratic sills and a granodiorite dyke might
intersect the borehole (Gann and Everitt 1991). The rock is generally unweathered and
unfractured. A minor natural fracture was dry and tight with negligible aperture. The fracture
infillings included chlorite and limonite.
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Mapping of the geology revealed no fractures other than cleavage planes within the coarser
phases of the granite. Microfractures, found in some of the characterisation boreholes were very
tight and are located away from the vicinity of the planned emplacement borehole. They have a
preferred orientation in the NE/SW direction, reflecting the anisotropy of the rock, and tend to
open following stress release (Martin 1990).

Geology at the emplacement borehole. The geology at the location of the large 1.2-m diameter
emplacement hole that was to be used for the Buffer/Container Experiment agrees with that
interpreted from logged cores from the instrumentation boreholes (Gann and Everitt 1991).
Detailed mapping of the inside surface of the borehole is shown in Fig. 1.12, while Fig. 1.13
shows a stereonet of small-scale geological structures in the walls of the hole. The emplacement
borehole sits in massive to weakly-gneissic granite. The following features were mapped within
the borehole:

a) four thin (10 mm) quartz veinlets between 1.0-m and 2.0-m depth
b) three thin (10 mm) pegmatite dykes between 2.0-m and 3.5-m depth
c) a zone of approximately 2 m2 of medium- to coarse-grained leucocratic granite between

3.5-m and 5.7-m depth.

No natural fractures or microcracks were seen other than cleavage planes in coarser phases of
the granite. All contacts between dykes and the grey granite were tight and dry.

Excavation disturbance/damage. Blasting and subsequent stress release can induce various
scales of fracturing (known as 'damage') in the rock. Fracturing of this type can be expected to
alter the ability of the host rock to transfer water towards the experiment. It was therefore
important to identify the extent of the damage and to initiate remedial measures if it was felt that
the damage would adversely affect the experiment. Mapping, ground-penetrating radar, cross-
hole seismic testing, transient pulse hydraulic conductivity tests, and specially designed packer
tests were used to evaluate the extent of the zone round Room 213 that was damaged during
excavation and also the severity of the damage (Martin et al. 1992). This work showed that the
majority of the excavation damage was confined to a shallow region 30 cm to 40 cm from the
floor of the rock excavation. Structural orientations of damage induced fractures are shown in
Fig. 1.13. Figure 1.14 shows unrolled perimeter maps of the inside of the emplacement
borehole, with the excavation damage limited to the top 0.4 m.

Fractures due to excavation damage can be distinguished from natural fractures by the absence
of mineral fillings or wall-rock alteration. However, care has to be taken to relate visual
inspection of the borehole walls with information obtained by coring. Concentrations of
fractures occurred at the base of the wall of the room and at the end of the blast rounds although
these zones showed fewer breaks than at the blast face. Most fractures strike subparallel to the
tunnel axis and dip subparallel to the floor. Inspection suggested that excavation-induced
fractures in the floor of Room 213 at the location of the emplacement borehole had depths
ranging from a few millimetres to as much as 1.0 m, with a probable depth of about 0.4 m.
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The effects of these fractures on water pressures and flow in the rock round the emplacement
borehole were explored using a specially designed 'mini packer' system which isolated seven
100-mm cells within a distance of 1 m below the floor of Room 213. Each packer is
individually inflated and each cell is accessed by stainless steel tubing for hydraulic testing and
hydraulic pressure monitoring. A further series of tests used a single packer system that was
installed at a series of successively smaller depths in a borehole, thereby isolating cells with a
series of increasing lengths. The tests showed there was some hydraulic interconnectivity
between the fractures (Woodcock et al. 1991; Martin et al. 1992). This was confirmed by an
observation of low static water pressure of about 600 kPa in the uppermost cell (Zone 1) in
packer hole PH4. This is thought to result from an interconnection with the excavation
damaged zone in the neighbouring Room 209.

Observation and permeability testing showed minor seepage entering the emplacement borehole
at the base of the concrete at the rate of about 400 ml/d compared with 20 ml/d which flows into
the remainder of the borehole. This seepage stopped following installation of a grout curtain
around the emplacement hole (Fig. 1.15). The curtain consisted of a ring of holes 225 mm from
the edge of the hole, reamed out to be interconnected. A rubber waterstop curtain was installed
and the remaining voids grouted with non-shrink grout (N. Chandler pers. comm.). However it
was observed that drilling for the grouting induced several new 0.8-m to 1.3-m long fractures
beneath the concrete floor of the room.

Hydrogeological boundary conditions. Fig. 1.16 shows water pressures in the granite
surrounding the 240 Level excavation at the URL. Pressures were measured using modular,
multiple-packer systems designed and built by AECL. The packer systems were installed in
boreholes before excavation of the 240 Level so that the drawdown of pore fluid (water)
pressures in the rock due to creation of the opening could be monitored. Water pressures at
distances of the order of tens of metres away from the experiment approach the pre-construction
regional hydrostatic value of 2.1 MPa. The drawdown of water pressures towards the
experiment is steep and is concentrated in the several metres of rock closest to the excavation.

Fig. 1.17 shows average water pressures measured from five packer strings (HG7,8,9,10,11)
below the floor of Room 213 before the emplacement borehole was drilled (Chandler et al.
1992). Numerical modelling of the water pressures was done using the finite difference
program FLAC for the case of a horizontal cylindrical opening (Chandler et al. 1992).
Agreement between the measured and computed water pressures is reasonable.

After drilling the borehole, there was a localised drawdown which is indicated by the measured
water pressures in Fig. 1.18). Examination of the results showed that pressures in borehole
HG11 were somewhat lower than predicted values. It was suspected that this pattern of water
pressures was influenced by four open small-diameter boreholes (RSC1. RSC2, EXT1. and
EXT2) that were used for measuring the straining produced in the rock by drilling of the
emplacement borehole. Modelling of this condition using FLAC is shown in Fig. 1.19
(Chandler et al. 1992). This figure again emphasises the steep water pressure gradients towards
the emplacement borehole and indicates clearly the effect of the open boreholes. As a result of
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the FLAC modelling, it was decided to grout the void spaces between the instruments in these
boreholes.

More details will be given in a later section about water pressure distributions round the
experiment before the heater was switched on.

1.2.4 Material Properties - (a) Physical, Chemical and Microbiological Properties of Buffer
Material, (b) Sand, (c) Backfill, and (d) Rock

The Buffer/Container Experiment involved placing a cylindrical heater in densely compacted
sand-bentonite buffer compacted into a large diameter borehole in granite. For construction
reasons, sand was used to fill the narrow annulus surrounding the heater when it was inserted
into the buffer. The sand assisted heat transfer from the heater to the buffer during heating. The
experiment therefore involved four quite different earth materials - buffer, sand, backfill, and
rock. The purpose of this section is to overview the hygro-thermomechanical properties of these
materials in terms of how they affect the performance of the experiment. The buffer, in
particular, has additional properties of contaminant sorption and diffusion that will be important
in terms of the final objective of disposing nuclear fuel waste in a disposal vault but did not
play an important role in the Buffer/Container Experiment. Since they were not a feature of the
experiment they will not be considered here.

(a) Physical, Chemical, and Microbiological Properties of Buffer Material.

Physical and Chemical Properties.
Unlike the concepts in some other countries which use precompacted blocks of bentonite, the
Canadian concept for borehole emplacement calls for in situ compaction of sand-bentonite
buffer. Buffer was extensively characterised in bench-scale experiments and in laboratory-scale
physical models. Key aspects involved (1) assessing the hydraulic interaction between the
buffer and rock, including the processes that control water uptake by buffer in the presence of a
thermal gradient; and (2) assessing the thermo-hydraulic-mechanical response of the buffer,
including the effects of thermally induced moisture redistribution.

Compaction tests done by Dixon and Gray (1985) according to ASTM D-1557-78 led to the
selection of a reference buffer material (RBM) consisting of a 50:50 mixture (by dry weight) of
silica sand and sodium bentonite mixed with water to a gravimetric water content of 18%.
Fig. 1.20 shows results from laboratory compaction tests on mixtures containing various
proportions of bentonite. As a result of this study, the 50:50 sand:bentonite mixture was
adopted, with a minimum density of 1.67 Mg/m3 at 18% water content, 90% of ASTM Modified
Maximum Dry Density (ASTM D-1557-1978). The chemical composition of the water had
little effect on the compaction behaviour of the material (Dixon et al. 1985, AECL 1994). The
water chosen for mixing with the sand and bentonite to produce buffer was taken from Fracture
Zone 2 at the Underground Research Laboratory (FZ2, Fig. 1.9) about 20 m below the floor of
Room 213. It has the composition shown in Table 1.3. This was done to minimise the effects
of changes in pore water chemistry on the swelling and hydraulic properties of the buffer and
thereby simplify the analysis of the observations from the experiment.
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TABLE 1.3

CHEMICAL COMPOSITION OF GRANITE GROUND WATER

Ion/parameter Na+ K+ M g 2 * C a 2 * C T S O 4 C O 3 pH
meq/litre 6.8 0.03 0.06 0.46 2.6 1.12 3.5 8.5-8.8

Properties of the buffer have been dealt with in considerable detail in the many publications by
Dixon, Wan, and Graham listed in the bibliography at the end of the report. It is only necessary
here to highlight the most important properties that affect the interpretation of the experiment.

Buffer contains particle sizes ranging from coarse sand size (5 mm) to clay size (< 0.02 mm)
(Dixon et al. 1993). The sand was recombined from fractionated, rounded, silica sand to form a
well-graded material with the particle size distribution shown in Fig. 1.21. The bentonite was
purchased as a same-mill-run product to minimise variability and was remixed to ensure
homogeneity. In decreasing order of occurrence, its component minerals consisted of
montmorillonite, kaolinite, feldspar, and illite. The average specific weight of its particles is
2.75. Its classification properties are listed in Table 1.4.

TABLE 1.4

CLASSIFICATION PROPERTIES OF BENTONITE COMPONENT OF RBM (DIXON 1989)

Property Value Reference

Liquid limit, percent 214 ± 6 Dixon et al. 1994
Plasticity index 182 ± 5 Dixon et al. 1994
Cation exchange capacity, meq/lOOg 88 Dixon and Woodcock 1985
Specific surface area, m2/g 520 - 630 Dixon and Woodcock 1985

It should be noted that the evaluation of particle sizes in bentonite involves some discretion and
assumptions. Decisions have to be taken about how aggressively the material should be treated
to disperse the peds of the processed material (Dixon 1995). Interpretation of the results of
hydrometer testing or the laser particle size analyser that was actually used in the project
requires the assumption used in all such tests that the particles are spherical. It is known
however that bentonite particles are flakey or platey in nature, rather than spherical (Fig. 1.22)
and so the particle size distribution shown in Fig. 1.21 should be considered approximate.
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The way in which the sand and bentonites come together to form RBM is indicated in the pore
size distribution curve shown in Fig. 1.23. Figures 1.21,1.22 and 1.23 show that the RBM
consists essentially of groupings (aggregates) of very small, closely spaced clay particles
containing micro-pores of the order 0.005 pm equivalent diameter surrounded by larger macro-
pores with sizes about 20 - 50 (xm (Wan et al. 1995). In Fig. 1.22, the sand particles do not
appear to be in contact. They cannot therefore form a 'skeleton' or framework through which
loads can be transferred, and the mechanical properties of the buffer are controlled by the clay-
water phase.

An extensive program of testing was run in a number of AECL, Ontario Hydro, and university
laboratories to evaluate the mechanical, thermal, and hydraulic properties of buffer after
compaction to the required density and water content. Values for the more important of these
measured parameters are shown in Table 1.5.

MEASURED PROPERTIES OF

Property

Dry density, Mg/m3

Water content, percent
Effective clay dry density, Mg/m3

Swelling pressure, MPa
Hydraulic conductivity, m/s
Thermal conductivity, W/m/K
Thermal moisture diffusivity, DTT^/S/K

TABLE 1.5

REFERENCE BUFFER MATERIAL (RBM)

Value

>1.67
17-19
>1.22

0.5-1.5
1011 - 10-13

0.7-1.8
10'8 - 10"6

Isothermal moisture diffusivity Dee, cm2 /s 5xlO"6 - 10"4

Coefficient of consolidation cv, m
2/yr

Angle of shearing resistance §', degrees
Total suction at 18% water content, MPa
Undrained shear strength, MPa*

3 - 0.03
17-20

3.8-4.0
1.0

Reference

Kjartanson et al. 1991
Dixon and Gray 1985
Dixon etal. 1985
Dixon etal. 1993
Dixon 1995
Wan etal. 1995
Selvadurai and Onofrei 1995
Selvadurai and Onofrei 1995
Graham (pers. comm.)
Lingnau 1993
Wan 1996
Graham etal. 1995

at room temperature, 85% saturation, and 0.5 - 1.8 MPa confining pressure

Dixon et al. (1993, 1996) reported an extensive series of tests for swelling pressures that could
be developed by buffer against rigid confinement (Fig. 1.24). At the effective clay dry density
of the laboratory experiments (1.20 Mg/m3) the swelling pressure of the buffer was in the range
0.5 MPa to 1.0 MPa at room temperature in distilled deionised water. Graham et al. (1989)
reported a higher value of about 1.5 MPa to 1.8 MPa from an interpretation of triaxial test
results. A consensus appears to be developing that the swelling pressure is likely in the range
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1.0 MPa to 1.5 MPa at room temperature. It decreases with increasing pore water salinity, with
decreasing plasticity index of the bentonite, and with increasing temperature (Kjartanson and
Keil 1991; Lingnau et al. 1995. This understanding has implications for container design and
for estimates of how likely it is that any cracks that might form in the buffer through desiccation
will reseal upon wetting (see Section 2.7.2).

Dixon (1995) reported that earlier researchers had suggested that bentonites in general, and
buffer in particular, might not exhibit Darcian flow. However, the earlier work had been
performed under high hydraulic gradients, and samples were probably not fully saturated.
Figure 1.25 shows results of a lengthy series of tests performed by Dixon (1995). These tests
are notable for (a) the low hydraulic gradients at which they were performed, and (b) the
rigorous efforts that were taken to ensure saturation and steady state flow. Dixon concluded that
while loose saturated bentonites do exhibit Darcian flow, the hydraulic conductivity that is
operative depends on the magnitude of the hydraulic gradient. At low gradients, a proportion of
the water phase remains bound to the particles, and is unavailable for flow. The effective void
space that is available for flow is less than the total void space. At high gradients however,
some of the bound water can be sheared and becomes mobile. Flow remains Darcian, but
increases to a higher hydraulic conductivity. This process appears to be reversible. However, at
the relatively high clay density in RBM (about 1.20 Mg/m3), hydraulic behaviour appears to be
simpler. Flow appears to be Darcian. It is dominated by the bound water component and no
step function is observed. The hydraulic conductivity of RBM is in the range 10"11 to 10"13 m/s.

Figure 1.26 shows results for thermal conductivity of buffer compacted at different (gravimetric)
water contents. Values range from about 0.7 W/m/K at low water contents when the material is
essentially dry to about 1.8 W/m/K at placement water contents of about 18% (85% saturation)
and higher. Thus the range of thermal conductivities is not large, especially since it is likely that
the high suctions developed in buffer during drying will stop it from drying much below 10-12%
water content.

Graham et al. (1989) reported shear test data from triaxial tests at effective confining pressures
up to 9 MPa and pore water pressures up to 9 MPa, values that are much higher than those used
in most soils testing. Their tests showed that the effective stress angle of shearing resistance <(>'
of saturated buffer is between 17° and 20°. More recently Lingnau et al. (1995) have shown that
the strength envelopes at peak strength and at large strains (critical state) are curved
(Figs. 1.27a,b). This program also included tests at temperatures up to 100°C. The results in
Fig. 1.27 show that the strength envelopes do not vary greatly with temperature. However,
changes in temperature affect the way in which pore water pressures develop. As a result,
individual specimens whose confining pressures are the same but whose temperatures are
different, will not have identical strengths, even though the failure stresses each lie on their
respective, rather similar envelopes. This behaviour was discussed more fully by Lingnau et al.
1995). Tanaka et al. (1995) described a thermal elastic-plastic model that provides an accessible
model for understanding this complicated behaviour. Graham et al. (1995) extended strength
studies to include measurements of the 'undrained' strength of unsaturated buffer as a function
of temperature, pressure, and degree of saturation (Figs. 1.28a,b).
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Buffer is known to expand on wetting. That is, in common usage, it is an expansive clay.
However, this means that it will also compress on drying, or if the stress level decreases. The
question is, how much? A large potential for shrinkage would increase the likelihood of
cracking close to the heater, and corresponding changes in thermal and hydraulic conductivities.
One of the reasons for incorporating 50% sand with 50% bentonite into the buffer was to
decrease the amount of shrinkage that might be expected (Gray and Dixon 1985, Dixon et al.
1993). Early work at Ontario Hydro showed that pure bentonite specimens could shrink by up
to 22% depending on the initial conditions of dry density and water content (Fig. 1.29). Dixon
et al. (1993) showed that when sand was added, the RBM shrank by no more than about 8% by
volume following drying at room temperature (Fig. 1.30). Shrinkage is smaller (about 3%)
when drying is done in an oven at 110°C. The differences appear to relate to the rate at which
cracking can develop during drying.

It was shown earlier that some of the properties of the buffer, while certainly clay-dominated,
depend on only part of the total void space. For example, Dixon (1995) showed that hydraulic
conductivies in saturated buffer depend on the fraction of the total void space that contains
water that is not strongly bound to the particle surfaces. Wan et al. (1995) and Tang (1995)
have shown that suctions in unsaturated buffer depend on the size of the intra-aggregate pores
of the microstructure of the material (Figs. 1.22 and 1.23). This means that they can be related
to water content (Fig. 1.31), but perhaps surprisingly at first sight, appear largely independent of
the density of the material. Suctions also vary with temperature, decreasing slowly as
temperature increases (Fig. 1.32).

Figures 1.33 and 1.34 show values of the four diffusivities that control the coupled flow of
water under thermal and hydraulic gradients. In Fig. 1.33, the thermal diffusivity DTT is seen to
vary between about 10~8 cm2/s/°K and 10'6 cm2/s/°K. Values of the isothermal moisture
diffusivity Dee in Fig. 1.34 vary from about 5 x 10"6 to 10"4 cm2/s. The rather wide variations
in the diffusivities reported by three different research organisations create some uncertainty in
the values that should be used. Selvadurai and Onofrei (1993) propose that the parameters DTT,
Dee, Dev and X should be evaluated as follows:

Dee = {0.0122 + 0.00132 T}exp(0.\04 9) x 10"8 m2/s
D-rr = {-0.108 + 0.020 T + 1.805 0) x 1011 m2/sK
D9v= {-0.216 +0.040 T + 3.610 9} x 10"14rn2/s
X = 2.685 + 0.00205 T - 0.214 9} J/msK

The application of these parameters will be reviewed more thoroughly in Part 3 of this report.

The laboratory studies led to the understanding that the behaviour of the buffer is 'clay-
dominated', with the sand particles acting simply as an inert filler that improves thermal
conductivity. It also limits shrinkage and creep movements. This has been confirmed by the
strength envelopes for saturated buffer at different temperatures shown in Fig. 1.27 (Lingnau
et al. 1995) which shows curved envelopes that are typical of smectites and strengths that are
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much lower than would be expected from a 'sand-dominated' material. This has led to much of
the mechanical behaviour of the buffer being examined in terms of its clay specific volume Vc

which is defined as the volume occupied by a unit volume of clay particles, neglecting the
volume of the sand component (Dixon and Gray 1985). The same idea has been adopted by the
use of effective clay dry density yc which is the dry density of the portion of the material
occupied by clay and water, not including the sand component. Figure 1.35 shows the
compression behaviour of saturated RBM at different pressures and temperatures
(Lingnau et al. 1995).

It was noted earlier that swelling pressures vary with the plasticity of the bentonite, with
temperature, and with pore fluid salinity (Gray et al. 1985; Kjartanson and Keil 1991). It is also
known that thermal conductivity increases with increasing water content. In water-saturated
RBM, hydraulic conductivity and chemical diffusivity appear to be virtually independent of
temperature and pore fluid chemistry, although the chemical diffusivity depends on the chemical
species being considered. It appears likely that diffusion will be the principal mechanism
through which radionuclides from breached containers will be transported through the buffer.
While diffusion studies were identified in Section 1.1.4 as one of the geotechnical objectives of
the experiment, a later decision not to install piezometers in the buffer made this impossible
Section 1.2.5). The decision was taken because of concern that high suctions in the buffer
would draw water from piezometers and alter the hydraulic conditions in the experiment.

Microbiological Properties.

Microbiological studies were not seen as an important part of the experiment when it was being
planned. However during the early part of the experiment, it was appreciated that a disposal
facility could not be a sterile facility during construction, and that the ability of bacteria to exist
or to thrive in the environment of a disposal facility could become an important concern. The
Buffer/Container Experiment was seen as a source of important data on the survivability of
micro-organisms naturally present in buffer materials under conditions of temperature and
moisture content that were close to those that would occur in a full-scale facility. It will be
noted however that there was no radiation field in the Buffer/Container Experiment.

Plans were therefore made to realise the following microbial objectives at the end of the
experiment through careful sampling as the buffer was being excavated (Stroes-Gascoyne et al.
1995).

a) Assess the survival of the naturally present microbial population after being subjected to
compaction, and subsequent heat and drying cycle during the 1Yi years that the test was in
operation.

b) Determine, if a surviving microbial population was found, which group(s) of
microorganisms dominate in this simulated vault environment. The program involved
detailed cooperation with other institutes in Goteborg, Sweden and Aix-en-Provence, France
to examine the microbiology of the buffer at the end of the experiment. The results of this
work are outlined in Section 2.7.5: Influences of microbiological activity.
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(b) Sand

The sand being considered in this section is the/rac (fractionated) sand that was placed in a
100-mm thick layer below the heater, a 300-mm thick layer above the heater, and in a 50-mm
wide annulus between the heater and the buffer. This sand came from the same source as the
sand used in the buffer, but is restricted to the 20 - 40 grain size. It is a natural, uniform, silica
sand with rounded particles.

It will be shown in Section 2 that the temperature distribution in the Buffer/Container
Experiment is influenced quite strongly by (a) the presence of the sand annulus, and (b) the
values of the parameters that describe its thermal behaviour. Its thermal conductivity and
volumetric heat capacity were initially estimated from reference texts, though this approach
gave no indication of how they would depend on the density that would be achieved on
placement. Subsequently, instrumented tests of the heater in dry and wet sand, and history-
matching of the results of the Buffer/Container Experiment allowed refinement of the estimated
values. Best current estimates appear to result in a thermal conductivity of 0.44 W/m/K
(increased from the initially assessed value of 0.34 - 0.38), and a volumetric heat capacity of
1.4 x 106 J/K/m3. The sand annulus has an important impact on the relationship between the
power applied to the heater and its skin temperature. While the thermal expansivity of quartz
was easily obtained from reference texts, no information was available about the thermal
expansivity of the sand material comprised of silica (quartz) particles.

Before the experiment could be constructed, it was important to know that the 20 - 40/rac sand
could be introduced into the annular space between the heater and the buffer. The sand was
required to be free of voids to ensure thermal continuity, and to be dense enough to have
acceptably high thermal conductivity. Tests were done to develop techniques for achieving
good placement and density (Wan 1991). These involved pouring sand into a 50-mm slot
between two pieces of plexiglass and observing how the density and continuity of the sand
varied with the rate and height of pouring. The tests showed that sand could be successfully
introduced into the annulus without segregation or voiding, to achieve a density of 1.85 Mg/m'.

(c) Backfill

In a full-size facility, backfill will be used as general fill for rooms, access tunnels and shafts
and should therefore be easy to compact without sophisticated procedures and equipment. It
will not be in such close proximity to the waste as the buffer, and so its performance
specifications are slightly less stringent than those for the buffer. Nevertheless it should have
low hydraulic conductivity and some swelling potential to seal any voids and openings that
might develop.

The backfill in the Buffer/Container Experiment is a 1-m thick layer of a well-graded, gravel-
sand-clay mixture installed in the upper part of the emplacement borehole, above the buffer, and
below the cell cap and reaction frame (Fig. 1.8).
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Studies described by Lopez et al. (1987) selected a mixture of 75% (by weight) of well-graded
gravel aggregate and 25% glaciolacustrine clay compacted to minimum 95% modified Proctor
dry density. The gravel component consisted of granite that had been excavated from the
underground facility and then broken into small - medium gravel-size particles in a crusher.
Yong et al. (1986) proposed that the maximum particle size in the gravel should not exceed
19 mm and that the clay component would be local plastic clay from proglacial Lake Agassiz.
The particle size distribution for reference backfill mixture is shown in Fig. 1.21. To achieve
better consistency, the clay used in the Reference Backfill (RBF) for the Buffer/Container
Experiment was a mixture of 75% illitic clay (by dry weight) with 25% sodium bentonite from
Avonlea, SK. The granite used in these tests consisted of quartz, feldspar, plagioclase,
microcline, biotite, and chlorite in decreasing order of abundance. Water absorption was 0.25%
for larger particle sizes. Typical properties of the clay component are shown in Table 1.6.

The strength, compressibility, and hence the workability of the backfill are all controlled by the
coarser gravel-sand component and are therefore quite different from those of the buffer shown
in Table 1.5. In contrast, the clay component has sufficient swelling potential to swell into the
spaces between the coarser particles if it has access to water. This means that the hydraulic
conductivity of the backfill is low, about 1010 m/s, a value which is acceptable in many fields
of geotechnical engineering for seals and barriers.

TABLE 1.6

PROPERTIES OF CLAY COMPONENT OF BACKFILL MATERIAL (YONG ET AL. 1986)

Particle size distribution
Liquid limit (distilled water), percent
Plastic limit (distilled water), percent
Mineralogy in decreasing order of abundance

Hydraulic conductivity, m/s
Swelling pressure, kPa
Free swell, percent
Maximum dry density (Modified Proctor,
ASTM 1557-78), Mg/m3

Optimum water content, percent
California bearing ratio

silt 15%, clay 85%
112
28
montmorillonite, illite, quartz,
kaolinite, feldspar.
lo-io
18
4.2
2.13

10.0
5

(d) Rock

The values of mechanical properties of URL granite shown in Table 1.7 have been summarised
from the early extensive work carried out at the CANMET laboratories by Annor and



- 5 2 -

Jackson (1987). Considerable additional work has been done at the URL for the purpose of the
Mine-by Experiment (Read and Martin 1996).

The triaxial (confined) strength at room temperature depends on confining pressure, increasing
from about 280 MPa at 4 MPa pressure, to about 570 MPa at 36 MPa pressure. The effect of
heating is to decrease the triaxial compression strength by about 10% as the temperature
increases from 21° to 200°C. The compression modulus increases from about 55 MPa at zero
confining pressure to 66 MPa at 25 MPa, and then remains constant at higher pressure. These
values have mostly been measured from small laboratory samples of dry rock. Annor and
Jackson (1987) were careful to point out how the strength and stiffness of the rock could be
rather different at field scale. This has been examined more fully by Martin (1990).

Transient pulse hydraulic transmissivity tests were carried out to determine transmissivities,
hydraulic conductivities, and the nature and extent of excavation damage in the shallow zone
immediately below the concrete floor (Fig. 1.36). The tests measured hydraulic conductivities
of 10"n to 10"8 m/s, compared with 10"14to 1013 m/s for intact granite. Values of
transmissivities in m2/s are shown in Fig. 1.36. They generally lie in the range 10~13 m2/s to
10"12 m2/s, except near the concrete-rock interface where they reduce to 10~12 m2/s to 10'" m2/s.

TABLE 1.7

MECHANICAL. STRUCTURAL. AND THERMAL PROPERTIES OF ROCK AT URL

Bulk density, Mg/m3 2.63 ± 0.04
Uniaxial compressive strength, MPa 134 - 248 ± 22
Compression (Young's) modulus, GPa 54 - 86 ± 6
Poisson's ratio 0.18 - 0.44 ± 0.04
Brazilian tensile strength, MPa 6.2 - 12.1 ± 1.3
Hoek and Brown parameters - m, s, r 31.2, 1.00, 0.965
Basic friction angle (saw-cut), degrees 30-31
Joint roughness coefficient 6.5 ± 1.4
Effective porosity, percent 0.32 - 0.67, ave. 0.50
Pore sizes, um, (Chernis 1983) 0.0025 - 4
Intrinsic permeability, microdarcies 25
Hydraulic conductivity, m/s 10"12 - 10"13

Thermal conductivity, W/m/K 3.6 ± 0.40
Thermal diffusivity, mm2/s 1.3 ± 0.24
Specific heat, J/kg/K 1060 ± 210
Coefficient of thermal expansion, /K (25 -100 K) 3.8 x 10 6
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Compared with the buffer and the sand, intact granite has very low porosity (Katsube and Hume
1987), and has very small pore sizes. As a result, its hydraulic conductivity is also low, of the
order 5 x 10"13 m/s, which is similar in magnitude to that of the buffer (Table 1.5). This means
that fluxes into an empty borehole can be expected to be small, certainly compared with the flow
into the 'wet' Buffer Mass Test borehole at the earlier Stripa experiment. Chandler et al. (1992)
measured inflow rates of about 6 x 10'nm3/s per metre length of borehole through rock that was
fully saturated and free from excavation damage. The hydraulic conductivity of the rock is a
major influence in controlling the rate at which the buffer in the Buffer/Container Experiment
will be able to gain moisture. This will be examined later in Sections 2.3.4 and 3.4.3.

The thermal properties in Table 1.7 are taken from Drury (1987). The thermal conductivity
controls how the heat is transferred into the rock, the gradient of temperature in the rock away
from the experiment, and the temperature at the buffer-rock interface. It therefore has
considerable influence on the temperature distribution in the buffer. The thermal diffusivity
influences the rate at which temperatures change in the rock, and therefore the time taken to
reach steady state conditions where temperatures, pressures, water contents, etc. are all
stationary. The thermal expansion coefficient controls how the rock changes in its physical
dimensions in response to heating. All three of these parameters (thermal conductivity, thermal
diffusivity, and thermal expansion), together with the porosity and hydraulic conductivity,
influence the way in which heating will produce increased water pressures in the small void
spaces in the rock. Such changes have been observed in the Buffer/Container Experiment and
form an interesting and important feature of the interpretation of the test results. These will be
discussed in Sections 2.3.3 and 3.4.2.

1.2.5 Discussion of Instrumentation Needs and Criteria for Selection of Instruments

Early in the design of the experiment, it was appreciated that an extensive measurement program
was needed, and that it would have to function effectively for a long period of time under harsh
conditions. The instruments would not be directly accessible during the course of the
experiment, so automatic reading was essential. As a result, it was necessary to design and
install a data acquisition system, and to develop secure procedures for management and
archiving of the data. Details of the instrumentation are shown in Figs. 1.37 to 1.45.

Figure 1.37 is a plan view of the emplacement borehole in the floor of Room 213. It shows the
positions of a number of boreholes used for hydrogeological studies (boreholes labeled HG-),
thermistors (T-), radial strain cells (RSC-) and extensometers (EXT-).

It was decided that instruments would be installed in the buffer, on the heater face, along the
emplacement borehole wall and in the backfill (Figs. 1.38 to 1.41). They were required for
monitoring time-dependent changes in temperature, total stress, buffer moisture content, and
water potential (suction). Section A-A (shown in Fig. 1.38) is aligned perpendicular to the room
axis, looking towards the back of Room 213. Sections B-B through D-D (Figs. 1.39 to 1.41)
represent views rotated counterclockwise at 45° increments from Section A-A. On these
figures, the various materials and instruments are indicated by the following letter codes:
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Materials Instrument Types

B buffer T thermocouple
F backfill M thermistor
H heater R Roctest earth pressure cell
R rock G Geonor earth pressure cell

X psychrometer
N thermal needle
P Roctest pneumatic piezometer
H hydraulic piezometer

The operating requirements for the instruments were more severe than those normally
encountered in geotechnical engineering practice. Heater temperatures were expected to reach
about 85°C. On saturation the buffer develops swelling pressures up to about 1.5 MPa. The
instruments were to be installed during the time that the buffer was being compacted into the
emplacement borehole and therefore had to be capable of resisting dynamic and vibrational
loads. The buffer has high salt content so there was considerable potential for damage through
corrosion. These difficult operating conditions meant that particular care had to be taken to
select suitable instruments.

The instrumentation shown in Figs. 1.38 to 1.41 was planned using the following principles:

a) The rock conditions and the siting of the experiment would not interfere with the inherent
radial symmetry of the physical processes that would be induced.

b) It was important to measure time dependent behaviour between the start and the end of the
experiment when it was hoped that conditions would be approaching steady-state.

c) The number of instruments should be sufficiently large to ensure a thorough understanding of
the way in which temperatures, pressures, etc. were varying, and to provide some redundancy
to offset the effects of instrument damage and deterioration that could naturally be expected.
However, the number should be sufficiently small to minimise affecting the readings through
effectively changing the material properties in the experiment.

For the most part, standard or slightly modified geotechnical instruments were selected. Simple,
robust and compact instruments were chosen and care was taken to minimise corrosion by using
high quality stainless steel and Inconel where possible. These choices were made on the basis of
the detailed program of laboratory assessment and calibration that has been described in the
final design report for the experiment (Kjartanson and Keil 1991).

Temperatures

For temperature measurement, 3.2-mm sheathed thermocouples were linked to a Kaye ice point
reference, with corrected millivolt signals being read by a Fluke data acquisition system (DAS)
and converted to temperature using a global cubic polynomial function. The calibration
program indicated that these thermocouples would read temperatures accurate to ±0.5°C.
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The assessment program examined acceptable bending that would avoid damage to the
thermocouple, resistance to damage encountered due to compaction of the buffer, heat
conduction along the sheaths when placed in a non-uniform temperature field, drift during long
term usage, and the effects of long connections to the DAS. In addition to the thermocouples,
ten thermistors were installed at mid-heater and top-of-heater levels in Section C-C (Fig. 1.40).

Water pressures

Pneumatic and hydraulic piezometers were both evaluated for use in the buffer with each type
being fitted with high air entry (2 bar) filters. It was quickly realised that interpreting
piezometer results from unsaturated buffer would be difficult since suctions in the buffer leads
to cavitation in the chamber of the instruments. In the pneumatic piezometers this leads to
incorrect readings. If hydraulic piezometers were to be used, water vapour can be removed by
flushing, though this leads to localised wetting of the buffer and consequent interference with
the natural progress of the experiment. After considerable effort aimed at acquiring higher air
entry filters, it was decided that no piezometers would be installed in this experiment to measure
water pressures in the buffer. Low water pressures (suctions) would be measured separately.
As mentioned earlier, the decision not to install piezometers made it impossible to perform tests
for tracer diffusion and water injection rates (Kjartanson and Gray 1987).

Total pressures

Tests were carried out on several types of pressure cells to evaluate performance over lengthy
periods at elevated temperatures (Kjartanson and Keil 1991). They showed that Geonor
vibrating wire earth pressure cells and Roctest pneumatic membrane cells should survive in the
environment of the Buffer/Container Experiment. Fig. 1.42a shows the installation of a Geonor
cell in the wall of the emplacement borehole to measure horizontal total stresses between the
buffer and the rock. Fig. 1.42b shows Roctest cells placed near the top of the backfill, just
below the top cap. Calibrations performed by AECL staff varied with both pressure and
temperature, and were felt to be superior to those supplied by the manufacturers. Some evidence
of hysteresis was observed in readings from these instruments.

Fig. 1.39 shows that Geonor cells were installed vertically at the buffer-rock interface to
measure horizontal pressures produced by swelling of the buffer against the rock. Fig. 1.42a
shows the installation of one of the Geonor cells in a 'pocket' drilled into the rock wall of the
emplacement borehole. Roctest cells were installed horizontally to measure vertical pressures
(a) in the buffer above and below the heater, (b) at the buffer-backfill interface, and (c) at the
contact between the backfill and the reaction frame. Fig. 1.42b shows Roctest cells installed
near the top of the backfill, just below the top cap.

Kulite resistance strain gauge cells were investigated for measuring contact pressures between
the heater and the sand annulus. Laboratory testing showed that the cells should perform
excellently and provide pressure measurements within ±50 kPa (Kjartanson and Keil 1991).
Tests were carried out for temperature sensitivity, for resistance to compaction damage, and for
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the effect of the Teflon™ liner on stress transfer. The transducers appeared to work well and to
be sufficiently robust, though there was some indication that not all the pressure from the buffer
would be transferred to the transducer diaphragm. Later it will be shown that these cells were
the only component of the instrumentation system that did not produce useful results. The
difficulty arose during the installation process, and not through inadequacy of the instruments
themselves.

Water contents

Continuous measurement of water content is one of the most sought after and difficult targets in
many areas of geotechnical engineering. A review of available sensors suggested that thermal
needles, Agwa sensors, and thermocouple psychrometers should be examined (Kjartanson and
Keil 1991). Thermal needles measure the thermal conductivity of the surrounding soil, and this
can be calibrated against water content. Geotherm Inc. manufactured special needles 3-mm
diameter, 100-mm long for this program. Agwa sensors (from Agwatronics Inc.) measure the
matric suction of the soil indirectly by measuring the heat dissipation rate in a porous ceramic
block which is in moisture vapour equilibrium with the matric suction (and hence water content)
of the surrounding soil. Thermocouple psychrometers measure the relative humidity in soil.
This can be correlated with total suction potential and hence with water content. Wescor PCT-
55 psychrometers were selected for study.

Calibration testing reported by Kjartanson et al. (1990) indicated that all three sensors operated
reliably up to 80°C, but need corrections for temperature effects. Thermal gradients had little
effect on the thermal needles, but appeared to affect the psychrometers and Agwa sensors more
significantly. In terms of sensitivity, thermal needles were more useful for buffer water contents
below 15%. Psychrometers were more useful for water contents above 15%. The thermal
needles and psychrometers were sufficiently robust to withstand installation procedures
successfully. The Agwa sensors were insufficiently robust and were not used in the experiment.

Fig. 1.41 shows that thermal needles were installed in the buffer nearest the heater to monitor
water contents in the region of drying. Psychrometers were used further away from the heater
near the buffer-rock interface to measure water contents in regions that were expected to gain
moisture from temperature-water content coupling and from inflow from the rock. The two sets
of instruments measured overlapping ranges of water contents and were expected to give
complementary results provided temperature corrections were applied.

Suctions

Documentation from the planning phase of the experiment (for example the final design report
by Kjartanson and Keil (1991)) pay relatively little attention to measuring suctions in the buffer.
Later, as an improved understanding of unsaturated soil behaviour developed and competence
was achieved in interpreting psychrometer measurements (Wan 1991, Wan et al. 1992;
Kjartanson et al. 1993; Wan et al. 1995), increasing attention was paid to this important feature
of soil behaviour. Interpretation of the measurements of suctions has provided important
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insights into the results of the experiment. These will be discussed at some length in later
sections of the report.

Instrumentation in the rock

In addition to the instruments in the buffer, measurement of temperatures, water pressures, and
displacements were required in the rock. Instrumentation in the rock is shown in Figs. 1.43 and
1.44. Boreholes HG-1 to HG-6 were 38-mm diameter holes used for measuring hydraulic
conductivites in the excavation damage zone in the rock just below the concrete floor.

A packer system designed and built at AECL was installed in each of the five 96-mm diameter
boreholes HG7 to HG11. The system isolates a series of two to five zones or cells using inflat-
able packers. Each packer is inflated to 2800 kPa using individual inflation lines. Each zone
has a separate supply line that allows measurement of average water pressures in the cell or flow
rates during hydraulic conductivity testing. Holes Tl to T10 were for sensing temperatures
using thermistors, holes EXT1 and EXT2 for borehole extension, and holes RSC1 and RSC2
for radial expansion of the borehole. In addition, small numbers of hydraulic and pneumatic
piezometers were installed in rock close to the wall of the emplacement borehole (Fig. 1.45).

As a separate exercise, before power was applied to the heater, it was also necessary to correlate
water pressure distributions in the rock, with measured values of hydraulic conductivity, and
inflow of water into the emplacement borehole. This was felt to be an important step in
checking that the hydraulic conditions in the rock were well understood and that they could be
modelled numerically. A preliminary overview of this work was included in Section 1.2.3 of
the report (see also Fig. 1.17).

Summary of instrument installation

As a result of the work done in evaluating and calibrating the instruments, the following choices
were made for the Buffer/Container Experiment:

heater temperature: Type T thermocouples, 1.6-mm diameter sheath
total pressure: Kulite VM-750 pressure transducers
displacement: optical surveying

buffer temperature: Type T thermocouples, 3.2-mm sheaths, and YSI thermistors
total pressure: Roctest pneumatic earth pressure cells moisture content:

Geothermal needles closer to the heater where instruments with
greater sensitivity were required for lower water contents; and
Wescor psychrometers closer to the rock where the water
contents were higher.

suctions: Wescor psychrometers displacements and volume changes:
before and after surveys of position and unit weights.
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FIGURE 1.44: Transverse Section of Room 213 showing Rock Strain and
Packer Instrumentation
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buffer-rock interface
temperature: Type T thermocouples, 3.2-mm diameter sheath
total pressure: Geonor model P-100 vibrating wire earth pressure cells

backfill temperature: Type T thermocouples, 3.2-mm diameter sheath
total pressure: Roctest pneumatic earth pressure cells
moisture content: Wescor psychrometers.

rock extension: Schaevitz ACDTs
radial strain: Roctest (CANMET) radial strain cells
temperature: YSI and Dale thermistors, encapsulated at WNRE

hydrogeology: Roctest and AECL-designed packer systems,
Roctest and Geonor piezometers

restraint system: Geocon strain gauges on the columns, Schaevitz LVDTs
across the gasket.

1.3 CONSTRUCTION

The purpose of this section is to summarise the main features of the construction of the
experiment, and in particular to draw attention to those features of design and construction that
may have influenced its operation. A number of photographs taken during construction have
been included as figures in the report. A more complete series of 52 photographs of
construction and decommissioning can be found on the accompanying CD-ROM.

The dominant radionuclide release mechanism for nuclear fuel waste disposal is for
groundwater to corrode the container, penetrate to the waste, leach out the radionuclides, and
carry them back to the surface. Potential flow paths from the containers to the biosphere include
the excavations (rooms, tunnels and shafts), or when these are satisfactorily backfilled and
sealed, excavation-disturbed zones that surround the excavations. Excavation methods that
minimise damage to the rock are therefore desirable. A further constraint in the B/C experiment
was that all equipment for the test, including equipment for drilling the borehole must be
capable of transportation down the rectangular shaft (1.6-m x 2.1-m clearance) and underground
through access tunnels (3.0-m high x 3.5-m wide) at the URL. The mass of the equipment is
limited to the 4.5 tonne capacity of the shaft hoist. The clearance in the test rooms limits the
height of the drilling machine to less than 3.2 m, requiring sectioning of the drill process.
Coring would have to be removed from the hole in pieces less than about 1.5-m long to meet
both spatial and shaft hoist capacity specifications.

1.3.1 Construction

Construction of the experiment has been described in detail elsewhere, for example by
Kjartanson and Gray (1987), Keil and Chandler (1990), Chandler (1992), and Thompson etal.
(1992). This section provides an overview of the work that is considered necessary for
understanding the results presented in Section 2.
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FIGURE 1.45: Pneumatic (Left), Hydraulic (Right) Piezometers for Installation Close to
the Edge of the Emplacement Borehole

FIGURE 1.46: 'Pilot and Slash' Design for Excavating Room 213



- 6 8 -

Excavation

Section 1.2.3 described how the designers of the experiment wanted to examine closely how
water flow into the experiment from the surrounding rock affected the water content of the
buffer, and hence its thermal and hydraulic properties. Particular care was therefore taken
during excavation to minimise damage that could adversely affect water flows and pressures
round the experiment. Other constraints involved the need to control blast over-pressures
because of other nearby experiments and the use of new excavation equipment. The excavation
shown schematically in Fig. 1.46 was done using the pilot and slash method. In addition to the
normal wall and crown slashes, a floor slash was added to minimise excavation damage
(Fig. 1.47).

Excavation of Room 213 started on 6 June 1989 and ended on 14 September 1989. Blast holes
for both the pilot and the perimeter slashing were drilled to the full length of the drill steel,
3.9 m. Blasting was done using Primaflex with an average powder factor of 3.17 kg/m3 of
excavation in the pilot holes and 1.04 kg/m3 in the perimeter holes, for an average powder
factor of 2.14 kg/m3. The overall quality of the final perimeter slashing was good. The
percentage of half-barrels obtained on the walls and crown averaged 73%. Difficulties with
aligning the 'lifter' holes for the floor slashes meant that the quality of the floor (percentage half
barrels 39%) was not as good as for the walls and crown. Some spalling and minor rock bursts
were common during the first six hours after excavation, but discontinued shortly thereafter.

The experimental room - dimensions and services

The excavations shown schematically in Figs. 1.5,1.8, and 1.47 produced a room (Room 213)
approximately 32-m long, with width 5.8 m and height 4.8 m (Fig. 1.48). Room 213 housed the
experiment itself and an insulated, wooden field office which served as a control centre and
contained the data acquisition equipment and heater controller circuits. Heaters were installed
in the office to provide lower relative humidity for the data acquisition system. Beside the
control centre was an electrical distribution centre which was connected to the URL Class III
emergency power system at the 240 Level. The distribution centre provided three 30 amp x
600 volt circuits, to provide power to the heater and to an overhead monorail crane with a
9 tonne electric hoist. An additional 42 connections were available for 120/208 volt supply to
lighting and miscellaneous use in the field office. A fresh air ventilation system provided
1.27 m3/sec at 50 kPa outlet pressure to the back of the room. Natural convection and mixing
was relied on to distribute fresh air through the room. Additional mechanical services at three
separate locations in the room provided (a) service water from a 50-mm line at 6.9 1/s and
500 kPa pressure, (b) compressed air from a 50-mm line at 600 kPa pressure, and (c) potable
water from a 25-mm line. A 50-mm water line with accompanying hose reel was installed to
provide fire fighting capability.
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Drilling the emplacement borehole

The Buffer/Container Experiment required drilling a deep (5 m), large diameter (1.24 m)
borehole in the floor of Room 213 at a depth of 240 m in hard granite (Fig. 1.48). When the
experiment was initially conceived, it was not clear how this hole would be constructed.
Suitable technology for drilling holes of this size was not available.

It is well established that isolated blocks of medium- and coarse-grained rocks like sandstone
and granite can be readily cut using high pressure water jets without abrasives. The method
avoids the high thrust forces associated with other cutting technologies, and vibration and shock
loading that accompany methods based on drilling and blasting. It was therefore expected to
cause less disturbance to the rock and offer the opportunity of developing a new technology that
could be applied during vault construction.

Preliminary studies by AECL staff in conjunction with Indescor Hydrodynamics Inc. showed
that water jetting technology could cut free-standing granite granite blocks with adequate speed
and dimensional control (Puchala et al. 1989). After optimisation tests of various nozzle
geometries, cutting rates up to 190 to 250 mm/hr were achieved in isolated blocks, and 80-mm
undercuts could be made. The success of these experiments suggested that the technology could
be successfully adapted for construction of the emplacement borehole. Prototype equipment
was therefore developed that was small enough to be transported underground (Kjartanson et al.
1989).

The specially designed coring rig shown in Fig. 1.49 employed water at a pressure of 135 MPa
and a flow rate of 501/min passing through a rotary, double water jet nozzle. This was used to
cut a vertical circular slot, the outside diameter of which equalled the required borehole
diameter, 1.24 m. The tests at ground surface suggested that once the vertical slot had reached
the required depth, non-rotary water-abrasive nozzles could be used to cut a horizontal notch at
the bottom to facilitate core breakage and removal. A 2.4-m deep borehole was completed in
14 days.

When the equipment was moved underground into the confined rock at the site of the
emplacement borehole (Figs. 1.49 and 1.50), it produced much lower cutting rates (30 to
50 mm/hr) than those done at the surface. It also experienced continuing problems with nozzle
wear, clogging and jamming of the machinery in cut slots, and equipment breakdown. The
clogging was produced by mineral crystals being removed from the rock, and collecting as
debris in the opening. Performance of the equipment was improved by (a) using a 96-mm
diameter borehole as a sump to collect cuttings, (b) optimising water pressures and flow rates,
(c) improving nozzle design and using tungsten carbide inserts that gave a 5x increase in wear
resistance, and (d) removing the core in stages (Puchala et al. 1989). Incorporation of abrasive
mixtures into the water jets was investigated but produced no improvement in cutting rates.
Drilling the emplacement hole to 5.1-m depth required 4 months, a period that included
operational delays, equipment debugging, development of coring and core removal
technologies, and installation of instruments. However, the coring could not be done
continuously, and the slot had to be reamed every 30 - 40 mm, even at slow coring rates.
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FIGURE 1.49: Water Jet Assembly (Photograph 1)

\
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FIGURE 1.50: Frame for Water Jet Drilling in the Emplacement Borehole (Photograph 2)
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Life of the nozzles was only 25 to 35 hours, even after use of tungsten carbide inserts.
Undercutting was not successful in allowing the core to be fractured and removed. This was
done by drilling an array of 32-mm diameter boles and filling them with expanding grout that
broke the core into manageable pieces. Core was typically removed at 1 m intervals.

After removal, the cores were sectioned using water cutting, and cutting rates 5 - 6 times faster
were usually measured. Unstressed rock probably contains microcracks that can be accessed by
the high pressure water to break out crystal sized particles (Kjartanson et al. 1989). In confined
rock, cutting involves sectioning the minerals, and is much slower. Mineralogy and fabric
appear to play a secondary role.

Experience with the water jet cutting technology suggests it is unsuitable for drilling large
diameter boreholes in stressed rock at depth. While suitable slots can be cut, present technology
is pushed to its limit, productivity is low, and the equipment is unreliable. Further redesign
would be needed if water jets were to be used in future projects. This would focus on the use of
abrasive jets, and reduction of wear in the nozzle body, orifices, pipe supports and bushings. At
the end of drilling, the dimensions of the emplacement borehole were 1.24-m diameter and
5.7-m deep. At the floor of the room, the hole was enlarged to 2.65-m diameter through the
concrete slab. A 1.24-m diameter x 1-m deep steel collar was placed into this hole (Fig. 1.51),
forming the inner surface of a reinforced concrete curb around the top of the borehole. Cement
grout was used to ensure a good seal between the bottom of the collar and the top of the
emplacement borehole in the granite.

Verification of compaction procedures

The primary objective of the Buffer/Container Experiment was to study the mechanical response
of the buffer to thermally induced moisture redistribution and water uptake. An important
secondary objective was to confirm that Reference Buffer Material and Reference Backfill
Material could be compacted in situ to the required 95% modified Proctor maximum dry density
of 1.66 Mg/m3 with a lift variation less than 0.03 Mg/m3. The adoption of RBM was done on
the basis of small scale laboratory tests, and additional work had to be undertaken to ensure that
the required density and acceptable density control could be obtained in the emplacement
borehole. All procedures used for placing the materials in the emplacement borehole had to be
operator independent.

Procedures developed for constructing the experiment included formalised mixing procedures,
sampling techniques, compaction techniques, and checklists to ensure that all batches of buffer
and backfill were documented and traceable from the receipt of the component to final mixing
and emplacement (Figs. 1.52 and 1.53). Close controls were applied to material preparation and
compaction density to ensure that any measured changes in hydraulic properties, swelling
pressures, or other mechanical properties of the buffer would depend on the physics of the
experiment, and not on variability introduced to materials by mixing and placing.
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FIGURE 1.51: Steel Collar for Concrete Curb in Floor of Room 213 (Photograph 5)

FIGURE 1.52: Taking Measurements of Water Contents in Prepared Buffer
before Installation (Photograph 13)
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To ensure consistency, 10 Mg of dry bentonite powder from the supplier was first mixed in the
mixing plant of a local brick manufacturer. It is known that dry bentonite is strongly
hydrophilic, so its water content can vary with relative humidity on a day-to-day basis. This
meant that its water content had to be checked daily so that the correct amount of water could be
added to achieve the range of water contents between 17% and 19% that would produce the
required properties of the buffer (Kjartanson et al. 1991,1992; Dixon et al. 1992). After mixing
at this water content, the buffer is a finely granular material that can be handled and placed
easily in the borehole for compaction. In all, 4.06 Mg of dry bentonite were used in the
experiment. /

It will be appreciated that it is not obvious how to compact buffer in a 1.24-m diameter x 5.0-m
deep borehole, and at the same time include a cylindrical heater that is 600-mm diameter and
2250-mm high, plus a large number of instruments and their connecting cables. The procedure
for a disposal facility would be to fill the borehole completely with compacted buffer, and then
auger a hole for the container. However for the Buffer/Container Experiment, it was decided to
compact buffer in the annular space between the rock wall of the borehole and a collapsible steel
form with an outer diameter of 740 mm, 140 mm larger than the heater (Figs. 1.54 and 1.55).
This was necessary if the instrumentation and their connecting cables were to be installed safely
at the same time as buffer was being compacted into the hole. As mentioned in Section 1.2.4,
the 50-mm wide annulus between the heater and the form was to be filled with 20-40 frac sand.

Verification trials were undertaken to ensure that buffer could be placed in the dimensions
available and to the required densities. These were done in normal compaction moulds
(ASTM D-1557-78), in a full size pipe simulator, and in situ in a full-diameter, although shorter,
borehole that had been drilled during development of the water-jet technology. Kjartanson et al.
(1992) reported that a method-based procedure using a manually operated hydraulically powered
impact hammer was the most cost effective and operationally flexible method of achieving the
required density of the buffer, taking into account the tight geometry and experimental
requirements.

Results of the verification trials are shown in Fig. 1.56. The procedure developed for producing
the required density involved using a 'fixed time and compaction-energy' method to control the
compactive effort applied to fixed amounts of material placed successively. Densities were
measured using the lost-wax-coat method (Ackroyd 1957). The trials showed that a small
16.3-kg hammer could achieve the required density using a 175-mm shoe, but that lift heights
could not be larger than 50 mm. Working conditions for the operator were unpleasant.

It should be noted in Fig. 1.56 that the compaction procedure consistently achieved densities of
1.73 Mg/m3 ± 0.03 Mg/m3 (Kjartanson et al. 1992). This represented an average of 99%
ASTM Modified Proctor Maximum Dry Density, rather greater than the minimum 95% value
(1.67 Mg/m3) originally specified. The higher value ensures that even the lowest densities
achieved in the experiment should comfortably exceed 1.67 Mg/m3. This may have some
implications later in terms of interpreting the results of the experiment. Most of the
characterisation of buffer properties was done using material at 1.67 Mg/m . The increased
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FIGURE 1.53: Recording for Quality Control at Room Level for Compaction taking
place in the Emplacement Borehole (Photograph 15)
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FIGURE 1.55: Placement of Collapsible Form for Producing Heater Cavity (photograph 16)
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density can be expected to give larger swelling pressures, greater strength, greater stiffness, and
lower hydraulic conductivity, all of which would be favourable in a full-scale application.
However it may add some uncertainty later in terms of comparing predicted and measured
performance.

Placement of buffer in the experiment

Compaction of buffer into the emplacement borehole began on 13 May 1991 and ended on
23 September 1991. Compaction was done in the annulus between the rock walls of the
emplacement borehole and the segmental steel form that was used to mould the space for the
heater and its surrounding sand layer (Fig. 1.57). The form was supported on a rock anchor
drilled through the first 800 mm of buffer into the floor of the borehole. As additional buffer
was compacted into the hole, extra segments were added to the form.

For convenience during compaction in the borehole, the dimensions of the shoe on the
compaction hammer were changed later to 75 mm x 240 mm. A spring shock absorber and 6 kg
of weight made the hammer easier to use. Optimum compaction time was 40 min/m2, and
6 x 50-mm lifts could be placed in a 12 hour shift. Tilting of the hammer at 15° to the vertical
produced high densities and better uniformity, ±0.018 Mg/m3. Compaction of new layers of
buffer was not seen to affect the density of lifts that had been placed earlier. The surface of
each of the lifts was precisely surveyed to correlate the progress of material placement with the
location of instruments being installed.

Figure 1.58 shows installation of instruments near the bottom of the borehole. The photograph
also shows the slots that were cut in the walls of the borehole to hold the cables from the
instruments. The slots, seen in Fig. 1.55 and Fig. 1.57, are grouted to permit good compaction
of buffer. Details of the positions of the slots are shown in Fig. 1.59.

Installation of the buffer, backfill, instruments and heater took almost 20 weeks. This lengthy
construction time was associated with the installation of the large amount of instrumentation
and was acceptable under the tightly controlled conditions of the Buffer/Container Experiment.
With automation of the technology, it is likely that holes without instrumentation could be
completed in times that would be acceptable for constructing a disposal facility.

Figures 1.60 and 1.61 compare particle size distributions in the buffer and backfill used in the
experiment with those that had been established in earlier studies (Fig. 1.21). Both materials lie
within the ranges that had been specified. In Fig. 1.60, the placed buffer is towards the top of
the specified range (that is, the material is on the fine side of acceptable) at about the 0.2-mm
size in the fine sand range. The backfill is also acceptable, though once more there is a region
towards the top of the range and about 6-mm size. Figures 1.60 and 1.61 suggest that careful
mixing produced a more consistent material than was anticipated when the particle size
distribution criteria were originally established by Dixon and Woodcock (1985).
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FIGURE 1.57: Compaction of Buffer around Collapsible Form (Photograph 18)

FIGURE 1.58: Installation of Instrumentation in Buffer near Bottom of the
Experiment (Photograph 14)
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Figures 1.62 to 1.64 show the high level of compaction control that was achieved during
placement of the buffer and backfill (Dixon et al. 1991,1992). Average and standard deviations
of the results in these figures are given in Table 1.8. The target gravimetric water contents were
17.5% and 7.0% in the buffer and backfill respectively, with deviations of 1% being
permissible. Figure 1.62 shows that this criterion has been met in all cases. Similarly, the dry
densities and degrees of saturation in Figs. 1.63 and 1.64 show that average values and standard
deviations are acceptable. However there are small areas, probably associated with just a single
lift, that appear to be looser than the remainder and have measured densities as low as
1.63 Mg/m . These occur at depths of 2.5 m (the top of the heater), 3.8 m (about the middle of
the heater), and 4.8 m (towards the bottom of the heater). The low densities are naturally
associated with lower degrees of saturation of around 75% in Fig. 1.64. Note however that the
densities of the buffer were determined from measurements of the elevation of its top surface.
Pre-test trials showed that this produced greater variability than measurements from waxed
blocks.

TABLE 1.8

AS-PLACED PROPERTIES OF THE REFERENCE BUFFER AND REFERENCE

BACKFILL MATERIALS IN THE BUFFER/CONTAINER EXPERIMENT

Material Location Number of As-Placed Water Dry Density Degree of Saturation
Lifts Content, percent Mg/m3 Sr, percent

Lower buffer
Average 14
Std.Deviation

Heater annulus
Average 54
Std.Deviation

Upper Buffer
Average 31
Std.Deviation

Backfill
Average 20
Std.Deviation

It is clear from Figs. 1.60 to 1.64 that the selected method-based specification produced uniform
compacted lifts with densities greater than the required 95% modified Proctor maximum dry
density.

17.9
0.4

17.9
0.4

17.8
0.4

7.2
0.5

1.765
0.040

1.758
0.048

1.744
0.041

2.260
0.053

89.2
5.6

87.2
6.6

84.8
5.7

83.4
7.8
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Heater - design and testing
The heater for the Buffer/Container Experiment was designed and fabricated following the
concept used in Sweden in the Buffer Mass Test at the Stripa facility (Pusch et al. 1985; Gray
1993). The heater shown in Figs. 1.65 and 1.66 was made from layers of pie-shaped aluminum
segments held in place by vertical locking wedges on a central casing. Its length was 2250 mm,
diameter 635 mm, and weight about 20 kN. In use, the heater was a virtually solid mass.
However at the end of testing it could be disassembled in layers if necessary as a help in
reducing disturbance to the adjacent buffer as the test is decommissioned. The controller was
designed to allow the heater to function in either a constant power or constant temperature
mode. Triple redundancy was provided in the central cartridge heater, and double redundancy
provided in a heater controller designed, fabricated, and quality assured by AECL staff
(Kjartanson et al. 1991). The controller provided complete redundancy of all controls and
control circuits, and for a diesel-power stand-by unit in the event of power failure. The heater
was enclosed in a heat-shrink Teflon sheath to offer additional resistance to entry of water and
soil particles. The system was designed for a maximum heater surface temperature of 175°C,
although the proposed maximum skin temperature in the experiment was less than 90°C.

The heater and controller were fabricated in 1989. They were thoroughly inspected during
construction and tested to minimise the risk of failure during the experiment. Preliminary tests
involved testing the central heater cartridge alone, followed by tests of the assembled heater
with 30 kPa of internal air pressure. Satisfactory results were obtained from both tests.
Maximum temperature differentials on the assembled heater body were 3.5°C and 4.8°C at
heater powers of 1500 and 2500 W respectively. The heater was disassembled without
difficulty after this test.

The next stage in assuring the performance of the heater was a test in dry sand contained in a
1220-mm diameter steel tank (Figs. 1.67 and 1.68). The heater operated successfully, although
the heater power required to produce a skin temperature of 90°C was 440 W instead of the
predicted 400 W (Chandler 1992). This observation of underprediction of temperature for a
given power output will have important implications later in the report. As a final test, the dry
sand was flooded with water, and the heater operated for several weeks at 1200W. This test was
curtailed after 9 of the 20 Kulite pressure transducers mounted on the heater had failed. The
failures were caused by water leakage through the outer sheath into the heater container. This
caused electrical shorting of the transducer connections from behind. The heater itself was
designed to operate successfully even if fully submerged and was not affected by the leakage.
After dismantling and drying, all the failed transducers either recovered or were replaced. Three
sources of leaks were identified in following studies, all of which were minimised by improving
the quality assurance during reassembly and installation of the sheath. The only effect of the
leakage was in the performance of the Kulite pressure transducers.

Although an extensive program of testing and evaluation was undertaken before the heater was
installed in the experiment, additional unforeseen problems eventually arose with the heater.
They did not adversely affect the test, though uncertainty about the continued reliability of the
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FIGURE 1.65: Details of the Mechanical Design of the Heater
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FIGURE 1.66: Transportation of Heater to Experiment Room (Photograph 21)

FIGURE 1.67: Test for Heater in Sand at Whiteshell Laboratories (Photograph 3)
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heater led finally to the decision to terminate the experiment a few months earlier than originally
planned. This will be discussed more fully in Section 1.4.1.

Installation of heater
Once buffer and the associated instruments had been placed to the level of the top of the heater,
the steel form was removed in sections, the supporting rock anchor removed, and the hole
plugged with tamped buffer material. A 100-mm thick layer of sand was then placed in the
bottom of the hole to support the heater. A sand-pouring technique was used to achieve a
density of 1.75 Mg/m3.

When this had been done, the heater was lowered into the cavity to rest on the sand (Fig. 1.6).
This had to be done with considerable care to ensure a uniform annulus for placing sand
between the heater and the buffer. The target thickness for the sand layer was 50 mm, with a
permissible deviation up to 15 mm. The heater was placed within 2 mm of its desired position
at the top, and about 5 mm at the bottom. Sand was then poured into the annulus, again using
the pouring technique (Fig. 1.69).

One feature of this step in installation deserves further attention because of its impact on the
later performance of the experiment. Power for the heater and the cables to the pressure cells on
the heater surface were to be taken to the surface in rigid conduits leading across the buffer to
one of the cable slots in the walls of the borehole (Fig. 1.70). Towards the end of the test, some
difficulties arose with the performance of the heater because (a) too much heat had to be applied
when installing heat-shrink water-proofing, and (b) the conduit was over-filled with cables and
this led to overheating (Sabanski 1994). The difficulties included a permanent shift and some
drift in the signal from the Kulite pressure transducers (the only significant failure of the
experiment); and (b) the eventual loss of two of the three heater elements after 29 months of
operation, meaning that there was no further backup system.

After the heater had been installed, a 300-mm thick layer of sand was put in place (50 mm above
the central 'cap' of the heater). To help absorb compaction forces which might otherwise be
transferred to the heater, the upper sand layer was covered by a 100-mm thick layer consisting
of six blocks of pre-compacted buffer (Fig. 1.71). Thereafter it was possible to proceed as
before to compact the upper layer of buffer in the full-diameter borehole, and finally to install
the uppermost 1-m thick layer of backfill. Instruments were installed in this region using the
previously developed procedures.

The top cap and the restraint system
Following lessons from the earlier Stripa experiment in Sweden, an important feature of the
Buffer/Container Experiment was the care taken to control moisture migration into and out of
the experiment, and to control vertical movements (expected to be swelling) at floor level. For
comparisons with the parallel numerical modelling program, these conditions had to be
rigorously controlled if maximum swelling pressures were to be developed in the experiment -
swelling strains allow significant reductions in the swelling pressures that can be generated.
The restraint system required considerable investment in effort, time, and expense. The detailed
design was performed by KGS Associates, Winnipeg, MB.



- 8 9 -

FIGURE 1,68; Testing the Heater Installed in Sand inside Pressure Vessel (Photograph 4)

FIGURE 1.69: Confined Working Conditions for Pouring and Compacting Sand into
the Annulus Between Heater and Buffer (Photograph 25)
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FIGURE 1.70: Connecting Lead Wires to Heater (Photograph 26)

FIGURE 1.71: Precompacted Blocks Installed at Top of Heater (Photograph 27)
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Figures 1.5 and 1.72 show that the top of the borehole was sealed with a stiff fabricated steel
assembly designed to satisfy both deflection and stress constraints. A neoprene gasket sealed
the cap to the reinforced concrete curb. This was designed to seal against a pressure three times
greater than hydrostatic pressure and could be compressed initially using tie-down bolts into the
steel collar in the concrete curb. At the final stage, the loads in the bolts were transferred to six
hollow steel columns (Figs. 1.7 and 1.73) that would carry the expected load transferred through
the top cap from the buffer and backfill. Space between the top of the columns and the roof of
the room was filled with a cement-based grout. (Use of columns to transfer swelling forces
from the experiment to the roof of Room 213 reduced the possibility of anchor forces interacting
with stress distributions in rock close to the experiment.) The columns contained hydraulic
jacks (Fig. 1.73) whose only function was to facilitate disassembly of the columns at the end of
the test. A cement grout was injected under low pressure into the space between the top of the
backfill and the top cap to ensure a tight fit and minimise swelling strains. The columns were
strain gauged to provide an estimate of swelling pressure independent of that measured by the
horizontal Roctest cells in the upper part of the buffer and in the backfill (Figs. 1.38 and 1.42).

It will be remembered (Fig. 1.51) that a 1-m deep steel collar or 'sleeve' was fitted to the inside
of the concrete curb at floor level. The sleeve reduced frictional forces between the backfill and
the confining system and allowed, in principle at least, better opportunity for correlation
between swelling pressure measured in the Roctest cells and swelling force measured by the
restraining columns.

While the restraining system was complex, it had the advantages of providing good sealing and
restraint at the ground surface, the ability for controlled unloading prior to disassembly, and
reusability in subsequent experiments.

1.3.2 Installation of Instrumentation and Data Acquisition

Installation of Instruments
The instrumentation outlined in Section 1.2.5 was installed sequentially in successive layers of
buffer and backfill. The choice and layout of the instruments is shown in Figs. 1.37 to 1.41.
The experiment utilised approximately 500 sensors that were required to function after being
subjected to compaction stresses, high temperatures, high swelling and hydraulic pressures, and
a corrosive environment. Care was taken with book-keeping and surveying to assure
positioning of the instruments to within 5 mm.

The instruments were installed in cavities drilled in the top surface of the most recent layer of
compacted buffer. Cables for connecting the instruments to data acquisition systems were
buried in shallow, hand-cut trenches leading to vertical slots cut by water jet in the rock walls of
the emplacement borehole (Figs. 1.57 to 1.59 and 1.70). Some spalling was observed during
this process, with rock breaking away between neighbouring slots. The slots led through
conduits in the curb at floor level, and from there to the data acquisition system Room 213.
Once the instruments were in place, the trenches were backfilled with buffer and compacted
manually using a Proctor hammer. When this was done, the slots were grouted to the level of
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FIGURE 1.72: Installing Top Cap Above the Experiment (Photograph 30)

FIGURE 1.73: Hydraulic Jacks for Decompressing the Restraint Columns of the
Reaction Frame (Photograph 33)
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the next group of instruments, and a 50-mm lift of buffer placed over the instruments for
compaction using normal procedures. All instruments were tested immediately for successful
functioning. Finally, when installation was completed the conduits through the concrete floor
curb were grouted to minimise moisture flux into or out of the experiment.

Signal Conditioning and Data Acquisition
Signal conditioning, data acquisition and heater controllers were housed in the field office close
to the entrance of Room 213 (Fig. 1.48). Figure 1.74 shows the layout for the equipment in the
field office. Photographs of the field office are shown in Figs. 1.75 and 1.76. Cables from the
sensors in the experiment were connected to junction boxes on the walls of Room 213 adjacent
to the emplacement borehole, and from there to data acquisition systems in the field office.
Tubes from the hydraulic and pneumatic piezometers were run directly to terminal panels in the
field office. A Fluke 2400B data acquisition system (DAS) in the field office was linked to a
Vaxstation 2000 at the ground surface at the Underground Research Laboratory, and from there
by ethernet line to the mainframe Vax computer at Whiteshell Laboratories.

Because of the diversity of the instruments used in the experiments, additional specialised signal
conditioning and data logging systems were also needed. Figure 1.77 shows a schematic of the
complete range of instruments and logging facilities.

a) Thermocouples were connected to a Kaye Instruments ice point reference and from there
linked to the Fluke 2400B DAS.

b) Thermistors did not need excitation and were read directly by the Fluke DAS.
c) The Kulite VM-750 pressure transducers were excited with 10 V power supply. Their 'raw'

output in mV was linked directly to the Fluke DAS.
d) Roctest pneumatic earth pressure cells and piezometers were read using a model PR-20

manual pneumatic readout .box.
e) Geonor vibrating wire earth pressure cells were excited and read using a Geonor model P900

data logger linked to the Vaxstation.
f) Hydraulic piezometer were read using pressure transducers fed by 10 V supply at the terminal

board in the field office. 'Raw' mV output from the transducers was read directly by the
Fluke DAS.

g) Geotherm thermal needles were excited and read with a Thermal Property Analyzer model
(TPA)6000.

h) The psychrometers were excited and read using a Campbell Scientific model CR7X data
logger.

Thus the data were separated into two sets, most read systematically and automatically, and the
remainder (the pneumatic piezometers and thermal needles) read manually. Later in the
experiment, data from the TPA 6000 and CR7X were downloaded to a local personal computer,
and then transferred to the main data base.

The instruments were read once per hour during the early part of the test when temperatures
were changing rapidly. Thereafter, the logging rate was reduced to four times per day. The
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FIGURE 1.74: Layout of the Underground Control Room
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manually read instruments (pneumatic instruments and thermal needles) were read at least three
times daily for the first two weeks, and thereafter twice daily.

This report has attempted to indicate the considerable effort that went into identifying the
parameters that should be measured from the experiment, instrumentation that would be
sufficiently robust and precise, acceptable procedures for installation in the experiment, and
technology for recording the results. The success of this effort may be seen in the reliability of
the instrumentation - after 600 days of operation of the experiment, only 18 of the instruments
had stopped giving readings. These were largely concentrated in the pressure transducers that
had been installed in the heater. Reasons for these failures were given in an earlier section.

1.4 MANAGEMENT

It will be appreciated that the Buffer/Container Experiment was an undertaking of considerable
complexity. Because it was inherently a research project, it involved science and technology
that were not fully understood at the beginning of the project. It drew on many different
disciplines and capabilities - for example, geological characterisation, hydrogeology, soil
properties, instrumentation, construction, data management, and administrative support. This
meant that relatively large numbers of scientists, engineers, technologists and support staff,
estimated to exceed one hundred, were involved in the experiment over a period of about
10 years. The potential for delay, overlap, inefficiency, neglect of important issues, and
communication breakdown, should be apparent. The fact that the experiment was constructed,
operated successfully, and decommissioned is a tribute to the personnel involved and to the
project management strategy that was adopted early in the planning of the experiment.

Operation of the Buffer/Container Experiment complied with the general requirement of the
Quality Assurance Program of AECL's Disposal Technology Division, and the specific
requirement for the Plan for the URL Core Program of Operating Phase of Experiments
(Simmons 1990). Elements of the Quality Assurance Program, together with the Quality
Assurance grades, are provided in the Buffer/Container Experiment Plan prepared by Keil and
Chandler (1990). The plan outlined the objectives and activities of the Buffer/Container
Experiment as well as the personnel and administration assigned to the experiment.
Responsibility for ensuring that the Quality Assurance requirement for each activity were fully
achieved rested with the Team Leader of each main technical discipline.

1.4.1 Operation: Management. Duration. Power. Decommissioning

Management
With an operation of this size, a clearly defined management structure was essential (Fig. 1.78).
Since the personnel involved in the project changed with time, names of individuals have not
been indicated in the figure. The project was led by the Head of Vault Sealing Section, Fuel
Waste Technology Branch at AECL's Whiteshell Laboratories who acted as Team Leader. The
Experimental Manager coordinated all activities of the experiment, specifically the scientific
effort headed by the Principal Investigator, construction work headed by the Resident Engineer,
and the work of the Specialist Consultant, Dr. Norbert Morgenstern. A number of specialist
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groups fed their work into the project through the Principal Investigator. These included teams
of researchers who were involved in one or more of the following areas - Buffer, Bedrock, and
Modelling, and the senior technologist who acted as Experiment Operator. Each of these teams
involved AECL engineers and scientists, support staff, and university researchers, and on
occasion, external consultants. Facilities Design reported to the Resident Engineer and
provided support for the activities of all the research groups.

The experiment involved input from the Vault Sealing Section at AECL, the Geotechnical
Science and Engineering Branch AECL, the Project Engineering Branch AECL, Ontario Hydro,
and outside researchers in private consulting practice and in a number of universities. Activities
were coordinated through monthly Progress Meetings and less frequent Coordination Meetings
that took place typically every three to six months. Written records of these meetings,
particularly the Coordination Meetings, have been an important source of information about the
development of the project from concept to completion. An important milestone was the
development of the Final Design Report (Kjartanson and Keil 1991) which was approved after
Coordination Meeting No. 7 in June 1991.

As far as possible, the experiment was designed to be independent of individual contributors
who might move on to other responsibilities during the life of the project. This meant that
considerable effort was undertaken to prepare operation and maintenance manuals for all
equipment and procedures that required operator intervention, and for operator training.
Standardised pro-forma sheets were used where possible to guide the work of technologists.

Since the experiment depended strongly on the quality of the data recovered from the
instrumentation, care was taken to document the position and installation of the instruments.
This involved listing:

a) the instrument type, designation number, manufacturer, and serial number
b) reference drawing, instrument location, and date installed
c) bending diagram for the instrument cable
d) name of installer and supervisor
e) terminal box connection number, date connection made to DAS
f) additional remarks.

During the performance of the experiment, daily logs were kept by the Experiment Operator.
These provided records of power provided to the heater, heater temperature, the temperature
distribution on a central plane in the experiment, maintenance activities, and visitors to the
experiment. In addition, there were weekly and monthly meetings to review progress of the
experiment. The experiment file contained all correspondence, memoranda, meeting minutes,
daily activity lots, completed checklists, and other records produced in the course of the
experiment. These files were maintained according to operating procedures of the URL project
registry.
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Management of Numerical Modelling
While numerical modelling has not been a feature of this first part of the report, it was an
ongoing activity at every stage of the experiment. Numerical modelling predictions were
included at virtually all of the Coordination meetings and were used to guide the operation of
the experiment. For example, numerical modelling was used to predict the power required to
reach the desired skin temperature on the heater, and the flow of water that might enter the
experiment from the surrounding rock. The modelling program will be described in detail in
Part 3 of this report. Modelling was also subject to the same disciplines of record-keeping and
archiving as the rest of the experiment. All computer software development activities were to
be performed in accordance with principles outlined in Section 6 of the Administrative
Procedures Manual Preparation and Control of Software of AECL's Geological and
Environmental Science Division (now Waste Technology Division).

Principal computer codes have been archived on magnetic tape in the Record Management
System at Whiteshell Laboratories though other codes remain with Fuel Waste Technology
researchers at both the Underground Research Laboratory and at Whiteshell Laboratories. A
large portion of the numerical modelling has been done under contract by researchers at Ontario
Hydro, McGill University, Carleton University, and the University of Wales, Cardiff.

Duration
Background work began on the project in 1985. Excavation of the room for the experiment
started in June 1989 and ended in mid-September 1989. Drilling of the emplacement borehole
took 53 days in August - September 1990. After a period for geological and hydrogeological
characterisation of the borehole, installation of buffer and instruments took place in the months
of May and June 1991. After a period of some months during which pressures, temperatures,
and suctions moved towards steady values and the restraint system was installed, power was
first delivered to the heater on 20 November 1991. The power was switched off on 5 May 1994
after 896 days of operation. The last block of buffer was removed from the borehole on 13 May,
three years to the day after it had been placed in the bottom of the borehole. Follow-up work on
testing excavated buffer was largely completed by late 1994.

Power
An observational approach (Peck 1969) was used to guide the selection of power to the heater.
In advance of the experiment being switched on, numerical modelling predicted that the
required skin temperature of 85°C could be reached with a power input of 1000 W
(Radhakrishna and Lau 1992). At the same time, it had to be decided whether the heater would
be run at constant power or constant temperature. Constant power would be closer to the nature
of the heat generated by fuel waste over the duration of the experiment which, while long in
terms of geotechnical experimentation in the field, would be short in terms of the lifetime of a
nuclear waste disposal vault. However, as the experiment heated up, coupled processes would
alter the water content, density, and thermal conductivity of the buffer, and temperatures would
change. Running at constant temperature would be easier to model by computer, but would
involve variable power input. In the end, it was decided to operate the experiment at constant
power output from the heater. Preliminary calculations by Radhakrishna and his colleagues at
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Ontario Hydro predicted that a constant power output from the heater of 1000 W would provide
the required heater temperature of 80°C to 90°C (Keil 1989, Chandler 1992).

As mentioned earlier, the heater received power on 20 November 1991. Almost at once it was
appreciated that measured temperatures were tracking about 7.5°C below predictions
(Fig. 1.79). Further calculations were quickly implemented that took into account more
carefully the thermal properties of the sand annulus. On 16 December 1991 the heater power
was increased to 1200 W and skin temperatures rose rapidly to the desired values (Fig. 1.80).
Part 3 of this report will show that the change in prediction resulted from an increase of only
15% in the assigned thermal conductivity of the sand. This is thought to be due to greater
density of sand in the experiment than in the preliminary calibration work, either due to different
preparation densities or to sand densification through heater expansion.

By 26 March 1994 the temperature of the heater skin was increasing at the rate of only
0.013°C per day. At the end of the experiment, the temperatures showed strong axial symmetry
about the centreline of the borehole and had remained essentially constant since
November 1992, 50 weeks into the experiment.

After 27 months of continuous operation one of the three heater elements failed on 23 February
1994 and it was discovered that a second element had also failed. Operation continued with
only one functioning heater until 5 May 1994 when the experiment was shut down after
896 days of operation. It was known that considerable logistical resources had to be mobilised
for decommissioning so a decision was taken to shut down the experiment under controlled
conditions rather than wait for a possible unplanned failure of the third heater element.

Decommissioning
The physics in the experiment were such that the temperature gradients caused by heating also
caused changes in water content in the buffer. Ongoing review of water content readings from
the psychrometers and thermal needles during the experiment led to the conclusion that the
instruments were giving qualitatively useful results, but that their accuracy was probably low.
An important objective of decommissioning was therefore a detailed mapping of the water
content and density of the buffer. Figures 1.79 and 1.80 suggest that temperatures change quite
rapidly in the experiment, much more quickly than water contents can be expected to change.
Modelling predictions by Radhakrishna and Lau (1993) showed that the warmest buffer would
cool from 59°C to 29°C in five days after power was switched off. In this period, little moisture
redistribution would take place. Slower excavation would be accompanied by moisture
redistribution, meaning that measured values would be unrepresentative of those at the end of
the experiment.

A compromise between completeness of sampling, which consumes time, and minimising the
delay between heater deactivation and sample retrieval led to the target of retrieving all moisture
content samples within 10 days of switching off the power to the heater on 5 May 1994. With
continuous 24-hour working, all sampling was in fact completed within 9 days of deactivation
of the heater. The heater deactivation date of 5 May 1996 (day 896) will be taken throughout
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the remainder of the report as the end of the test and the beginning of decommissioning.
Between the three 8-hour shifts working underground, those working in the surface laboratory,
the team taking and processing the microbial samples, and the on-site engineers, there were
23 people dedicated to the decommissioning. Still others were involved in removal of the
columns cap and heater, photography of the heater cavity, construction and repairing of
equipment, transportation of samples, disconnection of instrument cables, etc. The efficiency of
the decommissioning reflects careful planning and attention to detail.

Dismantling of the experiment required removal of the restraint system starting on 28 April
1994, sampling and removal of the backfill, buffer and sand, and removal of the heater. The
objectives during decommissioning were determination of water contents and densities at the
end of experiment and visual inspection of the condition of the buffer to identify any desiccation
cracking that might have occurred in the buffer, between the sand annulus and the buffer, or
between the buffer and the host rock. All instruments, tubing, heater surfaces, etc. were
examined visually for evidence of corrosion.

Details of the decommissioning procedures and the results of the accompanying tests are
described more fully in Section 2.7 of the report (see also Chandler et al. 1994). A complete
photographic record of decommissioning was kept in approximately 1500 photographs and
10 hours of videotape. Many of the photographs are presented on the accompanying compact
disc (CD) that accompanies this report.

After the experiment itself had been dismantled, the thermistors and hydraulic piezometers in
the surrounding rock were still in place and usable.

1.4.2 Recording and Storage of Data

Because of the duration of the experiment, and its expected changeover of personnel, it was
recognised early that careful data management was essential. All records of activities were filed
centrally, regardless of the originating branch or section which performed the work. Initially
this was done at the Records Vault at URL. Upon termination of work on the experiment, all
records will be forwarded to the Record Management System at Whiteshell Laboratories for
archiving and storage.

The purpose of the data management system was to ensure that the work was:

a) performed as intended
b) performed to the highest standard of engineering and scientific practice, and
c) fully documented and centrally archived for future reference and re-analysis.

Not only is it important to collect data, but they must also be reviewed on a regular basis to
ensure they are meaningful. Instruments may cease to function or the experiment may deviate
from its expected pattern of behaviour. In each case it is important to know that changes have
occurred so that remedial action may be taken. Management of the experiment involved
(a) daily review of all instruments, (b) weekly assessment of the results, (c) monthly review by
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the research team, and (d) regular progress reports that were included in the records of the
Coordination Meetings.

As outlined earlier, data were recorded electronically at the Underground Research Laboratory
and archived regularly to the mainframe Vax computer at Whiteshell Laboratories. Care was
taken that documentation was prepared that allowed properly controlled access to the data base.
Following decommissioning of the experiment, further work has been done on the data base to
provide a version which minimises the 'noise' that arises from short-term non-systematic
readings. This version has been used to prepare many of the figures for the Results section in
Part 2 of this report.

1.5 SUMMARY OF PART 1

Preceding pages have described the physical and administrative arrangements that were made
for a large-scale in-ground experiment performed at AECL's Underground Research Laboratory
during 1991 - 1994. This was the second experiment of this type, the first having been done in
Sweden in 1980 - 1992. The Buffer/Container Experiment was designed to investigate the
feasibility of elements of the Canadian concept for disposal of nuclear fuel waste in the hard
rock of the Canadian Shield.

A series of technical issues were identified by technical reviewers of AECL's concept for
disposal of Canada's nuclear fuel waste. They included, among others, (a) whether the
capability exists to identify suitable sites, construct a facility, and manage it during its lifetime,
(b) the ability of sand-bentonite buffer to support a heat-producing container, and to self-seal
any cracks that might develop through desiccation, (c) how long it will take for buffer to reach
saturation in a full-scale disposal facility, (d) loading that might be experienced by a nuclear fuel
waste container, (e) the effect of localised rock fractures on container loading, (f) the effects of
thermal expansion of water in the rock and the buffer, and (g) long term effects on the
mineralogy of the buffer. All of these issues, and others, were addressed by the
Buffer/Container Experiment, and will be considered in later sections of this report.

This first part of report describing the Buffer/Container Experiment has confirmed that
(a) suitable rock can be identified in advance of excavation, (b) boreholes of the required size
can be drilled, (c) suitable sand-bentonite 'buffer' can be defined and can be compacted into the
borehole, (d) instrumentation with adequate reliability is available for measuring temperature,
total pressures, and suctions, in the buffer; and for measuring temperatures and water pressures
in the neighbouring rock, and (e) procedures can be put in place to ensure the successful
management of resources and data associated with the experiment.

The remaining parts address the results that have been collected, how they relate to the
numerical modelling program that was undertaken, and how the experiment adds to Canada's
ability to further develop its proposals for disposing of heat-generating radioactive wastes. The
experiment produced an extensive data base and has allowed an improved understanding of the
many coupled physical processes that were occurring, especially in the buffer. The results will
be reviewed in Part 2 of the report, and their relationship with the parallel program of numerical
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modelling in Part 3. However, as is always the case under field conditions, not all data from the
experiment were completely systematic or understandable. In some cases, this may be due to
local variability in the surrounding rock, in others to what is currently an incomplete
understanding of the integrated experiment, and in others to failure of the instruments. Two of
the three heater elements failed during the experiment (without however shutting down the ex-
periment). While high pressure water jet technology was able to cut the emplacement borehole,
productivity in the confined rock at depth was very low, and the equipment was subject to
unreliability. Subsequently a different technology has been successful in drilling similarly sized
holes in more highly stressed rock at the 420 Level.

During the Buffer/Container Experiment there were many other activities taking place in the
Underground Research Laboratory at the same time. For example, in 1991, AECL conducted an
experiment for the French research group ANDRA involving the evaluation of explosives less
than 90 m from Room 213 that housed the experiment. This required constructions of
bulkheads and baffles to reduce blast pressures, and dust problems. Even closer, was a project
on groundwater sorption research for the Japanese organisation JAERI. Construction of the
Mine-by Experiment was taking place at the 420 Level, and hydrogeological measurements
were being taken in Fracture Zone 2 (Fig. 1.9). Through all this activity, the heavily
instrumented Buffer/Container Experiment was kept working successfully.

This first part of the report has shown the overall success of the methodologies developed for
the Buffer/Container Experiment. The achievement of operating and managing such a complex
experiment underground suggests that the procedures that will be needed for vault operations
are reasonable extrapolations of existing technology. However, technical uncertainties still
remain about loadings that might be experienced by containers, and the time that will be
required before buffer becomes saturated and can form an advective pathway for radionuclide
transport.
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PART2: RESULTS

Part 2 summarises and documents the principal results from the Buffer/Container Experiment and
presents them in a way that emphasises the broad nature of the response of the reactions between
the container, buffer, and the surrounding rock. It will not reproduce all the data that have been
collected. Rather it will treat the large numbers of internal reports and publications that have al-
ready been reported as the documents of record. However, during the preparation of this part of
the report, the opportunity has been taken of updating many of the figures that had been reported
previously. The intention here is to provide a comprehensive review of the most important results
of the experiment.

2.1 INTRODUCTION

The Buffer/Container Experiment consisted of a series of discrete phases, each of which involved
the collection of data. The room in which the experiment was carried out was excavated during
June - September 1989. If this period is omitted, the phases of the experiment were:

Phase A, 15 May 1990 -13 May 1991: drilling the emplacement borehole (to mid-September
1990) and monitoring the effect this had on water pressures and fluxes (to May 1991),

Phase B, 13 May 1991 -13 September 1991: installation of the buffer and backfill, and the ac-
companying instrumentation in the borehole,

Phase C, 13 September 1991 - 20 November 1991: a 'dwell' period during which temperatures,
total pressures, and water pressures were stabilising towards the values operative at the beginning
of the actual test,

Phase D, 20 November 1991 to 5 May 1994: the experiment itself, with power applied to the
heater for a total of 896 days of continuous operation,

Phase E, 5 May 1994 to 13 May 1994: the decommissioning phase in which the buffer and in-
strumentation were removed from the emplacement borehole, and

Phase F, 13 May to December 1995: a 'follow-up' period after the experiment during which water
pressures and temperatures continued to be read in the host rock.

For consistency, all time scales on the figures in Part 2 have been standardised so that 20 Novem-
ber 1991, the day when power was first delivered to the heater, becomes day '0' (day zero). Days
before activation are negative. Phases A, B, and C therefore start at around days -480, -200, and
-170 respectively. Phase D starts at day 0; and Phases E and F start at days 896 and 905
respectively (Table 2.1).
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TABLE2.1

PHASES OF CONSTRUCTION AND MANAGEMENT OF THE

BUFFER/CONTAINER EXPERIMENT

Phase Starting date Reference day
A
B
C
D
E
F

15 September 19901

13 May 1991
13 September 1991
20 November 1991

5 May 1994
13 May 1994

-480
-200
-170

0
896
905

End of drilling the emplacement borehole

Although the physics operating during each of these phases were the same, the boundary and field
conditions were different. Thus the results shown in following sections often appear to contain
step-changes in the measurements. For example, switching on the heater in November 1991 pro-
duced rapid changes in temperature in nearby thermocouples in the buffer. In general, the results
have been interpreted on the basis that changes in the data reflect changes that have taken place in
the management of the experiment. However some irregularities have been noted. Short-term
changes in measured values of water pressure were due to deairing the hydraulic piezometers and
repressurising the seals in the packer strings. A small number of power outages (about five over
the 2Vi years of operation) caused 'jumps' in heater temperatures, and readings from thermocou-
ples and Geonor cells.

This part of the report (Part 2), presents results of the various types of instruments separately. Un-
derstanding the reasons for the patterns of results will be discussed in Part 3 which deals with
physical processes and numerical modelling. Data presented in following sections will include
measurements of:

a) temperatures,
b) water pressure distributions in the surrounding rock,
c) earth pressures,
d) suction in the buffer using psychrometers and thermal needles,
e) displacements,
f) density and water contents from sampling during decommissioning.
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2.2 MEASUREMENTS OF TEMPERATURE

2.2.1 Initial Temperature Field

It will be remembered from Part 1 that the instrumentation for measuring temperatures consisted
of thermistor strings in the rock (Figs. 1.43 and 1.44), and thermocouples installed in the buffer
(Figs. 1.38 and 1.40). Temperatures in the rock were read starting from about May 1990, shortly
after the emplacement borehole was drilled. The thermocouples were each read for the first time
on the day of their installation (between May and September 1991).

Figure 2.1 shows the air temperature in Room 213 through phases A, B, and C before the heater
was activated. The figure shows short term temperature changes of perhaps ±2°C superimposed
on longer term changes which again have about 2°C amplitude and can be related to seasonal
changes - colder in winter and warmer in summer. Temperatures varied from a low of about 12°C
to a high of about 18°C.

The air temperature in the room was not the same as the rock temperature before excavation.
There was therefore a net flow of heat into the rock. This caused small temperature gradients that
were read by the thermistor strings. The representative thermistor data in Figs. 2.2 and 2.3 show
that temperatures near the floor of Room 213 respond quite quickly to temperature changes in the
room, while at 7-m depth, temperature changes are smaller (about ±0.5°) and delayed by about 10 -
20 days. Readings like this allowed plotting of temperature patterns in the rock mass at various
times. An example is given in Fig. 2.4 for 31 October 1990 (day -195), shortly after the emplace-
ment borehole had been drilled. The figure shows the profile of temperature on vertical sections
along and transverse to the axis of Room 213. Figure 2.5 shows a similar figure of temperatures in
the rock and the buffer shortly after the buffer had been installed. It can be seen that the buffer
rapidly reached temperatures very close to those in the rock, reflecting what will be seen in more
detail later as an ability of the system to change temperature quite quickly.

Figure 2.6 shows the temperature distribution in the experiment at day 0 in November 1991, im-
mediately before activation of the heater. The temperature field at that stage was quite uniform,
with temperature differences of only about 5°C between the top and bottom of the buffer, and
about 1°C from the buffer into the surrounding rock mass. It was also strongly symmetric about
the vertical axis of the heater.

2.2.2 Evolution of Temperature Field During Experiment

Figure 2.7 shows the variation of air temperature in Room 213 throughout the course of the ex-
periment from the time the heater was activated at day 0 to the end of decommissioning at day
905. As in Fig. 2.1 the air temperatures showed both short-term and longer-term variations, each
with amplitudes of about 2°C. Air heaters were installed at the 240 Level to attempt to control air
temperatures at 15.5°C + 1°C. This was only partly successful. Fig. 2.7 shows that air tempera-
tures varied from about 17.5°C at the end of each summer to as low as 13°C after winter. Short-
term 'spikes' of air temperature lasting about 1-2 weeks produced no apparent effects on the
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temperatures measured in the buffer or in the rock. However, it will be shown later that longer
term seasonal variations did produce observable effects in some of the measured parameters, espe-
cially water pressures, and to a lesser extent, temperatures.

Section 1.4.1 reported that the heater was activated with a power of 1000 W on 20 November
1991. From modelling predictions and the experience reported in the previous section, it was un-
derstood that temperatures in the buffer would stabilise rather rapidly, with approximately 90% of
the final temperature rise being reached in about 30 days. It became clear within two weeks that
the skin temperature of the heater would not reach the target figure of 85°C.

Following new calculations with a small increase in thermal conductivity from 0.38 W/m/K to
0.45 W/m/K in the sand annulus, the heater power was increased to 1200 W on day 26. The heater
skin temperature then rose rapidly towards the desired value. Fig. 2.8 shows measured and pre-
dicted skin temperatures at mid-height of the heater during the early part of the experiment with
the heater powered at 1000 W up to day 26, and thereafter up to day 124 at 1200 W. After
15 months of operation, the skin temperature at the mid-height of the heater was 84.5°C.

Skin temperatures during the powered phase of the experiment (Phase D) are shown in Fig. 2.9.
As mentioned in Section 1.4.1, skin temperatures were rising only very slowly during 1993 at an
average rate of only 0.013°C per day. However, this would still represent a temperature rise of
5°C per year, so it might be argued that completely steady state conditions had not been obtained,
even in the temperature field, which was expected to equilibrate fastest. It will be shown later that
some at least of this temperature change is a response to changes in air temperature in Room 213.

Modern data manipulation capabilities of the data base described in Sections 1.3.2 and 1.4.2, allow
a synthesis of the development of how several of the measured parameters varied during the ex-
periment. A presentation of how the temperature field varied with time can be found in the file
tempmeas.mov on accompanying CD-ROM.

Following sections describe the temperature changes in the experiment using data from instru-
ments at various locations. For example, Fig. 2.10 shows temperatures measured on the series of
thermocouples IBT51-IBT57 in the buffer in the buffer at mid-height of heater. Comparing the
skin temperatures in Fig. 2.9 with the innermost thermocouple in the buffer (1BT51) in Fig. 2.10,
there is a sharp drop in temperature of about 23°C (with a corresponding high temperature gradi-
ent) across the 50-mm wide sand annulus.

Figure 2.7 showed that air temperatures in Room 213 dropped considerably from about 17.5°C at
day 625 to about 13°C at day 896. These reducing temperatures in the room with the
Buffer/Container Experiment in its floor affected the temperatures in the buffer. Careful examina-
tion of the thermocouple records that were used to develop Fig. 2.10 showed small variations in
temperature amplitude (about 1°C) that follow the seasonal cyclicity of the air temperature in
Room 213 shown in Fig. 2.7. More significantly, the larger reduction in room temperature starting
at about day 625 produced a leveling off, and then reductions in buffer temperatures starting at
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day 675. The small drops in temperature starting at about day 825 followed the failure of two of
the three heating elements in the heater (Section 1.4.1).

So far, we have examined temperatures on the heater and in buffer. Heat was of course flowing
from the heater, through the buffer, and into the rock, so the thermistors in the rock also recorded
rising temperatures. Figure 2.11 shows the radial distribution of temperatures with time on a hori-
zontal line aligned with the axis of Room 213 at the mid-height of the heater. Figure 2.5 shows
that temperatures in the buffer and the rock decreased slowly downwards from the floor of
Room 213, and were approximately constant in horizontal (radial) directions. Once the heater was
switched on, temperatures rose quickly and by day 7 there was an average gradient of 0.6°C/m into
the rock. By the end of the test at day 896, the temperature at the buffer-rock interface was 43°C,
reducing to about 21°C at 3 m radius. Thus, starting at the heater where the skin temperature was
85°C, there was a drop of 23°C across the sand annulus, a drop of about 20°C across the buffer,
and a further drop of 22°C in the rock to a radius of 3 m from the centreline of the experiment.

Figure 2.12 shows similar temperature distributions away from the heater axis at day 878 (6 April
1994), almost at the end of the experiment. The figure shows temperatures along three radial di-
rections at mid-height of the heater. The thing that is remarkable about these data is their similar-
ity, indicating a high level of axial symmetry in the construction and installation of the experiment.

The evolution of temperatures with time in the buffer and backfill along the centreline axis of the
experiment is shown in Fig. 2.13. Once again, the rapid heating of the experiment is evident, with
only small changes in temperature occurring after the first year. Examination of Fig. 2.13 shows
that the temperature distribution is not symmetrical about the horizontal plane at the mid-height of
the heater. This is not surprising. Figs. 1.38 and 1.67 show that the heater is itself not symmetri-
cal since it has a top cap that contained the connectors for the power cables. This projection meant
that the top of the heater and its surrounding sand layer had a different geometry from that at the
bottom of the heater, and therefore a different heat transfer capability. The layer of buffer above
the heater was 1.65-m thick and covered by 1 m of backfill surrounded by a concrete floor whose
upper surface was in contact with the air in Room 213 (Figs. 2.1 and 2.7). Below the heater, the
sand layer was 0.1-m thick, the buffer was 0.8 m thick, and both were in contact with the mass of
the host rock. These reasons make it clear that the non-symmetric distribution of temperature in
Fig. 2.13 is to be expected.

By the end of the experiment at day 896, just before power was switched off, the temperatures at
mid-height of the heater and on a vertical section along the axis of Room 213 had the values
shown in Fig. 2.14. This figure has been prepared for direct comparison with the values shown in
Fig. 2.6 for conditions before the heater was activated.

Generally, it can be stated that the thermocouples and thermistors used for measuring the tem-
perature field produced consistent results that are believed to be reliable. The temperature field in
the experiment is well understood. Temperatures rose quickly and then continued to rise slowly,
probably reflecting how thermal conductivities changed with moisture redistribution in the buffer.
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This will be dealt with more completely in later sections of the report. By the end of the experi-
ment, temperatures were changing only slowly and seemed to be responding to changes in air tem-
perature in Room 213. This may be taken to imply an almost stable distribution of thermal con-
ductivity, and hence a fairly constant water content distribution in the buffer.

2.3 WATER PRESSURE DISTRIBUTIONS IN ROCK

At the beginning of the experiment, it was understood that successful comparisons of modelling
with observations would require a clear understanding of the boundary conditions at every phase
of the test. This was particularly true of the water pressures and advection characteristics in the
surrounding rock. The behaviour of the buffer depends strongly on its water content, and therefore
on the rate at which it gains or loses water from the rock.

2.3.1 Borehole Packers

Before heater activation: Figure 1.16 shows water pressures in the granite surrounding the
experiment in May 1991, just before buffer was placed into the borehole, and Figs. 1.17 to 1.19
show how pressures were affected by drilling the borehole. The positions of the inflatable packer
strings (1HG7 - 1HG11) that were used to monitor water pressures in the rock are shown in Figs.
1.44 and 1.45. Pulse-testing in the packer cells produced the transmissivity results shown in
Fig. 1.36. Additional information was obtained from a series of pressure transducers (1RP2 -
1RP7) in the rock close to the inside of the borehole at the mid-height of the heater.

Typical records from the packers in 1HG7, 1HG8, 1HG9, 1HG10, and 1HG11 before heater acti-
vation are shown in Figs. 2.15 to 2.19 respectively. Hydraulic potentials in the granite range from
about 150 kPa to 1400 kPa at day 0. (Hydraulic potentials represent the sum of pressure and posi-
tions heads, expressed here in pressure units as kPa, relative to a convenient datum. The datum in
this report has been taken as the top of the steel collar at floor level in Room 213, Fig. 1.51. On an
equipotential, 1 m change in elevation is equivalent to 9.8 kPa of pressure head change.) The fig-
ures also show some influence of water associated with the drilling of the borehole, especially in
Fig. 2.19. One concern that received considerable attention was the observation of low hydraulic
response in cells 2 and 3 of packer hole 1HG7. These cells received regular and ongoing attention
to gain confidence they were sealing and measuring properly. It is also noted that the lowest cell
(cell 4) in 1HG8 gave readings that appeared higher than might be expected from the other read-
ings. Many of the packer strings were reinflated, or removed and reinstalled between drilling of
the emplacement borehole and activation of the heater.

Pressures in the rock corresponding to the potentials shown in Figs. 2.15 to 2.19 were modelled
fairly successfully using FLAC and a hydraulic conductivity of 5 x 10"13 m/s which is in the lower
end of the range shown in Table 1.7 (Figs. 1.17 and 1.18). However it should be noted that be-
cause of the low hydraulic conductivity of the rock, the potentials in Figs. 2.15 and 2.16 had not
reached equilibrium at the time the heater was activated at day '0'. It can therefore be expected
that there will be some influence from transient behaviour on the subsequent performance of the
system.
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After heater activation: After the heater was switched on, the vibrating wire transducers measur-
ing pressures in the packer cells began to respond almost immediately. The measurements from
1HG7 - 1HG11 are shown in Figs. 2.20 to 2.24 respectively. The values plotted in the figures are
pressures read on vibrating wire transducers mounted on the rock wall in Room 213. Since they
were all mounted at the same elevation, they take account automatically of the pressure head dif-
ference between the average elevation in the cell and the instrumentation table. In this way they
are reading a piezometric elevation relative to a constant datum, and can be considered potentials
rather than simply pressures. They have also been adjusted to read potentials at the steel collar at
the floor of Room 213.

Figures 2.20 to 2.24 indicate that most of the packers reached maximum values quite quickly, in
times ranging from about 40 days to 80 days, with deeper cells requiring rather longer to peak than
cells at smaller depths. Thereafter pressures in the packer cells mostly began to decrease slowly.
The localised variations and sharp discontinuities in some cells in Figs. 2.20 to 2.24 are due to
pressurising and flushing procedures that were used where necessary to ensure that the instruments
were functioning properly. It will be appreciated that re-pressurising one packer may also have an
effect on adjoining cells in the same string and may affect cells in neighbouring strings. In some
cases, notably in the deepest cells, maximum values were not reached until around 300 days. Pres-
sure changes in the uppermost cells of the packers were very small, indicating there was a loss of
pressure in the excavation damage zone or at the concrete-rock interface. Due to the low com-
pressibility of water, only small fluxes are required to lower the pressures considerably.

The patterns observed in Figs. 2.20 to 2.24 suggest that two related mechanisms are operating. It
will be remembered from the previous section that temperature changes took place more quickly
than water pressures can be expected to equalise in either the buffer or the rock, both of which
have low hydraulic conductivity. It is believed that the early peaks in the packer readings are due
to localised increases of water pressure in the rock pores as the heating front came away from the
heater. Gradually these decayed to lower, almost 'steady-state' values controlled by the potential
from the heat in the experiment and the water potential in the host rock.

It is not at once clear what is being measured by packer cells as the temperature of the surrounding
rock increases due to heat flow from the experiment. It will be remembered that a packer cell con-
sists of a 96-mm diameter borehole filled with water that communicates directly with the water in
the small void spaces in the surrounding rock (Table 1.7). If water pressure rises in the rock, it
will flow towards the water in the packer cell and compress it. When the total hydraulic potential
in the cell is the same as in the rock, no more water will flow, and the pressures will be equal.
However, the potential will be the same everywhere in the cell, whereas there may be a potential
gradient in the rock - the packer develops a measurement of an 'average' potential over the length
of the cell. When rock is heated, water in its pores expands. It is understood that thermal expan-
sion of the water is an order of magnitude greater than that of rock, and their bulk stiffnesses are
also different. This will produce high pore water pressures that subsequently dissipate into un-
heated rock. That is, there may again be pressure differentials between what is measured in the
packer cell and what is actually taking place in the void space in the rock. It is not obvious that
'free' water in packer cells will experience the same increase in pressure as the small amount of
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water in the small void spaces in the rock. This has been examined using poro-elasticity. The
results will be examined briefly in Part 3 of the report.

2.3.2 Pneumatic and Hydraulic Piezometers

The positions of a relatively small number of pneumatic and hydraulic piezometers close to the
wall of the emplacement borehole were shown in Fig. 1.37 and are listed in Table 2.2. These pie-
zometers are typical of those used in geotechnical engineering, but were selected for reliability due
to the duration of the experiment. Through the drilling, emplacement, and equalisation periods,
the pressures in the hydraulic piezometers (IRH1 and IRH2) were generally very low, usually less
than 50 kPa (Table 2.2). The pneumatic piezometers IRPM2 TO IRP7 were installed about
50 days before heater activation. A typical equalisation time for these piezometers in granite is
50 - 90 days. Only IRP6 and IRP7, at distances of 1.8 m and 2.2 m respectively from the borehole
wall, had reached equilibrium by day 0. A reverse effect, (decreasing water pressures), was noted
after the experiment was decommissioned.

Measurements from the hydraulic and pneumatic piezometers are shown in Fig. 2.25 and Fig. 2.26
respectively. In Fig. 2.25, the hydraulic piezometers 1RH1,2,3 show very limited responses, and
only 1RH4, the piezometer at the bottom of the borehole where inflow might be fastest, shows
significant development of pore water pressures. Sudden 'jumps' in the data from the hydraulic
piezometers correspond with deairing that was done when it was thought that the transducers
might contain air and be giving incorrect values.

TABLE 2.2

WATER PRESSURES IN PNEUMATIC AND HYDRAULIC

PIEZOMETERS AT HEATER ACTIVATION (DAY 0)

Symbol Radius (m) from Elevation (m) relative to Water pressure at
borehole axis the borehole collar day 0 (kPa)

1RH1
1RH2
1RH3
1RH4

1RP2M
1RP3M
1RP4M
1RP5M
1RP6M
1RP7M

0.834
0.865
0.87
0.87
1.06
1.35
1.71
2.03
2.42
2.81

+ 1.577
+0.014
-0.92
-1.82
+0.10
+0.10
+0.02
+0.03
+0.04
+0.05

20
15
15
-5
15
15
30
15
110
130
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The four hydraulic piezometers were installed in fine-grained granite. After deairing, the pie-
zometers took some time to recover, but for the most part, eventually moved to values not unlike
those measured previously. (Piezometer IRH4 changed significantly on first deairing.) The design
of the hydraulic piezometers means they cavitate when water pressures approach 80 kPa to
100 kPa below atmospheric pressure - they cannot read larger suctions. It is unclear at this stage
whether the desaturation that is implied by the hydraulic piezometer readings is due to suctions in
rock that is still saturated, to unsaturation in the granite caused by desiccation into the air space in
the empty borehole, or to suctions developed by unsaturated buffer.

Superficially, the results in Fig. 2.26 from the pneumatic piezometers appear similar to those from
the packer cells shown in Figs. 2.20 to 2.24 - the readings rise to maximum values and thereafter
decrease slowly. However, Fig. 2.26 requires some further attention. Peak values are reached
quite quickly in the furthest piezometers, 1RP6M and 1RP7M. Piezometers closer to the heater
(1RP2M - 1RP5M) take longer to reach their maximum values, for example, 350 days in the clos-
est piezometer 1RP2M.

It seems likely therefore that there must be an additional mechanism or process that is affecting the
readings from the pneumatic piezometers. It will be suggested below that this may involve nega-
tive pressures (suctions) and perhaps desaturation of the rock following drilling of the emplace-
ment borehole. The first four piezometers (1RP2M - 1RP5M) are in leucocratic granite which
may have been less than fully saturated during the transient thermal period. The remaining pie-
zometers (1RP6M and 1RP7M) are in fine-grained granite.

It is possible that if the leucocratic granite in this region was only becoming saturated after one
year of operation, then many of the physical processes that might have been expected in the ex-
periment were only just beginning at that time. However the leucocratic granite comprised only a
relatively small percentage of the rock intersected by the borehole (Fig. 1.12).

The slightly negative potentials for 1RP2M in Fig. 2.26 are elevation corrected values derived
from measurements of 10 to 20 kPa. The small values of pressure indicated by these pneumatic
piezometers are believed to be due to the high sensitivity of the instruments at low temperatures.
The real values in the rock were probably close to zero. The rock containing these piezometers
probably became saturated at about day 400, near the end of 1992.

2.3.3 Synthesis of Water Pressure Distributions

The water potentials measured by the packers have been processed by computer to clarify their
pattern of development. Animations of the variation of measured potentials with depth can be
found as potmeas.mov on the accompanying CD-ROM. Simplified results at various stages of the
test are shown graphically in Fig. 2.27a through Fig. 2.27f. During the experiment and the subse-
quent process of developing the potential distributions shown in Fig. 2.27, it became clear that the
patterns being observed were strongly influenced by values in the lowest cell in 1HG8, and the
second and third cells in 1HG9. Regular efforts were made during the experiment to check the
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seals and the pressurisation of the cells in the packer strings. After careful consideration, values
from the lowest cell in 1HG8 have not been included in development of Fig. 2.27.

Figure 2.27a shows potentials in the rock at the beginning of heating (day 0), while Fig. 2.27f
shows potentials when heating was stopped at day 896. The figures show (1) a thin layer close to
the buffer-rock interface in which the potentials are lower than atmospheric, (2) a region of rela-
tively low potentials just outside the first layer where the pressures are higher than atmospheric,
and (3) higher potentials that grow from the bottom left corner of the figures and produce a con-
centrated region of high potentials to the side of the borehole. Lower potentials are present above,
inside, and also outside this region of high potentials. The figures also show that the potentials to
the side of the experiment decrease slowly after reaching their peak values. The file potmeas.mov
shows the growth of potentials with time to their maximum values at around 100 -150 days, and
their subsequent decrease to slightly lower values. It also shows some oscillations that result from
the variability shown for example in Figs. 2.21 and 2.22. At least some of this variability is an
artifact. It probably comes from servicing and maintaining the instruments and is not associated
with fundamental physical processes operating in the experiment.

By the end of the experiment, the water potentials in the packer cells can be summarised in the
way shown in Fig. 2.27f. If it is reasonably assumed that the hydraulic properties of the rock are
isotropic, then the directions of hydraulic flux are perpendicular to the equipotentials at the time
they were established. Thus 'arrows' can be drawn that show the direction of water flow at any
point (Fig. 2.28). Most of the flow is seen to be directed broadly towards the borehole, but there is
also some reverse flow away from the experiment at slightly larger radius.

The high potential in the region to the side of the borehole cannot be expected to continue indefi-
nitely. It will be associated with moisture movement away from the region, both towards the
borehole and away from it. Both mechanisms will lead to reductions in the region of high poten-
tials and there is some trace of this in the patterns that have been observed. It will be remembered
that the vectors in Fig. 2.28 represent the directions of flow trajectories. It should be remembered
that the hydraulic conductivity of the rock is very low and the duration of the experiment is short
in relative terms. Water will move in the experiment, but it will not move far. What appears to be
happening is that water will begin to move away from the high potential, thereby reducing it and
returning towards a distribution that can be sustained in the long term. This interpretation, as sup-
ported by the packer results in Figs. 2.20 to 2.24, suggests that true 'steady-state' conditions had
not been reached in the experiment.

The arrows shown in Fig. 2.28 represent dissipation of the zone of high potential that appears to
develop round the borehole because of thermal expansion of water in the small pores of the rock.
Later we will relate this interpretation of the hydraulic potentials to results obtained from total
stress cells and moisture sensors. Clearly the most reasonable interpretation of data is one that
considers results from all families of sensors. If water is moving so that some of the buffer is be-
coming wetter, then water contents and total pressures can be expected to increase. The reverse is
true in regions that are drying.
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By the end of the experiment, all piezometers were showing positive pressures although there was
probably still a region of low suctions (potentials lying between 0 and -50 kPa) close to the bore-
hole wall. The question then arises whether the measurements from the packer cells in Figs. 2.20
to 2.24 were compatible with the piezometer measurements in Figs. 2.25, 2.26. It will be remem-
bered that the instruments were at different locations in a variable potential field. Figure 2.29 plots
pressures measured by the piezometers IRP2M - IRP7M at the end of the experiment versus dis-
tance from the wall of the emplacement borehole. These values are broadly comparable with val-
ues from the second level of cells in boreholes 1HG7, 1HG8, and 1HG9 which are just above the
level of the row of piezometers in Fig. 2.29. (They are lower than those in the third level of cells.)

A more detailed discussion of the directions of water flow round the experiment will be discussed
later in Part 3 of the report, after results have been presented from the remainder of the instrumen-
tation, specifically the total pressures cells, and the psychrometers.

2.3.4 Measurement of Rates of Water Flow Into the Borehole

The hydraulic gradients implied by Fig. 2.27 mean that water was flowing from the rock into the
buffer. One of the first experiments done in the emplacement borehole before the buffer and
heater were installed was measurement of the rate of inflow of water from the surrounding rock.
This was done using the series of ring collectors shown in Fig. 2.30 which measured flow rates
into the borehole through successive 1-m deep segments of the borehole wall. Water was col-
lected in steel rings at the rock surface and transferred to central calibrated collection pipes for
each segment. Water in the pipes produced changes in pressure transducers that fed information to
a data acquisition system. The pipes were emptied systematically to avoid overflow problems:

In November 1990, the total flow into the empty borehole was about one-half litre per day. How-
ever, the majority of the flow was into the uppermost ring (Fig. 2.31). This was subsequently re-
lated to seepage from the interface between the concrete slab and the rock floor, and from the ex-
cavation damage zone (Section 1.2.3). The flow decreased with time and appears to originate
from ponded water in tunnels close to Room 213. However since this inflow was untypical of the
general flow of water from the rock it could have serious negative impact on calculations of water
balance in the experiment. Steps were therefore taken to reduce this flow using a grout curtain
round the top of the borehole (Figure 1.15).

When the large flows into the uppermost ring were removed, the remaining inflows corresponded
to an average inflow rate of about 3 - 4 x 10"6 litres/min/metre length of borehole, or a total of 20 -
30 litres through the 896 days of the experiment. Values calculated from the hydraulic conductiv-
ity of the rock and the theoretical day zero potential distribution (shown as a dashed line in
Fig. 2.29) with a 'far field' potential of 1600 kPa were about 5 x 10"6 litres/min/metre (see also
Figs. 1.18 and 1.19). This figure corresponds to inflows due simply to the gradient of gravitational
potential, indicating the generally 'tight' nature of the rock (Table 1.7). When the flow measure-
ments were converted into transmissivities, they gave values of 1.2 - 3.0 x 10"14 m2/s, comparable
to transmissitivies measured previously by 'pulse-testing' in the hydrogeological boreholes (see
also Section 1.2.4d. and Fig. 1.36).
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The pressure distribution shown in Fig. 2.29 for conditions at the elevation of the mid-height of
the heater at the end of the experiment also indicates a gradient of pressure (and potential) towards
the borehole. Note that the distribution is not smooth, with a discontinuity at about 1.4 m from the
borehole wall at a position where there is a change in the rock from coarser (leucocratic) granite
close to the borehole to smaller grained grey granite at larger radii. The combination of low (less
than atmospheric) potentials close to the buffer-rock interface and higher potentials in the region
just outside the experiment (Fig. 2.27f) mean that the potential gradient at the end of the experi-
ment was greater than the gradient into the empty borehole. The mid-height potential distribution
in Fig. 2.29 converts into a flux rate into the experiment of about 12 x 10'6 litres/min/metre depth
of borehole, rather larger than the value of about 3 - 5 litres/min/metre estimated into the empty
borehole. Fluxes before emplacement and at the end of experiment are of the same order of mag-
nitude, with values at the end of the experiment being slightly larger.

It will be remembered that the thermal gradient away from the heater implies a tendency for water
to move away from the heater. The effect of the unsaturated buffer should be to produce lower
water pressures at the buffer-rock interface, larger gradients towards the buffer, and therefore
larger fluxes. Both of these effects will be superimposed on the flow that was present at the be-
ginning of the experiment caused by the gradient of potential towards the borehole. This question
will be explored more fully in Part 3 of the report which deals with correlations between different
sets of measuring instruments and with numerical modelling.

2.3.5 Summary

Preceding sections have shown a fairly complex pattern of water pressures round the experiment.
After the emplacement borehole had been drilled and before the experiment was constructed, there
was a systematic potential distribution that caused water to flow towards the borehole (Figs. 1.17
to 1.19; 2.30 and 2.31). This flow was modelled quite successfully. When the experiment was
ready for the heater to be switched on (day 0), the pattern of water pressures was still systematic
(Fig. 2.27a), with the possible exception of the lowest cell in packer hole 1HG8. However, by the
end of the experiment (day 896), the pattern was quite complex (Fig. 2.27f). The broadly cylindri-
cal pattern of water pressures in Fig. 2.27 contrasts with the generally spherical pattern of tem-
peratures shown for example in Fig. 2.14. The performance of the packers will be discussed in
more detail in Part 3 of the report.

Numerical modelling of water flows into the empty borehole showed good agreement with meas-
ured values. This is a considerable achievement in material with hydraulic conductivity of
10"13 m/s. However questions still remain about relationships between competing hydraulic gradi-
ents towards the experiment from the 'far field' hydraulic potentials in the rock, and outwards
thermo-hydraulic gradients generated by the decreasing temperature field extending into the rock.
The question of the relationships between suctions in the buffer at the beginning of the experiment
and possible suctions in rock that may also be unsaturated remains to be resolved. Further labora-
tory studies may be needed on the interaction between suctions in unsaturated sand-bentonite
buffer, unsaturated granite, and the effect these have on flow through the micro-cracked structure
of granite.
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2.4 EARTH PRESSURE CELLS (TOTAL PRESSURES)

It will be remembered from Figs. 1.38 and 1.39 that total pressure cells were placed above, and
below the heater to measure vertical stresses during the experiment. Cells 1FR1,1BR1, 1BR3,
and 1BR4 were on the axis of the experiment above the heater, and 1BR5 and 1BG13 were below
the heater. Cell 1FR2 was immediately below the sealing cap at the top of the backfill close to its
contact with the steel sleeve in the concrete floor. Cell 1BR2 was at the top of the buffer at the
intersection between the buffer, the backfill, and the borehole wall.

In addition to these cells measuring vertical pressures, additional pressure cells were placed verti-
cally to measure horizontal pressures between the backfill or buffer and the host rock. Cells 1FG1
and 1FG2 were at about mid-depth of the backfill, while 1BG1 - 1BG12 were evenly spaced (in
diametrically opposed pairs) down the borehole. In addition, small electrical resistance pressure
transducers (Kulite pressure transducers) were mounted on the surface of the heater. However, for
the reasons outlined in Section 1.2.5, the Kulite transducers produced no usable readings.

2.4.1 Observations From Total Pressure Cells Before Heater Activation

a) Vertical Pressures
Figure 2.32 shows readings of vertical stress in the experiment measured by the horizontal Roctest
cells and from one Geonor cell, 1BG13, placed at the bottom of the borehole. The figure shows
readings from the time the instruments were installed until activation of the heater at day 0. The
first readings from the instruments generally indicate some small initial pressures, generally be-
tween 50 kPa and 75 kPa. These are thought to come from stresses that were 'locked in' to the
buffer during compaction.

The pattern of pressures coming from the total pressure cells in Fig. 2.32 at day 0 is not immedi-
ately clear. At the top of the buffer, cell 1BR1 on the axis of the experiment showed about 30 kPa,
while 1BR 2 close to the wall of the borehole showed about 160 kPa. Halfway between the top of
the heater and the top of the buffer, 1BR 3 showed the highest reading, about 270 kPa. Just above
the heater, cell 1BR 4 read 20 kPa, while at the bottom of the heater, 1BR 5 read 150 kPa. It will
be remembered from Section 1.2.4 that the swelling pressure of saturated buffer is probably be-
tween 1.0 MPa and 2.5 MPa (Table 1.5, Fig. 1.24) and depends on the temperature and the chem-
istry of the pore fluid.

Swelling pressures decrease very rapidly when the degree of saturation of buffer is everywhere
below 100%. However, if any portion of the buffer becomes saturated, it can exert swelling pres-
sures on the remainder, and on the confining boundaries (Dixon et al. 1996). In the period leading
to activation of the heater at day 0, cells 1BR 1 and 1BR 4 were reading low pressures and were
essentially constant; cell 1BR 3 was increasing slowly; and cells 1BR 2 and 1BR 5 were increasing
at a rate of about 1 kPa per day. While this increase is not large, nevertheless the effect is cumula-
tive, and can produce sizable effects over the time frames involved in the experiment, for example
60 - 70 kPa in the 'dwell period' from mid-September 1991 (about day -70) to heater activation at
day 0. It appears that pressures were increasing fastest in the cells that had the greatest accessibil-
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ity to water from the surrounding rock. Cell 1BR 2 was at the buffer-rock interface, and cell
1BG13 was at the bottom of the experiment, nearest to rock containing relatively high water pres-
sures.

While Section 2.2 suggests that the experiment was close to temperature equilibrium, it appears
likely from Fig. 2.32 that the total pressure cells had not yet reached equilibrium.

b) Horizontal Pressures
Figures 2.33 and 2.34 show values of horizontal total pressure read from the vertically mounted
Geonor vibrating wire transducers. Figures 2.33 and 2.34 are for the separate series of cells at
opposite ends of a vertical plane through the centreline of the experiment. Once more, the major-
ity of the cells showed pressures increasing with time, with an average rate of about 2 kPa per day.
This faster rate of pressure increase (compared with the horizontally-oriented Roctests cells on the
axis of the experiment) may reflect easier access to water coming from the rock. It can be again
concluded that total pressures in the experiment were not steady when the heater was switched on.

The distribution of pressures in the experiment just before heater activation are shown in
Figs. 2.35 and 2.36. These figures indicate more clearly than Figs. 2.32 to 2.35 the variability in
pressures in the experiment at day 0. Lateral pressures (Fig. 2.36) are relatively low near the top of
the experiment, where cells 1BG1,2,3,4 average only 15 kPa; and near the bottom, where cells
1BG11,12 average 160 kPa. Pressures in cells 1BG5 - 10 on the outside of the annulus of buffer
beside the heater averaged 250 kPa, with a tendency for deeper cells to have higher readings. A
feature of the measurements was a fair level of agreement between readings at the same depth but
at opposite sides of the experiment. The average difference between corresponding readings at the
same elevation was 90 kPa. This relatively small difference may be due to local variations in the
porosity of the rock or to differences in 'locked in' stresses caused by minor local differences in
compaction. It will be remembered from Fig. 1.12 that part of one side of the wall of the em-
placement borehole consisted of coarser leucocratic granite, while the remainder was a much finer
grained gneissic granite. The leucocratic granite was believed to have higher porosity and higher
hydraulic conductivity than the fine-grained granite (Section 1.2.4d).

2.4.2 Pressures After Heater Activation

a) Vertical Pressures
Figure 2.37 shows vertical pressures read by cells 1FR1, 1BR1 - 1BR5, and 1BG13, starting at
day 0 and extending through the life of the experiment to day 896. All of the cells showed imme-
diate changes in the nature of their pressure responses, with the largest changes of almost 500 kPa
occurring in cells 1BR4 and 1BR 5, immediately above and below the heater. Cell 1BR showed a
change of about 150 kPa, while the changes in cells 1BR1 and 1BR2 more remote from the heater
at the top of the buffer were represented more by a change of slope than by a sudden change in
pressure. The fast responses in cells 1BR4 and 1BR5 were transient, and after only about 30 days
they began to drop sharply before again beginning to increase more slowly. In the other cells, the
initial change in slope decreased after periods of about 100-150 days, though the readings contin-
ued to increase throughout the duration of the experiment. In the first three months, pressures in
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cells 1BR1, 4, and 5 were increasing at a rate of between 0.2 and 0.5 kPa/day, while cells 1BR2
and 1BR3 were increasing more slowly. Once more we find that the vertical pressure of 375 kPa
at day 896 in cell 1BR4 at the top of the heater is much lower than that in cell 1BR5 at the bottom
of the heater, 775 kPa. Both pressures are still much lower than the swelling pressure of saturated
buffer.

The differences in vertical pressure at the top and bottom of the heater mean that the heater was
subjected to a net upwards force in the vertical direction. Simple calculations show that this up-
wards force has to be carried by downwards shear stresses averaging about 35 kPa, a value much
less than the strength available from unsaturated buffer (Table 1.5; Graham et al. 1995; Wiebe
1996).

b) Horizontal Pressures
Figures 2.38 and 2.39 show the development of lateral pressures in cells 1BG1 - 1BG12 through
the heating phase of the experiment days 0 - 896. As was seen in the vertical pressures, the pres-
sures above and below the heater are quite high, in the range 600 - 750 kPa. Pressures at the ele-
vation of the heater are lower - about 0 -50 kPa in the higher cells 1BG5 and 1BG6; and 350 -
45 kPa in the lower cells 1BG9 and 1BG10. Here again, activation of the heater caused sudden
increases in total pressure, in this case up to 250 kPa at the middle and lower part of the heater.
These increases in pressure dissipated rapidly in about 20 - 30 days, and thereafter changes took
place more slowly. The majority of the cells registered increasing pressures, though the pairs 5,6
and 7,8 beside the upper part of the heater showed decreasing pressures.

2.4.3 Discussion

While the pressures in Figs. 2.35 and 2.36 show patterns that are unexpected, and initially difficult
to explain, it should be noted once more that despite some differences in crystal size in the rock on
either side of the borehole (Fig. 1.12), reasonable agreement is found between cells at the same
elevation at opposite sides of the experiment. This is indicated more clearly in Fig. 2.41 which
shows the distributions of horizontal pressures at various stages during the heating phase, days 0 -
896. (The results in Fig. 2.41 have been plotted for the same stages in the test as were shown ear-
lier in Fig. 2.27 for water pressures round the borehole.) The average difference between corre-
sponding pairs of total pressure cells was again about 90 kPa. For comparison, Fig. 2.40 shows
vertical pressures, again at the same stages of the test (see also Fig. 2.35).

There is reasonable agreement, certainly in a qualitative sense, between results from the horizontal
pressure cells and the vertical pressure cells. There are high pressures just above the heater and
below the heater; and lower pressures along the sides of the heater. Pressures at the top of the
buffer and in the backfill are quite low. This agrees reasonably well with very low axial forces that
were measured in the columns of the restraint system.

Heating caused short term 'spikes' in pressures close to the heater, both on initial activation at
1000 W and again when the power was increased to 1200 W on day 26. The spikes dissipated
relatively quickly in periods of 30 - 100 days depending on the position of the pressure cell relative
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to the heater. The sharp increases in pressure after heater activation have been ascribed to com-
pression associated with the natural tendency for the heater and buffer to expand upon heating
(Kjartanson et al. 1993), a mechanism whose significance was not fully realised during planning of
the experiment. In the confined dimensions of the borehole, radial expansion of the heater caused
increased horizontal pressures. Axial expansion of the heater produced short-term increases in
some vertical pressures, and these were apparently transferred into increases in horizontal pressure
just above and just below the heater. It will be remembered also that the pressure cells were meas-
uring total pressures, that is, a combination of inter-particle pressures, pore water pressures, and
possibly pore air pressures in the unsaturated buffer. Thermally induced increases in pore water
pressure or pore air pressure, or decreases in suction are also possible sources of the short-term
'spikes' in readings from the total pressure cells. Subsequent decrease of the pressure spikes is
due to a relaxation process, either of the particle structure of the buffer, or of thermally generated
pore water or pore air pressures. It is thought unlikely that the dense sand annulus round the heater
contributed significantly to the relaxation process. The heating-induced pressure increases and
their subsequent relaxation will be examined in Section 3 which compares results from the tem-
perature, pressure, and suction fields round the heater.

It is necessary to relate total pressures in the buffer with hydraulic conductivities/transmissivities
in the rock, and with the hydraulic gradients that are able to drive the water towards the buffer.
Highest total pressures could be expected in regions where the rock is most porous, and where
water pressures outside the emplacements borehole are highest. Similarly lowest total pressures
should be associated with 'tight' rock and low water pressures. Comparisons between the rock
structure in Fig. 1.12, the initial water pressures in Fig. 2.27a, and the distributions of horizontal
total pressures in Fig. 2.41 suggest this was taking place. The low total pressures in 1BG5,6 cor-
relate with 'tight' rock and low water pressures in cell 2 of 1HG9, while higher pressures in
BG9,10 correlate with leucocratic granite and higher water pressure in cell 3 of 1HG9.

It should also be possible to relate the lateral pressures against the rock to shrinkage or expansion
of the buffer in response to thermally induced changes in water content. Any tendency for mois-
ture migration from the buffer annulus beside the heater to other parts of the buffer would be ac-
companied by shrinkage, and a reduction in pressure. What is really happening of course in the
experiment, is a series of counteracting processes of wetting from the rock; and outwards, up-
wards, and downwards migration of water away from hotter regions of the experiment towards
cooler regions. These processes will be examined more closely in Section 2.7 which deals with
measurements of water content and density during decommissioning of the experiment, and in
Section 3 which deals with modelling.

During management meetings, some concern was expressed that high hydraulic pressures and low
total pressures in the buffer could give rise to hydraulic fracturing. This would occur if 'effective'
minor principal stresses in the buffer tried to exceed the tensile strength of the material. (The
mechanism would have been more likely observed if the second of the buffer/container tests had
been performed. That experiment would have controlled water pressures and fluxes at the buffer-
rock interface.) Results from the present test show it is unlikely that hydraulic fracturing took
place, although no definitive evidence is available. One, although there were no piezometers in
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the buffer, psychrometer readings that will be described in the following section indicate the buffer
always experienced suctions (negative pore water pressures). Two, it seems likely that there was
always a thin region of negative pore water pressure in the host rock close to the wall of the
borehole. Some cracking was observed in the buffer at the time of decommissioning (Section 2.7).
However this was confined to the inner one-third of the buffer annulus around the heater.
Psychrometer readings indicate the cracks were induced by desiccation and not by hydraulic
fracturing.

Despite the difficulties in understanding the complex patterns of results that have been obtained,
their consistency suggests that they reflect the physical processes operating in the experiment and
are not simply artifacts of instrumentation, incorrect installation, or data processing. Section 3 of
the report will present further discussion of the relationship between total pressures, water gradi-
ents in the rock, and water contents in the buffer.

2.5 WATER CONTENT AND SUCTION MEASUREMENTS IN BUFFER

Section 1.2.5 discussed the considerable efforts that were undertaken to measure water contents
and suctions in the soil. (The term water content will be used here for gravimetric water content.
Where volumetric water content is being used, it will be identified explicitly.) Initially, the em-
phasis was on moisture movements due to coupled heat and moisture transfer, and inflow from the
rock. This emphasis was largely because the modelling at that time was performed in terms of
volumetric water contents. Later, as measurement capabilities improved and modelling began to
be performed in terms of potentials rather than water contents, increased attention was directed
towards suction measurements.

Since the non-destructive measurement of water contents on an on-going basis is not a usual re-
quirement in geotechnical engineering, following paragraphs give more details of these procedures
than have been given for the other instrumentation. Water content changes interpreted from the
thermal needles and psychrometers can be found in wctrans.mov on the accompanying CD-ROM.

2.5.1 Thermal Probe (Thermal Needle) Measurements

Principle of operation. Thermal needles evaluate thermal conductivity from a measured relation-
ship between temperature and time during a constant-power heating pulse lasting several minutes.
Thermal conductivity is subsequently related to water content through direct calibration. The algo-
rithm used for interpreting the results assumes the needle to be infinitely long and remote from
boundaries and other heat sources. It is clear from consideration of the instrumentation scheme in
Fig. 1.41 that these conditions must be considered approximate.

Results. Figure 1.26 showed measurements of thermal conductivity versus water content from
calibration tests of thermal needles in buffer. The figure shows quite good sensitivity, that is, a
good variation of water content with thermal conductivity, when the water content is less than
about 14% -16%. For higher water contents, the thermal conductivity remains about constant, and
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the thermal needles have inadequate sensitivity. In contrast, calibration showed that psychrome-
ters were more suited to higher water contents.

It will be remembered from Section 1.3.1 that the buffer was placed in the borehole with an aver-
age water content of 18.5%. As a result, thermal needles 1BN1 - 1BN21 were placed in regions of
the experiment that were expected to become drier, principally regions closest to the heater, while
psychrometers 1BX1 - 1BX17 were placed nearer the rock where moisture contents were expected
to decrease (Fig. 1.41). Wetting would take place partly through moisture migration from drying
regions, and partly from water coming towards the buffer from the surrounding rock. It was per-
haps unfortunate that while there was some overlap in the ranges of water contents that the two
sorts of instruments could read, there was no overlap in the positioning of the instruments to allow
comparisons to be made.

Readings from the typical sets of thermal needles are shown in Figs. 2.42 to 2.44. Figure 2.42
represents readings from instruments above the heater where destructive sampling at the end of the
experiment (discussed later in Section 2.7) showed there were only small changes in water content
from the initial values. The figure shows little change in thermal conductivity during the course of
the experiment, from installation, through heater activation at day 0, to about day 300. This corre-
sponds well with the water contents measured during decommissioning.

In contrast, Fig. 2.43 shows two sets of results in the buffer annulus near the top of the heater.
Here, thermal needle (1BN4) closer to the heater where the temperature was highest and presuma-
bly drying was greater, showed decreasing water content. Needle 1BN5, which was near the bore-
hole wall and could reasonably be expected to gain water from the rock, showed gradually in-
creasing water contents. The results from these instruments began to diverge almost immediately
after heater activation. They correspond with behaviour that might reasonably be expected.

Figure 2.44 shows results from four thermal needles (1BN10 - 1BN13) placed in corresponding
pairs at mid-height of the heater at opposite sides of the experiment. Fig. 2.45 shows similar re-
sults from 1BN16 - 1BN19 at the bottom of the heater. In Fig. 2.44, the results are fairly consis-
tent before heater activation, and remain fairly constant for about another 50 - 60 days before be-
ginning to react to stimulus from the heater. At first sight, the results look divergent and scattered.
However close examination shows some trends of similarity, especially if the inner pair
(1BN1O,12) and the outer pair (1BN11,13) are compared. As expected, the outer pair (solid sym-
bols) show considerable reduction in thermal conductivity (and hence drying) between days 100
and 200. The outer pair show some apparent wetting between days 200 and 300. There is also
some cyclicity in the readings after about day 325 that seems to be approximately matched in op-
posite pairs. The reasons for the variability and cyclicity in these readings are not clear.

2.5.2 Psvchrometer Measurements

Principle of operation. Thermocouple psychrometers measure the total free energy (related to
partial vapour pressure) in the vapour phase in unsaturated soils. Their principle of operation has
been described by Richards (1967), Briscoe (1984), and Wan (1991). They operate by passing
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electrical current through a thermocouple and using the Peltier effect to cool air containing water
vapour in a small porous ceramic or stainless steel cell buried in the soil. The cell typically meas-
ures 10 mm to 20-mm long and 5 mm to 10-mm diameter. At the beginning of measurement, a
psychrometer is assumed to be in water vapour pressure equilibrium with the voids in the sur-
rounding soil. Electrically induced cooling causes water to condense on the thermocouple. When
the cooling current is switched off, the condensed water is not in thermodynamic equilibrium with
surrounding water vapour and begins to evaporate. As it does so, it draws heat from the thermo-
couple. Through the Seebeck effect, this generates a potential difference that can be read remotely
as a microvolt signal which is related to the partial water vapour pressure in the gas phase in the
voids. Because they measure partial vapour pressures, thermocouple psychrometers read total
suctions. They cannot separate the matric and osmotic components of total suction.

Calibration and interpretation. Calibration of psychrometers is done by placing them above
strongly hydrophilic solutions such as concentrated sulphuric acid or potassium chloride whose
concentration, and hence vapour pressure and suction, are known. {Suction is a term used in
geotechnical engineering to indicate a negative potential in the pore air phase.) The results are
sensitive to temperature. For the purposes of the Buffer/Container Experiment, where tempera-
tures varied considerably, care was taken to calibrate the psychrometers for temperature effects
(Wan 1996).

The calibrations described in the preceding paragraph interpret measured voltage signals as partial
water vapour pressures and suctions. For the Buffer/Container Experiment they still had to be
converted into measurements of water contents. This was done by a separate calibration in which
the relationship between water content and suction in a given soil was measured using the vapour
equilibrium technique (Wan et al. 1995). Specimens were placed in a desiccator above solutions
with known concentration and weighed at regular intervals until their water content stabilised.
The resulting Soil-Water Retention Curve (Fig. 1.31) provides a relationship between water con-
tent and suction for the temperature at which the tests were performed.

Along with effort directed specifically towards the Buffer/Container Experiment was an intensive
developmental program to refine techniques for interpreting water contents and suctions from psy-
chrometer readings. Considerable experience is needed to establish suitable relationships between
the magnitude and duration of the cooling current. If the current is too large, heating may result
instead of cooling. If it is too small, the microvolt signal will be difficult to interpret.

The program involved calibrating psychrometers under the conditions of density, water content,
temperature, and pressure that would be present in the experiment (Wan et al. 1992, Wan et al.
1995, Wan 1996). The procedure for interpreting suctions and water contents was as follows.
Once the reading at temperature T had been taken, it was converted to an equivalent microvolt
reading at 25°C using the empirical relation V2s = VT/(0.325 + 0.027) proposed by Wiebe et al.
(1970). The validity of this relation for interpreting the psychrometers used in the
Buffer/Container Experiment was confirmed by AECL researchers (Wan 1996). On the basis of
calibration tests on about 40 psychrometers, the V25 reading could then be converted to suction
using a factor 227 kPa/(LiV. The results of this study showed that instruments could generally be
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ascribed with an accuracy of ±6% of actual values (Wan et al. 1995). Suctions were related to
water contents through the Soil-Water Retention Curve shown in Fig. 1.31.

Results. Figures 2.46 to 2.51 present typical results from selected psychrometers. The figures
have been arranged in sequence from the top of the experiment to the bottom. In several of the
figures, for example Figs. 2.46, 2.47, 2.50 and 2.51, results from closely positioned psychrometers
or diametrically opposite psychrometers have been plotted together to facilitate comparisons.

An earlier section described how the different ranges of their sensitivities led to the thermal nee-
dles being used in regions close to the heater where drying was expected, and psychrometers being
used further from the heater in regions close to the borehole wall where wetting was expected.
This has meant that all the psychrometers in Figs. 2.46 to 2.51 show wetting trends and decreasing
suctions.

Moisture contents interpreted from the psychrometers indicate a high level of consistency at the
time of placement. Generally they lie close to the target value of 18.5%, with corresponding total
suctions of about 3.5 MPa. The range of initial water contents is from 17.6% to 18.9%, and the
corresponding range of suctions from 3.0 MPa to 4.3 MPa. Suctions of this magnitude are high in
terms of currently available technologies for testing unsaturated soils. As would be expected from
the water content versus suction calibration shown in Fig. 2.45, regions where the water content
was slightly low (say 17.7% in BX6 in Fig. 2.47) produce higher suctions (in this case, 4.3 MPa).

Readings began to be taken from the instruments just as soon as they had been installed. However,
since construction of the experiment took almost two months, the 'dwell' period between installa-
tion and heater activation shortened considerably between the bottom of the experiment (Fig. 2.51)
and the top of the experiment (Fig. 2.46). As might be expected from the relationship between the
initial suctions in the buffer and the high water pressures at short distances behind the borehole
wall, water contents measured in all the psychrometers increased in the period between installation
and activation. At day 0, the average water content from the psychrometers shown in Figs. 2.46 to
2.51 was 19.0% (range 18.0% -19.6%). The average suction was 3.3 MPa (range 2.8 MPa -
3.8 MPa).

Figures 2.42 to 2.52 show that the buffer was not at water content or suction equilibrium at day 0.
This meant that difficulties could be expected in the parallel modelling program since the bound-
ary conditions at the beginning of the experiment were transient. The question was addressed by
constructing a second experiment, the so-called Isothermal Experiment, which was installed in
November 1992 and is still running at the time of writing in November 1996. It has therefore now
been in operation longer than the Buffer/Container Experiment. The Isothermal Experiment ex-
amines how the buffer and rock mass eventually move towards equilibrium potentials without the
added complexity of the heating that was a central feature of the Buffer/Container Experiment.
(Further information about the Isothermal Experiment is given in Section 3.4.3.)

Following activation, psychrometers remote from the heater, for example BX1,3 in Fig. 2.46 and
BX16,17 in Fig. 2.51 showed slow increases towards water contents of about 22% - 22.5% which



-150-

10

o
Q_

I 6
c
o

3
en

15
"o

0
-150

-o % Water - 1 BX3

% Water - 1BX1

Suction - 1BX1

Suction - 1BX3
| i

25

20

15

10

0 150 300 450 600 750 900
Test Duration — days

c

Coo

FIGURE 2.46: Psychrometer Readings and Interpreted Water Contents,
BXl and BX3 just Below Backfill

10

o
Q_

I 6
c
o

o
3

5
"o

0
- 1 5 0

1 1

% Water - 1BX7

O % Water - 1 BX6

Suction - 1BX6 0'

150 300 450 600
Test Duration — days

25

20

15

10

750 900

coo

FIGURE 2.47: Psychrometer Readings and Interpreted Water Contents,
BX6 and BX7 Above Heater



- 151-

10

D
a.
I 6
co

o
n

% Water - 1BX8

Suction - 1BX8

150 300 450 600
Test Duration — days

25

20

15

10

750 900

o
O

FIGURE 2.48: Psychrometer Readings and Interpreted Water Contents, BX8
at Top of Heater

o
Q_

1

:t
io

n

CO

~o

1 U

8

6

4

2

n

—i 1 1 1 , r-

-

„„„„„„„„, -

—

~~-—>

V

1 i i , | i •• i • i

\ - - % Woter - 1BX12

N

I

"~— —

0
\LJ

1

Suction -

I , , , 1

1 '

- 1BX1

1 i.

1 ' 1 '

-

2 • - >

I . I 1 i

25

- 20

- 15

- 10

I

o
o

200 400 600 800

FIGURE 2.49: Psychrometer Readings and Interpreted Water Contents,
BX12 at Mid-Height of Heater



- 152-

*
c
3

150 300 450 600 750 900
Test Duration — days

- 1 5 0 0

FIGURE 2.50: Psychrometer Readings and Interpreted Water Contents,
BX14 and BX15 at Bottom of Heater

o
CL

I

C
o
o

"5
~o
h-

1 W

8

6

4

2

n

i i i

% W a t e r -

^_^_* -~* , —' '

C - - ^ \-O% Water -

_

-
^

•>N /—• S u c t i o n —

X r- -

Suction - 1BX1
i i i

i

- 1BX17 o -

,
•

1BX16

1BX16

f
/ »-J

l

i

•̂m ^
__^. —

o

n
j

_4

1

i

———^^——^~*
— •

i

_

- - - - - — —

i

25

- 20

c

- 1 5 cO
O

- 10

- 1 5 0 0 150 300 450 600 750 900
Test Duration — days

FIGURE 2.51: Psychrometer Readings and Interpreted Water Contents,
BX16 and BX17 Below Heater



- 153 -

represents saturation in this material if no volume changes are experienced. By the end of the ex-
periment, water contents were changing only slowly. Suctions had decreased to about 1 MPa. The
closely-spaced 'pairs' of psychrometers in Figs. 2.46 and 2.51 show some divergencies during the
first 100 - 300 days of the experiment, though this may simply reflect slightly different time rates
of the processes that are affecting their readings. However, by the end of the experiment, readings
were closely similar. This adds confidence to the general reliability of the instruments in these
regions. An added source of confidence is the way in which minor 'steps' in the response of some
instruments are mirrored by steps in neighbouring instruments at the same time. Examples may be
seen in Figs. 2.46 and 2.50. Figure 2.50 is an interesting example which presents results from two
psychrometers at opposite sides of the borehole close to the bottom of the heater. Here, although
the early responses just after heater activation were very different, small perturbations at about
day 350 were seen in both instruments. By the end of the experiment, both instruments were
reading almost the same suctions and water contents.

In contrast with the slow responses in Figs. 2.46 and 2.51, instruments closer to the heater showed
very rapid initial responses (Figs. 2.47,2.48 and 2.49). Here, suctions appear to drop steeply in
periods of less than 100 days, with corresponding steep increases in water content. By the end of
the experiment they have all reached about the same values as the remote instruments, water con-
tents close to 22% and suctions of a little over 1 MPa. This raises some questions of interpreta-
tion, specifically how water can move sufficiently quickly in the highly impervious buffer to pro-
duce rapid changes in water content.

Wan et al. (1995) suggested that these rapid responses may be due to diffusive movement of water
vapour in the gas phase of the buffer (see also Hillel 1980). Psychrometers measure partial vapour
pressures, and these are very quickly changed by the movement of only small quantities of water
vapour. Calculations show that only about 1 gram of water vapour is sufficient to reduce the ap-
parent suction in a cubic metre of buffer from 4 MPa to zero. This very small amount of moisture
does not significantly change the gravimetric moisture content but significantly reduces the suc-
tion. Figure 2.52 shows suctions interpreted from psychrometer BX7 and the average temperature
from three thermocouples at the same elevation. All the instruments were at the borehole wall,
just above the heater. It was shown earlier in Section 2.2 that temperatures generally responded
quickly to the application of power to the heater and this is confirmed by Fig. 2.52. In this case,
the temperature and suction readings are almost mirror images, suggesting that temperature change
with accompanying small mass changes in water vapour, are controlling the suctions. This appears
to precede a longer period in which water liquid migration will eventually produce water contents
that will be in equilibrium with the water vapour pressures and suctions. Thus the final water
contents may be largely correct at the end of the experiment when temperatures and suctions are
varying only slowly, but may be incorrect during earlier periods when equilibrium had not yet been
attained. The question is still receiving attention and is addressed by Wan (1996).

The correctness of the water contents at the end of the experiment is supported by independent
measurements of water content that were taken during decommissioning. These showed a high
degree of axial symmetry at the buffer-rock interface at the borehole wall, and small variations
along the axis of the experiment. These results will be presented in more detail in Section 2.7.
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2.5.3 Discussion

In the first 50 days of heating, the thermal needles showed that thermal conductivity of the buffer
in the vicinity of the heater remained essentially constant. Thereafter, with the exception of BN4
in Fig. 2.43 which was further from the heater, the thermal needles showed moisture contents that
were constant or decreasing. In contrast, the psychrometers responded almost immediately to
heating and quickly produced readings that indicate increased water contents and decreasing suc-
tions in buffer that was closer to the borehole wall. Figures 2.53 to 2.55 show a comparison of
water contents interpreted from neighbouring thermal needles and psychrometers above the heater
(Fig. 2.53), in the buffer annulus at the top of the heater (Fig. 2.54), and in the buffer, at the mid-
height of the heater (Fig. 2.55). Corresponding distributions of suctions are shown in Figs. 2.56 to
2.58. It will be noted that both BX8 and BX12 initially showed very steep apparent increases in
suction, with corresponding decreases in water content. However, as the test proceeded, these
trends began to reverse, suggesting that several independent processes were operating. The inter-
relationships between water pressures in the rock (Section 2.3), total pressures (Section 2.4), and
the suctions discussed in this section will be reviewed in Part 3 of the report.

As the test proceeded it became clear that many of the thermal needles were not functioning well.
During the period the experiment was still running, it was thought this might be due to shrinkage
of buffer round the needles, and hence loss of contact between the needles and the soil. This
would lead to an air gap with much lower thermal conductivity, and changes to the calibration
curve shown in Fig. 1.26. (Another possible interpretation is that such an air gap affects the rate at
which steady-state conditions will be obtained, but that the measured thermal conductivity will not
be affected by an air void.) When the experiment was completed and disassembled, many of the
thermal needles were found to have corroded, and so many of the uncertainties in the later readings
may be due to electrical continuity problems in the needles themselves. Later readings from the
thermal needles were interpreted as yielding qualitative rather than quantitative information.

Section 2.3 showed that rock closest to the borehole wall probably retained small sub-atmospheric
water pressures through the life of the experiment. These were probably initially produced by
evaporative drying from the walls of the borehole before the experiment was installed, but they
were probably later reinforced by suctions in the buffer. While the hydraulic conductivity of both
the buffer and the rock were low (Tables 1.5 and 1.7 respectively), the transfer of water towards
the experiment depends on the product of hydraulic gradient and hydraulic conductivity through
Darcy's law (Dixon 1995). The high suctions in the buffer will initially cause high gradients, and
relatively higher flux rates. As water moves into the buffer closest to the borehole walls, suctions
will decrease. The result will be reduced gradients and smaller flux rates. However the flow of
water between neighbouring materials is not particularly well understood, particularly when the
two materials have such low hydraulic conductivities and one of them, in this case the buffer, is
unsaturated.

Figures 2.40 and 2.41 showed that total pressures in the buffer changed during the course of the
experiment. In part, this was due to wetting-up and swelling at the buffer-rock interface, and in
part due to shrinkage in the buffer annulus round the heater. Earlier it was stated that total
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pressures affect the vapour pressures in unsaturated soils, and therefore the suctions that will be
measured. Wan (1996) performed an innovative series of tests in which psychrometers were em-
bedded in triaxial specimens and subjected to increases in confining pressures. The results are
shown in Fig. 2.61 and provided an important source of information used by Delage and Graham
(1995) in their report on stress-strain behaviour of unsaturated soils. However, at the time of
writing in November 1996, more work remains to be done on the influence of pressure level on
suctions, and the effect has not been included in the psychrometer results shown in Figs. 2.46 to
2.60.

After the heater was switched off on day 896, careful readings were taken of water contents and
densities while the experiment was being dismantled. Values of water contents measured by the
thermal needles and psychrometers (Fig. 2.59) will be compared in Section 2.7 with water contents
measured during decommissioning.

2.6 DISPLACEMENTS

Modelling using FLAC (2-D Fast Lagrangian Analysis of Continua), and to a lesser extent
MAP3D (Mining Analysis Program in 3 Dimensions) for the radial strain cells and extensometer
responses addressed whether the measured responses of the rock could be accounted for on the
basis of the available understanding of the rock properties and boundary conditions. Numerical
analyses before construction of Room 213 suggested that excavation and drilling of the emplace-
ment borehole would produce total displacements less than 1 mm. During the experiment, the
rock was expected to respond mechanically to swelling pressures from the sand-bentonite buffer
and to thermal loads from the borehole heater.

The instrumentation for rock displacements measured vertical displacements and radius changes in
four vertical boreholes located within 1 m of the emplacement borehole. Figure 1.37 shows the
positions of two boreholes EXTl and EXT2 that were fitted with Roctest Bof-ex extensometers to
measure vertical displacements at preselected depths. The anchors were placed at nominal depths
of 15.0 m, 6.0 m, 5.0 m, 4.0 m, 3.25 m, 2.75 m, 2.0 m, 1.0 m, and 0.0 m measured from the top of
rock. Two boreholes RSC1 and RSC2 each contained four Roctest radial strain cells which basi-
cally consisted of rigidly installed proving rings. The strain cells used vibrating wire displacement
transducers to measure radial strain in one direction. They were installed about 300-mm and
600-mm above and below the centreline of the heater, with the direction of measurement varying
in 45° increments between cells.

As mentioned in Section 1.2.3, the four boreholes used for measuring strains and displacements in
the rock caused localised reductions in water pressures distributions round the experiment
(Fig. 1.19). The spaces between the measuring cells were therefore filled with grout, while pre-
serving the ability of the instruments to function and produce readings.
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2.6.1 Data From Borehole Extensometers

The borehole extensometers were intended to measure vertical deformation in the floor of
Room 213 adjacent to the emplacement hole. Some movements could clearly be expected during
drilling of the excavation borehole, and further movements in response to temperature and pres-
sure changes during the experiment.

Figure 2.62 shows temperatures, depth of the emplacement borehole, and extensometer displace-
ments during mid-1990 when the borehole was being drilled. The difference in readings between
the beginning and end of the experiment, showed that only very small displacements were en-
countered - about 0.04 mm in the shallowest anchor near the floor. More significant are the jagged
responses that appear to correlate with temperature changes in the upper part of the figure. These
were caused by the intermittent use of high-temperature drilling fluid which produced thermal ex-
pansion of the rock and measurable vertical movements in the extensometers.

Figures 2.63 and 2.64 show temperatures and displacements measured in the two extensometer
boreholes during the experiment. Once again, the displacements are very small, with the largest
being only 0.72 mm, and they correlate well with the temperatures shown in the upper part of the
figure. Figures 2.65a,b are readings taken at 11 March 1992, day 110. Figure 2.65a shows that
readings of the displacements and temperatures in the two boreholes are very similar, reflecting
once more the excellent symmetry that was achieved in the experiment. It can be expected that
correlations should be seen between temperatures and the thermal strains they cause, but not di-
rectly with measured extensions which are integrals of strains. In Fig. 2.65b, the pattern of aver-
aged strains interpreted from the relative displacements of neighbouring anchors agrees well with
the pattern of temperatures. Temperatures and strains are small nearest the top of rock, largest at
about the mid-height of the heater, and then reduce to low values at 12-m depth.

Since the temperature field described in Section 2.2 was well defined and there seemed to be good
agreement between patterns of temperature and strain in Fig. 2.65b, attempts were made to model
vertical strains and displacements in the rock using FLAC. The results in Table 2.3 show that
good agreement can be obtained provided the numerical modelling uses a thermal expansion coef-
ficient approximately three times larger than the laboratory value of 3.8 x 10'6 shown in
Table 1.7.

It is encouraging that modelling can recover the pattern of temperature induced straining, but per-
haps unfortunate that the magnitudes of the strains cannot be predicted reliably using measured
thermal expansivities. Documented differences between drained and undrained behaviour of rock
may in part be due to thermal expansion of water in the pores of the rock (Smith and
Booker 1993).
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TABLE 2.3

COMPARISON OF MEASURED AND COMPUTED VERTICAL DISPLACEMENTS

OF ROCK CLOSE TO THE BUFFER/CONTAINER EXPERIMENT

Displacements computed
using FLAC

Anchor depth (m) Measured displacements a = 3.5 xlO"6 a = 1 x 10"5

between anchors
15.63
6.85
5.82
4.79
4.01
3.60
2.82
1.79

Radial Strain Cells

0.032
0.047
0.067
0..092
0.103
0.104
0.077
0.057

0.000
0.008
0.019
0.023
0.013
0.024
0.021
0.021

0.000
0.040
0.090
0.108
0.060
0.106
0.075
0.033

Drilling the emplacement borehole caused stress release that was monitored by radial strain cells.
Displacements across the diameter of the two 118 mm boreholes RSCl and RSC2 were measured
from 7 functioning radial strain cells from the 8 that had been installed (Herget 1989). Since the
two boreholes were located diametrically opposite with respect to the emplacement borehole, the
symmetry of the experiment meant that equal strains could be expected in both boreholes.

During preparations for the experiment, the cells responded to the drilling of the emplacement
borehole less than 1 m away. These responses are shown in Fig. 2.66. The figure indicates the
fairly good agreement that was obtained between the radial strains measured in the two boreholes,
and the variation of strain with direction in the boreholes. The figure also shows strains computed
using FLAC and MAP3D (Chandler et at 1992). The computing started from the pre-construction
in situ stress tensor shown in Table 1.2 and used rock properties in the ranges shown in Table 1.7.

The changes in borehole dimensions were calculated from predicted changes in stress produced by
construction. Considering the small magnitudes of the displacements, the agreement in Fig. 2.66
between the predicted and measured strains is reasonable. A second series of computations used
the measured responses in a 'history-matching' exercise to provide independent assessment of
horizontal stresses. Consideration of the influence of excavation for the experiment room led to a
reassessment that the stress state round the experimental borehole had horizontal (principal)
stresses of 30 MPa with azimuth 025° and 10 MPa. These 'back analysed' stresses produced
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better agreement in Fig. 2.66 between measured and calculated radial strains. The azimuth of 025°
for the principal stress direction corresponds to the strike of parallel pegmatite dykes near the em-
placement borehole. The dykes likely originated with the least principal stress in the direction
normal to the plane of the dykes. More detailed information on the stress state in Section 1.2.3
and Table 1.2.

Figures 2.67 and 2.68 show radial displacements of boreholes RSC1 and RSC2 through the course
of the experiment. The borehole displacements increased rapidly after heater activation and typi-
cally reached values that were either constant, or changing slowly after about 100 days. These
readings correlate closely with temperatures in the rock. When attempts were made to calculate
radial displacements, the analyses seemed to require thermal expansion coefficients about five
times greater than those measured in the laboratory (Table 1.7).

Analysing the radial strain data in more detail proved difficult because of how they varied in the
horizontal plane. Figure 2.69 shows that the deformed shape of borehole RSC1 is not elliptical, as
might be expected, but star-shaped, with the two gauges inclined at 45° to the radial direction to
the borehole being considerably lower than the other two. The star-shaped response was found
consistently in the two boreholes, suggesting that the behaviour is systematic. Further study is
needed.

2.6.3 Movements of Restraining Cap, Columns, etc.

Section 1.3.1 of the report discusses how the Buffer/Container Experiment was capped by a stiff
steel top cap and Neoprene gasket that would inhibit swelling of the clay and minimise moisture
loss (or gain) between the top of the backfill and Room 213 (Figs. 1.8 and 1.72). The top cap was
braced against the roof of the experimental room using six steel columns that were strain gauged to
provide estimates of swelling pressure independent of that measured by horizontal Roctest cells in
the upper part of the buffer and in the backfill (Figs. 1.42b and 2.37). The restraint system was
designed to withstand 3 MPa swelling pressure plus 1 MPa hydraulic pressure.

A 200 tonne hydraulic jack in each column allowed proof-testing and calibration of the stiffness of
the column/gasket assembly. This was done on 18 November 1991, just two days before heater
activation. The results of this calibration test are shown in Fig. 2.70 and Fig. 2.71. The produced
stiffnesses of 1.42 nm/kN and 0.226 (i£/kN for the gasket compression and column strain respec-
tively. The loading applied through the column jacks caused compression in the rock that was
measured by the borehole extensometers in EXT1 and EXT2 (shown in Figs. 1.37 and 1.44). The
measured displacements shown in Fig. 2.72 extend to about 4-m depth. The displacements were
also modelled using FLAC (Fig. 2.72), though the predictions were rather less than the measured
data. This implies either that stiffness of the rock is rather higher than the range of 54 GPa -
86 GPa listed in Table 1.7, or that further examination is needed of the boundary conditions for
loading in the FLAC modelling. An alternative explanation is that the geometry of the steel in the
top cap caused the load to be transferred close to the borehole wall, and the extensometers were in
a region of smaller strains.
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Figure 2.73 shows readings from the strain gauges in the columns during the first 400 days of the
experiment. Using the calibration factor of 0.226 (xe/kN determined earlier, these strains could be
converted into an equivalent pressure coming on to the restraint system from the backfill at the top
of the experiment. The pressure appeared to vary considerably on a short term basis, averaging
about 100 kPa during the first 100 days of the experiment, before increasing gradually to about
250 kPa to 350 kPa between days 150 and 350. These latter pressures do not agree well with the
low pressures of only about 30 kPa - 50 kPa read from the total pressure cells 1FR1 and 1FR2
between the top of the buffer and the top cap. Quite early in the experiment it was noted that the
pattern of the variations in column strains agreed closely with the pattern of changes in air tem-
perature in Room 213 (Fig. 2.7). It was concluded that the columns and the gasket were respond-
ing mostly to temperature change. It appeared unlikely that they were responding in a meaningful
way to pressures coming from below.

2.7 DECOMMISSIONING

2.7.1 Overview of Procedures for Decommissioning

Section 1.4.1 provided an introduction to the importance of carefully designed decommissioning
procedures. During the course of the experiment, an understanding developed that the moisture
needles and psychrometers were probably indicating qualitatively correct changes in moisture
content and suction, but that they might not be quantitatively correct. The principal objectives of
decommissioning were therefore identified to be:

1. determination of end-of-test water contents and degrees of saturation, for comparison with
values measured by psychrometer and thermal needle (Section 2.5), and

2. obtaining representative samples of the material in the experiment at the end of the test for
laboratory analysis and comparison with their properties at the time of emplacement.

Determining degrees of saturation in soil specimens is commonly done by calculation from known
values of water content, density, and average specific weight of the mineral particles.

As mentioned in Section 1.4.1, it was appreciated that the experiment would cool rapidly once the
heater was switched off. For example, modelling predictions by Radhakrishna and Lau (1993)
showed that the warmest buffer would cool from 59°C to 29°C in five days after power was
switched off. Little moisture redistribution would take place in this short period although it would
be difficult to meet the conflicting demands of quality vs. quantity of sampling. Longer periods of
cooling would be accompanied by moisture redistribution, so measured values would be unrepre-
sentative of those at the end of the experiment if excavation was done more slowly.

Three alternatives were examined. One option was to take very detailed samples over a period of
two to four months. Because of moisture redistribution, this would not permit measurement of
water contents at the end of the heating period (day 896). A second option was to allow the ex-
periment to cool until ambient temperatures were reached and earth pressures, water pressures in
the rock, and suctions in the buffer had re-stabilised. Readings would be taken throughout the



- 175-

cool-down period, and decommissioning would take place at the end of cooling. The heating
phase had lasted 896 days, and previous sections have shown that steady state conditions had not
been fully attained. (The Isothermal test has currently been in operation for 3V6 years.) Cooling
could therefore be expected to take at least as long as heating. This time delay and the cost in-
volved in continuing to operate the experiment were considered unacceptable. The third option
was to excavate the experiment as quickly as possible while it was still hot. The aim here was to
minimise the effects of cooling transients and capture the end-of-experiment densities and water
contents with minimum redistribution. Rapid excavation would require techniques to be devel-
oped for sampling and measuring water contents and densities of hot samples.

It was decided that slow cooling was not acceptable when set against the risk of instrument failure.
Insufficient value would be obtained from the additional data that would be collected. Scoping
studies showed that it was not possible to collect sufficiently detailed and careful observations in
the 5-day cooling period identified by Radhakrishna and Lau (1993). Techniques and logistical
support were developed for completing all sampling within 10 days of deactivation of the heater
(see also Section 1.4.1). It was felt that this would permit acceptable, though unpleasant working
conditions. All instruments were logged until they were disconnected.

The first step in decommissioning was removal of the columns of the restraint system. This was
done by activating hydraulic jacks in the restraint columns to compress the neoprene gasket
(Figs. 1.8 and 1.72). This compression was held on tie-down bolts into the steel collar in the con-
crete curb round the top of the borehole, the columns and top cap removed, and finally, the load in
the bolts was released. Figure 2.74 shows a photograph of the heater being removed and positions
of holes made by tube sampling. Additional photographs of work during decommissioning can be
found in the accompanying CD-ROM. Captions for these photographs were listed at the beginning
of the report.

In all, 23 people were involved with the work on a round-the-clock basis. Underground, there
were three crews of four people per crew working 8-hour shifts, plus an additional crew working
one shift per day on the microbial studies described in Section 1.2.4. Three people worked one
shift per day in the surface laboratory where samples were weighed and dried for water content
determination. Three engineers were assigned to decommissioning, with one being on site at all
times. Hoist operators and cage tenders provided 24-hour support. Electricians and machinists
were available during regular hours and on call at other times. Daily briefings were held to coor-
dinate activities.

Figures 2.75 to 2.77 show details of the sampling that was undertaken. The experiment was di-
vided into sections corresponding loosely with the instrument arrays. Each section was further
divided into three components representative of the types of sampling that would be undertaken -
(1) block sampling and instrument removal, (2) tube sampling for water contents, and hollow-stem
augering, and (3) sampling for density measurement using the 'lost-wax' process. The instrumen-
tation was mostly excavated carefully with minimum disturbance to the surrounding buffer, though
thermal needles and psychrometers were retrieved with blocks of buffer round them. Figure 2.78
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is a photograph of a block of hard buffer that was excavated around one of the thermal needles.
Corrosion suggests why the thermal needles stopped giving useful readings after about day 500.
Thermocouples were not salvaged.

Tube sampling consisted of driving 26.82-mm ID, 29.54-mm OD galvanised steel tubes into the
sand-bentonite buffer using an impact hammer. Two lengths of sample tubes were used, 450 mm
and 240 mm. They produced average sample lengths of 150 mm and 120 mm respectively.
Higher quality samples were recovered using the specially developed hollow-stem flight auger
shown in Fig. 2.79. The auger consisted of a 76-mm (3-inch) auger with 25-mm (1-inch) flights
with blades at the bottom that would open an annulus round a 54-mm (2V8-inch) core. The core
was recovered in 57.2-mm (2x,4-inch) ID acrylic tubes that were quickly sealed and taken to the
ground surface.

Over the nine days during which the buffer was excavated, approximately 1300 tube samples were
taken for moisture content determination. All samples were processed on the day they were sam-
pled. To minimise errors due to drying, the humidity in the room was kept high, and samples were
exposed to air as briefly as possible. The temperature in Room 213 stayed between 14.5°C and
16.5°C during removal of the buffer. Approximately 200 small block samples were waxed imme-
diately upon sampling and used for density and moisture content determination. Almost 30 m of
hollow stem auger samples were retrieved from the experiment for moisture content determina-
tion, microbial analysis, and for use as laboratory specimens in hydraulic conductivity, swelling
pressure, and strength testing. A number of larger blocks were also retrieved and cut into smaller
sections for detailed moisture and density analysis.

Approximately 8% of the total amount of material in the borehole was sampled for subsequent
testing. The remaining material removed from the experiment was saved and stored in 109 care-
fully identified 80 litre drums.

2.7.2 Observations of Morphology, Cracking, etc.

Once excavation had reached the level of the top of the heater, the sand annulus was carefully re-
moved and the heater removed as a unit (Fig. 2.74). This allowed examination and photography of
the surface of the sand-bentonite buffer closest to the heater. The photographs have been assem-
bled into the unwrapped photomozaic shown in Fig. 2.80, and in the 'enhanced' image shown in
Fig. 2.81. These are shown in more detail as bufmorph.mov and bufcrack.mov on the accompany-
ing CD-ROM. The colour in Fig. 2.80 is not the true colour of the buffer, which was more grey or
brown-grey, than the red-grey suggested by the photograph. The original photographs were
'black-and-white'. The colour in Fig. 2.80 was added by computer after the component photo-
graphs had been assembled and digitised.

Figure 2.82 shows that the various compaction layers are reflected in colour changes of the buffer.
Cyclic changes can be seen, ranging from lighter colouring inside the compacted layers to slightly
darker colouring between layers. The reason for these colour changes was examined using mer-
cury intrusion porosimetry (MIP). Fig. 2.82 also shows MIP data from three samples, one in the
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FIGURE 2.80: Unwrapped Photomoziac of Inside Wall of Buffer Annulus After
Removal of Heater and Sand (see also bufmorph.mov)
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darker layer, and the remaining two from the lighter area. The average pore size of the micropores
(around 0.01 |im) was the same in all three samples. However, material from the darker layer had
fewer macropores in the 20 - 50 (im range than the lighter material. This represents higher density
in the darker layers.

More significant is the evidence of the development of cracks in the buffer. The cracks are be-
lieved to be due to desiccation in hot regions close to the heater, and perhaps to stress release dur-
ing excavation of the experiment. Small cracks with openings generally less than 1 mm occured in
both the horizontal and vertical (radial) directions, with horizontal cracks being concentrated in the
darker-coloured regions that have been associated with boundaries between successive compaction
layers. The cracks were only observed to extend to about 10-cm length, about one-third of the
thickness of the annulus between the heater and the rock at the borehole wall. Cracks occurred
with greater frequency near the top of the heater, particularly between depths of 2.8 m and 3.4 m
where water contents and total pressures are lowest. No evidence of circumferential cracking was
observed. The material between the cracks was hard and intact. As in all studies of cracking in
soils, it is not clear whether the extent of the cracks was due to stress release that accompanied
removal of the heater and subsequent excavation of buffer in layers. It is conservative to assume
that the buffer contained radial cracks while the experiment was in operation.

The purpose of this work was to examine (1) evidence of non-homogeneities introduced into the
buffer by the compaction process that had been adopted, and (b) whether drying in regions close to
the heater caused cracks to develop. Radial cracks could potentially be seen as pathways for mi-
gration of groundwater towards and away from fuel waste containers. Dixon (1995) showed that
the self-healing properties of buffer produced hydraulic conductivities and swelling pressures in
specimens that contained artificially induced 'cracks' which were indistinguishable from those of
intact specimens. Figure 2.83 shows that this is true also for hydraulic conductivities and swelling
pressures measured on samples taken at the end of the Buffer/Container Experiment.

2.7.3 Water Contents

The large number of water contents that were determined from the samples taken during decom-
missioning allowed a good evaluation to be made of the distribution of wetting and drying that
occurred between the start and end of the experiment. On the basis of thermal needle and psy-
chrometer information such as that shown in Figs. 2.42 to 2.44 and 2.46 to 2.51 respectively, it
will be assumed that water contents and densities in the buffer were uniform when the heater was
switched on. It will be remembered from Section 1.3.1 that the initial gravimetric water contents
at the time of compaction averaged 18.5%.

Figures 2.84 and 2.85 show typical measurements of water content at the end of the experiment for
vertical sections through the axis of the heater along and transverse to the axis of Room 213.
Similar data are shown in Figs. 2.86a,b,c for three horizontal planes (a) above, (b) at mid-height,
and (c) below the heater respectively. Figures 2.87a,b show horizontal planes above and below the
heater. The water content data are shown in more detail as wcfinal.mov on the accompanying
CD-ROM.
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The water content distributions in Figs. 2.84 to 2.87 show remarkable consistency for such a large,
complex, and lengthy experiment. As expected, there is considerable drying close to the heater.
There is also drying above and below the heater, with the region above the heater being larger in
extent. Axial symmetry is well-developed. Beside the heater, water contents vary only slowly
with depth, with the region of dried material being rather more extensive in the upper part of the
annulus than at the bottom. This may be due to the easier opportunity for water vapour to move
upwards as well as radially at the top of the heater. Increased water contents are confined to re-
gions close to the rock walls of the emplacement borehole. Clearly some of this wetting comes
from the surrounding rock, and this has been discussed in Section 2.3.3. Wetter regions close to
the borehole wall (see for example Figs. 2.86, 2.87) correlate quite well with the regions of coarser
leucocratic granite shown in Fig. 1.12. However this is unlikely to be the complete answer. The
wetting shown in Fig. 2.84 suggests that the pattern is influenced strongly by the heater, with the
wettest regions being largely restricted to the rock walls beside the heater. It appears reasonable to
assume that coupled heat and water movements in which water moves down the temperature gra-
dient are at least as influential as inflows from the rock in establishing the water content patterns.

This view is supported by observations from the parallel Isothermal Experiment where the distri-
bution of water contents is much more uniform throughout the experiment. In that case, wetting-
up is controlled by hydraulic gradients into the experiment from the surrounding rock, and mois-
ture redistribution inside the buffer due to osmotic suctions. No hygrothermal gradients exist, and
no drying is occurring.

One of the principal reasons for measuring water contents at the end of the experiment was to pro-
vide a comparison with water contents interpreted from psychrometer measurements such as those
shown in Fig. 2.58. Results from the two quite separate measuring techniques should be in rea-
sonable agreement. Figure 2.88 shows changes in water content (a) from thermal needle and psy-
chrometer measurements between day 0 and day 525, and (b) by direct measurement at the time of
decommissioning (day 896). (It will be remembered from Section 2.5.1 that the thermal needles
stopped giving reliable readings at about day 525. At that time they were changing only slowly
and it is reasonable to compare their readings with final water contents at day 896.) Figure 2.88b
represents the changes in water content between the as-compacted values given in Fig. 1.62 and
the end of heating values shown in Figs. 2.84 to 2.87.

In the upper part of the experiment, the thermal needle and psychrometer values shown in
Fig. 2.88a are in fair agreement with the directly measured values in Fig. 2.88b. Both figures show
about the same amount of drying near the heater, and wetter buffer near the buffer-rock interface.
The apparent discrepancy at the bottom of the heater is due to a malfunctioning thermal needle at
this level that dominates the interpretation of water contents. In comparison with the large number
of samples taken for direct measurement of water contents, the number of thermal needles and
psychrometers is much smaller. This can have a large influence on the interpretation of the results.

It is well known in geotechnical engineering that water contents are very difficult to evaluate on an
on-going, non-destructive basis. Despite the difficulties that were encountered in the
Buffer/Container Experiment, the level of agreement shown between Fig. 2.88a and Fig. 2.88b is
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considered encouraging. Nevertheless, it appears reasonable to place higher confidence in direct,
physical measurements of water content obtained during decommissioning.

2.7.4 Densities

Bulk densities (y) were measured from two hundred block samples taken from the experiment.
The results are shown in Fig. 2.89. The figure shows densities that were fairly uniform, with only
relatively small changes. Buffer beside the heater was in general a little less dense than material
below the heater, and more dense than material just above the heater close to the buffer-rock
interface.

It should be remembered however that the relatively uniform bulk densities shown in Fig. 2.89 are
associated with changes in water content (w) and therefore in dry density pdry = p/(l+w). This al-
lows the good correlation shown in Fig. 2.90 between water content and dry density. In many
ways, voids ratio is a more useful parameter than dry density for describing material behaviour
because it gives a direct reflection of particle spacing through the voids ratio e = Gs pw/pdty - 1 - It
also allows changes in dry density to be converted into volume strains through ev= 5e/(l+e), and to
degrees of saturation through s = wGs/e. This work will be described in more detail in Part 3 of
the report.

2.7.5 Influences of Microbiological Activity

Section 1.2.4(a) outlined the program of microbiological studies that was undertaken to investigate
assess how the microbial population that would be naturally present during construction of the
experiment would survive compaction, heating, and drying during the 2Vi years of testing.

At the end of the experiment, samples for microbial studies were taken from the following
'environments' in the experiment:

1. the backfill above the actual experiment
2. the backfill-buffer interface
3. the buffer, using 150-mm long sampling tubes and a 400-m long hollow stem auger
4. the sand around the heater
5. the buffer-granite interface above, around, and below the heater
6. the Teflon™ cloth in which the heater had been wrapped before emplacement
7. pore water flowing into the experiment after the completion of decommissioning.

The results of the microbiological studies (Stroes-Gascoyne et al. 1995) may be summarised as
follows.

a) Numbers of viable heterotrophic aerobes varied from 'not detected' in dry samples, to 106

CFU/(g dry material) in wet samples. (CFU = colony forming unit.) Viable heterotrophic an-
aerobes varied from 'not detected' in dry samples to 106 CFU/g in wet samples.
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b) Numbers of sulphate reducing bacteria (SRB) were < 1000 CFU/g of dry material. No smell of
H2S or black precipitates were found anywhere in the Buffer/Container Experiment, even
though smells and positive Biological Activity Reactivity Test (BART) results for SRB were
found in laboratory tests with buffer materials, mostly at buffer-water interfaces and in the
presence of cellulose filters (see also Dixon 1995). This suggests that the growth of SRB and
other bacteria in a buffer environment is limited by the absence of a suitable and adequate
source of organic material, and by an environment that was not sufficiently anaerobic.

c) Methanogenic bacteria were either not detected or found in very low numbers (< 200 CFU/g
dry material), likely because the environment was not sufficiently anaerobic.

d) Some fungi were found at the buffer-backfill interface and in the sand, but not elsewhere in the
buffer. Their filamentous character may penetrate into very narrow pores and they are very
resistant to drying.

e) Most samples of 'wet' buffer from near the buffer-rock interface contained numerous anaero-
bic sulphur oxidising bacteria (SOB) but no aerobic SOB.

Stroes-Gascoyne et al. (1995) drew the following conclusions from the microbiological study.
The water content in the buffer, and by implication the water activity, is the variable that limits the
viability of bacteria present and not the temperature. The water content below which viable bacte-
ria could not be demonstrated on culture media is about 15%, corresponding to a suction of about
6 MPa in the buffer at 25°C. The microbial population may be potentially viable but severely
starved and therefore inactive in hot, dry regions of buffer, but are present in cooler, wetter re-
gions. Further studies are planned to see if bacteria can repopulate these depleted zones once ra-
diation, water content, and temperature return to more reasonable levels.

2.7.6 Measurements in the Rock After Deactivation of the Heater

After the heater was switched off and the buffer and instrumentation removed from the emplace-
ment borehole, the instruments placed in the rock continued to give readings during the period
when a new equilibrium was being reached. Figure 2.91 shows temperatures in the rock at 3-m
depth at distances of 0.62 m, 0.85 m, 2.0 m, and 3.0 m from the borehole. The figure shows the
steep temperature gradient in the rock at the end of heating (10°C/m), and the rapid decrease in
temperature that occurred after the heater was switched off. Within about 50 days, the tempera-
tures in the rock had returned to about 15°C, a temperature close to that at the beginning of the
experiment (Fig. 2.4).

Figure 2.92 shows readings from the packer cells in hole 1HG7 at 3.5 m from the central axis of
the borehole. Once again the readings, in this case potentials, dropped quickly and had essentially
stabilised towards the initial values shown in Figs. 2.20 and 2.27a after about 10 days. Figure 2.93
shows water pressures measured from the pneumatic piezometers 1RP2 - 1RP7 placed in radial
direction in the rock at the mid-height of the heater. All of the piezometers show initial short-term
responses that correspond with the changes in temperature and are probably due to thermal expan-
sivity (in this case compressivity) of the water and rock. However after the initial decreases in
pressure, the outer piezometers (for example, 1RP6, 1RP7) showed a regain towards the pressures
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corresponding to the original pressures round the emplacement borehole (Fig. 2.27a). It is inter-
esting to note that the four inner piezometers (1RP2,1RP3,1RP4 and IRP5) did not respond as
quickly. A similar behaviour was noted at the start of the experiment (Section 2.3.2, Fig. 2.26)
and was thought to be due to the inner four piezometers being located in coarser-grained leu-
cocratic granite. Alternatively, the slower response may be due to suctions in the rock that had to
be offset by inward flow from surrounding rock before the pressures could begin to rebound to
their initial values. The relationships between changes in pore water pressure and temperature
appeared to depend on the grain size of the rock, with sensors in leucocratic granite responding
more rapidly than in fine-grained granite.

In general, relationships observed during cooling were similar, though reversed, to patterns ob-
served during initial heating. This would be expected of course, but it confirms the reversible na-
ture of many of the processes operating in the experiment, and the ongoing ability of the instru-
mentation to perform successfully.

2.8 SUMMARY OF PART 2

Results from the Buffer/Container Experiment can be summarised as follows. Following the ap-
plication of power to the heater, temperatures rose rapidly in the buffer and gradually extended
outwards into the rock to produce a broadly spherical pattern of heating (Fig. 2.14). Temperatures
reached approximately constant values in the buffer after about 150 days, and in the rock after
about 300 days. Water potentials in the rock rose quite quickly, probably due to thermal expan-
sion, and then began to dissipate after about day 400. This produced higher hydraulic gradients
towards the experiment than before heating. Steady state conditions were not reached in the pore
water pressures in the rock (Fig. 2.27). The earth pressure cells showed some small values of
'locked-in' stresses that were caused by compaction, and short-term 'spikes' caused by thermal
expansion of the heater. By the end of the experiment, there was good agreement between earth
pressures measured on either side of the experiment. Lateral pressures were high above the heater,
low near the top of the heater, larger near the bottom of the heater, and high below the heater
(Fig. 2.41). Suctions and water contents also showed good agreement between sensors that were
symmetrically positioned round the heater. By the end of the experiment, suctions were high in
dried buffer in the annulus close to the heater, and lower in wetted buffer close to the buffer-rock
interface (Figs. 2.58 and 2.59). Vertical and horizontal strains in the rock were approximately
proportional to temperature change (Fig. 2.65), so the influence of buffer on stresses and dis-
placements in the rock appears negligible. The in situ thermal expansivity of the rock appears
greater than in laboratory samples. Careful sampling during decommissioning provided valuable
data about densities and water contents in the buffer (Figs. 2.84 to 2.87). This will permit an ex-
amination in Part 3 of volume strains (shrinkage and expansion) in the buffer, and how they affect
pressures in the experiment. Visual and photographic observation showed that the buffer con-
tained desiccation cracking (and possibly stress-release cracking) in radial and horizontal planes
(Fig. 2.80). The cracks were limited to the inner one-third of the buffer annulus and did not extend
to the buffer-rock interface.
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Part 2 has presented a large number, though clearly not all, of the extensive observations taken
during the 2Vi years of the experiment. The results have been organised into groups of figures that
describe in turn measurements from the different suites of instruments - temperatures, water pres-
sure distributions, total pressures between the buffer and the rock, suctions and water contents in
the buffer, displacements in the rock, and measurements taken by destructive sampling during de-
commissioning. Part 2 has been purposely restricted to a presentation of the data, largely without
synthesis or interpretation which is undertaken in Part 3. It is hoped that this arrangement will
permit other researchers to form their own understanding of the data without undue influence from
the authors.
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PART 3: COUPLED PROCESSES - COMPARISON OF MEASUREMENTS WITH
PREDICTIONS

This part of the report deals with the physics and analysis of the mechanisms that have been ob-
served in the experiment. It is not simply sufficient to measure. Rather, it is necessary to under-
stand the lessons that can be learned from this important experiment (Delage and Graham 1995).
The following part of the report deals with quantitative mathematical and numerical analyses of
the processes that were operating in the experiment. It also draws together qualitative correlations
that arise from close inspection of the data.

The overall requirement of the buffer is to provide a barrier for radionuclide release to the bio-
sphere (Selvadurai and Onofrei 1993, AECL 1994). To meet this performance goal the buffer
should effectively conduct radiogenic heat, retard the groundwater flux from the rock and therefore
retard the corrosion rate of containers, sorb radionuclides, accommodate any detrimental effects of
rock movement, and provide a sealing mechanism for gaps and cavities that may be present either
at the end of the emplacement of wastes or are created as a result of water movement during heat
conduction.

The physical condition of buffer can be considerably influenced by hygrothermal processes that
occur as a result of changing temperature and hydraulic gradients. Water tends to move from high
temperature to low temperature, and from high hydraulic potential to low potential. Thus in the
Buffer/Container Experiment, water will be driven from the heater towards the surrounding rock
by the temperature gradients seen for example in Figs. 2.11 and 2.12. At the same time, there will
be a tendency for water to be driven inwards towards the heater by the hydraulic gradients shown
in Figs. 2.27 to 2.29. The rate of water movement and the equilibrium that is finally reached will
depend on the temperature and hydraulic gradients, and on the liquid transport coefficients for liq-
uid and vapour in the buffer, and liquid in the rock.

The groundwater flux at the buffer-rock interface will be governed by the local hydrogeology, by
the fracturing and porosity of the rock, and by the compaction of the buffer (Selvadurai and
Onofrei 1993). Water content changes in the buffer will cause spatial variations in thermal
conductivity, and consequent changes in temperature, which again interact with the water content.
Understanding these coupled processes is needed to aid vault design.

3.1 THE PHYSICS OF COUPLED PROCESSES: MOVING TOWARDS
A PREDICTIVE CAPABILITY

3.1.1 Verification, Calibration, Validation. Prediction

In geotechnical engineering, the highest category of performance prediction is known as Class A
prediction. This involves predicting before a project is started, the magnitudes of parameters that
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can subsequently be measured using instrumentation incorporated during construction. Class A
prediction requires

a) a clear understanding of the physical processes that are occurring,
b) appropriate mathematical models, and where needed, numerical approximations for solving the

resulting equations,
c) a priori measurement or knowledge of material constants, constitutive relationships, etc.,
d) knowledge of boundary conditions that control the way in which the physics will operate.

Lower quality predictions sometimes use material properties and/or boundary conditions that have
been fine-tuned in the so-called 'history matching' approach. In multi-variable problems it may be
possible to get adequate history matching of one set of data (for a particular experiment, scale,
time, temperature range, etc.), but not be able to match the results of a different experiment with
the same material.

Onofrei and Gray (1993) showed that the development of reliable mathematical models requires a
four-step process of (1) verification, (2) calibration, (3) validation, and (4) prediction.

Verification is an almost mechanistic process that involves checking the mathematics of the solu-
tion, and in particular, computer coding that is used to develop numerical answers. Checking is
usually done by comparing results with available closed-form solutions for simplified problems.

Calibration uses material properties and measurements from small-scale bench studies to produce
a resource or potential that can be used for predictive purposes. Clearly, if the results of this work
are then compared with test data from the experiments that were used for calibration, little has
been learned, except further confirmation of the preceding process of verification.

Validation involves checking the results from a previously calibrated model against measured re-
sults that were not used in the preceding calibration process. This may again be at bench scale for
a totally different experiment, or preferably at prototype scale under specialised conditions in
which material properties and boundary conditions are specially well controlled.

Prediction uses a model that has already been verified, calibrated, and validated to predict per-
formance under operating conditions of site characterisation, construction, and material property
determination. It typically does not involve the close control that is possible in the validation
phase, and the accuracy of the predictions (as contrasted with their precision) is therefore lower.
This has to be incorporated into assessments of reliability, hazard, and risk before the full-scale
project can be undertaken.

A principal benefit of the Buffer/Container Experiment is that it permits a commentary on AECL's
progress towards predictive capability.
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Part 3 of the report describes the physics of the various coupling processes in turn, overviews the
mathematical modelling that has been undertaken, identifies the boundary conditions used in the
modelling, and reviews comparisons between predicted and measured parameters.

3.1.2 The Matrix of Physical Interactions

It is well known that water flows in soils from high potential to low potential, where 'total poten-
tial' is the sum of pressure head and position head (Mitchell 1976). In many soils the relationship
between flux (flow quantity per unit cross-sectional area per unit time) is proportional to the hy-
draulic gradient. This is frequently written as Darcy's Law,

, dV [3-1]

where qx is numerically equal to the superficial flow velocity vx in the x-direction, kx is the corre-
sponding hydraulic conductivity, \}/ is the hydraulic potential, and d\\f I dx is the hydraulic gradi-
ent. Since liquid water will in general not flow through small air-occupied void spaces, the hy-
draulic conductivity decreases rapidly with decreasing saturation. That is k = k(Sr).

Similarly, heat, electricity, and solutes flow from high potentials (measured by temperature, elec-
trical potential, and ionic concentration respectively) to low potentials at rates that depend on the
spatial gradients of the potentials and the thermal, electrical, or ionic conductivities of the soil.
The relationships are known as Fourier's Law, Ohm's Law, and Fick's Law respectively, and the
ionic conductivity is more frequently called a diffusion coefficient. These relationships are shown
in the leading diagonal cells in Table 3.1 (Mitchell 1976). In each case, the conductivities or dif-
fusion coefficients are generally not constant, but depend on the nature of the material. For exam-
ple, in clay soils, hydraulic conductivity decreases with increasing density and stress level, and
ionic diffusivity depends on the clay mineralogy and cation exchange capacity.

TABLE 3.1

COUPLED PROCESSES IN CLAY SOILS

Flow
Heat

Fluids

Current

Ion

Gradient
temperature
thermal conduction
(Fourier's Law)
thermo-osmosis

thermo-electricity

Soret effect

hydraulic j)otential
isothermal heat
transfer
hydraulic conduction
(Darcy's Law)
streaming current

streaming current

electrical
Peltier effect

electro-osmosis

electric conduction
(Ohm's Law)

electrophoresis

chemical
Dufour effect

normal osmosis

diffusion and
membrane po-
tentials
diffusion
(Fick's Law)
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In addition to these direct relationships, other couplings may cause fluxes to develop. For exam-
ple, a temperature gradient causes water to move from high temperature to low temperature
through thermo-osmosis; a hydraulic gradient will produce isothermal heat transfer that generates
small temperature increases; and a gradient of electrical potential can cause water movement
through electro-osmosis. These coupled fluxes are indicated by the remaining cells in Table 3.1.

In the Buffer/Container Experiment, the buffer was placed with constant composition and water
content. The heater was encapsulated in a Teflon sheath (Section 1.3.1) and this may have helped
reduce electrical fields in the experiment. Otherwise, no initiatives were taken to apply, control, or
measure differences of electrical potential across the buffer. Because of the way the experiment
was designed and constructed, it is therefore reasonable to expect no water or heat movements
through potential or chemical gradients. The only possibility of electrical effects was the observa-
tion noted in Section 1.3.1 that one, and later two of the heaters had lost power near the end of the
experiment. This was reflected in some 'hunting' of temperatures on the skin of the heater
(Fig. 2.9) and may indicate a loss of electrical energy into the system. No instrumentation was in-
stalled at the beginning of the experiment to measure potential differences between the heater and
the buffer-rock interface. In any case the heater power was provided by alternating current (AC)
which produces no net movement of water through electro-osmosis. It may however have pro-
duced dielectrophoresis, though the effect has not been examined.

The net effect of constant electrical potential and chemical composition is to simplify the matrix of
couplings in Table 3.1 to the shorter form in Table 3.2. The table indicates the two potential dif-
ferences that were clearly present in the experiment. These were (1) the differences in temperature
between the hot skin of the heater and the cooler rock, and (2) differences in hydraulic potential
between low (suction) potentials in the buffer, particularly in desiccated buffer close to the heater,
and high potentials in the rock in the far field away from the influence of the heater.

TABLE 3.2

COUPLED HEAT AND MOISTURE CONDITIONS IN

BUFFER/CONTAINER EXPERIMENT

Flow
Heat

Fluids

Gradient
temperature
thermal conduction
(Fourier's Law)
thermo-osmosis

hydraulic potential
isothermal heat
transfer
hydraulic conduction
(Darcy's Law)
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Despite the simplification from the four gradients in Table 3.1 to two gradients in Table 3.2, there
are still two sets of couplings that need to be considered. Water will move down the temperature
gradient from hot buffer to cooler buffer, and energy lost in hydraulic mass transport will produce
a small amount of heating. The latter is thought to be small enough to be frequently ignored.
However, water movements induced by temperature gradients have other effects that are fre-
quently significant. Drying and wetting cause volume and density changes which alter the thermal,
advective fluid flow and suction properties of the soil. These then feed back into the pattern of
heating and cooling round the experiment. In turn, temperatures change to accommodate these
new material properties, which again affects the water fluxes. The rate at which these corrections
take place depend considerably on the dependency of hydraulic and thermal conductivities on wa-
ter content and density. For example, if drying causes the thermal conductivity to drop much more
significantly than the hydraulic conductivity, overheating may occur and the temperatures 'run
away', with potential for damaging the heater and instrumentation. While intrinsic permeability
depends only on the size, continuity, and tortuosity of the voids, hydraulic conductivity decreases
markedly with the degree of saturation as the material dries. This was a concern at an early stage
of planning of the experiment. However, modelling done by K. Radhakrishna and K.C. Lau at
Ontario Hydro suggested that the effect was unlikely. The experiment was commissioned, and
run-away temperatures were not encountered.

It is important to note in this discussion of potentials that the outer boundary of the experiment is
not at the buffer-rock interface, but further away in the rock where the effects of heating and
disturbance of the hydraulic potentials are minimal. Flow down the thermal gradient is from the
heater towards the rock, while flow down the hydraulic gradient is from the rock towards the
buffer. The two processes are acting in opposite directions. In addition to water flow in the liquid
phase, water can also be transported through the soil as water vapour. The relationship between
mass transport in the liquid phase and the vapour phase will be considered in the following
section.

3.1.3 Processes Operative in the Buffer/Container Experiment

Sand-bentonite buffer expands when the total applied stress is less than o* + |R - A| + u, and
shrinks when it is greater (Graham et al. 1992). (Here, o* is stress transferred directly by inter-
particle contacts, |R - A| is an averaged net electrochemical stress between particles, and u is pore
water pressure measured in macropores between aggregates.) In a general sense, it expands when
its water content increases, and shrinks when it dries.

Effective modelling of the processes operative in the Buffer/Container Experiment must therefore
include evaluation of deformations as well as the couplings described in the previous section be-
tween heat and moisture. Four basic variables need to be included - displacements, water poten-
tials (suctions), air pressure, and temperature. Such a formulation makes it possible, at least in
principle, to incorporate deformations of the soil skeleton, moisture transfer, and hysteresis. The
formulation must also be capable of taking proper account of discontinuities such as the bounda-
ries between the buffer, backfill, sand, and rock that comprise the experiment. The task of
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producing a fully coupled mathematical model to simulate slow transient phenomena involving
heat and moisture transfer in discontinuous deforming unsaturated porous media becomes consid-
erable.

Moisture flow in unsaturated soils under the influence of thermal gradients is complex. Movement
of moisture takes place simultaneously in both liquid and vapour phases (Brady 1974). In the liq-
uid phase, the flow of moisture occurs largely as a result of total head differences within the soil.
In the vapour phase, moisture flows from regions of high vapour pressures to those of lower va-
pour pressures. When equilibrium is attained, there can be no net flux in the water liquid and wa-
ter vapour phases combined. There may however be counteracting fluxes that are equal and oppo-
site. Under certain circumstances, for example in the Buffer/Container Experiment, competing
water content, suction and vapour pressure gradients may co-exist. In these cases, the net flow of
moisture depends on the spatial and temporal distributions of temperature, water content and suc-
tion within the unsaturated soil.

3.2 OVERVIEW OF NUMERICAL MODELS

3.2.1 A Physics-Based Approach

At the time of writing in late 1996, it is probably correct to say that despite considerable
international effort and cooperation, there is no fully developed capability available that can take
account of all the processes described in Section 3.1 and has been successfully taken through the
separate steps of verification, calibration, validation, and prediction. (Thomas 1992, Y. Zhou
pers. Comm. 1996). Most existing solutions have to make restrictive assumptions to permit
solution of the equations or to facilitate evaluation of the calibration information. The following
sections dealing with modelling of hygrothermomechanical behaviour of soils are based on
formulations by Thomas and King (1991), Thomas (1992,1993) and Zhou et al. (1996).

In a general sense, solutions must satisfy conditions of force equilibrium, mass balance, and energy
balance, and the following assumptions are commonly made.

1. The liquid in the porous medium has the properties of pure bulk water and contains no solutes
or surfactants.

2. Liquid movement is by viscous flow under the influence of capillary and adsorptive forces.
For unsaturated soils, the hydraulic conductivity and hydraulic diffusivity vary with water
content, degree of saturation, and suction; and are affected by processes such as hysteresis and
temperature (Hillel 1980; Corey 1986; Neilsen et al. 1986).

3. Vapour movement is by convection and diffusion in the gas-filled pores. Apart from vapour,
these pores contain air as an inert gas.

4. Heat transfer by radiation is negligible.
5. The porous medium can be treated as a quasi-continuum where volume-averaged quantities

replace the local ones. In addition, the usual calculus can be applied to the volume-averaged
quantities.
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Water transport in the liquid phase. In unsaturated soils, water flow takes place in both liquid and
vapour phases (Brady 1974, Hillel 1980). The movement of moisture in the liquid phase of an un-
saturated soil is attributed to driving forces resulting from total head gradients within the soil mass
in the same way as in [3.1]. Total head gradients arise from differences in suction, pressure, water
content, and soil water chemistry within the unsaturated soil. Flow takes place in the direction of
decreasing total head. The flux is proportional to the gradient of total head and is affected by the
geometric properties of the pore channels through which the flow takes place. It decreases rapidly
as the degree of saturation decreases.

Water transport in the vapour phase. In contrast to liquid flow which depends on potential
differences in the liquid phase, the flow of water vapour in an unsaturated soil is associated with
the difference in the kinetic energy of free water molecules in the unsaturated pores
(Hausenbuiller 1972). The kinetic energy of water molecules is expressed in terms of vapour
pressure. Water vapour flow occurs when vapour pressure gradients exist and is generally treated
as a diffusion process (Philip and de Vries 1957, Hillel 1980). In turn, vapour pressure gradients
arise as a result of temperature gradients and chemical gradients associated with the differences in
the distribution of solutes in the pore fluid. Water vapour fluxes increase as the degree of
saturation decreases.

The vapour flux q in an unsaturated soil may be expressed by the following differential equation
(Slatyer 1967):

n flm
 d V p [3<2]

q = — arDw
dx

where a is the tortuosity factor, / i s the fractional cross sectional area available for diffusion, Dw

is the diffusion coefficient of water vapour in air, Vp is the vapour pressure, and x is the physical
coordinate system.

When liquid continuity in a soil is disrupted, for example through the development of continuous
air voids and discontinuous water, mass transport of water occurs principally by vapour transfer
(Slatyer 1967). Philip and de Vries (1957) described a possible mechanism through which water
vapour moves within unsaturated soils. They explained that in an unsaturated soil with a discon-
tinuous water phase, liquid water remaining in the system tends to locate almost wholly in small,
meniscus-controlled 'necks' or 'bridges' between solid particles. Water vapour moves by con-
densing on one meniscus of each neck, thereby altering the vapour pressure in the void and the
curvature of the meniscus. This is followed by evaporation from the other meniscus of the same
neck into the void on the other side of the neck. Thus there can be mass transport across bridges in
a non-continuous air space, without actual breakthrough that creates a continuous narrow channel
through the pores.

In wet buffer near saturation, liquid migration is more important than vapour transport. Moisture
in unsaturated soils has strongly curved menisci at water/gas interfaces and exists in the form of
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'bridges' between mineral particles. Water can condense on one side of a bridge and evaporate
from the other in response to the different relative humidities in the pores on either side of the
bridge without actual breakthrough to form a continuous narrow channel through the pores. When
the volumetric water content 9 of the reference buffer is about 0.3 (w = 16%) the liquid and vapour
transport coefficients are approximately the same. Saturated buffer with a reference dry density of
1.67 Mg/m3 has 0 about 0.4, w = 21.5%.

It will be remembered also that in a region where evaporation is taking place, heat is being ex-
tracted from the system through latent heat of evaporation. The process is reversed in regions
where condensation is taking place, that is, where the water vapour pressure is higher than
(technically equal to) the saturated vapour pressure for the local temperature.

The equilibrium equation. The specific volume V of a soil element and its volumetric water con-
tent 6 will vary with stress level a', water potential V|/, and Temperature T.

V = f(G',\|/,T), 6 = f(c',\|/,T), [3.3]

where the volumetric water content 0 is related to the more usual (in geotechnical engineering)
gravimetric water content through 0 = wGs /(l+wGs).

Thus we can write

da ' [3.4]
dev = + Bjd\|/ + B2dT

K

where K represents isothermal and isopotential stiffness of the soil, Bi is the isothermal volumetric
coefficient of swelling, and B2 is the isopotential coefficient of thermal expansion. Equation [3.4]
can be generalised to include the six components of stress and strain that describe plane strain
problems. In this case, the stiffness parameter 'K' becomes a constitutive relationship between
stresses and strains in the material under isothermal, isopotential conditions. The constitutive
model is not constrained at this stage and may be linearly elastic, anisotropic elastic (Graham and
Houlsby 1983), hypoelastic (Yin etal. 1990), or elastic plastic (Tanakaef al. 1995). Considerable
work has been done in forming models of constitutive behaviour for saturated buffer (Graham et
al. 1989; Wan et al. 1990; Graham et al. 1992; Lingnau et al. 1995, 1996), and has begun on un-
saturated buffer and sand (Graham et al. 1995). The parameter Bi is again not a constant but a
functional and represents the volume-suction relationship as expressed for example in Fig. 1.31 as
a Soil-Water Retention Curve (SWRC). Wan et al. (1995) presented this for 25°C. Wan (1996)
extended this information for different temperatures. The parameter B2 represents the volume ex-
pansion of the material with changes in temperature.

Mass balance equation for water. The mass balance equation for water must take account of wa-
ter fluxes qjjq and qvap in liquid and vapour form.
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= -PiiqKliq V(V + z) - P l iqDTaVT [3.5a]

q v a p = - D V p v + P v v a
 [ 3 ' 5 b ]

where Ki;q is the hydraulic conductivity of the material and varies with specific volume (and there-
fore with pressure and suction), and with temperature; DT 3 is a transport coefficient for absorbed
liquid flow due to thermal gradients (again a function of pressure and suction), D is the effective
molecular diffusivity, and va is the velocity of the air phase. In [3.5a], the first term represents
Darcy's law [3.1], and the second term represents liquid flow due to thermal gradients. In [3.5b]
the vapour flux contains diffusion and convection components, both of which are functions of po-
tential \|/ and temperature T, and the vapour density pv which depends on temperature, suction, and
the specific gas constant for water vapour. The air velocity term va depends on the conductivity of
the soil structure to air (which varies with specific volume and suction) and the gradient of air
pressure.

After taking account of mass conservation and state changes in the liquid water,

8 3fi 9c ' .Piiq8av 96

= V[(PiiqKliq + D 1 )V ¥ ] + V ( ^ ^ - V p a ) + V[(pliqDTa + D2)VT)] + V(PliqKliqVz) [3.6]

Equation [3.6] has been included, not for completeness, but to give an indication of the complexity
of the problem that is being addressed. The equation is intimidating, not only from the point of
view of the mathematics involved in its solution, but more especially when it is realised that the
total mass change with time expressed by the left side of the equation depends on the gradients of
suction (with corresponding dependencies on stress level and volume strain), the gradient of air
pressure, the temperature gradient, and self weight effects associated with gravity and position
change with z in the liquid water phase.

A similarly complex equation can be written to express the mass balance for dry air which has ad-
ditional terms that take account of changes of solubility of air in water with suction and tempera-
ture, and air flux due to gradients of air pressure. For simplicity this equation will not be included
here.

Energy balance equation. The energy balance per unit volume can be written in the form
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V[(CwPwKliq +CdaKliqPdaH)Vz(T-T0)] [3.7]

The ' C terms in [3.7] represent thermal conductivities of the solid, liquid, and vapour phases re-
spectively, and H represents the coefficient of solubility of air in water defined by Henry's Law.

The ' D ' terms are given by:

D*V2=(PiiqK l i qCw+D1Cv+Cd aK l i q P d aH)(T-T0)

+D2CV + Cd aTT a P d aH)(T- To) - \ s + LD2 [3.8]

CdaKaPda Up T . T PvKa" ( 1 - 1 O ) + L — —
V la / la

where Xs is the thermal conductivity of the unsaturated soil, and L is latent heat of evaporation.

Equation [3.7] expresses the specific energy involved in changing unit mass of unsaturated soil
through a temperature change (T - To). It takes account of heat fluxes in the liquid water phase,
the water vapour phase, the dry air, and the solid particles, plus (currently missing) heat fluxes
during evaporation/condensation changes in the water between liquid and vapour phases.

3.2.2 Moving Towards a Solution

The preceding approach is based on the physics of the problem. The development shown in previ-
ous paragraphs, which is acknowledged to be incomplete, should nevertheless indicate the com-
plexity of the equations. However, this complexity is not itself the principal problem - careful
coding and development should be capable of producing numerical solutions using, for example,
finite element analysis.

Greater difficulty arises from the considerable coupling that is present, particularly in the highly
expansive bentonite component of the buffer in the Buffer/Container Experiment. Many of the
material parameters in the equations are multi-variate, and change with density, volume change,
stress level, suction, and temperature. These relationships, if known, could certainly be written
into computer codes, with corresponding increases in complexity and difficulties in ensuring con-
vergence. This work is in progress in Europe under collaborative research between University of
Wales, Cardiff; Imperial College, London, and University of Catalunya, Barcelona (see for exam-
ple, Thomas 1992; Alonso et al. 1988, 1990. Related work is being done at the University of
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dy 5 T _
CT> - ^ + CTT — -

Manitoba by Y. Zhou under the supervision of R.K.N.D. Rajapakse and J. Graham (Zhou et al.
1996). Thomas (1992) rewrites the equations:

Moisture flow:
„ 3w „ 3T 3 („ %y\ d („ 8TY 8k [3.9a]

Heat flow:
dT] 3T 9T [3.9b]

— J - Cplu — - CpvV —

where \|/ is matric suction, T is temperature, k is hydraulic conductivity of the unsaturated material,
Cpi is the specific heat capacity of soil water, CpV is the specific heat capacity of soil vapour, Cyy,
CyT, Opy, and CTT are coefficients related to the flow of moisture, and K ^ , Kyr » and Kxy are
coefficients related to heat flow. The third term on the right side of [3.9a] represents the influence
of gravity and elevation changes. The material parameters used in this model are generally func-
tions of suction and water content, and are influenced by hysteresis and temperature. Note here
that \|/ has been used for 'suction', not 'potential'. The magnitudes of the two parameters are the
same, but the signs are different. In this form, volume straining due to stress changes is not yet
included. A principal feature of the European collaboration is their efforts to combine the heat-
moisture model in [3.9] with a very powerful stress-strain-suction model developed at Barcelona.
However it is not yet clear that the Barcelona model can adequately include the electrochemical
effects that control stress-strain behaviour in expansive clays such as the bentonite in buffer.

In [3.9], the liquid flow and vapour flow are considered separately before combining the two into a
conservation of mass equation (Thomas 1992). Non-isothermal liquid flow is governed by the
extension of Darcy's law. The treatment of vapour flow follows the approach proposed by Philip
and de Vries (1957). Heat transfer is assumed to take place by means of conduction, latent heat of
vaporisation and sensible heat transfer.

Calibration difficulties. Of greater concern than the complexity of the numerical solutions is the
question of whether the multi-variate relationships between the various parameters can be reliably
determined from laboratory studies. After considerable work at a number of institutions, it is still
not clear how to design laboratory tests that will separate the various functional needed for the
solution of equations written in this way.

3.2.3 A 'Lumped Parameter' Approach

An alternative approach to those shown in [3.6] to [3.9] is to use an approximate solution based on
the use of 'lumped' parameters that include several of the terms and couplings inherent in the
physics-based equations. In this approach, equations are rewritten as extensions of the form im-
plied by Tables 3.1 and 3.2. For example
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) p Vpa+L r rVT+LT(J/Vo /

where [3.10a,b,c] represent respectively the total mass flux for water (w), the dry air (da) flux, and
the energy balance equation for heat. The 'L' coefficients in [3.10] include liquid water, vapour,
and dry air components, with the LTT term also including thermal conductivity of the mineral
particles.

Equations [3.10a,b,c] can of course be related to the physics-based approach shown earlier. For
example, [3.6] and [3.10a] are related as follows.

V q m = ) Pa

3 9 , 3 a ' . ndV 39 „ ,3\|/
p ) ( P e + P P C )

30 3T

Note that the formulation in [3.10] includes stress-strain-volume change coupling through the Va
term , whereas the best of the currently available physics-based approaches [3.9], does not. This is
important for the following reasons.

1. Bentonitic clays exhibit substantial deformation characteristics. Strong coupling is therefore
known to exist between the flow processes and the stress-strain behaviour. An analysis that
fully includes this coupling in an integrated manner allows its full importance to be
accommodated.

2. Both saturated and unsaturated conditions will exist in the engineered barrier at different times
in the life of a full-scale facility. The material will initially be unsaturated. Material close to
the container will desiccate and shrink. Some will swell due to thermally generated moisture
redistribution and water uptake from the rock. Later, as the ground water level is restored it
will gain water from its surroundings and may become saturated. Inclusion of the compres-
sion/expansion behaviour of the buffer in the analysis is therefore important.

The essence of this work is the development of a theoretical formulation and numerical solution in
terms of the two variables temperature and capillary potential. This has the following advantages
over the Philip-de Vries (1957) approach:

1. compatibility with current approaches involving stress-strain behaviour of unsaturated soil
2. an ability to analyse both saturated and unsaturated conditions in the same problem
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3. non-homogeneous soil conditions can be analysed in which continuity of water and heat fluxes
must be maintained across soil boundaries, must not necessarily continuity of suctions or tem-
perature gradients.

A commonly used simplification of the general approach outlined earlier is the formulation
attributed to Philip and de Vries (1957) for analysing moisture movement under the influence of
heat and hydraulic gradients. The Philip-de Vries model assumes that local thermodynamic
equilibrium exists between liquid and vapour water at each point within the soil mass, though
spatial and time gradients are still present. The solution is only for constant-volume conditions
and does not include stress-strain effects. For one-dimensional flow, the general differential
equations describing moisture flow and heat transfer under combined temperature and hydraulic
gradients are written:

Moisture flow:
Aft die n

V(D e i i qV6) + ̂  L"

Heat flow:
[3.12b]

= V I A . V I I — I . V I I J n _ - V m

at
c — = V(XVT)-LV(DevapV9)

where VT is thermal gradient, V0 is volumetric water content gradient, D j is thermal moisture

diffusivity, D6 1 i q is isothermal liquid diffusivity, D e v a p is isothermal vapour diffusivity, 6 is

volumetric water content, T is temperature, L is latent heat of water, k is hydraulic conductivity, c
is volumetric heat capacity, X is thermal conductivity, t is time, and x is the length of flow path in
the x-direction. The material parameters related to permeability and diffusivity are generally found
to depend on water content and temperature, and are hysteretic (Radhakrishna et al. 1992).

In the original Philip and de Vries (1957) formulation, volumetric water content (that is, water
content determined by volume) is used as a governing variable as indicated in [3.12]. In recent
years, attempts have been made by others to recast the original formulation using suction and
pressure as variables to what is colloquially referred as the "potential" formulation (Milly 1981,
Thomas 1992). This approach has been used in [3.12]. The advantages of the potential
formulation over the original formulation are discussed by Thomas (1992). The use of suction and
pressure as variables facilitates coupling of flow models with constitutive stress-strain models
such as those mentioned earlier. As well, flow models based on potentials permit solutions to
problems where the materials may vary discontinuously, with consequent discontinuities in water
contents, suctions, conductivities, saturations, and constitutive behaviour.

Nuclear waste containment problems may typically involve three materials, the host rock, a bento-
nitic clay barrier, and a sand annulus surrounding the waste package. Hydraulic interaction be-
tween buffer and rock, for example, is of importance in terms of the correct modelling of the re-
charge of the soil. There must be continuity of heat and moisture fluxes between boundaries in the
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domain, but not necessarily continuity of temperature gradients, and hydraulic pressure gradients,
depending on the suctions, thermal conductivity, hydraulic conductivity, etc. of the materials on
either side of the discontinuity. Methods based on a potential formulation (for example [3.7], [3.9]
and [3.10]) allow solutions to the problem to be achieved naturally in terms of the material prop-
erties that are used in the computations. Alternative water content - temperature formulations are
incapable of modelling this problem since they would predict that at steady state conditions, the
volumetric water content in the buffer would be the same as the volumetric water content in the
rock. This is clearly physically incorrect.

Mohamed et al. (1994) point out that methods such as those proposed by Smith (1943), Philip and
de Vries (1957), Taylor and Carey (1960), Nielsen et al. (1972) for predicting coupled heat and
water flows in unsaturated clay-based materials generally involve the development of transport
models and evaluation of their associated flow coefficients or diffusion parameters. Many of the
difficulties encountered in applying the models are related to the way the driving gradients are ex-
pressed and the associated transport coefficients used in the models. As outlined earlier, a princi-
pal difficulty in using the models is that physical parameters that affect the heat and moisture con-
tent must be known so that the individual diffusion parameters in the transport equations can be
estimated. In applications in expansive clays, local swelling pressures are developed and there is
redistribution of water, leading to non-uniform volumetric water contents. It therefore becomes
necessary to adopt a technique that uses actual experimental data in combination with a theoreti-
cally-based formulation for calculating the diffusion parameters. Mohamed et al. (1994) write the
Philip-de Vries relationships in the form:

[3.13a]

[3.13b]

C ^ - = V(LTwVe) + V(LTTVT)
at

where 6 = 6(x,z,t) is volumetric water content, T is temperature, Lww is a transport coefficient for
fluid flow due to the gradient of 6, LTT is the thermal conductivity coefficient for heat transfer due
to gradient of T, LWT is a coupling coefficient which specifies the water flow under temperature
gradient, LTW specifies the temperature gradient caused by the water flow, and C is volumetric
heat capacity. The 'L-terms' in this formulations are lumped parameters of the form shown in
[3.10]. A value of zero is frequently assigned to LTW» implying that the effect of water redistribu-
tion on the thermal field may not be large. Equation [3.13] does not include expansions or com-
pressions that occur as a result of water content changes.

In developing solutions to [3.13], Radhakrishna et al. (1990) produced a 3-D integrated finite dif-
ference code TRUCHAM at Ontario Hydro. TRUCHAM can accommodate a variety of linear and
nonlinear boundary conditions and material properties. Its special features are (i) it can deal with
coupled heat and moisture flow, (ii) it can accommodate a wide variation in material properties,
(iii) its formulation in multi-dimensional space (1-D to 3-D) is relatively simple, and (iv) there is
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an automatic choice for time-stepping to ensure stability and convergence in numerical solutions.
The original formulation of TRUCHAM used volumetric water content as the governing variable,
not water potential (or suction). The original version of the program could not therefore handle
hydraulic boundary conditions or solve multicomponent problems.

Lau (1994) described how TRUCHAM could be modified to accommodate hydraulic fluxes or
heads as boundary conditions. He compared the pressure-based models developed by Milly (1982)
and Thomas and King (1991) and concluded that the Thomas and King model is a subset of the
more general Milly model since it ignores the advection of the heat of wetting due to pressure gra-
dients, and the exothermic process of wetting of the porous medium. However, since the engi-
neered barrier materials involved in a disposal vault will be impermeable, the advection of heat of
wetting due to pressure head gradients term and the latent heat transported by temperature-induced
vapour diffusion term can be ignored. This causes the Milly equations and the Thomas and King
equations to have the same form. The equations are arranged so that pressure head is the only
time-dependent variable in one of the equations, while temperature is the only time dependent
variable in the other.

The original version of TRUCHAM was used for much of the heat and moisture modelling that
has been done on the Buffer/Container Experiment. The process of model development and cali-
bration involved laboratory experiments at Ontario Hydro, Carleton University, and McGill Uni-
versity to determine the required material properties (Radhakrishna et al. 1992, Selvadurai 1994,
Mohamed et al. 1994).

It was suggested earlier that the principal difficulty with using the equations was not in developing
numerical solutions but in determining functionals that adequately describe the properties of the
material. This was one of the reasons why the general equations in [3.9] were rewritten in the
'lumped' form of [3.13]. Yong and Xu (1988), Yong et al. (1990) and Mohamed et al. (1990) de-
scribed an identification technique which uses measured moisture and temperature distributions as
function of space and time in simple 1-D test specimens to calculate the diffusion parameters. The
technique relies on matching experimentally obtained values of volumetric water content and tem-
perature at various times with corresponding values calculated using a non-dimensional analysis
and estimated parameters.

Figures 1.33 and 1.34 showed values of the transport coefficients that were obtained from the three
laboratories. It will be seen at once that values of the coefficients vary to some extent with tem-
perature and with volumetric water content, although the changes are not large. More significant
is the variability between the three sets of results which vary over one to two orders of magnitude,
and in some cases, where the trends of variability are different.

The main conclusions from comparisons of results from numerical modelling with measured val-
ues were (1) the coupling effect of heat and moisture is significant, and needs to be included in
predictive modelling, and (2) temperature and moisture regimes can be predicted with reasonable
confidence in laboratory-scale experiments.
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3.2.4 Additional Modelling

In addition to the coupled heat and moisture computations using TRUCHAM, calculations for
(uncoupled) calculations of temperature variations in the buffer and the near-field rock, and for
elastic stress-strain calculations in the rock were done using the commercially available finite dif-
ference code FLAC (2-D Fast Lagrangian Analysis of Continua)1 and MAP3D (Mining Analysis
Program in 3 Dimensions)2. Temperature and total pressure distributions calculated using FLAC
can be found in tempflac.mov and presflac.mov respectively on the accompanying CD-ROM.
FLAC was also used to examine (1) the effects of construction of the emplacement borehole and
rock instrumentation boreholes (Figs. 1.17 to 1.19); (2) strains and displacements in the rock
(Figs. 2.66 and 2.72); and compression of a saturated skin of buffer at the buffer-rock interface
caused by thermal expansion of the heater.

As well as the constant-volume TRUCHAM model described earlier, attempts were also made to
model volume changes using the computer code TISDA (Thermal Induced Stress Deformation
Analysis, Lau and Radhakrishna 1993). TISDA is based on elastic theory for thick cylinders and
involves evaluating the stress conditions that will ensure equilibrium and compatibility as the vol-
ume of the buffer changes with water content. It incorporates a constitutive relationship based on
between volume change - water content relationships measured in laboratory tests that are con-
verted into equivalent values of Young's modulus and Poisson's ratio.

TISDA has been developed into solutions for radial flow of heat and water through the buffer an-
nulus, and for upwards or downwards planar flow in the buffer above and below the heater. In
particular, it has been used to model the mechanical response of buffer to changes in water content
and boundary conditions that accompanied removal of the collapsible former for the heater cavity,
and to model the effects of thermal expansion of the heater. It has also been used to examine the
possibility of radial cracking in buffer closest to the heater (see also Figs. 2.80 and 2.81). More
recently, TISDA has been linked sequentially to TRUCHAM to provide an approximate way of
modelling the volume changes that accompany moisture migration in the presence of temperature
gradients (Onofrei et al. 1995). It should be emphasised that this does not represent coupling in
the sense represented for example by [3.10] and [3.11].

Section 2.3 and the time-based animations in the appendix on CD-ROM showed water pressure
distributions in the rock. It was suggested in Section 2.3 that the patterns were strongly influenced
by heat flux passing from the heater through the sand and buffer into the rock. A program of
analysis was therefore undertaken to investigate whether the measured pore water pressure re-
sponses in the rock were consistent with predictions based on the coupled theory of thermoporoe-
lasticity (Detournay and Berchenko 1994).

Linear thermoporoelasticity is based on the assumption, supported by argument, that convective
heat transport by the fluid can be neglected. This means:

1 FLAC: Itasca Consulting Group Inc., 708 S. Third Street, Minneapolis MN U.S.A.
MAP3D: Mine Modelling Ltd., 16 Park Street, Copper Cliff, ON Canada2
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1. the temperature is locally equilibrated between the fluid and the rock, that is, there is a single
temperature at each point of the fluid-infiltrated rock, and

2. the temperature and heat flux are unaffected by the hydraulic and mechanical fields.

The thermoporoelastic solutions used by Detournay and Berchenko (1994) represent a simplifica-
tion of the more general hydro-thermo-mechanical equations shown previously, for example in
[3.6] and [3.7]. The constitutive model is linear elasticity and there is only incomplete hydraulic
or mechanical coupling with the thermal field. The rock is assumed to be water saturated.

Parameters needed by the theory are therefore also simpler to identify and measure than those
needed for the buffer, though they still involve combining physics-based parameters into 'lumped'
parameters for idealised mixtures. The needed parameters include:

a) Mechanical: linear elastic properties, for example bulk modulus K and shear modulus G
b) Thermal: drained thermal expansivity p\ thermal diffusivity a which contains the volumetric

heat capacity pCv and thermal conductivity k*
c) Hydromechanical: Biot coefficient a, Biot modulus M
d) Transport: hydraulic conductivity k and hydraulic diffusivity c
e) Thermohydromechanical: undrained thermal coefficient p\,, hydro-thermal coupling coeffi-

cient pm.

Detournay and Berchenko (1994) outlined the governing equations of thermoporoelasticity. Since
this work forms a relatively small, though important, part of the overall modelling effort and is re-
stricted to the rock, only an overview will be given here.

Constitutive equations take account of the deviatoric response of the rock, and its coupled hydrau-
lic and thermal volumetric response. They also include coupled mechanical and thermal response
of the water.

Transport laws are simply uncoupled relationships for water transport in response to hydraulic
gradients (Darcy's Law in Table 3.1) and heat transport in response to temperature gradients
(Fourier's Law).

Balance Laws are written to include equilibrium of forces (self-weight forces are neglected), con-
tinuity of the water phase, and energy balance. Mechanical and hydraulic coupling terms are
dropped from the energy balance since they can be shown to be small in this material.

Field equations are written to include equilibrium relationships between volumetric strain, pore
water pressure, and temperature; and diffusion equations for pore water pressure and temperature.

Source solutions to the resulting equations are obtained using LaPlace transforms with respect to
time, and repeated Fourier transforms with respect to the spatial dimensions (Smith and Booker
1993).
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In applying thermoporoelasticity to the Buffer/Container Experiment, Detournay and Berchenko
(1994) were able to use measured values for K, k*, pCv, (3, and k. Values of the remaining pa-
rameters were estimated from available information, or else ranges of likely values were used in
sensitivity analyses. The resulting solutions will be reviewed in Section 3.4.2.

3.3 BOUNDARY AND 'START UP' CONDITIONS

Part 2 of the report presented results that were obtained from the separate series of instruments that
were installed in the experiment. In each case, care was taken to identify the phase in the test to
which the results belonged, whether drilling the borehole, installing the experiment, heating, or
decommissioning. The time-scale of the experiment was defined by setting 'day zero' as
20 November 1991 when the heater was first switched on. Times before heater activation were
indicated by negative days, and times after heater activation by positive days.

Before answers can be obtained for particular problems, three things are needed - (1) basic equa-
tions and techniques for solving them, (2) material properties, and (3) boundary conditions that are
specific to the problem being examined. In the current context:

1. The equations have been outlined and discussed in Section 3.2, and the source of solutions
such as TRUCHAM listed.

2. Material properties were listed in Section 1.2.4. Much of the discussion in Section 3.2 was
included specifically to highlight the difficulties that have been faced in determining the hy-
drothermal properties of the buffer.

3. Following paragraphs identify the conditions in the experiment when the heater was switched
on at day zero.

Temperatures in the experiment at day zero are best seen in Figs. 2.5 and 2.6, and in the tempera-
ture animation on the accompanying CD-ROM. A small part of the temperature data for a vertical
section on one side of the experiment axis has been reproduced in Fig. 3.1a. These figures indicate
there was a high degree of axial symmetry in the temperature field round the experiment, but also
that there was a temperature gradient downwards from the instrument room (Room 213) into the
rock (Fig. 2.13). At the bottom of the concrete floor (depth about 1 m), the temperature was about
14.5°C, whereas at 8-m depth the temperature was 11°C - 11.5°C. This means there was a small
heat flux from Room 213 downwards into the experiment. Constructing the experiment did not
seem to have distorted the temperature field below Room 213 to any significant extent.

Water heads in the rock were presented in Fig. 2.27a and are reproduced here as Fig. 3.1b. The
pattern of the water heads differs considerably from the pattern of temperatures shown in Fig. 3.1a.
In this case it is clear that construction of the experiment has considerably affected the distribution
of water heads that were in the rock before the emplacement borehole was drilled.

Earth pressure cells in the buffer and the backfill, and at the buffer-rock interface were shown in
Figs. 2.32 to 2.34 for the period between the end of emplacement of the buffer and heater
activation at day zero. Earth pressures at the beginning of heating were summarised in Figs. 2.35
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and 2.36, a section of which has been reproduced for convenience as Fig. 3.2. Compaction of
buffer into the experiment seems to have incorporated 'locked-in' stresses of several hundreds of
kiloPascals. The measured pressures are no more than 30% of the maximum possible swelling
pressures.

Suctions did not fully stabilise in the period between installation and heater activation (Figs. 2.46
to 2.51). Section 2.5.2 showed that good consistency of water contents and densities produced
suctions at day zero that ranged from 2.8 MPa to 3.8 MPa, with an average value of 3.3 MPa.
Values of suction at day zero have been summarised in Fig. 3.3.

Rock displacements and strains were discussed in Section 2.6. There it was shown that the dis-
placements in the rock during the experiment were small and correlated well with the air tem-
perature in Room 213. Table 2.1 showed how the pattern of temperature induced vertical straining
could be successfully modelled using FLAC. Horizontal displacements in the radial direction
from the axis of the borehole increased rapidly in the first 100 days after heater activation and then
remained largely constant. The star-shaped deformation pattern measured from the radial strain
cells (Fig. 2.68) meant that detailed analysis of horizontal displacements was not possible.

3.4 COMPARISON OF PREDICTION WITH PERFORMANCE

The near-field temperature distribution in the buffer and rock mass, and the moisture regime in the
buffer were modelled using TRUCHAM (Radhakrishna and Lau 1992, Onofrei et al. 1995). This
work was initially directed towards scoping calculations to help in choosing the heater power re-
quired to reach the desired surface temperature of 85°C, assessing the effects of changes in the air
temperature in Room 213, and assisting in identifying suitable positions for the instruments that
were to be installed. Later, sensitivity analyses were done to investigate the effects of varying the
thermal conductivity of the sand in the annulus between the heater and the buffer, hydraulic condi-
tions at the buffer-rock boundary, thermal conductivity of the buffer, and hygrothermal properties
of the buffer. Additional analyses were done using FLAC and thermoporoelastic solutions to ex-
amine potential gradients in water in the rock.

3.4.1 Temperature Distributions

The evolution of temperatures in the experiment was discussed in Section 2.2.2. Temperature dis-
tributions are shown in Figs. 2.8 to 2.14 and as temper.mov on the accompanying CD-ROM.

It will be remembered from the earlier discussion that the heater power was initially set at 1000 W
at the beginning of the experiment on the basis of TRUCHAM predictions. Once the heater was
switched on, it was quickly realised that this power would not allow the target skin temperature of
85°C on the heater to be reached. This was largely because the thermal properties of the sand an-
nulus were not known during the initial modelling exercises. In modelling studies, small changes
in the thermal conductivity of the sand from 0.3 to 0.4 W/m/K produced 10°C difference in pre-
dicted maximum heater temperatures. On the basis of new modelling that used a revised thermal
conductivity of 0.45 W/m/K in the sand, the heater power was increased to 1200 W on day 26.
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Subsequently, the skin temperature rose to 84.5°C, the temperature at the outer radius of the sand
to 62°C, and the temperature at the borehole wall to 43°C. Compared with the initial temperature
distribution at day zero (Fig. 2.5), this meant there were considerable temperature increases in the
rock outside the emplacement borehole. The need to use higher thermal conductivity for model-
ling heat flow through the sand may have been due to higher density in the sand, either through
more efficient compaction than expected during installation, or through compression caused by
thermal expansion of the heater.

The temperature field was modelled by running TRUCHAM isothermally to account for possible
water uptake during the installation phase, and the resulting moisture content distribution was used
as the initial condition for the heating phase. The buffer-rock boundary was modelled as a perme-
able boundary, the buffer was given free access to water, and water could move across the bound-
ary depending on the driving forces and transport coefficients (Radhakrishna and Lau 1992, Kjar-
tanson et al. 1993). There was excellent agreement between predicted and measured temperature
fields, not only in terms of the magnitudes of the temperatures but also in the rate at which they
were achieved. Figure 2.8 showed good agreement between measured and predicted temperatures
on the heater surface. Further information on temperature predictions is given in Fig. 3.4 which
shows how temperature distributions in the radial direction varied with time. This figure extends
the modelling into the near field of the surrounding rock. Temperatures in the rock were also
modelled using FLAC. Typical results are shown in Fig. 3.5 for temperatures at day 255. Further
information on calculated temperature distributions are shown in tempflac.mov. The ability of the
modelling to predict temperature distributions is good.

It should be remembered that the good level of agreement between prediction and performance in
Fig. 2.8 and Fig. 3.4 was only achieved after some fine tuning of the thermal conductivity and
thermal diffusivity in a 'history matching' exercise.

3.4.2 Water Potentials in the Rock and in the Buffer as Functions of Time and Temperature - the
Interaction Between Potential Gradients (A) Towards the Container Due to Differences in
Groundwater Potentials, and (B) Away From the Container Due to Differences in
Temperature

Section 2.3.3 discussed the hydraulic potentials that developed in the near-field rock in the course
of the experiment. Results from the packer boreholes HG7 - HG9 were shown in Fig. 2.27 and as
potmeas.mov on the accompanying CD-ROM. Values of pore water pressure measured by the
pneumatic piezometers 1RP2 - 1RP7 were shown in Fig. 2.29. Potentials were low nearest the
buffer, and were interpreted as having values less than atmospheric pressure close to the borehole
wall. Surrounding this was a ring or cylinder of higher potentials round the experiment. With
further increase in radius, the potentials decreased towards far-field values. That is, a heat-
generated 'pulse' of potentials was observed in the near field rock that were larger than either the
far-field potentials or the potentials at the buffer-rock interface. The potentials were highest at
about day 400 (Fig. 2.27e) and then decreased somewhat through to the end of the experiment
(Fig. 2.27f). It has been postulated that this ring of high potentials was produced by thermal
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expansion of the rock, and more particularly, by expansion of the water contained naturally in the
rock (average porosity 0.5%, Table 1.7).

Modelling of this behaviour has been examined using FLAC and the thermoporoelastic solution
outlined in Section 3.2.4 (Detournay and Berchenko 1994). While the modelling is still at an early
stage of development and some of the required rock properties have still to be determined accu-
rately, the models reproduce the broad nature of the pattern of potentials that has been observed.
For example, the FLAC modelling in presflac.mov produces the heating-induced ring of elevated
pore water pressures round the experiment that was seen in Fig. 2.27. (It should be noted that
presflac.mov shows pore water pressures whereas Fig. 2.27 shows hydraulic potentials.) Ther-
moporoelastic modelling in Fig. 3.6 shows an axi-symmetric solution for the case where there is
no increase of water pressure (here modelling hydraulic potential) across the buffer-rock interface
(Detournay and Berchenko 1994). The results in Fig. 3.6 have been plotted in dimensionless terms
where the ordinate n represents a dimensionless pore water pressure change u/u* (u* = 10 MPa);

and x is a dimensionless time 4ct / r,j, where c = thermal diffusivity (m /s), and ro = the radius of
the emplacement borehole. The figure shows pore water pressures increasing rapidly early in the
experiment, and thereafter decreasing to somewhat lower values. This is qualitatively similar to
the measurements shown for example in Fig. 2.26 and 2.27, though it does miss the 'flat' response
observed in 1RP2M. This was earlier described (Section 2.3.2) as being due to small negative
pore water close to the buffer-rock interface. These negative pressures (that is, suctions) could not
be measured due to cavitation in the piezometer. Comparison of results in Fig. 2.26 and Fig. 3.6
suggests a three-fold difference between measured and predicted responses. Additional work is
currently in progress to refine the numerical accuracy of the thermoporoelastic analysis, largely by
directing attention to a better understanding of in situ material properties for the rock.

Values of the potential (equal in magnitude but different in sign to the suction S ) in the buffer at
the mid-height of the heater were shown in Fig. 2.58. It appears from this figure that there is a
strong potential gradient from the rock towards the heater. This might be expected to lead to water
movement towards the heater, in contrast with the water content distributions shown for example
in Figs. 2.84 to 2.88 in which buffer nearest the rock is wettest. Equations such as [3.7] indicate
how this is possible.

Table 3.3 shows approximate idealised values of temperature T, water content w, water vapour
pressure WVP, and suction S at the inner surface of the buffer beside the sand annulus surrounding
the heater, and at the buffer-rock interface. Values are given for three stages in the test. Stage A is
just before heater activation. Stage B is for a notional condition when the temperatures have in-
creased to almost their final values, but no moisture movement has yet occurred. This assumes
that heat transfer is much more rapid than water transport. Stage C is towards the end of the ex-
periment when moisture has moved from the heater towards the buffer-rock interface and condi-
tions are approaching steady state.
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TABLE 3.3

SUCTION AND WATER VAPOUR PRESSURE GRADIENTS IN THE

BUFFER/CONTAINER EXPERIMENT

A
B
C

sand
T-°C

18
65
65

annulus
w - %

18.5
18.5
12.5

- buffer
WVP
-kPa

22
20

interface
S-MPa

3.5
3.0
15

T-°C

18
35
35

buffer-rock interface
w - %

18.5
18.5
22.0

WVP S
-kPa

5.4
5.6

-MPa

3.5
3.25
1.5

At Stage A, there are no radial gradients in the experiment - temperatures, water vapour pressures,
and suctions are all essentially independent of radius. In the actual experiment, there were small
downwards temperature gradients (Fig. 2.5), but these will be considered of secondary importance
compared with the radial behaviour that is being examined here. At Stage B in Table 3.3, there are
relatively large outwards gradients of water vapour pressure, and less significant (though numeri-
cally larger) gradients of suction. It will be remembered from earlier sections that water vapour
flows tend to dominate the behaviour. The net effect of these flows is to set up a moisture move-
ment from the heater to the buffer-rock interface. The resulting drying at the heater generates high
suctions, while wetting at the rock, through a combination of outwards hygrothermal fluxes and
inwards hydraulic fluxes generates low suctions. Movement of liquid water then begins in the in-
wards direction of increasing suction (decreasing hydraulic potential). This is limited by the low
hydraulic conductivity of unsaturated buffer. At the same time, water vapour moves outwards in
response to the gradient of water vapour pressure. In early stages of the process, water vapour mi-
gration is dominant in affecting water mass transport, and leads to the considerable wetting meas-
ured at the buffer-rock interface. Finally, when equilibrium is reached, outwards water vapour
transport must equal inwards water liquid transport.

3.4.3 Rates of Water Flow into the Borehole. Related to Changes in Water Content and Water
Balance

Section 2.3.4 showed good agreement between measured and predicted quantities of water flowing
into the empty borehole before emplacement (see Figs. 1.17,2.27, 2.29 and 2.31). The predictions
were based on (a) a simplified closed-form analysis, and (b) an analysis using FLAC with
representative hydraulic conductivites for the rock and a far-field water potential of 1600 kPa
(Chandler et al. 1992). The question then arises whether a 'water mass balance' can be calculated
that takes account of water flowing into the experiment during the heating phase plus water
movements inside the buffer caused by drying near the heater and wetting near the buffer-rock
interface. An ability to perform such computations successfully would reflect a sound knowledge
of the physics of the experiment, reliable predictive models, and a good understanding of the
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appropriate boundary conditions. A principal reason for the complex structural cover that was
designed for the top of the experiment (Section 1.3.1) was to provide a seal against loss of water
vapour from the experiment. By removing a possible source of water loss, this would assist in
achieving a mass balance between water that was in the buffer at the beginning of the experiment,
water entering the buffer from the rock during the experiment, and the water in the buffer at the
end of the experiment.

Water flowing towards the experiment was controlled by hydraulic gradients in the rock like those
shown in Fig. 2.29 and the rock hydraulic conductivity given in Table 1.7. Figure 2.29 suggests
there were small negative water potentials (suctions) in the rock closest to the buffer during the
test. If these suctions are neglected, and the gradients of hydraulic potentials during the test are
assumed the same as into the empty borehole, simple calculations suggest that there would be a net
flux of water into the buffer of approximately 30 litres during the 896 days of heater activation.
The measured gradients suggest a larger flux of perhaps 60 - 100 litres of water.

In the buffer, water fluxes were measured during the test by the thermal needles and psychrometers
installed in the experiment, and more reliably by the extensive program of sampling undertaken
during decommissioning. The fluxes were controlled by temperature and suction gradients in the
way described in Section 3.2. Summary diagrams of the changes in water content during the test
were shown in Fig. 2.59. Water contents measured during decommissioning were described in
Section 2.7.3, Figs. 2.84 to 2.88, and are shown as wcfinal.mov on the accompanying CD-ROM.

As buffer nearest the rock gained moisture (Figs. 2.84 to 2.88), whether from outwards hygrother-
mal migration or inwards hydraulic migration, its suction decreased. In addition, heating caused
higher potentials in the rock (Figs. 2.27f, 2.29 and 3.6). The net result was that the hydraulic gra-
dients controlling inwards water flow were somewhat greater (perhaps 3 times greater) than those
towards the empty borehole. The net water flux into the buffer from the rock should therefore also
have been larger than the figure of 30 litres given earlier if the gradients had been unchanged by
the heating, and a flux of 60-100 litres appears reasonable.

Calculations for the water mass balance were done using the following assumptions:

1. The psychrometers were able to measure water contents correctly.
2. Water contents in the buffer remained constant at 18% in zones above the heater and in the

middle part of the buffer annulus where the outer thermal needles were located.
3. Thermal conductivities measured by thermal needle 1BN6 were representative of water con-

tents of buffer immediately adjacent to and below the heater.
4. Thermal conductivities remained constant when water contents were higher than 14%

(Fig. 1.26).

During decommissioning, approximately 1300 tube samples and 200 block samples were taken to
evaluate water content and densities at the end of the experiment. Interpolation on to a grid at
2-cm horizontal and 2° angular spacings was used to produce the mapping of water contents
shown as wcfinal.mov on the CD-ROM. The final total mass of water in the buffer was obtained
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by summation of the moisture in the individual segments. The net change of water in the buffer
was determined by subtracting the total water put into the buffer at installation from the final total
water.

Results of these calculations are shown in Table 3.4. The first four columns of numerical data in-
dicate water fluxes into the experiment calculated from the thermal needles and psychrometer data.
These data must be considered to have higher uncertainty than values estimated from water con-
tents at decommissioning. The final column is considered more accurate since it comes from the
samples taken during decommissioning. In comparative terms, the relationship between the water
flux interpreted from the thermal needles and psychrometers is larger than the flux inferred from
the hydraulic potentials, with the packer data giving closer agreement than the pneumatic pie-
zometers. Table 3.4 shows that the uptake of water through the 2Vi years of the experiment is
small, probably around 100 litres. This figure corresponds well with the value of 60 - 100 litres

TABLE 3.4

MOISTURE MASS BALANCE CALCULATIONS.

No. of days since heater activation
No. of days since installation2

j Apparent uptake by buffer (litres)
; - Calculated from thermal needles and
I psychrometer data
I - Extrapolation of measured inflows
i Calculated from pneumatic piezometers (litres)4:
! - from 1RP6 and 1RP7 data
1 - from 1RP3, 1RP4 and 1RP5 data
i Calculated from packer data (litres)
i - from HG9 data
1 - from HG11 data

0
120

16
3

3
3

3
4

180
300

117
9

15
17

18
12

280
400

132
11

25
29

31
22

480
600

142
17

44
49

55
34

896' :

1017 ;

903 !
29 !

84
84 i

101
56

End of heating.
23 July 1991 is taken as the first day of installation - heater activation on
20 November 1991 is 'day 0'.

From water contents measured during decommissioning.
Calculated from inwards pressure gradients shown in Fig. 2.29. The pneumatic pie-
zometers were not installed sufficiently far in advance of day 0 to enable a calcula-
tion. Based on inflow projections and packer data, a value of 3 litres has been as-
sumed for day 0.

Calculated from gradients in the packer data.
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that can be interpreted from the gradients shown in Fig. 2.29 and is about three times larger than
the flow into an empty borehole over the same time period.

The net fluxes calculated from the pneumatic piezometers (68 - 81 litres) and from the water con-
tents at decommissioning are in good agreement considering the complexity of the environment
and the duration of the test. It should also be noted that the measured fluxes in Table 3.4 represent
only about 0.3% of the water that was used in the initial mixing of the buffer before installation.
The likely accuracy of water content determination under ideal laboratory conditions is not more
than about 0.1% to 0.2%. Decommissioning was done while the buffer was still hot (Section 2.7)
and this probably means lower accuracy than this in determining water contents. When these fac-
tors are taken into account, the level of agreement shown in Table 3.4 must be considered good.

Water contents at the end of the experiment were reviewed in Section 2.7.3 and Figs. 2.85 to 2.88.
Buffer close to the rock alongside the heater gained up to 4% - 5% water content. Buffer close to
the rock above and below the heater gained less water content, of the order 2%. Buffer close to the
heater dried by about 5% - 6%. These relatively large changes in water content resulted from
thermal gradients. In contrast, the increase in water content from hydraulic gradients in the rock
averaged only about 0.3% over the entire buffer volume. It must be concluded that in this experi-
ment, thermo-mechanical effects were considerably more significant than purely hydraulic effects.

As well as the Buffer/Container Experiment that forms the subject of this report, AECL has also
operated a related, though simpler experiment called the 'Isothermal Experiment". This was in-
stalled in Room 205, closer to the access shaft than the Buffer/Container Experiment (Fig. 1.1).
The borehole was the same diameter as for the Buffer/Container Experiment but the depth was a
little shorter. It was drilled to prove the capability of the high pressure water jet technology de-
scribed in Section 1.3.1. The buffer was covered by a concrete plug installed in the upper part of
the borehole. The principal difference was that no heater was installed. The specific purpose of
the experiment was to monitor the rate at which water would enter the buffer from the rock under
hydraulic potential gradients, including suctions. The only temperature gradient in the experiment
was similar to the small downwards gradient from the slightly warmer Room 213 to the cooler far-
field rock mass (Fig. 2.5). The Isothermal Test is still in operation and the results have not yet
been reviewed in detail. The experience gained through operation of the Buffer/Container Ex-
periment, and the simpler boundary conditions that were imposed in the Isothermal Test
(specifically the absence of the heater), provide what is expected to be a better opportunity of de-
veloping a good estimate of the water mass balance.

3.4.4 Changes in Water Content in Buffer Related to Position and Test Duration

History matching analyses were carried out during the course of the experiment to track the prog-
ress of responses and to assist with the management of the experiment. The analyses examined the
coupled heat-moisture and mechanical response of the buffer using updated and revised boundary
conditions where necessary to improve the quality of the matching between predicted and observed
performance.
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The analysis was done at Ontario Hydro Research Division using TRUCHAM and TISDA
(Radhakrishna and Lau 1992). TRUCHAM was run isothermally to account for potential water
uptake during installation and the resulting water content distribution was used as the initial con-
dition for the heating phase starting at day zero. The buffer-rock boundary was modelled as a
permeable boundary. The buffer was given free access to water and water could move across the
boundary depending on the driving forces and transport coefficients that were selected. Compari-
sons of measured and predicted temperature distributions across the buffer at heater mid-heights
were given in Fig. 3.4.

Calculated variations of water content across the buffer annulus are shown in Fig. 3.7 for the first
240 days of the experiment (Kjartanson et al. 1993). TRUCHAM uses a formulation based on
volumetric water contents. For easier comparison between calculations and measurements, volu-
metric water contents have been converted in Fig. 3.7 to gravimetric water contents. Correspond-
ing values of measured water contents were shown earlier in Figs. 2.42 to 2.55.

A small number of these results have been selected for comparison from the large body of avail-
able data. Figure 3.8a shows water contents interpreted from thermal needles 1BN10 and 1BN12
close to the heater at its mid-height. The predictions from TRUCHAM shown in the figure were
for positions a little closer to the heater than the needles, where the amount of drying was larger
(Fig. 2.86) than at the position of the needles. Predicted water contents and water contents meas-
ured by psychrometer 1BX12 in buffer near the borehole wall are shown in Fig. 3.8b. In this case,
decommissioning showed that the buffer gained water, and this is recovered both by the psy-
chrometers and TRUCHAM modelling. As explained in the previous section, the increases in
water content at the buffer-rock interface was principally from thermally generated fluxes and not
from entry of water from the rock.

The results from the thermal needles, the psychrometers, and the analysis all have different levels
of accuracy that may vary with time and location, though all indicate similar trends of behaviour.
Section 2.5.3 suggested that water contents interpreted from psychrometer readings were probably
more reliable than those from thermal needles. It is difficult at this stage to assess the quality of
predictive capability represented by Fig. 3.8.

3.4.5 Water Content in Buffer Related to Differences in Localised Geology and Resulting
Changes in Hydraulic Conductivity

The preceding section suggested that moisture changes in the buffer were dominated by hy-
grothermal effects associated with temperature gradients. However there was some evidence that
hydraulic gradients did play a role in the experiment. Comparison of figures such as the vertical
sections in Fig. 2.84 and Fig. 2.85, and the horizontal sections in Figs. 2.86 and 2.87 show that
while the experiment itself showed a remarkable degree of axial symmetry, there were neverthe-
less regions of localised changes. These changes are most clearly seen in moistqt.mov on the ac-
companying CD-ROM. Near the top of the heater, wetting started in buffer close to the buffer-
rock interface in regions in the general orientation of the end of Room 213 (orientation 0°).
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At the mid-height of the heater, the wetter regions were concentrated along the arc from -45° to
+90°. By the bottom of the heater, almost all the circumference was wetter than the overall aver-
age, although it was concentrated in directions from about -90° to +180°. Below the heater, the
wetter regions were concentrated in orientations from about +30° to +90° near the bottom of the
heater. These wetter regions are shown in Fig. 3.9a in the form of an 'unwrapped' view of the
buffer closest to the walls of the emplacement borehole.

The wetter regions shown in Fig. 3.9a correlate strongly with the regions of coarser leucocratic
granite that were identified in Fig. 1.12. (This figure has been reproduced as Fig. 3.9b.) Leu-
cocratic granite has larger crystal sizes than the rest of the finer-grained granite. This leads to
larger porosity and higher hydraulic conductivity provided the rock remains saturated.
(Section 2.3.2 suggested that the leucocratic granite contained water experiencing suction poten-
tials, and may have become unsaturated.) Under saturated conditions, water flux towards the
buffer for a given hydraulic gradient will be larger through leucocratic granite than through fine-
grained granite. Buffer in contact with leucocratic granite can therefore be expected to gain more
water than other regions. The non-uniform water content distributions shown in Fig. 3.9 appear to
have arisen from non-uniform rock conditions, and not from non-uniform compaction of buffer at
the time the experiment was being constructed.

The comments made earlier about this experiment being dominated by hygrothermal effects must
be seen as specific to this experiment in which fluxes into the experiment from the rock were
small. It will be remembered from the experimental data in Part 2 that the experiment did not fully
reach steady state conditions. (The hypothesis in Section 1.1.2 regarding steady state is now seen
to be optimistic.) Under circumstances where the mass transfer coefficients in the rock and the
buffer are different from those in the Buffer/Container Experiment, the net uptake of water into the
experiment will also be different. Further analysis is needed using potential-based models such as
those in [3.9].

3.4.6 Relationship Between Total Pressures, Temperatures. Water Contents, and Water Poten-
tials at the Buffer-Rock Interface

Figure 2.41 showed the distribution of total pressure measured by earth pressure cells at the
buffer-rock interface at a series of times during the experiment, and in particular when the heater
was switched off at day 896. The evolution of pressures read by individual transducers during the
course of the experiment was shown in the preceding Figs. 2.37 to 2.39. Distributions of tem-
perature at day 896 were given in Fig. 2.14, and water contents in Figs. 2.59 and 2.87. Water po-
tentials (that is, suctions) were shown in Fig. 2.60. The purpose of this section is to examine
whether these observations can be related meaningfully.

Figure 3.10 shows values of total pressures measured by transducers 1BG7 and 1BG8 at the
buffer-rock interface the mid-height of the heater. The figure shows results from the time the pres-
sure cells were installed, through to about day 300 when the test had begun to stabilise. Pressures
rose sharply during the period when buffer was being compacted in the upper part of the experi-
ment. They then dropped markedly when the inner casing was removed to allow insertion of
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the heater. There was then a period of slow gain of pressure, possibly through the acquisition of
water from the rock, or to some isothermal redistribution of stress in the experiment.

When the heater was switched on, there was a sudden short-term increase in total pressure that
lasted only several tens of days (Section 2.4.2). This has been related to thermo-mechanical ex-
pansion of the heater, perhaps in combination with thermal expansion of water in pores of the
buffer. After the short-duration pressure increases had dissipated through consolidation or more
likely relaxation mechanisms, there was further slow gain of total pressures that continued in these
transducers until the end of the experiment. This gain is thought to be due to coupled heat and
moisture movements. Pressure cells along the borehole wall above the container showed little
change, while BG3 and BG4 at the top of the container showed strong increases with time, proba-
bly as a result of hygrothermal vapour transfer and subsequent development of swelling pressures.

Figure 3.10 also shows values of total pressures at the same positions that were calculated by
TRUCHAM/TISDA. The modelling clearly captures the form of the distributions, and gets the
magnitudes of the pressures about right. However it under-predicts the short-term increases that
accompanied heater activation. There remains some uncertainty about how to model the sand an-
nulus, and the thermomechanical effects that arose from thermal expansion of the heater. Figures
3.10 and 3.11 show alternative solutions using different compressibilities for the sand layer.
While the agreement between observations and analysis looks fairly good, the modelling was post
facto and involved judicious selection of material properties. Improved information about the
stiffness of unsaturated buffer as a function of pressure, temperature, and degree of saturation was
presented by Graham et al. (1995) and further data will be available in late 1996 (Wiebe 1996).

While earlier sections spoke about the good axial symmetry that was observed in the experiment,
and the way in which many of the parameters showed almost cylindrical behaviour down the side
of the heater, this is not wholly true for the water content variations. It is less true for the total
pressure distributions shown in Fig. 2.41.

Section 3.4.5 showed how the regions of leucocratic granite had some influence in producing re-
gions of slightly wetter buffer at the buffer-rock interface. This is shown more clearly in
Figs. 2.84 to 2.87, and in wcfinal.mov on the accompanying CD-ROM. Drying zones extend fur-
ther towards the rock near the top of the heater than they do near the bottom of the heater. In other
words, while the water content behaviour is still fairly axisymmetric around the vertical axis of the
experiment (with some modification caused by the leucocratic granite), it is tapered rather than
cylindrical with depth. The different water contents and hence suctions at different depths along
the borehole wall may have produced the non-uniform pressure distributions shown in Fig. 2.41.

The variations in measured total pressures have not yet been modelled completely successfully in
computer simulations, though they can be understood in a qualitative sense. The question was ad-
dressed by Wan et al. (1995) who presented the relationships shown in Fig. 3.12. The figure
shows pressure distributions along the side of the heater at day zero (start of heating) and day 850
(end of experiment). It also shows the variation with time of suction measurements above the
heater, alongside the heater near the top of the annulus, and below the heater. In all cases the
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suctions were decreasing slowly during the isothermal period between installation and heater acti-
vation on day zero. All three levels of psychrometers, and particularly the one alongside the
heater, show decreases in suction during the first 30 days after heating. In the longer term, suc-
tions at the top and bottom of the experiment decreased slowly with time, while they increased
alongside the heater. This agrees with the patterns of wetting and drying shown in Figs. 2.84 to
2.87. These figures indicates two things - the marked, short-term influence of initiation of heating,
and the difference in behaviour that is produced by coupled heat and moisture movements.

Figure 3.12 shows that pressures were high above and below the heater where the material was
cooler (Fig. 2.13) and drier (Fig. 2.84). Pressures were rather less alongside the heater, with values
near the top of the heater being somewhat lower than those near the bottom (Fig. 2.41). It will be
remembered from Section 2.7.3 that at the time of decommissioning (Figs. 2.84 to 2.87), buffer at
the buffer-rock interface was about 2% - 2l/i% drier at the top of the heater than near the bottom.
This can be expected to influence the pressures that were generated.

The key to understanding these data is that when a rigidly confined, unsaturated clay (such as the
buffer at the time of emplacement) is allowed access to water, it will generate swelling pressure. It
might therefore be expected that pressures measured by the total pressure cells would increase as
water moved towards the buffer-rock interface as a combined result of hygrothermal and purely
hydraulic potential gradients. However, swelling pressures are also strongly influenced by volume
changes in the specimens. If the boundaries of the specimen are allowed to move (expand) in
laboratory tests, the observed swelling pressures are considerably reduced (Fig. 1.35, Dixon et al.
1991, Lingnau et al. 1996). It is likely that mechanisms of this type were operating in the
Buffer/Container Experiment.

This can be approached from the distributions of water contents w and densities y obtained from
samples taken during decommissioning (Figs. 2.84 and 2.89 respectively). Section 2.7.4 showed
how dry density pjry = p/(l+w), voids ratio e = Gspw/pdry - 1 , volume strains ev = 6e/(l+e), and de-
grees of saturation s = wGs/e could be determined from measurements of w and p. Values of pdry,
ev, and s are shown in Figs. 3.13, 3.14, and 3.15 respectively. As expected, these figures show that
dried regions close to the heater developed higher dry densities (Fig. 3.13), shrank (Fig. 3.14), and
naturally had lower saturations. Conversely, material near the buffer-rock interface alongside the
heater had lower dry densities, expanded, and became almost saturated. The slight 'tapering' ef-
fect that was described in section 2.7.4 is also evident in these figures.

Above and below the heater, there was little tendency for volume change. The small gains in wa-
ter content shown in these regions in Fig. 2.84 therefore convert almost directly into gains in total
pressure. The argument that will be used here is that unsaturated buffer does not have a swelling
pressure because suction potentials will be sufficient to counteract the tendency to swell. However
a thin region of saturated material will transfer its swelling pressure on to neighbouring unsatu-
rated material. Care must be taken to identify the voids ratio - swelling pressure relationship for
this thin region which will be different from the relationship for the buffer as a whole. Even so,
the values that were measured were still considerably less than the value of about 1.8 MPa that can
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be interpreted from idealised laboratory tests on saturated buffer in rigid cells (Dixon et al. 1991)
(see also Table 1.5). High temperatures alongside the heater will lower the swelling pressures
through the effect of heating on the dielectric constant (Graham et al. 1996). However this
mechanism is believed to be insufficient to account for the large decreases that were observed in
total pressure, particularly beside the top of the heater. There, the buffer was drier than at lower
levels, so the swelling pressure might not have had the opportunity to develop. This does not,
however, explain the observation that the total pressure actually dropped in this region below its
value when the heater was switched on. Some other explanation must be sought.

At the time of decommissioning, about 200 of the samples had their densities measured. Only
small differences were found in their bulk densities p (Fig. 2.89). However, buffer near the heater
was drier than buffer near the rock (Fig. 2.84). When these results were converted into volume
strains ev using the relationships shown earlier, it became clear that buffer was decreasing in vol-
ume near the heater and expanding near the rock. Even though buffer near the rock was gaining
water (and therefore in principle, its swelling pressures would be expected to increase), the fact
that it was expanding meant that the measured pressures would be much lower than values for
rigidly confined saturated buffer (Fig. 1.35 and 3.12, Dixon et al. 1991, Lingnau et al. 1996).

Alongside the heater, Fig. 2.84 shows there was a larger region of dry buffer near the heater at the
top, and a larger region of wet buffer near the rock at the bottom. From Fig. 3.14 and Fig. 1.35,
the larger compressions in the inner dry zone at the top meant larger expansions in the outer wet
zone, and lower pressures at the buffer-rock interface. At the bottom, the drying was less, and the
wetting from the rock was greater. Taken together, they produced swelling pressures larger than at
the top of the heater, though still less than pressures measured above and below the heater.

Previous sections have all used the terms pressure or swelling pressure to describe horizontal
pressures measured on vertically mounted total pressure cells. Cells 1FR1, 1FR2, 1BR1, and
1BR2 were mounted horizontally to measure vertical swelling pressures, and the columns of the
restraint system above the experiment were also instrumented (Section 1.3.1, Figs. 1.42b and
1.73). Compared with the swelling pressures that were measured in constant-volume laboratory
tests, the vertical stresses measured in the experiment were low (Section 2.4.2, Fig. 2.40).

A similar argument to that used previously to explain the low horizontal pressures alongside the
heater can be used to explain the low vertical stresses at the top of the experiment. Figure 2.84
and the accompanying wcfinal.mov on the CD-ROM showed regions of drying and therefore
shrinkage in buffer immediately above the heater. This allowed buffer just below the backfill to
expand and deliver the lower swelling pressures measured by the horizontal pressure cells. It must
be assumed (Section 2.4.2) that vertical shear forces can support the differences in vertical pres-
sure at different elevations in the experiment. No modelling has been done to check these values.
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3.5 DISCUSSION: REVIEW OF 'PREDICTION VS. PERFORMANCE'

The figures presented in Part 3 have shown that with some fine-tuning (or 'history matching'), the
patterns of behaviour exhibited by all the various sets of instruments can be captured with some
success.

With the exception of the prediction of temperatures (Figs. 3.4 and 3.5) which needed only minor
adjustment for the thermal properties of the sand annulus between the heater and the buffer, none
of the simulations accurately represented the behaviour measured during the early heating stage of
the experiment. Key aspects that remain uncertain include (1) assessment of the hydraulic interac-
tion between the buffer and rock, including the buffer-water uptake process in the presence of a
thermal gradient; and (2) assessing the thermo-hydraulic-mechanical response of the buffer, in-
cluding the effects of thermally induced water redistribution.

Heat transfer; the transmission of swelling pressures to the heater, rock, and backfill; and the
stress-strain-time properties of buffer all depend on the water moisture content distribution in the
buffer (Wan 1991, Kjartanson et al. 1990, Wan et al. 1992). The measurements summarised in
Figs. 2.84 to 2.88 indicate water increases near the buffer-rock interface, with larger increases near
the bottom of the heater. In turn, the water content depends on temperature, temperature gradients,
the initial density, water content and saturation of the buffer, and the water flux boundary condi-
tions (Radhakrishna et al. 1990).

The most difficult results to understand and to model have been the response of the total pressure
cells. These were reviewed in the latter part of Section 3.4. which presented a qualitative explana-
tion for the complexity of the measurement shown in Fig. 3.12. TRUCHAM/TISDA modelling of
the behaviour in the early part of the test was shown in Figs. 3.10 and 3.11. Here the factor that
causes most difficulty in interpreting total stresses and pore water pressure changes is thermal ex-
pansion of the heater and pore water. The heater-sand-buffer system is extremely stiff, and small
volume changes produced by thermal expansion could give relatively large pressure changes, par-
ticularly in the presence of the 'locked-in' stresses caused by compaction. This was not antici-
pated in the pre-planning of the experiment. The required mechanical properties of the sand an-
nulus were undetermined, and have only been inferred from history matching.

The moisture movements in the buffer that occurred because of coupling between temperature and
hydraulic gradients were accompanied by quite substantial localised changes in dry density, voids
ratio, and saturation (Figs. 3.13 to 3.15). While the total volume occupied by the buffer remained
constant after the initial, short-term thermal expansion of the heater, buffer near the heater shrank,
while buffer near the rock expanded. These volumetric changes could not be calculated using the
original TRUCHAM formulation which assumed constant volume conditions at every part of the
computational domain. The only approach that has been taken was a sequential (and iterative)
coupling with the mechanical strain model TISDA (Onofrei et al. 1995). The high stiffness of the
buffer, heater, and rock means that the hygro-thermal volume strains must have been accompanied
by large local changes in total pressure. These were not monitored by the instrumentation in the
experiment. Total pressure cells were concentrated at the buffer-rock interface (Fig. 1.38 and
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Fig. 1.39). Pressure transducers that had been installed on the surface of the heater failed and pro-
duced no usable results (Section 1.3.1). There were therefore no instruments in the buffer that
could read the localised evolution of lateral total pressures. (Roctest cells were used to read verti-
cal pressures above and below the heater.) To be fair to the original designers of the experiment,
the pattern of instrumentation that was used must be seen as extensive and comprehensive in view
of the capabilities of instruments and understanding at the time. The Buffer/Container Experiment
was probably the best-instrumented of the very limited number of experiments that have been done
by the various countries involved in the development of disposal technologies for nuclear waste.

As expected from the review given in Section 3.1 of the physical process in the experiment, the
results show that the thermohygromechanical performance of buffer is strongly affected by heat-
induced water movement. In particular, Table 3.3 showed that thermal vapour diffusivity has the
most significant effect on thermal drying in a closed system - the conductivity of liquid water is
greatly reduced in unsaturated soils. We saw earlier that when the volumetric water content 0 of
the buffer is about 0.3 (w = 16%), the liquid and vapour transport coefficients are approximately
the same. Saturated buffer with a reference dry density Ydty of 1.67 Mg/m3 has 6 about 0.4, w =
21.5%, and in this state, liquid transport is dominant. The buffer installed in the experiment has
w = 17.9% and Ydry = 1-73 mg/m3 and (Figs. 1.62 and 1.63), so initially, liquid transport is proba-
bly more significant. (The as-placed density is sensitive to the dimension used for the inside of the
emplacement borehole, whether 1.23 m or 1.24 m.) However, as the buffer dried close to the
heater, vapour transport is more important in terms of mass water movement. Since the buffer and
the rock in the experiment were highly impermeable (Tables 1.5 and 1.7), the latent heat trans-
ported by the temperature-induced vapour diffusion term is small (Radhakrishna et al. 1992, Lau
1994).

3.6 SUMMARY OF PART 3

The principal objective of the Buffer/Container Experiment was to assess the thermo-hydraulic-
mechanical response of buffer at full scale in a realistic setting (Chandler et al. 1992). It also in-
vestigated the near-field geomechanical and hydrogeological responses in the rock to excavation of
the borehole, heating of the rock, and stress and moisture perturbations related to suction potentials
in the buffer. Part 2 of this report gave a detailed presentation of selected measurements obtained
from the experiment. Preceding sections of Part 3 outlined the analyses that have been undertaken
and the results that were obtained.

The thermal regime in the experiment appears to be well understood and can be modelled with
good accuracy, both in terms of the magnitudes of the temperatures that will be encountered, and
the rate at which they will develop. The agreement between measured and predicted values is
good.

Hydraulic potentials in the rock are less clear. Modelling has not yet been developed that can pre-
dict the transition from far-field rock potentials, through the drawdown in the near-field rock,
across the buffer-rock interface with its sudden discontinuity in hydraulic conductivity, and into
the buffer where suctions (negative potential) varies with water contents that depend on tempera-
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ture. The problem is highly coupled. Solutions to the complex equations shown in Section 3.2 are
in process of development both in Canada and elsewhere (Thomas 1992, Onofrei et al. 1995).

Uncertainty still exists in terms of the ability to model water content changes and corresponding
suctions. Figure 3.8 showed reasonable agreement with measured water contents. However it is
likely that this agreement is partly fortuitous. The theoretical results in Fig. 3.8 were calculated
using TRUCHAM. The pattern of results are qualitatively correct, although TRUCHAM is a
potential-based solution and does not take account of volume changes. Considerable difficulty is
still associated with the task of determining appropriate material properties for the modelling.
This leads to uncertainties in calculating the rates at which processes such as resaturation will
occur.

In a more positive vein, AECL researchers have been able to get good agreement between meas-
ured and predicted quantities of water flow into the empty borehole before the buffer, heater, and
instrumentation were installed. In addition, a major success of the experiment has been the ability
to get good agreement between calculations for the total amount of water in the buffer at the time
of installation, the amount that was calculated as moving into the experiment from the surrounding
rock, and the amount measured during very carefully controlled decommissioning.

In Figs. 3.10 and 3.11, the agreement between measured and calculated contact pressures is en-
couraging. It should be noted however, that the stiffness of the sand annulus is not well handled in
these calculations, and that the peak pressure 'spikes' just after heating have not been captured
well. The spikes are thought to be due in part to radial and axial thermal expansion of the heater.
However, it will be realised that total pressure cells measure a combination of stress transferred by
the mineral particles of the soil skeleton and by free (non-adsorbed) water in the pore spaces. At
least part of the pressure spikes is likely to be due to thermal expansion of water and mineral parti-
cles in buffer close to the buffer-rock interface (Dixon et al. 1993). This buffer had gained mois-
ture in the isothermal period between installation and activation, and so was capable of developing
significant pore water pressures in a way that buffer with lower saturation could not. Some pre-
liminary modelling of thermally generated pore water pressures in the near-field rock has been
done using thermoporoelasticity (Detournay and Berchenko 1994). This work shows qualitative
agreement with measurements, but is not yet at a stage where it can be used for prediction. It does
however show that spikes are not simply artifacts of the instrumentation, but arise from the physi-
cal behaviour of the system.

The figures accompanying Part 3 of the report have shown comparisons between measurements
and predictions of the principal controlling parameters in the Buffer/Container Experiment. In
general, the figures show good agreement between prediction and performance. As always how-
ever, caution must be adopted in reviewing such work. Most of the theoretical results shown in
Part 3 came from post facto calculations that involved judicious fine-tuning of material properties
and boundary conditions. However this is not unusual - successful 'Class A' predictions are rare.
Most engineering work has to be done on the basis of approximate calculations supported by a
data base obtained from earlier successful projects.
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The following conclusions can be drawn.

a) The work that has been done in characterising the materials used in the experiment, collecting
data over a period of almost three years, and accompanying numerical modelling has allowed
the development of a good understanding of the processes that were operating.

b) The numerical analyses that are currently available are not yet sufficiently developed to pro-
vide reliable predictive modelling for all of the many parameters that are involved.

c) The sand annulus plays an important role in the thermal, hydraulic, and mechanical response of
the system and must be realistically incorporated if modelling is to be successful.

d) Care taken in controlling water flow into the experiment from the damaged zone beneath the
concrete floor and out of the experiment as water vapour has permitted a 'water mass balance'
to be achieved. This is probably the first experiment in which this has been accomplished,
even in simpler large-scale laboratory models.

e) In this case, heating appears to have had little effect on the net inflow of water to the buffer-
filled borehole. It did however have considerable influence on its distribution. Water that en-
tered the buffer from the rock stayed mostly in a thin region just a few centimetres thick near
the buffer-rock interface.

f) The effects of thermal expansion of the heater and the pore water in the buffer are not yet suf-
ficiently well understood in modelling terms, and further attention is needed.

g) History matching has allowed a better understanding of the complex interactions and couplings
in the experiment. However it must be used with caution. Approaches that are successful in
history matching exercises can become unreliable under conditions where the geology, materi-
als, geometry, and operating conditions may all be different.

h) Predictive modelling will require further development to include multiphase interaction, nota-
bly the thermodynamic interaction in terms of suction potentials rather than moisture gradients,
and the volume changes that accompany changes in water content.
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PART 4: ISSUES: TECHNICAL AND REVIEW-RELATED FACTORS

This final part of the report (Part 4) takes the results presented in Part 2 and the discussion of
mathematical modelling in Part 3 and relates them to why the Buffer/Container Experiment was
originally proposed, designed, and implemented. That is, it relates the detailed findings and con-
clusions from the experiment to the broader statement of needs that were outlined at the beginning
of the report in Part 1.

Sections 4.1,4.2 and 4.3 provide a summary of the results and achievements of the experiment,
and how they relate to the expectations laid out at the beginning of the project. Sections 4.4, 4.5
and 4.6 deal with issues and observations arising from the experiment. Section 4.7 provides an
overview of lessons learned from the Buffer/Container Experiment and provides recommendations
for further work.

Part 4 has been written to comment on some technical issues related to buffer performance raised
by technical reviewers of AECL's concept for disposal of Canada's nuclear fuel waste
(AECL 1994). The issues were identified in Section 1.5 and include (a) whether the capability
exists to identify suitable sites, construct a facility and manage it during its lifetime, (b) the ability
of sand-bentonite buffer to support a heat-producing container and to self-seal any cracks that
might develop through desiccation, (c) how long it will take for buffer to reach saturation in a full-
scale disposal facility, (d) loading that might be experienced by a nuclear fuel waste container, (e)
the effect of localised rock fractures on container loading, (f) the effects of thermal expansion of
water in the rock and the buffer, and (g) long term effects on the mineralogy of the buffer.

4.1 INTRODUCTION: EXAMINATION OF OBJECTIVES. HYPOTHESES,
ACHIEVEMENTS. AND MODELLING

On 15 November 1988, the first meeting of the management committee for the Buffer/Container
Experiment identified a series of objectives, hypotheses, achievements and modelling require-
ments that needed to be met if the experiment were to be considered a success. These were listed
in Part 1 of the report. For convenience, they are restated in the following sections together with
commentaries on how they have been met.

4.1.1 Objectives

1: Provide experience with experimental methods, geotechnical instrumentation, underground
materials handling, in situ buffer compaction and large diameter borehole drilling in granitic
rock.

This has been accomplished. A full-scale, single borehole experiment was constructed, commis-
sioned, run for 30 months, and decommissioned. The experiment consisted of a full-size heater
surrounded by a densely compacted annulus of sand-bentonite 'buffer' between the heater and the



-245-

rock. The skin temperature on the heater was kept constant at 85°C. The experiment was con-
structed at the 240 Level in AECL's Underground Research Laboratory at Lac du Bonnet MB in
hard granite of the Canadian Shield.

2: Evaluate and document the full-scale, in situ performance of the Reference Buffer Material
(RBM) in a realistic geologic setting.

A large body of measurements was collected and archived (Part 2). It should be noted however,
that while the physical environment was realistic, the boundary conditions were not representative
of a full-scale vault. Only one borehole was examined. This meant that temperature and hydraulic
gradients would be higher than in a full-scale facility.

3: Produce a data base that would allow validation and further development of numerical and
conceptual models for the processes of heat and moisture transfer, development of swelling pres-
sure and contact stresses and volume changes in the buffer.

Comparisons between measured and predicted behaviour were presented in Part 3. In all cases, the
modelling has permitted a qualitative understanding of the mechanisms and physical processes that
were taking place in the experiment. In some cases, such as temperatures for example, the model-
ling has been able to provide good estimates of observed behaviour. In other cases, such as the
predictions of total stresses, the modelling must be considered qualitative only.

Data have been collected and work has commenced on producing improvements of available mod-
elling procedures. Examples include the revisions to TRUCHAM being undertaken by Ontario
Hydro researchers, linkages with the European nuclear waste management program through Pro-
fessor Hywel Thomas at the University of Wales, Cardiff, and developments of thermoporoelas-
ticity with Professors Detournay and Berchenko at the University of Minnesota. The data will also
be used in the international validation program known as VALUCLAY (C. Onofrei, pers. comm.
1996).

4: Provide information for the design and conduct of a subsequent Multi-Component Experiment.

This has been achieved, though the subsequent experiment may be different from the one
envisaged at the beginning. Following sections in Part 4 relate the lessons from the
Buffer/Container Experiment to the need for follow-up experiments and to the design process for a
full-scale facility.

4.1.2 Hypotheses

Once the objectives listed in the previous paragraphs had been identified, the designers of the
Buffer/Container Experiment formed the series of hypotheses listed in Section 1.1.2. These were
used to form the scientific and technological justification for the experiment.
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Hypotheses take the form of declarative statements whose validity can be tested through carefully
designed experimentation. That is, the existing knowledge at the time the experiment was origi-
nally designed permitted ideas to be formed about how certain aspects of the behaviour of the ex-
periment would be expressed. Instrumentation was therefore installed to check that the behaviour
was in fact what had been expected. A critical review of the results is the last step of the process.
If the observed behaviour agrees with what was expected, the corresponding hypothesis is sup-
ported. If not, the hypothesis was incorrect. Following paragraphs restate the hypotheses with
added commentaries based on knowledge gained from the experiment.

1. A full-scale experiment in a single-borehole can produce data that clarify the inter-
relationships between mechanical, temperature, and hydraulic fields.

On the basis of the discussion in Part 3 of the report, there can be no question that the design, op-
eration, and interpretation of the Buffer/Container Experiment (a single-borehole experiment) has
clarified the physics of the processes operating round the heater. The experiment required state-of-
the-art instrumentation. It represents a significant increase in the size and complexity of preceding
experiments, virtually all of which were at bench-scale or laboratory model scale. No previous
modelling has indicated so clearly the need for solutions based on potentials rather than volumetric
water contents, and for solutions that incorporate consideration of volumetric straining. The ex-
periment drew into focus the need for potential continuity at the buffer-rock interface. It also clari-
fied the relationship between total stresses in the buffer, some of which was compressing while
other parts were expanding. The importance of thermal expansions of the heater and of water in
the buffer and the rock became more apparent as the experiment progressed.

2. Preliminary work on characterising the rock and buffer provides a technology that ensures a
sound borehole, known hydraulic conditions, and adequate support for the container.

The rock and buffer were carefully characterised before the experiment. The results of this work
were presented in Part 1 of the report. The rock was evaluated through a series of boreholes, seis-
mic studies, ground-penetrating radar, and hydrogeological studies. The buffer was evaluated
through extensive laboratory studies for compaction, strength, compressibility, and hydraulic char-
acteristics. Additional work was done on the properties of the backfill and the sand annulus. The
results shown in Part 2 of the report show that the borehole was in sound rock that was essentially
homogeneous, though it contained the minor variations in grain size shown in Fig. 1.12 and the
differences in hydraulic conductivity implied by Fig. 3.9. The buffer was installed with a high
level of consistency in its water content, dry density, and saturation (Figs. 1.62 to 1.64). On de-
commissioning, it was clear that the heater had received the necessary support throughout the ex-
periment. Movements of the heater were small. There was no evidence of circumferential cracks
between the heater, sand, buffer, or rock.
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3. Instruments can be selected that will produce reliable, useful measurements throughout the
experiment.

The program of selection, calibration, and installation of the instrumentation produced the large
body of measurements presented in Part 2. The instruments were on the whole reliable, and pro-
duced readings throughout the experiment. Exceptions were the pressure transducers mounted on
the skin of the heater, few of which produced usable results. (It should be noted however, that the
failures were not in the instruments themselves, but in inaccessible, spliced connections between
the sensors and the data acquisition system.) The thermal needles produced results for about one
year, though there was some doubt about their general quality. The hydraulic packer system used
for measuring water pressures in the rock required regular maintenance. The sequences of re-
installation and re-pressurising in individual packer cells clearly influenced some of the readings
from neighbouring cells. Finally however, information from the packer system permitted the syn-
thesis of water potentials round the experiment shown in Fig. 2.27 and potmeas.mov. The agree-
ment with the calculated pressure distributions in presflac.mov suggests that the packers were pro-
ducing usable results and that the physics of the problem are well understood.

Consistent results were obtained from the thermocouples used for measuring temperatures, and
from the pneumatic piezometers used for measuring water pressures in the rock. The psychrome-
ters were reliable, and generally produced usable results that have fitted well with other observa-
tions once a considerable amount of development and calibration had been undertaken. The total
pressure cells were also reliable, although for some time, it was difficult to understand the readings
that were being produced. Gradually, as a better understanding was obtained of the processes op-
erating in the experiment, it became clear that the total pressure cells were producing measure-
ments that were systematic and understandable, at least in qualitative terms.

4. Management can be put in place that will assure successful construction of the experiment;
collection, recording and archiving of an extensive body of data; and decommissioning.

Management and data processing protocols for the experiment were outlined in Sections 1.3.2,
1.4.1, and 1.4.2. The systems worked well, in large part through careful, long-term support from
technologists who had been dedicated to the project. It is noteworthy that the management proto-
cols and documentation led to successful completion of the experiment even though there were
significant changes in personnel at all levels over its duration. Good continuity of control and re-
sponsibility was achieved.

One feature that often causes concern in large projects is the gradual development over time of
several data sets. Data frequently have to be 'cleaned up' to remove obvious errors, surges, etc.
This is usually done by researchers when data are being examined for relationships with other
variables or with results from numerical modelling. At the end of such projects, there will typi-
cally be an original 'raw' data set, and one or more revised sets. This has occurred in the
Buffer/Container Experiment. However, protocols have been established to protect the integrity of
the original set, and to log the date and reasons for subsequent changes to auxiliary sets. Ongoing
care is needed to ensure these protocols are respected.
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Procedures for decommissioning worked well. They produced important data on water contents
that contributed to an understanding of volume changes during the experiment, and to the devel-
opment of a water flux balance between the water present at the beginning of the experiment, wa-
ter entering from the rock, and water present at the end (Section 3.4.3). Careful excavation of the
experiment allowed the photographic record shown in Fig. 2.80 to be made of the inside surface of
the buffer next to the sand annulus. This mozaic showed a series of horizontal and radial cracks
that are shown in Fig. 2.81 and have been related to a combination of desiccation and stress release
at the time of excavation. The maximum radial extent of the cracks was about 10 cm. They were
not observed to extend to the buffer-rock interface. Before the experiment, it was not known
whether desiccation would cause cracking.

5. 'Steady-state' temperatures, pressures, and water contents will be reached in the time-frame of
the experiment, and will therefore be useful for comparison with numerical predictions.

Part 2 shows that many of the variables in the experiment reached values that were approximately
constant with time. Nevertheless, the hypothesis should be seen as optimistic. By the end of the
experiment, most of the variables were still changing at rates that could be significant over longer
time periods than the 2Vi years the experiment was run. Temperatures are a good example. They
increased rapidly when the heater was switched on, and had essentially stabilised after about one
year (Figs. 2.10 and 2.13). (Temperatures on the skin of the heater stabilised much more quickly
in about 100 days, Fig. 2.8.). It was shown in Section 2.2.2 that variations in air temperatures in
Room 213 above the experiment were affecting the readings to some extent. This is shown in both
temperature readings and vertical displacement readings in the rock.

Water potentials measured from packer cells and pore water pressure transducers in the rock did
not stabilise during the experiment. Maximum pressures were reached in many cases quite early in
the experiment (For example, Figs. 2.26 and 2.27), and then decreased slowly. This is believed to
be due to pressure increases associated with thermal expansion of pore water in the rock, and their
subsequent dissipation with time (Fig. 3.6).

Most of the psychrometers were still showing changes in suction (and therefore water content) at
the end of the experiment (Figs. 2.46 to 2.52). Similarly, results from the total pressure cells were
also still moving slowly at the end of the experiment.

However, in a general way, it is reasonable to say that the majority of the transient behaviour asso-
ciated with applying power to the heater was completed during the course of the experiment.
Other transients were induced by temperature changes working their way into the experiment from
Room 213.
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6. Numerical modelling done before the experiment is started can provide good predictions of
temperatures, total pressures, water pressures, water contents, and suctions in both the buffer and
the rock.

Temperature distributions are thought to be the easiest of the test variables to model. Figure 2.8
shows that pre-experiment modelling provided only an approximate prediction of the power-time-
temperature relationship. This is in part due to a lack of knowledge of appropriate thermal prop-
erties for the sand annulus between the heater and the buffer. Other variables such as suctions,
water pressures, and total pressures are more difficult to model.

The modelling exercises provided insights into the mechanisms and processes that were taking
place in the experiment, and helped quantify their relative magnitudes. In turn, the need to under-
stand the results that were being obtained produced new stimulus for improved modelling proce-
dures. The two processes of modelling and data collection should be considered synergistic.

7. Given access to water, buffer will swell and seal cracks that might be present during construc-
tion or form through desiccation.

Figures 2.80 and 2.81 showed cracking in buffer close to the heater caused by a combination of
temperature-induced desiccation and stress-release during excavation. The cracking was not ob-
served to extend to the buffer-rock interface. The amount of water entering from the rock was
quite small relative to the hygrothermal water content changes (Section 3.4.3), and was insufficient
to offset the effects of drying in regions closest to the heater.

This hypothesis could not be examined directly but was examined indirectly in the following way.
Block and tube samples were collected during the extensive decommissioning described in Sec-
tion 2.7. Some of these were subsequently subjected to the same tests for hydraulic conductivity
as laboratory specimens that had not been subjected to the aging and heating induced by the ex-
periment. Results on specimens taken from the experiment, and on specimens with specially in-
duced wide cracks, were statistically similar to hydraulic conductivities and swelling pressures in
intact specimens (Fig. 2.83).

8. Knowledge gained from this single borehole experiment will be applicable to the design of a
later multi-component experiment, and eventually to a full-scale vault.

Rock can be characterised. Holes can be drilled. Buffer can be compacted into the holes. Suitable
instrumentation can be selected, calibrated, installed, and operated successfully for extended peri-
ods of time. Available numerical modelling can produce qualitative predictions of many of the
processes that are operative. None of these technologies were secure before the Buffer/Container
Experiment, and all are now available for future use.

However, careful attention must be given to several phrases and words in the hypothesis, for ex-
ample, 'will be applicable', 'later', and 'eventually'. These all imply an on-going process of re-
search and development that the authors feel is essential. The Buffer/Container Experiment was
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performed in sound rock with low hydraulic transmissivity. This single-borehole experiment did
not produce all the answers needed for definitive prediction of the performance of a multi-
component experiment; for an experiment in rock with higher transmissivity; or for an experiment
with different geometry, for example the in-room emplacement concept.

The Buffer/Container Experiment produced useful answers. It established a series of technologies
that were not available previously. It confirmed a general understanding of the physical processes
that operate in such experiments. All these skills are needed for follow-up experiments in an on-
going program of research and development.

The fundamental bases in science, engineering, and technology are not yet sufficiently in place to
answer challenges that will arise in constructing a full-scale vault. The Buffer/Container Experi-
ment has produced a sufficient level of understanding to permit proceeding towards design studies
for a disposal facility. However, these should be accompanied by an ongoing program of research
and development involving one or more additional large-scale and long-duration experiments, and
a commitment to a process of monitoring during and after construction.

There are additional reasons why buffer can be considered suitable for long-term disposal of nu-
clear wastes. These include its ability to (1) serve as a geochemical filter for radionuclides after a
container has been breached, and (2) accommodate any detrimental effects of rock movement.
Neither of these additional reasons was examined in the Buffer/Container Experiment.

4.1.3 Achievements

Section 1.2.2 listed the following achievements that were anticipated from the experiment.

1. Experience in the design and implementation of heater experiments in a realistic bedrock envi-
ronment which will be of benefit to all experiments in general as well as the multi-component ex-
periment in particular.

This experience has been gained. Operating conditions in the Buffer/Container Experiment were
severe, with high temperatures, high pressures, a lengthy test duration, and a corrosive environ-
ment for the instruments. Part 2 of the report shows that the selected instruments worked well in
general. The results contribute to a data base of performance information and has added to the
confidence with which future experiments will be run.

2. Development of the high pressure water jet rock cutting technology.

Water jet cutting technology was developed and used successfully. While this represents the first-
time this has been done underground in hard rock, the cutting rates were less than those in free-
standing blocks at the ground surface. While further refinement of the technology would probably
increase the drilling rate, it appears unlikely that it would become suitable for large scale opera-
tions. Subsequent holes in more highly stressed rock at the 420 Level at the Underground Re-
search Laboratory were drilled using a specially developed rock coring technique.
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3. Development ofin-situ compaction techniques and equipment for the RBM.

Buffer was successfully compacted into both the Buffer/Container Experiment and the later Iso-
thermal Experiment. However the compaction process is labour-intensive and slow because in-
strumentation had to be installed during emplacement. The adopted procedures represent a rea-
sonable development of existing technology. With further development, they can be expected to
be suitable for use in a full-scale disposal facility.

4. Development and verification of models to predict the performance of RBM during both the
transitional drying phase, and the steady state saturated condition.

Development of the modelling program is still in progress. History matching of many of the pa-
rameters measured in the experiment has been moderately successful. This experiment was pur-
posely designed to be done in a 'dry' hole which would receive only a small quantity of water
from the rock. It therefore provides no guidance for predicting steady state conditions after full
saturation has been reached. A second experiment, now cancelled, was to have included an ability
to supply much larger quantities of water under pressure through geofabric placed between the
buffer and the rock. It is not possible at the time of writing to predict the rates at which the various
physical processes will proceed.

5. Insight into the behaviour of the granite bedrock at URL under the effects of heat.

Vertical strains in the floor of the room have been measured and analysed. Radial strains in
neighbouring boreholes have been measured, but the results proved difficult to understand. Water
pressure increases and their subsequent decays were measured. Localised readings of pore water
pressures in pneumatic piezometers, hydraulic piezometers, and pressure transducers appear to be
more successful than values averaged over the length of packer cells. The water pressure changes
were modelled qualitatively. The importance of thermal expansion in water in pores in the rock is
now much better understood than before.

4.1.4 Requirements From the Modelling Program

The modelling program was expected to produce the following information.

1. Near field thermal regime - container-buffer-rock.

Temperature modelling can predict the temperatures that will be reached, and the times required to
reach these temperatures (Figs. 3.4 and 3.5).

2. Moisture regime in buffer - drying and resaturation.
3. Suction potentials and hydraulic pressures in buffer.
4. Volume changes in buffer - shrinkage/drying and swelling/wetting.



-252-

The available modelling can calculate water content changes that are approximately correct in
magnitude (Fig. 3.8). However, uncertainties remain in predicting the rates at which this will hap-
pen. Sections 3.2.3 and 3.4.5 outlined developments that are currently in progress so that the
models can deal with discontinuities in potentials (suctions) at material boundaries and the volume
changes that are clearly occurring (Fig. 3.14).

5. Contact separation at container-buffer and buffer-rock interfaces.

These phenomena were not observed in the experiment and no modelling was done. With further
development, the TRUCHAM code offers some capability for this work.

6. Swelling pressures and contact stresses at buffer-rock and container-buffer interfaces.

Figures 3.10 and 3.11 show that despite the difficulties associated with the selection of material
properties, the modelling program has been able to produce reasonable agreement with measure-
ments of contact stresses at the buffer-rock interface. The efforts have been mostly in the direction
of 'history matching'.

7. Container displacements (after buffer saturation).

The position of the heater was established both during installation and at decommissioning using
simple tape measurements. Movements during the experiment are believed to be small, probably
of the order of millimetres or less. Some preliminary modelling was done by Saadat et al. (1992),
but only for a fully saturated condition which was not reached in the Buffer/Container Experiment.

4.2 'WETTING-UP' AND SATURATION OF THE BUFFER

4.2.1 Rate of Wetting-up. How Long Does the Buffer Take to Saturate?

As mentioned earlier, the Buffer/Container Experiment was operated for a period of about
2Vi years in rock with low hydraulic conductivity. While this is a long period for a carefully con-
trolled experiment, it is short in terms of the duration of many of the processes that will operate in
a full-scale facility.

Flow of water into the experiment produced a net increase in gravimetric water content of about
0.3% in the buffer, compared with the increase of about 4% that would be needed if all of it were
to be saturated. It can be argued that if water potentials in the rock and the buffer were to remain
unchanged during re-wetting, the average hydraulic gradient shown in Fig. 2.29 would produce
full saturation in a period of 10 -15 years. However, with increasing time, the hydraulic gradient
may decrease somewhat - the region of thermally induced high potential in the near-field rock was
already dissipating towards the end of the experiment, and the low (matric suction) potentials in
the buffer would increase towards zero as wetting took place. Together, this would lead to a time
required for saturation that would be longer than the 10 -15 years suggested earlier.
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The rate of re-saturation defines the period during which the buffer is unsaturated, with hydraulic
conductivities even lower than the value of 10'11 -10 1 3 m/s shown in Table 1.5 for saturated
buffer. During the unsaturated period, advective fluxes towards and away from a waste fuel con-
tainer will be very small, so corrosion rates will be low. Slow saturation rates mean that corrosion
and the possibility of radionuclide transport will be delayed until radioactive decay is well ad-
vanced. This is seen as beneficial to the disposal concept.

4.2.2 Effects of Temperature, Buffer Suction, and Water Pressures in Rock

Consideration of the coupled hygro-thermal mechanisms described in Part 3 of the report shows
that the calculation of time-to-saturation in the previous paragraph is probably too simple. The
time-to-saturation will depend on the quantity of water required and the ability of the rock to pro-
vide water. Water fluxes into the experiment will be controlled by the geometry (size, shape) of
the buffer and the buffer-rock interface, the hydraulic gradient, and the hydraulic conductivity in
the rock. It also depends on the ability of the buffer to receive water, and this will be controlled by
its water content, suction, etc.

The hydraulic gradient depends on the far-field hydraulic potential; thermally induced short-term
transients in the pore water pressure in the rock (Fig. 2.26) which are controlled by the temperature
and geometry of the heat source; and the potential in the buffer at the buffer-rock interface. In the
short-term, the thermally induced pore water pressures will increase the hydraulic gradient towards
the buffer, and therefore the water flux. Later, as they dissipate, the gradient, and therefore the
flux, will decrease. Initially, the buffer has a negative potential of about 3.0 - 4.3 MPa, made up of
about 1 MPa of osmotic suction and 2.0 - 3.3 MPa of matric suction (Wan et al. 1995). The matric
suction depends largely on the degree of saturation of the buffer, decreasing towards zero when
saturation is reached. Saturation is likely to have been approached in a thin ring of buffer close to
the rock (Figs. 2.84 to 2.87 and 3.15). The osmotic suction remains essentially unchanged at
1 MPa. The osmotic suction can draw water into saturated buffer while there is an opportunity for
expansion, for example when buffer close to the heater is drying and shrinking. However, if the
inner buffer is at volumetric equilibrium at the buffer-rock interface, osmotic suction cannot be
effective in inducing water flow, and instead, a swelling pressure is built up.

It seems reasonable to argue that the long-term hydraulic gradient controlling water flow into
buffer that is unsaturated apart from a thin shell close to the rock, is related to the matric suction at
the buffer-rock interface, and that the matric suction reduces quickly to zero in the early stages of
the wetting process. A steep potential gradient then exists across the buffer which moves liquid
water towards the heater. This is counteracted by a gradient of water vapour pressure (Table 3.3)
that moves water vapour towards the saturated buffer until an equilibrium of water mass is
attained.

The question of how long it will take for saturation to be reached is insufficiently defined. No ge-
neric answer is possible. An answer can only be provided when a specific geometry and rock lo-
cation is identified. Even then, the complexity of the processes and the natural variability of the
rock may mean that a highly accurate answer may not be attainable. Without further large scale,
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long duration experiments, or experiments in which potentials and fluxes at the buffer-rock inter-
face can be controlled, predictions of times required for saturation must remain approximate.

4.2.3 Shrinkage of Buffer Upon Drying

Figures 2.80 and 2.81 show that desiccation produced horizontal and vertical (radial) cracks in the
inner ring of buffer round the heater. During decommissioning, no evidence was seen of radial
cracks extending the full thickness of the buffer annulus, or of circumferential cracking. This sec-
tion examines how cracks affect the ability of the buffer to support the heater, transfer heat out-
wards into the surrounding rock, and to act as a barrier to radionuclide migration.

Section 1.2.1 showed that the most important properties of the buffer are:

1. its capacity to transmit heat away from the heater to the rock
2. minimal shrinkage on drying
3. a bearing capacity sufficient to support the heater
4. its ability to seal cracks and fissures
5. low hydraulic conductivity
6. long-term mineralogical stability (Hokland et al. 1995).

We can now examine how the buffer performed in the experiment, particularly in view of the
cracking that was observed.

Diagrams such as Figs. 2.9 to 2.14 show that heat was distributed effectively into the surrounding
rock. The temperatures reached relatively steady state conditions (but see Section 4.1.2) that
showed some influence of changes in the air temperature in Room 213. Some early physical mod-
els suggested that cracking might lead to air barriers that would reduce thermal conductivities, de-
crease the heat flux, and therefore produce a runaway increase in temperatures close to the heater.
Apart from the anticipated slow increase of temperatures that can be attributed to normal hy-
grothermal processes, both the experimental data and subsequent modelling show that tempera-
tures remained well under control. No 'runaway' occurred. The observed cracking did not pro-
duce significant changes in heat flow away from the heater. It should be noted that the Buffer
Mass Test experiments at the Stripa facility in Sweden also showed stable temperature fields with-
out a tendency to 'runaway' conditions.

Figure 3.14 showed volume strains that can be interpreted from water contents measured during
decommissioning. The results show that the maximum shrinkage strains in the experiment were
concentrated round the heater, and were generally of the order 3%, with small regions just beside
the heater skin reaching 8% - 10% shrinkage. This compares will with results from laboratory
studies presented in Section 1.2.4 which suggested maximum shrinkage strains between 3% and
8% depending on the rate of drying (Dixon et al. 1993).

As mentioned earlier, the heater did not appear to have moved significantly in either the horizontal
or vertical directions during the course of the experiment. In the enhanced view of the cracking
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pattern shown in Fig. 2.81, the majority of the horizontal cracks seem to have been near the top of
the heater. No horizontal cracks were observed in the buffer below the heater. It must be con-
cluded that the buffer provided satisfactory support for the heater.

The ability of the buffer to seal cracks and fissures upon re-wetting was dealt with in Sec-
tions 2.7.2 and 4.1.2. Cracked buffer swells when it gets access to water and seals so well that its
hydraulic conductivity is statistically indistinguishable from the very low hydraulic conductivity of
intact buffer (Fig. 2.83a). In any case, observations made during excavation of the experiment
showed that cracking was confined to inner sections of the buffer. The cracks extended only one-
third of the distance to the buffer-rock interface. No pathway developed between the rock and the
heater that would allow easy access of ground water to the heater surface.

The Buffer/Container Experiment, despite its 2Vi year duration, was insufficiently long to generate
any mineralogical instability in the bentonite. Hokland et al. (1995) discussed the general question
of mineralogical instability in considerable detail. Their work suggest that the anticipated condi-
tions of temperature and pressure in a disposal facility will not cause significant changes in miner-
alogy (illitisation or silicification), swelling pressure or re-sealing capability. Mineralogical
changes in bentonite takes place very slowly, though the rates are increased to some extent by high
temperatures and pressures. The temperatures in the Buffer/Container Experiment were typical of
those in a full-scale facility, while the pressures were lower since the experiment was at 240-m
depth rather than the 500 m to 1000 m that has been proposed for a disposal facility. The duration
of the experiment was long in terms of fundamental research and must be considered a consider-
able technical and logistical achievement. However it was short compared with the times that
Pusch has suggested would be needed to see any sign of mineralogical change (Hokland et al.
1995).

In a study of a natural deposit that is an analogue of a disposal vault, Oscarson and Dixon (1990)
measured the hydraulic conductivity of naturally cracked blocks of dense bentonite collected from
the Avonlea deposit in SE Saskatchewan. The deposit is 75 - 85 Ma old. The dry density of the
clay ranges from 1.0 - 1.3 Mg/m3, about the same as the effective clay dry density of the buffer in
the Buffer/Container Experiment. (Effective clay dry density is defined as the mass of clay di-
vided by the combined volume of clay and voids. It is believed to be the parameter which best
provides an estimate of the physical properties of a given clay.) In hydraulic conductivity tests, the
cracks in the Avonlea bentonite quickly sealed and specimens exhibited hydraulic conductivities
of the same order of magnitude as the reference buffer material (1012 - 10"1 Ws) . This demon-
strates that Avonlea bentonite (the bentonite used in the Buffer/Container Experiment after proc-
essing) maintains its self-sealing ability for tens of millions of years. Similar results for other
bentonites were reported by Gray (1993).

This conclusion is supported by the results shown in Fig. 2.83 for hydraulic conductivities and
swelling pressures measured from undisturbed samples taken from the buffer during
decommissioning. Changes in mineralogy would have been reflected in changes in these
properties - hydraulic conductivities would have increased and swelling pressures would have
decreased.
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4.3 ROCK AS A 'NEAR-FIELD' BARRIER

4.3.1 The Role of Host Rock in the Interaction Process

It is perhaps tempting to think of the experiment as a heater surrounded by a sand annulus and
buffer, with the surrounding rock being so stiff and inert that it takes little part in the physical
processes that are operating. This is not so. When the experiment was being planned, the design-
ers installed instrumentation in the rock. They measured temperatures using thermocouples and
water potentials (or pressures) using packers and several sets of piezometers. The importance of
these observations has become apparent during the preparation of data for the figures in Part 2 of
the report, and the computer-generated animations in the attached CD-ROM. It has also been im-
portant during the comparisons of prediction and performance included in Part 3.

The rock must be seen as an integral part of the experiment. The outer boundary for modelling
purposes needs to be taken sufficiently far from the heater that heat and water potentials at the
boundary are unaffected by power applied to the heater. This is not true if the buffer-rock interface
is taken as the boundary. The results in Part 2 and Part 3 show there is heat flow and pressure
transfer across the interface, and that temperatures and water potentials are affected by the experi-
ment. The buffer-rock interface cannot therefore be taken as the outer boundary of the experiment.
The flux towards the experiment from the rock must equal the flux into the buffer. This does not
mean however that potential gradients in the rock and the buffer will be equal. Discontinuities can
be expected. This is similar in nature to the discontinuities of temperature gradient shown for ex-
ample in Fig. 2.11.

Section 4.2.1 has already discussed how the rock affects the 'wetting-up' process. This is con-
trolled by hydraulic gradients towards the experiment, but also by the ability of the rock to deliver
water to the buffer, that is, by its hydraulic conductivity. Here again is a clear indication of the
important inter-relationship between what happens in the rock and effects that will be observed in
the buffer.

4.3.2 Effects of Non-Homogeneity on Temperature. Water Pressures, and Flow Rates

The results in Part 2 of this report show very little evidence of discontinuous distributions of tem-
perature and water pressure in the rock.. The only evidence for non-homogeneity was given in
Fig. 1.12 and Fig. 3.9 which relate localised changes in the grain size of the granite to regions of
buffer at the buffer-rock interface that were observed to slightly wetter than the remainder at the
time of decommissioning.

It can be inferred from these results that the coarser leucocratic granite had higher hydraulic con-
ductivity than the rest, and could transfer more water in a given time to the buffer. Further evi-
dence may arise from a close examination of the packer data shown for example in Fig. 2.27.
However, no packer string intersected leucocratic granite directly, so the answer to the question is
unclear.
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The equations describing potential distributions (the La Place and Poisson equations) rely on mate-
rial properties such as conductivities and diffusivities. The equations are well-conditioned and
produce smooth, continuous distributions in homogeneous domains. However when the domain in
which the processes are operating is not homogeneous, for example when it consists of two dis-
crete materials separated by a common boundary, flux directions (flow lines) and equipotentials
become discontinuous across the boundary. Only the flux quantity and the potentials on either side
of the boundary remain continuous.

The Buffer/Container Experiment was sited in rock which was purposely chosen to be as homoge-
neous as possible. The small evidence of discontinuities in potential distributions that were ob-
served reflects the capabilities that have been developed in site characterisation and site selection.

4.3.3 Excavation-Induced Damage

Section 1.3.1 described the limited fracturing that was induced in the rock during excavation. As a
result of research and development into suitable excavation procedures, the walls and crown of
Room 213 exhibited little excavation-induced damage. There was little spalling of excavated
faces. However, some excavation-induced fractures occurred at the base of the wall and at the end
of blast rounds to a depth of about 30 cm to 40 cm (Figs. 1.13 and 1.14). The fractures were
sealed off by a 0.5-m deep slot that was formed at a distance of 225 mm from the edge of the hole.
The slot was filled by a rubber waterstop curtain and the remaining voids grouted with non-shrink
grout.

Careful excavation and sealing produced a suitable environment for the experiment. The excava-
tion-induced damage appears to have had no effect on the temperature distributions that were ob-
served. Fig. 2.84 suggests there may have been a small amount of additional water flow into the
uppermost parts of the backfill and buffer. This appears to have had little effect on how the ex-
periment performed or on the interpretation of the results.

4.4 IMPLICATIONS FOR CONTAINER DESIGN

4.4.1 Loadings on Container

When the experiment was being planned, the geotechnical community was unsure how externally
applied stresses were transferred through buffer. Geotechnical engineering takes it as a tenet that
applied stresses are resisted through a combination of effective stresses seated in interparticle
contact forces and pore water pressures. This is commonly known as the effective stress concept.
Extensive discussion took place at an international workshop in Lund, Sweden in 1988 on whether
this understanding could be used for stress transfer in dense sand-bentonite buffer. Graham et al.
(1992) among others, have shown that the effective stress concept could be used to describe the
behaviour of saturated clays provided the definition of effective stress was extended to include
interparticle forces resulting from net repulsive and attractive electro-chemical forces. These
electro-chemical forces are a reaction to osmotic suctions in the pore fluid. In this way, the pore
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fluid in buffer is seen as comprising two parts. One consists of normal, free water, with normal
water properties. The second consists of adsorbed water that is bound by electrochemical forces to
negatively charged surfaces of the clay particles. In common with the approach adopted by
Graham et al. (1992) we will take the pore water pressure in saturated buffer to be the pressure in
the free water component of the pore water.

The total pressure results shown in Figs. 2.32 to 2.41 correspond with pore water pressures at the
buffer-rock interface which are close (but not identical) to zero (Fig. 2.29). As a first approxima-
tion, the total pressure cells may be taken as reading approximate effective stresses in the buffer at
the buffer-rock interface.

Section 1.2.4 reported measurements by Dixon et al. (1991, 1996) and Graham etal. (1992) who
showed that the swelling pressure in buffer is likely in the range 1.0 MPa to 1.5 MPa at room tem-
perature. Because of the high salt-content in the bentonite, its swelling pressure is essentially in-
dependent of pore water salinity (Kjartanson and Keil 1991; Dixon et al. 1991). However it de-
creases with increasing temperature (Lingnau et al 1995, 1996). Unsaturated buffer is generally
thought of as having zero swelling pressure, with a potential for it to rise to the saturated value
upon wetting (Dixon et al. 1996). What can happen, therefore, is that buffer near the wetting front
can generate its swelling pressure and this is then transmitted through the particle structure of the
remaining unsaturated buffer.

Graham et al. (1992) provide a further insight into the nature of stress transfer in buffer. Expan-
sive clay such as buffer is also a compressive clay. That is, given access to water, saturated buffer
will expand or contract in response to externally applied pressures. The corollary is that volume
changes, whether expansive or compressive, will be accompanied by changes in pressure (swelling
pressure) applied to the boundary of the buffer. This understanding was used in Section 3.4.7 to
help explain the results from the total pressure cells shown for example in Fig. 2.41. Shrinkage
close to the heater (Fig. 3.14) allowed a moving boundary for clay that was wetting near the
buffer-rock interface and some reduction of contact pressure.

The previous discussion concentrated on stress transfer at the buffer-rock interface because read-
ings were available from the total pressure cells. It is not so clear what was happening at the con-
tact between the heater and its surrounding sand annulus. Kulite pressure cells mounted on the
heater skin experienced electrical failure (Section 1.2.5). The heater is known to have expanded
upon heating and increased pressures can perhaps be inferred from the results shown in Figs. 2.37
to 2.41 from the total pressure cells. However, results such as those in Fig. 2.22 and Fig. 2.26
show increases of broadly the same magnitude in water pressures that were produced by thermal
expansion of the pore water. Changes in effective contact pressure are therefore difficult to assess.
Ongoing research (Graham et al. 1995, Wiebe 1996) is examining the stiffness of unsaturated
buffer in short-term testing. These results can be used in FLAC or FEM formulations that assume
hygrothermally induced compression in buffer close to the heater and expansion in buffer close to
the rock. Such calculations will allow a better understanding of heater-sand-buffer interactions.
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In addition to these direct stresses, Section 3.2.4 showed that heating also generates increased wa-
ter pressures through thermal expansion of water in the pores of the rock. The magnitude of ther-
mally induced pore water pressures depends on the relative stiffness of the rock and the water, and
on the quantity of water contained in the rock. Thermally induced pore water pressures will tend
to be of fairly short duration - they were already dissipating towards the end of the l>h years of the
Buffer/Container Experiment. However they will not have to be added to the contact pressures
measured by the total pressure cells which were already measuring a combination of effective and
pore water pressures. Under different conditions of geometry, rock porosity, and far-field rock
potentials, thermally induced increases in water pressure may be very different from those meas-
ured in the Buffer/Container Experiment, and may dissipate at very different rates. Here again,
generic answers are not possible, and answers for specific problems must be sought.

In the long-term, thermally induced pore water pressures will reduce to steady state values con-
trolled by the local and regional hydrogeology. The rate at which this occurs depends on the hy-
draulic conductivity of the rock. On final closure of a disposal facility, water pressures will return
towards essentially hydrostatic values (regional potential gradients are low) and these will need to
be added to the swelling pressures identified earlier.

4.4.2 Interactive Loading Processes - Wasteform, Filler, Container, Sand, Buffer, Rock

This section uses the insights provided by the Buffer/Container Experiment to examine the inter-
actions that will take place between radioactive wasteform and its surroundings. The discussion
will assume that the container is intact, and will therefore be restricted to thermal and mechanical
interactions. Chemical interactions will not be considered. Since the discussion forms part of a
report on the Buffer/Container Experiment, it will be based on the borehole emplacement concept.
The general form of the discussion will also be applicable to other geometries such as in-room
emplacement, but the details and relative importance of the various components may be different.

In its present form, the borehole emplacement concept envisages placing the wasteform in a corro-
sion resistant metal (copper or titanium) container, and filling the container with a particulate filler
consisting of glass beads (ballotini) or quartz sand. Relative to its diameter, the walls of the con-
tainer are thin and can offer little resistance against externally applied total pressures. After seal-
ing, the container will be lowered into a borehole and surrounded by a densely compacted mixture
of sand and bentonite. The construction procedure will likely consist of pre-placement of the
buffer, drilling a hole for the container, and then filling the clearance gap between the hole and the
container with quartz sand. Once a sufficient number of boreholes has been completed, the access
room will be filled with a less active backfill material, and the room sealed off by a combination of
concrete and bentonite bulkheads. The Buffer/Container Experiment is therefore an important first
step in developing technology for more complicated and larger projects.

The first aim of the containment concept is to preserve for as long as possible the physical integrity
of the container. If this is done, heat loading from the waste when the container is breached will
be lower, and also its radioactivity. This leads to lower demands on the remaining parts of the
multi-component barrier system, namely the buffer and the rock.
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Two things will lengthen the life of the container. In the first place, pressures applied to the out-
side of the container must be less than can be resisted by the container without rupturing. The
purpose of the filler inside the container is to add to its stiffness so that no unacceptable displace-
ments are developed in its cylindrical walls or at the connection between the cylinder and the end
caps. This is again an interaction problem. Pressures from outside the cylinder will arise from the
combination of effective stresses and pore water pressures outlined in the previous section (4.4.1).
Under operating conditions, the effective pressure is likely to be around 1 MPa and the pore water
pressures will be close to hydrostatic, around 10 MPa for 1-km embedment. Thermally induced
transient water pressures are harder to predict. In the Buffer/Container Experiment, they were
quite short-lived and would have dissipated quickly towards values controlled by water potentials
in the rock. These were established by the pumping that kept the access tunnels and rooms dry.
Under the in-room emplacement concept, or in a full-scale facility, the rooms used for emplace-
ment will be larger and heat loading will be larger. The rock may also be different from that in the
Buffer/Container Experiment. In a general sense, it is difficult to identify whether temperature-
induced transients need to be added to the loading on the containers. The question depends on
relative rates of regain of hydrostatic water pressures and the dissipation of thermally-induced wa-
ter pressures.

The worst case that can be envisioned is rapid regain of hydrostatic ground water pressures and
slow dissipation of thermally induced water pressures. This is unlikely since the two processes are
inversely related. A rock that would allow rapid regain of regional ground water levels would also
allow rapid dissipation of excess pressures.

A second process that will lengthen the life of the container will be the ability of buffer to restrict
regional flow of groundwater towards one side of the container and away from the other side. In
this way, corrosion products will not be removed as they form, and corrosion rates will decrease.

Hydraulic conductivity measures the rate at which water can be transferred through a soil for a
given hydraulic gradient. Values of the hydraulic conductivity of buffer measured by Dixon
(1995) are among the lowest that have ever been reported for any saturated geotechnical material.
When unsaturated, the buffer will have even lower hydraulic conductivites. The primary transport
mechanism then becomes diffusion, not advection. Buffer also has the particular advantage that it
is self-sealing. Any cracks that develop through local desiccation in the early years after em-
placement will immediately seal when water levels rise following vault closure. When cracks are
present there can be no advective transport because there is no free water movement. Later, when
water levels rise, the flow will be limited by the low hydraulic conductivity of the buffer. It is be-
lieved unlikely that the sand annulus will play any important role in this process. Its function is to
fill the gap between the container and the buffer, supply support for the container, and facilitate
heat transport away from the container.

While not one of its original objectives, the Buffer/Container Experiment allows some insight into
interactions between the buffer and the container. Pressures applied by a combination of effective
stress and pore water pressure will tend to compress the container. This will have to be resisted by
a combination of the mechanical strength of the container and support that can be developed inter-
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nally through compression of the filler. This is an interactive process that requires knowledge of
the constitutive behaviour of the filler. Compression of the container and its filler will allow ex-
pansion of the sand annulus and nearby buffer. In turn, this will allow some reduction of the ef-
fective stress component of the loads on the container. Movements at the buffer-rock interface are
likely to be sufficiently small that they will have no effect on container loads. Load-deformation
characteristics of the filler are currently being examined at the University of Manitoba.

Section 4.4. discussed the interactions that were observed in the Buffer/Container Experiment
between temperature and water potentials. Similar relationships can be expected in a disposal fa-
cility where heat is coming from a waste container rather than an idealised heater. The relation-
ships will be applicable in a general way whether disposal involves borehole emplacement, in-
room emplacement, or other strategies (Section 1.1.1). Heating will cause drying close to the
container. The accompanying shrinkage will likely cause radial and transverse cracking, and re-
duce the effective stresses in the buffer. No circumferential cracks with their accompanying insu-
lating effect were observed, so thermal conductivity will not be seriously reduced. A combination
of hygrothermal moisture migration away from the container and hydraulic potential gradients to-
wards the borehole will cause some wetting of buffer near the buffer-rock interface. The buffer
can expand, its suction will decrease, and any flaws, imperfections, fissures, or cracks will seal.

As mentioned in an earlier section, the rate of water flow from the rock towards the borehole de-
pends on the hydraulic gradient and on the hydraulic conductivity in the rock. Heating will gener-
ate transient water pressures through thermal expansion of pore water in the rock. This will in-
crease the hydraulic gradient towards the borehole (and also, at larger radius, away from it). The
magnitude of the pore water pressure increase will depend on the geometry and size of the heat
source. Its rate of dissipation depends on the hydraulic conductivity of the rock. Following clo-
sure of the facility, ground water levels will return to hydrostatic values. The rate at which this
takes place will again depend on the hydraulic conductivity of the rock. It is not clear at this stage
if high pressures coming from thermally-induced transients must be added to hydrostatic water
pressures.

4.5 INTER-RELATIONSHIPS BETWEEN MATERIAL CHARACTERISATION PRO-
GRAMS. SMALL-SCALE PHYSICAL MODELS. NUMERICAL MODELLING. AND
LARGE-SCALE EXPERIMENTS (BCE)

4.5.1 Can Measurements From the Buffer/Container Experiment Be Successfully Related to
Observations Made From (a) Hydro-Thermal-Mechanical Behaviour of Small Specimens,
and (b) Laboratory-Scale Physical Modelling?

In parallel with the Buffer/Container Experiment, extensive programs of material characterisation
were undertaken at Whiteshell Laboratories, McGill University, the University of Manitoba, and
Ontario Hydro. These focused on identifying parameters needed for numerical modelling, and on
understanding fundamental stress-strain-time-temperature properties of buffer as they relate to
stiffness, volume change characteristics, strength, hydraulic conductivity, and swelling pressure.
Research was also done at Carleton University and Ontario Hydro using laboratory scale physical
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models that embedded smaller model heaters in blocks of concrete or rock. This section relates
these projects to the full-scale Buffer/Container Experiment.

Buffer is a difficult material to test in the laboratory. Its low hydraulic conductivity and extended
visco-plastic (creep) behaviour seated in the adsorbed water phase lead to lengthy test durations
that raise difficulties with sealing, leakage, and diffusion in the test equipment. The operating re-
quirements for these tests represented in many cases considerable advances in experimental proce-
dures and data interpretation. Work done on evaluating thermal and hygrothermal transport coef-
ficients, wetting-up behaviour, strength, and compressibility at high pressures and temperatures
has all been widely published in good research journals and conferences (for example Mohamed et
al. 1994; Wan et al. 1995; Dixon et al. 1993, 1996; Graham et al. 1989, 1995; Lingnau et al. 1995;
Tanaka et al. 1995). Because of the slow rate at which tests can be performed and the relatively
high variability that seems to be inherent in the measurements, the data base is relatively small, but
represents a large proportions of all the data that has been published by international workers in
this topic area. The Canadian contribution to the understanding of these complex materials is
noteworthy. A recent contribution by Wan that has already received international attention is the
ability to measure suctions at elevated temperatures in dense, expansive clay (Delage and Graham
1995, Wan 1996).

The modelling presented in Part 3 relied heavily on the parameters measured in the laboratory
program of material testing. The agreements that were observed between measured and predicted
values, even though they came from post facto modelling, show the value of the laboratory
programs.

Laboratory-scale physical models also formed a useful component of the overall program. How-
ever, because of their limited size, they could not be as fully instrumented as the full-scale experi-
ment. For example, they did not include suction measurements; water pressures in the surrounding
blocks of concrete or rock were not completely controlled; and only a limited number of total
stress cells were used. Nevertheless, they helped identify successful technologies for temperature
measurements and plotting, and confirmed that hygrothermal moisture movements would occur.
Of particular importance, was the attention they drew to the importance of water flux and water
potential conditions at the buffer-rock interface, and to the difficulties that would be encountered
in achieving adequate sealing to permit a water mass balance to be achieved. Lessons from plan-
ning, constructing and operating the laboratory-scale models helped in understanding the physical
processes that were operating and the features that had to be built into the full-scale experiment.

The observed patterns of water content changes appear to be reasonable, though there has been
some difficulty in interpreting readings quantitatively. This may be due to total stress changes that
affect psychrometers (Wan et al. 1995) and to pore water pressures induced in buffer by thermal-
expansion of the water (Dixon et al. 1993,1995; Tanaka et al. 1996). For example, psychrometers
may register short-term changes in total potential (vapour pressure). These typically reflect ther-
mally-induced vapour pressure changes rather than changes in local water content which take place
more slowly. Uncertainty of the water content regime leads to difficulties in interpreting total
stress responses.
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4.5.2 How Well Has the Behaviour of the Full-Scale Model Been Predicted by Numerical
Modelling?

Section 1.1.3 identified the principal benefits that were expected from the Buffer/Container Ex-
periment. One of these was the production of reliable data that can be used for validating concep-
tual and numerical modelling of temperatures, moisture movements, swelling pressures, and con-
tact pressures in the experiment. Part 2 of the report showed that this objective has been accom-
plished. An additional objective was to generate data that would allow further refinement of the
numerical models so that they could progress from validation towards prediction (Section 3.1.1).
If the experiment could be modelled successfully, then the ability to produce reliable predictions
for the performance of full-scale disposal facilities would be enhanced.

Section 3.1.1 identified the process of verification, calibration, validation, and prediction that will
have to be developed before the performance of buffer-controlled disposal systems can be pre-
dicted with confidence. Verification and calibration can proceed simultaneously, but validation
and prediction must follow sequentially. Using these terms, verification of available computer
codes is still in progress at the time of writing in late 1996. Calibration was examined at an inter-
national workshop organised by AECL in Montreal in 1995 where a consensus was reached that
calibration was still difficult and needed further attention. Validation will be examined in the so-
called VALUCLAY project that is being organised by AECL and involves the participation of nu-
clear waste researchers in several countries. Data from the Buffer/Container Experiment will pro-
vide what is currently the best available data for the forthcoming validation exercises. Reliable
prediction is not yet possible.

The general question then arises whether modelling can be improved to the stage where reliable
Class A predictions become possible. At present, numerical modelling is based on integral calcu-
lus in which any point in the domain being analysed can be uniquely defined in terms of its stress,
temperature, pore water pressure or suction; and also in terms of its material properties. If this can
not be done, no rigorous numerical modelling is possible. Under these conditions, engineers fre-
quently have to make use of less sophisticated mathematics and material parameters, and rely on a
more empirical approach based on extrapolations from previous experience.

The rock masses which will be used for disposal of nuclear waste will not be completely homoge-
neous. Careful selection of the limited volume of rock needed for the Buffer/Container Experi-
ment resulted in very uniform rock that nevertheless still contained some regions of higher hy-
draulic conductivity (Fig. 3.9). It is unreasonable to expect to find a mass of completely homoge-
neous rock for a full-scale disposal facility.

Buffer was compacted into the emplacement borehole with a high degree of consistency
(Figs. 1.62 to 1.64). Despite careful placement, some local variations naturally occurred. While
these did not affect operation of the experiment, the variability means that deterministic numerical
modelling would require the use of averaged material properties. The resulting solution might be
numerically precise but physically inaccurate.
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Just as significant as the question of variability is whether the parameters needed by the models
can actually be measured in laboratory tests. The difficulty lies with coupling processes that oper-
ate in the buffer. Heating causes changes in water content and volume. These changes alter the
thermal conductivity and produce further changes in temperature. The situation is further compli-
cated because the bentonite in buffer is highly active, with strong coupling between volume
changes and stress levels. Processes such as wetting or drying that cause changes in the volume of
buffer also produce changes in pressure. In turn, these feed back into further volume changes. It
appears impossible at this stage to design testing programs that can successfully isolate the large
number of material parameters that are needed for numerical modelling. Most of the parameters
are functions of other parameters that influence the results. What is usually obtained from testing
is a series of measurements that reflect the influence of several sets of related phenomena. Inter-
pretation of the required parameters has to be done on the basis of identification techniques such as
those described, for example, by Yong (1993) and Selvadurai (1994). These require the superpo-
sition of solutions to the controlling equations shown in Part 3 over the measured data in such a
way that material properties can be inferred. At times this can work well. At other times, unique
solutions may not be possible - several different sets of the needed parameters may give broadly
similar results.

In its present form, mathematical (numerical) modelling seems sensitive to local variability of
material properties. Measurements from the Buffer/Container Experiment shown in Part 2 suggest
that in the real world, however, a significant amount of 'smoothing' occurs and consistent, con-
vincing data can be measured. Examples include distributions of temperature (Fig. 3.5) and water
contents (Fig. 2.84). While technically correct, solutions based on point-to-point integration of the
equations using a large number of material properties that cannot be measured accurately may
simply not provide reliable predictions. The value of modelling is more likely to involve sensitiv-
ity analysis. That is, it will estimate the relative sensitivity of parameters that can actually be
measured to variations in input parameters. For example, Zhou is currently working on a 'lumped
parameter' approach [3.10] which is similar in approach to that outlined in [3.13] but includes the
capability of predicting volume changes (Zhou et al. 1996).

At some stage, engineers will be asked if a full-scale facility can be built. The decision to build or
not to build will eventually involve a simple 'Yes' or 'No'. Few major civil engineering structures
can be formally analysed with complete confidence before construction is begun. Nevertheless
their designers (and their clients) feel justified in undertaking construction on the basis of (a) a
sound understanding of the physical (and economic and social) principles involved, (b) previous
experience with related construction, and (c) a commitment to ongoing measurement of perform-
ance during construction and the early years following construction. This process is an integral
part of the profession of civil engineering and is known as the 'observational approach' (Peck
1969). History tracking has demonstrated its usefulness when dealing with complex interactions
and uncertainties in the required material properties.

The observational approach involves an element of informed intuition that the project will be suc-
cessful. This is a position that is frequently misunderstood, but is often the only way forward. A
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decision to proceed or delay must be taken on the basis of information from conceptually similar
projects in which the physical processes are well understood. From this point of view, the
Buffer/Container Experiment has been particularly valuable.

4.6 ISSUES RELATED TO EXPERIMENTAL DESIGN

4.6.1 Relationship Between the Single Borehole Experiment and a Large-Scale Facility

The Buffer/Container Experiment placed a heater in buffer in a single borehole below the floor of
a room excavated at 240 m depth in granite rock in the Canadian Shield. The experiment was op-
erated for about 2J/2 years, a period that is long for such a large and complex experiment. A large
scale facility would have many nuclear fuel waste containers acting as sources of heat. They
would be placed in or below numerous rooms with a plan extent of perhaps 1-4 km . The ar-
rangement of containers might follow the borehole emplacement method shown in Fig. 1.4 or the
alternative known as in-room emplacement (Section 1.1.1). The facility would be required to
function safely for periods of the order of many thousands of years.

The Buffer/Container Experiment should be seen as an attempt to clarify the physical processes
that operate in and around a single borehole. Figures 2.14 and 3.5 suggest that the flow of heat
away from the heater is approximately spherical. In contrast Figs. 2.27 and 2.84 show that water
flow is mainly radial, with a high degree of axial symmetry (but see Fig. 3.9). Because it was a
single borehole experiment, these fluxes were free of influence from nearby heaters.

In contrast, a full-scale facility will have many heaters in close proximity (Fig. 1.2) and there will
be considerable interaction in the temperature and hydraulic potential fields between neighbouring
heaters. Horizontal temperature gradients will not be nearly as steep as round a single borehole,
and the effects of water potentials in the rock will be less marked, particularly round boreholes re-
mote from the edge of the group. In the period of greatest interest, the vault will have been back-
filled, and natural ground water levels will have begun to stabilise. Under these conditions, the
heat source can be approximated by a horizontal plane, and the heat flux is likely to be largely up-
wards and downwards. The effect of this on convective flow in the ground water could not be ex-
amined in the Buffer/Container Experiment.

When containers are closely spaced, more of the buffer and rock will be at consistently higher
temperature than around an isolated borehole. That is, the temperature gradients will be lower,
and therefore so will hygrothermal water movement in the buffer, at least in horizontal planes.
However, water movement will still be possible in the vertical direction. Above the plane of the
containers, there will be water vapour movement upwards (in the direction of decreasing tem-
perature), and water liquid downwards in response to suction gradients caused by drying of the
buffer. Care needs to be taken when attempting to relate the higher hydraulic conductivity and
transmissivity of the backfill to the ability of the backfill to gain water.

It will be appreciated that the Buffer/Container Experiment dealt only with physical processes that
included heat transfer, water flow under hydraulic gradients, and water movements under coupled
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heat and moisture gradients. It did not examine issues of container corrosion or radionuclide mi-
gration, diffusion, and sorption. While the experiment was lengthy in research terms, it was not
long enough for water contents in the buffer or water potentials in the rock to reach equilibrium.
As a result, the heater only experienced pressures resulting from the interaction between stresses
produced by its thermal expansion, and the surrounding sand and buffer. It did not experience the
high hydrostatic pressures on a nuclear waste container when ground water levels return towards
their pre-excavation conditions. The Buffer/Container Experiment was not designed to produce
information on container loading consisting of direct contact pressures from the sand, the large fi-
nal hydrostatic pressures associated with deep burial, and the short-term pressures induced by
thermal expansion of water in nearby rock.

4.6.2 The Borehole Concept

Deep underground burial has been proposed in many countries as the best available strategy for the
safe long-term disposal of nuclear fuel waste. It was accepted in principle by the Scientific
Review Group that reviewed the AECL disposal concept (Scientific Review Group 1995).

While accepting the general aim of AECL to adopt a multi-barrier approach to deep burial in hard
granitic rocks, the Scientific Review Group questioned some details of the borehole emplacement
concept. The following section examines how the Buffer/Container Experiment and its accompa-
nying research programs provide information and understanding that address some of the issues
raised by the Scientific Review Group. Paragraphs a) to d) arise directly from results of the ex-
periment. Other issues, paragraphs e) to g), were not addressed directly by the experiment but
permit inferences to be drawn.

a) Issue: Can cracked buffer be relied upon as a seal? Buffer close to the heater decreased its
water content to about 12% (Fig. 2.84), shrank (Fig. 3.14), and cracked (Figs. 2.80 and 2.81).
Nevertheless, when samples were given access to water, their hydraulic conductivities and
swelling pressures were statistically inseparable from those of intact non-heated specimens (Fig.
2.83). The ability of buffer to provide important self-sealing properties was not compromised by
its functioning in the hot environment of the experiment. Extensive programs of hydraulic
conductivity testing on buffer were reported by Dixon (1995). His tests related hydraulic
conductivities to initial density and clay-sand proportions. As with many other properties of
buffer, hydraulic conductivity can be correlated well with clay dry density, that is, the dry density
of the clay and its associated voids (whether filled with water or with air-water mixtures), omitting
the volume occupied by the sand phase.

b) Issue: Do adequate supplies ofbentonite exist? The bentonite used to produce the buffer was
from Saskatchewan and trade-named 'Avonlea bentonite'. Supplies of this bentonite are not large,
and concern was expressed that alternative sources may not produce adequate performance. Dixon
et al. (1996) showed that alternative bentonites can be obtained with swelling and self-sealing
properties at least as good as those of Avonlea bentonite (Figs. 1.24, 1.25 and 2.83b).
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c) Issue: Can the sand annulus be placed round the container? The Buffer/Container Experi-
ment showed that sand could be successfully compacted into the annulus between the heater and
the buffer. The good radial symmetry in temperatures across the sand and buffer, shown for ex-
ample in Fig. 2.12, indicates that the density control achieved during construction was good. On
decommissioning the experiment, no evidence was seen that the container had moved significantly
in either the horizontal or vertical directions. The sand and buffer provided good support for the
heater. The cracking in the buffer shown in Figs. 2.80 and 2.81 did not appear to be related to set-
tlements or later displacements of the heater.

d) Issue: Will there be bacterial growth in the buffer? The separate program of microbiological
studies examined three samples from the sand annulus (Stroes-Gascoyne et al. 1995). (Results
from microbiological studies on buffer specimens were discussed in Section 2.7.5.) During the
experiment, the temperature in the sand averaged 75°C (Figs. 2.11 and 2.12). However, samples
were only cultured at 25°C and 50°C. No bacteria were found in two of the samples, probably be-
cause the sand was installed dry and remained dry (0% water content) close to the heater. One
sand sample (sample J) from just above the container contained 1000 CFU/g aerobic thermophilic
heterotrophs even though the water content was zero. This layer was open to the atmosphere for
some time during a delay in construction. Stroes-Gascoyne et al. (1995) suggest the layer might
have been contaminated during the delay by bacterial spores that subsequently germinated when
cultured.

Samples were also taken from the Teflon cloth that was used to separate the heater from the sand
annulus. While a very small number of culturable bacteria were observed, the numbers are proba-
bly too small to be significantly different from zero. No biofilm was observed.

e) Issue: Can a closely spaced series of emplacement boreholes be constructed in highly stressed
rock without generating cracks in the intervening webs? Cracked webs could form hydraulic con-
nections with the zone of damaged rock associated with excavation blasting. If the damaged rock
is hydraulically connected to water-bearing fracture zones, the degree of cracking in the rock web
could affect the mode of contaminant transport, diffusion or advection, in the immediate vicinity
of the emplacement borehole and hence affect the rate of radionuclide migration.

Cracking was not observed around the single emplacement borehole in Room 213, or the two full-
scale boreholes in Room 205 drilled as a test of the water jet drilling system. Section 1.3.2 noted
that some spalling of the rock was observed between neighbouring slots cut for the instrumentation
cables. It appears that in situ stress conditions similar to, or less than, the stresses at a depth of
240 m at the URL, will not induce visible cracking in the rock around large diameter boreholes.
However, higher stress magnitudes, such as occurred locally when the instrumentation slots were
cut, will result in cracking. This implies that there is a limit, based on rock strength and in situ
stress above which cracking should be expected in an intact rock web, and below which no crack-
ing will occur.

f) Issue: What will be the effect of web cracking on contact pressures against containers? The
Scientific Review Group expressed concern that cracked rock webs between boreholes could lead
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to localised pressure concentrations on containers. The question has been examined by Selvadurai
at Carleton University and Borgesson at Clay Technology, Sweden, among others. Buffer devel-
ops pressures that are related to the volume it occupies (Graham et al. 1992). In the longer term, it
will compress in regions that are experiencing high stresses, leading to reduced contact pressures.
In the short term, it will transfer loading to the container according to the relative stiffnesses of the
container (including its filler), and the buffer. AECL is handling the question in part through the
development of alternative emplacement proposals, specifically in-room emplacement.

g) Issue: Will damage in the rock produced during excavation permit increased flows towards
and away from the container? On decommissioning, water contents in buffer closest to the buffer-
rock interface were closely related to the porosity of the surrounding rock (Fig. 3.9). They did not
appear to be influenced by fractures arising from excavation damage. The sealing arrangements
described in Section 1.2.3 produced a good control of water flow into the experiment (Fig. 2.84,
wcfinal.mov).

4.6.3 Preparedness for Construction of Pilot-Scale or Full-Scale Disposal Facility

It is reasonable to address the question whether the Buffer/Container Experiment has provided
enough information to proceed with design and construction of a full-scale facility without further
research.

a) For a variety of reasons, mostly associated with concerns about being able to construct closely
spaced boreholes in highly stressed rock, an in-room emplacement concept is now receiving more
attention than the borehole emplacement concept modelled in the Buffer/Container Experiment.
While many of the construction and instrumentation technologies can be transferred from one con-
cept to the other, the geometries and boundary conditions are so different that further experimen-
tation should be undertaken. The Buffer/Container Experiment had the advantage that the vertical
axis of the heater was perpendicular to horizontal planes of heat and moisture movement in both
the buffer and the rock. The majority of the fluxes in the experiment appear to have been in the
horizontal direction. This has simplified the modelling reported in Part 3 and allowed it to be done
in terms of radial symmetry without requiring the added complexity of fully three-dimensional
solutions. In-room emplacement will probably offer more difficult boundary conditions. The axis
of the heater will be horizontal, and the difference between the vertical and horizontal dimensions
of the surrounding buffer may be unequal. There will be added complexity from a concrete floor
and a layer of backfill between the top of the buffer and the roof of the vault. These changed
boundary conditions will affect heat and moisture fluxes, and may produce thermal, earth pressure,
and hydraulic loading distributions that are not axially symmetric. Further large-scale experimen-
tation and numerical modelling will be needed.

b) The Buffer/Container Experiment was installed in 'tight' rock, and the flow of water into the
experiment was small (Section 4.1.2). This meant that water content changes in the buffer were
dominated by hygrothermal effects, and the competing process of water recharge from the rock
was minimal. This question was to be examined in a second Buffer/Container Experiment that
would have had a porous liner between the rock and the buffer. It was intended that water could
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be fed to the liner under pressure during the test and its effect explored in terms of changes in wa-
ter content, suction, and total pressures. Results from such an experiment would be helpful in un-
derstanding the effects of competing hygro-thermal and hydraulic potential gradients.

c) The only series of instruments that did not yield results in the Buffer/Container Experiment
were the pressure cells installed on the skin of the heater. This was unfortunate. Rapid initial rises
in total stress at the buffer-rock interface and increases in pore water pressure in the rock have
been related to thermal expansion of pore water or to total stresses induced by thermal expansion
of the heater. Subsequent changes of suction and total pressure readings at the buffer-rock inter-
face with time suggest that the increased pressures were due principally to thermal expansion of
pore water. The total pressure cells at the buffer-rock interface appear to reflect shrinkage of
buffer close to the heater and expansion close to the rock. This could be confirmed if readings
were available from total pressure cells on the container, and would add confidence to modelling
efforts. A further full-scale in situ experiment, (the experiment envisaged earlier for the in-room
emplacement concept), should investigate container stresses in more detail.

d) The packer strings used for reading potentials in the surrounding rock required considerable
attention and maintenance. More consistent readings appear to have been received from a series of
pressure transducers installed in grouted-in holes in a radial direction at the mid-height of the
heater. These readings were also valuable because they gave information about localised pore
water pressures, rather than the cell-long averaging available from the packer cells. The Scientific
Review Group has expressed concerns about the effects of heating on water potentials in the rock.
Available information on the question is sparse. A future experiment should arrange for overlap
between hydraulic, pneumatic, and packer systems.

While the Buffer/Container Experiment provides a unique set of data on the interaction between a
heater and its surroundings, previous paragraphs indicate areas where the mechanisms are still un-
clear. One or more further large-scale experiments are needed that would take account of the
changes in emplacement geometry that are being considered, and also of the effects of scale and
interaction between closely spaced containers.

4.6.4 Lessons Learned

In comparing technological capabilities before and after the Buffer/Container Experiment, it is
clear that a greater ability now exists for planning, installing, and managing large, lengthy experi-
ments underground. Initial characterisation and site selection were satisfactory. The experiment
was constructed and the instrumentation installed. The results of the experiment were largely as
expected and confirmed the general understanding that was available when the experiment was
initiated. In addition, new skills were developed, particularly in reading and interpreting suctions
from thermocouple psychrometers and in understanding coupled heat and moisture movements,
the so-called hygro-thermo-mechanical movement of water in dense clays and clay-sand mixtures.

In view of experience with large experiments elsewhere which have benefited from broadly-based
consultation and review during planning, future experiments run by AECL should probably in-
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volve separate scientific and managerial review groups. Only a small number of people should
serve on both groups to allow continuity. Examples of large interdisciplinary projects organised in
this way include the geotechnical centrifuge at the Centre for Cold Oceans Resources Engineering
at St. John's, Newfoundland, and the CANLEX project on liquifaction in sand tailings managed
from at the University of Alberta in Edmonton. Both organisations have found value in separating
technical and scientific decisions from managerial ones.

4.6.5 Communication of Capability

Much of the technology that has been developed for the Buffer/Container Experiment is novel and
state-of-the-art. No previous experiment has exceeded the quality control that was built into the
experiment and the value of the results that have been obtained. Much of the site characterisation,
material testing, and installation technology that went into the experiment has been already pub-
lished in the extensive list of publications that can be found in the list of references attached to this
report.

Because of the need to publish rapidly and the publishing policy established by AECL at the time,
more emphasis was placed on publishing in conferences and less in journals. As is common, the
conferences were often relatively specialised and in the area of expertise of the authors. This has
meant that civil engineers, and in particular, geotechnical engineers, are in general less aware of
the importance and significance of the work being done by AECL at its Underground Research
Laboratory than the quality of the work deserves.

The fact that this is so reflects the relatively small number of geotechnical engineers who have
been assigned to the project. They have had to concentrate their efforts on carrying out their duties
in running the experiment, and have given less attention to making others aware of the project.

Similar comments can be made with respect to communicating the significance of this important
work to the general community. Additional efforts, associated with suitable training, should be
given to encouraging researchers to present their work to the community without having it filtered
through media specialists.

4.7 SUMMARY. CONCLUSIONS. AND RECOMMENDATIONS FROM PARTS 1 - 4:
STATUS OF ISSUES ADDRESSED BY THE BUFFER/CONTAINER EXPERIMENT

Part 4 of the report has presented an overview of lessons learned from the Buffer/Container Ex-
periment. These have included information about constructability and management; 'wetting-up'
processes in the buffer; the role played by the surrounding rock; loadings on the heater; and inter-
relationships between research into material properties, measurements from the experiment, and
numerical modelling.

Following paragraphs indicate the achievements of the Buffer/Container Experiment. This section
summarises the results presented earlier in Parts 1,2,3 and 4 of the report. Because of the wide-
ranging nature of the experiment, it has been organised on an issue-by-issue basis. It should be
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noted again that design of the experiment excluded examination of radioactive diffusion or
sorption processes in the buffer and rock following container rupture. Also, because the heater
was installed beneath the floor of a room that kept ground water potentials low, it was not
subjected to the pressures that will eventually be experienced by a fuel waste container in a full-
scale repository.

SUMMARY AND CONCLUSIONS

Issue: Constructability. The experiment produced data that can be used in future developments
aimed at confirming procedures for repository design and construction. Examples of such devel-
opments include full-scale experiments that would be used for validation of numerical models.
New technologies have been developed for site selection in rock, borehole drilling, buffer com-
paction, instrumentation selection, managing large in-ground instrumentation systems, interpreting
psychrometer data, and developing modelling capabilities. The ability to develop, perform, and
understand such experiments is now greater than they were when the Buffer/Container Experiment
was initiated.

Issue: Coupled heat and moisture movement. The experiment has contributed to an improved un-
derstanding of coupled heat and moisture movements in clays, and has drawn attention to two as-
pects of these phenomena that were not commonly appreciated before. These are (1) the impor-
tance of being able to model the volume changes that accompany stress and water content varia-
tions, and (2) the need to develop solutions in terms of potentials (or suctions) in the pore water
rather than using volumetric water contents. This understanding has stimulated new research into
material characterisation in the laboratory and into new numerical modelling.

Issue: Stresses on a container. To provide a better understanding of stresses round a container,
measurements are needed of contact stresses at the heater skin. Additional measurements should
be made of total pressures and water pressures at the buffer-rock interface. While pressures on the
heater skin were not measured directly in the Buffer/Container Experiment, it appears likely that
they vary with water redistribution in the buffer. The vertical axis of the heater led to good axial
symmetry in many of the parameters that were measured. However, considerable differences in
horizontal pressures were noted at various levels along the buffer-rock interface. A better under-
standing of these observations will require interactive modelling of the mechanical stiffness of the
heater, the constitutive behaviour of the buffer in terms of its drying-wetting and pressure re-
sponse, and the temperature and water flux conditions at the buffer-rock interface. The purpose of
this work will be to develop improved confidence and understanding of modelling capabilities.

Without further study, the relationships between loading on the container, water redistribution, and
wetting up in the buffer cannot be quantified. The information is needed to allow confirmation of
the magnitude and timing of the loadings that the container will experience. This also has impli-
cations for radionuclide transport mechanisms.
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Issue: Cracking in the buffer. Drying near the heater produced some cracking in the buffer that
extended approximately one-third of the distance from the heater to the buffer-rock interface.
Some of the cracking that was observed may have been due to stress release at the time the
experiment was excavated. The processes leading to desiccation cracking appear to be reversible
when cracked buffer is given access to water. Testing of samples of fissured buffer taken from the
experiment during decommissioning showed that they possessed hydraulic conductivities and
swelling pressures that were statistically indistinguishable from those of fresh, intact specimens. It
is therefore likely that thermally induced cracking will not provide a pathway for radionuclide
migration.

Issue: Mineralogical changes associated with heating. Swelling pressures and hydraulic conduc-
tivities were measured from specimens taken during decommissioning. They show that the dura-
tion and temperatures reached in the experiment did not alter the mineralogy of the bentonite com-
ponent of the buffer in ways that affect the physical properties of the material.

Issue: Microbiological activity. Microbiological activity was investigated in a carefully con-
trolled program on samples taken during decommissioning. The water content in the buffer and
not its temperature controls the viability of bacteria. Below 15% water content (corresponding to a
suction of about 6 MPa at 25°C), viable bacteria were not noted. The microbial population may be
potentially viable but starved and inactive in hot, dry regions of buffer but are present in cooler,
wetter regions.

Issue: Numerical modelling and predictive capabilities. The experiment produced data that will
be valuable for validation of numerical modelling techniques. However some doubt remains about
whether adequate information can be obtained about material parameters to allow reliable predic-
tions. The value of sophisticated modelling is likely to be in the area of sensitivity analysis rather
than of detailed prediction. Simpler, more robust models appear to be needed to produce results
that can be used for engineering purposes.

Issue: Emplacement strategy. Evaluation of in-room emplacement rather than the borehole em-
placement method introduces a new set of boundary conditions. Care needs to be taken in ex-
trapolating lessons learned from the Buffer/Container Experiment to the new geometry and flux
conditions.

Issue: Capability of progressing directly to detailed design. Technology is not yet fully in place
to permit immediate initiation of detailed design for a full-scale repository. Before that is possible,
improved knowledge will be needed of saturation rates and container loadings. The question is
one of confidence. In all engineering projects, cost-effective detailed design requires a good un-
derstanding of physical processes and detailed knowledge of likely loadings, whether mechanical,
thermal, or chemical. The body of this report shows that the Buffer/Container Experiment helped
develop elements of the confidence that will be required. However uncertainties still exist. If de-
tailed design were to be initiated immediately, it would require larger and more expensive seals,
barriers, and containers than might be necessary if a higher level of confidence had already been
developed.
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Recommendations

a) To develop the confidence needed to proceed to cost-effective design of a vault, one or more
further large-scale experiments should be undertaken. The benefit-cost ratio will be favourable in
terms of the improved confidence and reduced construction costs that will result.
b) The experiment should be designed with thermal and hydraulic conditions that model heat and
water fluxes in a vault more realistically. It should last longer than the Buffer/Container Experi-
ment so that wetting-up rates can be established. Particular care needs to be taken to measure
contact pressures on the heater/container, and the generation and dissipation of thermally-induced
water pressures in the rock.
c) If disposal is to be possible in a completed repository by the current target date of 2025 and a
further experiment is to last longer than the Buffer/Container Experiment to allow water fluxes
and pressures to be examined meaningfully, planning of the new experiment should commence
almost immediately.
d) Increased efforts should be directed towards developing AECL staff who can speak on behalf
of the organisation with scientific and technical authority. The Buffer/Container Experiment only
addresses technical issues related to developing confidence among the professional engineers and
scientists who will eventually have to proceed towards detailed design of a full-scale facility.
While it is important for designers to have confidence in their procedures, it is also important that
the lay public should also have confidence. The public's sensitivity to the difficulties of nuclear
waste disposal require more than the usual amounts of scientific and engineering evidence that
safety can be assured. It also requires that this evidence be presented credibly to the public.
Communications of this nature seem to depend on the technical authority of the individual or or-
ganisation presenting the information.

Concluding Comments

The Buffer/Container Experiment has been a model of one small component of a full-scale facility.
As such, it has met many of the objectives that were identified when it was being designed. It has
contributed significantly towards a better understanding of the physical processes that will operate
when heat-producing radioactive waste is placed underground. The experiment was initially de-
signed to be the first in what was expected to be a series of evolutionary experiments that would
eventually develop the confidence needed to start building a disposal vault. The scope of this first
experiment, both in terms of its size and duration, has meant that it is not fully representative of
the geometry, gradients and fluxes that will operate in a repository. Nor was it meant to be.

The experiment involved more than collecting results. It also involved planning, constructing,
commissioning, operating, and reviewing the work over almost ten years. This was only possible
because trained personnel, infrastructure, and experience and background skills were available.
Such capabilities need time to develop but are quickly lost.

Broadly based development projects of this type need to be incremental in nature and carefully
planned, controlled, and managed if the data are to be consistent and useful. What is required is an
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incremental approach to producing data that can be used for comparing predictions with perform-
ance, and the development of engineering judgement and confidence. Further, carefully executed
experiments are essential before initiating work on a dedicated facility.
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