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ABSTRACT

Many international radioactive waste disposal programs are in the design and construction
phases for underground laboratories and repositories. To provide a forum for discussion
Svensk Karnbranslehantering AB (SKB) in 1992 initiated an international workshop series in
which the organizations considering disposal in hard crystalline rock could meet to discuss
issues relevant to The Design and Construction of Final Repositories. The first workshop
with the theme "Excavation through water conducting major fracture zones" was hosted by
SKB in Sastaholm, Sweden on 1993 March 30 to 31 and the workshop proceedings are SKB
Technical Report 94-06.
Atomic Energy of Canada Limited hosted the second workshop with the theme "Factors
influencing repository design and layout" in Winnipeg, Canada on 1994 February 15 to 17.
Thirty-eight people from organizations in eight countries and representative of the European
Community participated in the Workshop. This report is the summary of the second
workshop.
The discussions at the Workshop were recorded and reproduced in the summary. Some
editorial license was used to provide the text that follows. The participants were given the
opportunity to comment on the text prior to publication. Unfortunately some individual
speakers could not be identified on the recording of the Workshop discussions and are
labelled "unidentified" in the text.
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COMPTE RENDU DE LA DEUXIEME REUNION DE TRAVAIL INTERNATIONALE
SUR LA CONCEPTION ET LA CONSTRUCTION DES DÉPÔTS DÉFINITIFS QUI S'EST
TENUE À WINNIPEG, AU CANADA, DU 15 AU 17 FÉVRIER 1994.
THÈME : IMPÉRATIFS DE CONCEPTION ET D'AMÉNAGEMENT DES DÉPÔTS
par
Gary R. Simmons, rédacteur

RÉSUMÉ

De nombreux programmes internationaux de stockage permanent des déchets radioactifs en
sont à l'étape de la conception et de la construction de laboratoires et de dépôts souterrains.
Svensk Karnbranslehantering AB (SKB) a organisé en 1992 une série de réunions de travail
internationales dans le but d'amorcer des discussions avec des entreprises qui envisagent
d'opter pour le stockage permanent dans la roche cristalline afin qu'elles discutent des aspects
relatifs à la conception et à la construction des dépôts définitifs. La première réunion de
travail ayant pour thème l'excavation dans les zones de fractures importantes pour le drainage
de l'eau a été organisée par SKB à Sastaholm, en Suède, les 30 et 31 mars 1993. Le compte
rendu de cette réunion est présenté dans le rapport technique 94-06 de SKB.
Énergie atomique du Canada limitée a tenu du 15 au 17 février 1994 à Winnipeg, au Canada,
la deuxième réunion de travail qui avait pour thème les impératifs de conception et
d'aménagement des dépôts. Trente-huit représentants d'entreprises de huit pays et des
représentants de la Communauté européenne y ont participé. Le présent rapport est un
résumé de la deuxième réunion.
Les discussions qui ont eu lieu dans le cadre de la réunion sont présentées dans le résumé.
On a pris une certaine licence pour en arriver au texte final. Les participants ont eu la
possibilité de faire des commentaires sur le texte avant sa publication. Malheureusement,
certains intervenants n'ont pu être identifiés à partir du compte rendu des discussions et sont
désignés comme étant «non identifiés» dans le texte.
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SESSION 1: WORKSHOP OPENING

INTRODUCTION TO THE SECOND INTERNATIONAL WORKSHOP ON THE DESIGN AND
CONSTRUCTION OF FINAL REPOSITORIES

THEME: FACTORS INFLUENCING REPOSITORY DESIGN AND LAYOUT
Gary R. Simmons
Winnipeg, Manitoba.
1994 February 15 to 17.

This workshop owes its existence to SKB who organized the first workshop in
this series held in Sa staholm, Sweden on 1993 March 30 and 31. The first
workshop topic was excavation through major, water-conducting fracture zones.
At the conclusion of that workshop the participants recognized the value of
the workshop and agreed that there should be others.
Atomic Energy of Canada Limited (AECL) is pleased to be the organizer of this
meeting and welcomes all participants to Winnipeg, Manitoba. The topic of
this workshop is Factors the Influencing Repository Design and Layout.
The next two days will provide us with the opportunity of discussing this
topic thoroughly. Hopefully we will develop a broader understanding of the
factors that influence repository design. On the third day many of you will
participate in a tour of AECL's Underground Research Laboratory where the
discussion of design controlling factors will continue.
During this workshop the discussion during the questions for clarification
after presentations and the discussion sessions will be recorded for use in
preparing the proceedings. Please state your name and organization clearly
before asking any question or making any comment during the recorded parts of
the meeting. When the discussion has been transcribed, we will send it to you
for editing.
To open this workshop, I will present a brief review of the repository design
studies that have been done in the Canadian Nuclear Fuel Waste Management
Program. Some of the later presentations by AECL participants will discuss
aspects of these designs. The material is taken from the paper "DISPOSAL
VAULT ALTERNATIVES IN THE CANADIAN NUCLEAR FUEL WASTE MANAGEMENT PROGRAM" by
Gary R. Simmons, Peter Baumgartner and Yusuf Ates, Atomic Energy of Canada
Limited that will be presented at Waste Management 94 in Tuscon, Arizona on
1994 February 28.
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REPOSITORY ALTERNATIVES IN THE CANADIAN NUCLEAR FUEL WASTE MANAGEMENT PROGRAM
INTRODUCTION
Atomic Energy of Canada Limited (AECL) and Ontario Hydro have been developing
and assessing the technologies for the safe geological disposal of CANDU
reactor nuclear fuel waste in the Canadian Nuclear Fuel Waste Management
Program (CNFWMP). The results of this program are the subject of a technical
and public review beginning in 1994. The report on this review will be
submitted to the governments of Canada and the Province of Ontario, and will
contribute to a decision concerning the future direction of nuclear fuel waste
management.
In this review a method for geological disposal of nuclear fuel waste is
proposed in which:
the waste form would be either spent CANDU fuel or solidified highly
radioactive reprocessing waste;
the waste form would be sealed in a container designed to last at least
500 years and possibly much longer;
the containers of waste would be emplaced in rooms in a repository or
in boreholes drilled from the rooms;
the vault would be nominally 500 to 1000 m deep;
the geological medium would be plutonic rock of the Canadian Shield;
each waste container would be surrounded by a buffer;
each room would be sealed with backfill and other engineered seals; and
all tunnels, shafts, and exploration boreholes would ultimately be
sealed so that the disposal facility would be passively safe, that is,
long-term safety would not depend on institutional controls.
The repository would be a network of horizontal tunnels, disposal rooms and
service areas excavated deep in the rock, with vertical shafts extending from
the surface to the vault level. Rooms and tunnels could be excavated on more
than one level. This room-and-pillar arrangement, widely used in underground
excavation, offers modularity in design, flexibility in the spacing of
disposal rooms and of disposal containers within the rooms, and flexibility in
size, shape and orientation of the excavations. The disposal container, the
repository and the vault seals would be designed for the rock structure and
other underground conditions at the disposal site.
When the repository is closed, there would be multiple barriers to protect
humans and the natural environment from both radioactive and chemically toxic
contaminants in the waste. These barriers would include, the waste form; the
container; the buffer, the backfill, and other vault seals; and the geosphere.

CANDU (CANada Deuterium Uranium) is a registered trademark of AECL.
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A number of scoping studies have been done to assess the construction,
operation and thermal and thermal-mechanical performance of various repository
arrangements and waste emplacement configurations. One conceptual design
study has been completed for a repository using the in-floor borehole
emplacement configuration and a second is now in progress for a repository
using the in-room emplacement configuration.
SCOPING STUDIES
Scoping studies havp been done for a variety of repository arrangements and
waste emplacement configurations to provide insight into their relative
advantages and disadvantages. The scoping studies have been discussed by
Baumgartner and Simmons (1) and are only briefly summarized here. The
thermal-mechanical specifications for the rock mass and the sealing materials
have evolved during these studies so the results of individual studies cannot
be compared in detail. In particular, the maximum temperatures on the outer
surface of any disposal container has been reduced from 150°C to 100°C, a
maximum temperature of 100°C has been instituted for the buffer material, and
the volume-averaged backfill temperature limit and sustained long-term, farfield temperature limit have been dropped. As well, the assumed in situ
stress conditions and rock mass failure criteria have become more
representative of in situ conditions based on experience in the Underground
Research Laboratory. These scoping studies contributed information and
understanding that has guided the choices made for the conceptual design
studies that followed. The alternatives discussed in this section are shows
in Fig. 1.
Acres et al. (2,3) completed two scoping studies of single-level repositories:
one for disposal of containers of spent fuel within the boundaries of a
disposal room (i.e., in-room emplacement); and the other for disposal of
individual containers of reprocessing waste in boreholes drilled into the
floor of disposal rooms (i.e., in-floor borehole emplacement). The results
indicated that the thermal and mechanical criteria set for the studies could
be satisfied and that these waste emplacement configurations warranted further
consideration.
Tsui and Tsai (4) analyzed the thermal and thermal-mechanical differences
between two single-level repositories, one using in-floor borehole emplacement
and the other emplacing individual waste containers into boreholes drilled
into the rock pillars on each side of a disposal room (i.e., in-wall borehole
emplacement). These analyses indicated that the horizontal configuration gave
lower temperatures but similar stress concentrations. The benefits of the
horizontal configuration were limited and were offset by the difficulties
associated with handling and placing materials in the horizontal boreholes.
Acres and RE/SPEC (5) studied the multilevel repository arrangement to assess
the potential for minimizing the plan area of plutonic rock necessary to
disposal of a given mass of nuclear fuel waste. The depth range considered
for the multiple levels was from 500 m to 1000 m. For spent-fuel containers
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placed in the in-room emplacement configuration there was no significant
reduction in required plan area between a single-level repository at 1000 m
depth and a two-level repository with levels at 500 m and 1000 m. This was
because the spacing between the individual emplacement boreholes had to be
increased significantly in the two-level arrangement to allow for adequate
dissipation of the heat from the spent fuel. However, for fuel reprocessing
waste the heat output decreases more rapidly and disposal containers in the
in-floor borehole emplacement configuration could be placed on three levels at
depths of 500 m, 750 m and 1000 m. There was a reduction of more that 65% in
repository plan area at less than a 15% increase in capital cost. The
multilevel repository configuration warrants further consideration for
disposal of reprocessing waste.
Acres (6) studied the possibility of using the vertical dimension of a pluton
by placing several disposal containers of spent fuel or reprocessing waste in
long boreholes drilled between the levels of a repository (i.e., long-hole
emplacement) at depths of 500 m, 750 m and 1000 m. Because of the long
duration of sustained heat output from spent fuel, the horizon and vertical
spacing between containers had to be relatively large to satisfy the thermal
and mechanical criteria. Disposal of spent fuel in the long-hole vault
arrangement offered no significant reduction in repository plan area when
compared with the multilevel spent-fuel repository arrangements. For disposal
of reprocessing waste, the long-hole repository arrangement offered a small
reduction (10%) in plan area when compared with the multi-level repository
arrangement but at a substantially higher cost. The long-hole emplacement
does not offer any apparent benefits.
Wardrop et al. (7) prepared descriptions of integrated buffer and backfill
systems for the spent-fuel and fuel-recycle-waste emplacement configurations
developed in the scoping studies (2) and (3). Materials acquisition and
transport, materials preparation and handling, and buffer, container and
backfill emplacement were discussed. The revisions to (2) and (3) necessary
to incorporate integrated buffer and backfill systems and placement methods
were presented including disposal room preparation, borehole drilling, buffer
placement and compaction, augering a disposal container hole into compacted
buffer, container emplacement, final buffer placement and disposal room
backfilling and sealing with a bulkhead. This study concluded that the buffer
and backfill would be significant components of repository operation and cost.
These scoping studies provided the bases for selecting the repository
arrangements and emplacement configurations for the conceptual design studies.
The scope of the studies was narrowed when the CNFWMP focussed on the disposal
of one waste form, spent fuel. One conceptual design study was done for a
single-level repository using the in-floor borehole emplacement configuration.
A second study is now in progress using a single-level repository arrangement
and the in-room emplacement configuration.
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A SINGLE-LEVEL SPENT-FUEL REPOSITORY USING THE IN-FLOOR BOREHOLE EMPLACEMENT
CONFIGURATION
Study Specifications
This Used-Fuel Disposal Centre conceptual design (8) describes a facility that
would'receive, package and dispose of spent-fuel bundles (Fig. 2) irradiated
to an average burnup of 685 GJ/kg U and cooled for 10 a after their discharge
from a CANDU nuclear power reactor. The capacity of the repository is about
191 000 Mg U in the unirradiated fuel or about 10.1 million spent-fuel
bundles.
The disposal container is a packed-particulate design (Fig. 2 ) , fabricated
from ASME Grade-2 titanium, which holds 72 spent-fuel bundles. The annual
throughput in the conceptual design is about 250 000 spent-fuel bundles which
is the assumed capacity of the spent-fuel transportation system. This fills
3470 disposal containers per year, giving a repository operating duration of
over 40 a.
Additional assumptions in this study include the following:
1. The repository will use shafts for access and will be arranged in a
single-level room-and-pillar configuration.
2. The emplacement configuration will be in-floor borehole emplacement with a
single container in each borehole.
3. The repository will be located at a depth of the 1000 m, although this
depth may be changed during design analyses to satisfy the mechanical and
thermal-mechanical constraints listed below.
4. The maximum temperature at the outer surface of the container and
throughout the buffer material must not exceed 100°C.
5. The average strength-to-stress ratio for the interroom pillars and, where
applicable, the rock webs around the waste emplacement boreholes will be two
or greater where strength is defined using the Hoek-Brown empirical failure
criteria. As well, the extraction ratio on the emplacement level will be
about 0.25.
6. The near-surface extension zone, the layer of rock immediately below the
ground surface overlaying the repository that could experience the loss of
horizontal confining stresses and the potential opening of subvertical
fractures due to thermal expansion of the rock around the repository, must not
extend more than 100 m below surface.
Facilities Description
The Used-Fuel Disposal Centre developed in the conceptual design is selfcontained and located on a suitable plutonic rock body of the Canadian Shield
(Fig. 3 ) . It includes a repository excavated into the rock body at a depth of
1000 m, and surface facilities for the receipt and packaging of spent fuel in
disposal containers and the fabrication of the disposal containers and
components. During excavation of the repository, any fractures that have
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groundwater seepages in excess of those reasonable for operations will be
sealed with grout and, if necessary, with shaft or tunnel liners as a
construction expedient.
Spent fuel is received at the packaging plant of the disposal centre in either
a road or rail transportation cask that contains the spent-fuel bundles in
storage/shipping modules. These modules are unloaded from the casks in a
module-handling cell. The modules may be held temporarily in a water-filled
pool or they may be transferred directly to the spent-fuel packaging cell. In
the packaging cell, 72 fuel bundles are transferred from, the shipping modules
to the disposal container fuel basket and the fuel basket is placed into a
disposal container. Each bundle and container is accounted and monitored for
nuclear material safeguards purposes during the transfer operations.
The disposal container (Fig. 2) shell and end closures are fabricated of 6.35mm-thick ASME Grade-2 titanium. The loaded container is filled with an inert
particulate, such as glass beads, that is vibrationally compacted to fill all
the void space, to allow the container to withstand the expected external
loads. A top head is pressed into the container, and the top head and
container shell flanges are diffusion-bonded. Each filled container has a
mass of about 2800 kg. When initially sealed in the disposal container, the
72 spent-fuel bundles produce about 300 W of heat.
Following nondestructive testing (i.e., ultrasonic bond inspection and a
helium leak test) to establish the integrity of the container welds and bonds,
each disposal container is loaded into a shielding container cask. Each full
cask is transferred to the repository using the conveyance in a dedicated
waste shaft. When removed from the conveyance, the cask is moved by crane to
an underground storage area or by truck directly to a disposal room.
In this conceptual design, each disposal room is excavated by careful blasting
and is about 8 m wide, 5 to 5.5 m high and 230 m long. Up to 282 vertical
emplacement boreholes are drilled in the floor of each disposal room, and each
borehole is prepared to receive a disposal container. The emplacement
boreholes are 1.24 m in diameter, and 5 m deep, and are spaced about 2.1 m
apart on centre, three across the room and 94 along the room, as required to
keep the maximum temperature of the container shell below 100°C. Before a
container cask is received in the disposal room, fractures that are seeping
groundwater into the disposal room or emplacement borehole are sealed with
either clay-based or cement-based grouts. A clay-based buffer material (i.e.,
50% sodium-bentonite clay and 50% silica sand by dry mass at 17% to 19%
moisture content) is compacted in layers into the emplacement borehole to a
dry density of >1.67 Mg/m3 (95% of the dry density attainable in ASTM test D1557-78 (9)). A hole is augered centrally into the buffer to receive the
container. When the container has been emplaced, the annular gap between the
container and the buffer is filled with dry silica sand to improve heat
transfer and to maintain buffer density. Additional buffer material is then
placed and compacted over the container to the floor level of the disposal
room.
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When all the emplacement boreholes in a room have been filled, the room is
backfilled by placing and compacting a mixture of 25% glacial-lake clay and
75% crushed granite, by dry mass, at 6% to 8% moisture content to a dry
density of 2.1 Mg/m3 to fill the lower 3.5 m of the room. This lower backfill
is spread and compacted in layers using low-profile loaders, spreaders and
roller compactors. The upper portion of the room is filled by spraycompacting into place (e.g., with modified shotcrete application equipment) an
upper backfill material similar in composition to the buffer material. A
concrete bulkhead is constructed at and grouted into the room entrance to
withstand the buffer and backfill swelling and the groundwater pressures. All
underground transportation of the clay-based and cement-based sealing
materials is done using modified diesel-powered underground trucks with 18 m 3
rotating, mixing drums. A safeguards seal may be incorporated into the
bulkhead to detect unauthorized entry.
The operational sequence, consisting of disposal room excavation by the drilland-blast method, emplacement-borehole drilling and preparation, waste
emplacement, borehole sealing and room backfilling and sealing, continues
throughout the operating period of the repository. The disposal rooms are
developed and filled in sequence, retreating from the upcast ventilation shaft
complex toward the service shaft complex to control access, potential
contamination, and potential radiation doses to personnel.
When the vault has been filled with waste, the monitoring data have been
assessed to show compliance with the regulatory and design criteria, and the
regulators have approved the decommissioning and closure plan for the disposal
centre, the access tunnels, service areas and shafts are backfilled and
sealed. The materials and methods for backfilling the tunnels and service
areas are similar to those used in the disposal rooms. The backfill in the
shafts is the lower backfill material compacted into place using vibrating or
roller compactors suspended for the working platforms. At strategic locations
in the tunnels and shafts, such as on each side of fracture zones, concrete
bulkheads and gasket seals are installed. The gasket seal is a plug
constructed of highly compacted bentonite clay blocks on the side of each
bulkhead that is away from the fracture zone. At this time, the surface
facilities are decommissioned and disassembled, and the surface of the site is
permanently marked and is returned to a state suitable for public use.
Thermal-mechanical Analyses
Thermal, mechanical and coupled thermal-mechanical analyses were done for the
disposal rooms and emplacement boreholes. An analytical code was used
initially to analyze the temperature distribution for a vault at a depth of
1000 m to select the borehole-to-borehole spacing that satisfied the 100°C
maximum temperature limit.
The stability of the disposal room was analyzed using the finite-element
method for excavation (ambient temperature) conditions and for sealed (heated)
conditions. Two cases were analyzed for the average in situ stress conditions

assumed at a depth of 1000 m in the Canadian Shield with rooms excavated in
the conservative direction perpendicular to the maximum horizontal stress
direction:
1. a disposal room with a flat floor and with boreholes spaced at 2.1 m
across and along the room, and
2. a disposal room with a curved floor similar to the crown of the room and
with boreholes spaced at 2.1 m across and 3.0m along the room.
In both cases, the analyses of the excavation condition indicated zones of
yielding in the floor of the disposal room and along the emplacement borehole
walls. These zones were judged to be larger than desired based on the
Underground Research Laboratory studies of rock response to excavation (e.g.,
(10)). Therefore, a similar analysis was done for the in situ stress
conditions assumed at a depth of 500 m and a borehole spacing of 2.1 m across
and along the room. The results indicated that the stability of the room and
borehole excavation boundaries would be acceptable.
This specific borehole emplacement configuration array, for the assumed in
situ stress, room orientation and rock strength (or failure) criteria, is
suitable only for depths shallower than 1000 m. The in-room emplacement
configuration may be preferable for abnormally high in situ stress conditions
found in the Canadian Shield, or for depths greater than 500 m under average
stress conditions for lower strength rock.
A limit equilibrium analysis was done using stress information from a finiteelement analysis to assess the potential for shear displacement on a
subhorizontal and a subvertical fault zone near a sealed repository at a depth
of 1000 m. No shear displacements are expected below a depth of 100 m from
the ground surface.
Resource Requirements
The cost of a disposal facility will be sensitive to changes in a wide range
of parameters. Examples of the sensitivity of the disposal facility schedule
and nominal costs to the quantity of spent fuel to be disposed and to the
depth of disposal are shown in Table I.
The cost for the specific disposal centre to dispose of 10.1 million spentfuel bundles at a depth of 1000 m is estimated to be about $13.32 billion from
the beginning of the siting stage through to the end of the closure stage, a
period of 89 a. It would provide about 62 200 person-years of direct on-site
employment.
It is judged that the nominal estimates presented may be as much as 15% high
or 40% low. These cost estimates could change signi'ficantly for a disposal
facility if different engineered barriers are selected or if the repository
arrangement becomes more complicated to account for local site conditions.
The costs are given in constant 1991 Canadian dollars excluding any financing
costs.
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TABLE I
Nominal Cost Estimates for a
Single-Level Repository Using In-Floor Borehole Emplacement

Repository
Capacity
(million bundles)

Depth
(m)

Project Duration
(years)

10.1
10.1
7.5
5.0

500
1 000
1 000
1 000

86
89
76
63

Nominal
Estimated Cost
(1991 Canadian M $)
13
13
10
8

110
320
950
680

Note: Data are from (1).

A SINGLE-LEVEL SPENT-FUEL REPOSITORY USING THE IN-ROOM EMPLACEMENT
CONFIGURATION
A single-level room-and-pillar repository using the in-room emplacement
configuration is expected to be more suited for the stress conditions that may
be encountered in the plutonic rocks of the Canadian Shield at a depth greater
than about 500 m. A conceptual design study is being done by AECL to assess
the features of in-room emplacement. As the study is in progress there is a
limited amount of information available at the time of writing.
Study Specifications
The specifications for this study are in many ways identical to the in-floor
borehole emplacement study discussed above. The major exceptions are:
1. The capacity of the repository will be determined by maintaining the waste
emplacement area at about 2 km by 2 km and the required container-to-container
and room-to-room spacing to satisfy the temperature criteria.
2. The repository will be a single-level room-and-pillar arrangement using
the in-room emplacement configuration suited for application at 1000 m depth
in the plutonic rock of the Canadian Shield.
3. The in situ stress conditions assumed will be consistent with the upper
range of data now available for the stress conditions in the Canadian Shield.
4. The disposal container will be a packed-particulate container fabricated
from 25.4 mm thick copper, which holds 72 spent-fuel bundles. The disposal
container is 1177 mm high and 860 mm in diameter with a minimum thickness of
25 mm. • The mass of a full container is 3.4 Mg.
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5. The failure criteria for acceptability of the disposal room arrangement
will be that there should be no locations around the room with an indicated
strength-to-stress ratio of less that 1 under excavation conditions where
strength is defined using the Hoek-Brown empirical failure criteria.
6. The minimum buffer thickness around each disposal container will be 0.5 m.
7. The temperature limit on the buffer material and the outer surface of the
disposal container will be 90°C for moist buffer and 100°C for dry buffer,
using the appropriate thermal properties for each material.
8. Limited quantities of concrete may be used between the clay-based buffer
material and the rock of the excavation.
Facility Description
The surface facilities at this disposal centre are identical to those of the
in-floor boreholes emplacement disposal centre except for the container and
basket fabrication and the packaging plant. Some modifications are being made
to the concepts for these facilities to accommodate the copper container
design and geometry.
Based on work done, it appears that the disposal room may be about 6 m wide
and 3 m high in the shape of an ellipse to accommodate the stress conditions
assumed at a depth of 1000 m (Fig. 4). The scoping thermal (analytical) and
mechanical (boundary element) analyses indicated that two disposal containers
could be placed across the room spaced at 1.4 m apart on centre and each pair
of containers could be spaced at 4.6 m on centre along the room. The final
dimensions will be established over the next few months by three-dimensional
thermal-mechanical finite-element analyses.
We anticipate that this conceptual design will have a concrete floor in each
disposal room for anchoring track and accurate locating of equipment. The
placement of the buffer material, the backfill material and the disposal
containers will be done using track-mounted equipment to facilitate container
and buffer placement. The lower backfill, having a composition similar to
that described above but with the addition of up to 5% sodium-bentonite clay
(to improve block fabrication), will be formed into precompacted blocks for
placement on the concrete floor. The buffer material, similar in composition
to that discussed above, will be formed into precompacted blocks and placed on
the lower backfill. The buffer blocks will be designed with .the cavity shaped
to receive containers and which will provide the necessary shielding once a
pair of containers is completely covered. The backfill and buffer blocks will
be placed using remotely operated equipment. When the placement of the buffer
blocks around a pair of disposal containers is completed, the radiation fields
in the disposal room will be low, allowing personnel to enter the room.
The space between the buffer/container assemblage and the room boundaries will
be filled with the upper backfill, placed using a pneumatic-compaction method.
As the thermal-mechanical analyses are done and concepts for each of the
operations are developed, the details of this conceptual design may change.
It anticipated that this repository arrangement using the in-room emplacement
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configuration will be suitable for higher stress conditions than a vault using
the borehole emplacement configuration since the excavation geometry is
simpler with fewer irregularities to create local stress concentrations.
The resource requirements and disposal centre schedules will be prepared later
in the study.
SUM*1ARY
The feasibility and practicability of nuclear fuel waste disposal are
important issues in the CNFWMP. These issues are being addressed through a
series of scoping and conceptual design studies of disposal facilities that
provide information for assessing the advantages and disadvantages of various
repository arrangements, waste emplacement configurations and sealing system
application methods in the context of disposal in the plutonic rock of the
Canadian Shield.
The results of these studies have been controlled by the specifications that
guide their completion.
These specifications which have been based on our
interpretation of legislation, standards, codes and guidelines; material
properties; the results of component and system performance assessments; and
operational requirements. The interpretation of the results of the design
analyses is through comparison with the specifications and often requires
judgement based on experience. The results of our studies indicate that
nuclear fuel waste disposal is feasible and practical if the appropriate
choices is made of components and processes.
With this introduction I declare this workshop open and Session 1 closed.
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Gary Simmons, AECL
I will ask if there are any questions on the introductory presentation before we go on to the
more fprmal papers that are to be presented.
Unidentified
I was wondering how you are performing monitoring since you are backfilling immediately
after emplacement?
Gary Simmons, AECL
We are proposing to have separate areas either located at one place within the repository or
spread throughout the repository, where we build monitored rooms, and prior to
decommissioning we retrieve the waste out of those rooms, so that we don't have any
instrumentation in the final emplacement configuration. The idea would be to am tests for
perhaps 89 years in these rooms, then dissect the tests to assess what short-term performance
has been against predictions for container temperatures and all other things you might monitor
in that environment. It would also be possible to observe the condition of the containers and
the near-field condition of the buffer materials, and the performance of the backfills. We
would assume that by positioning these areas correctly throughout the repository, the results
of the tests would be representative of the general repository performance.
Bert Haijtink, European Commission
You are disposing of all spent fuel and you said retrievability is one of the issues which is
not considered. Are nuclear material safeguards a design criteria that has been considered?
Gary Simmons, AECL
Yes. Safeguards are an integral part of our design. We have discussed with our regulator on
more than one occasion how we would apply safeguards to the in-floor borehole emplacement
repository concept. There will be a paper given in the 1994 High-Level Radioactive Waste
Management Conference in Las Vegas that discusses both the approach we took after
discussions with our regulator, and the implications of what the IAEA's expert groups are
saying about safeguarding and used-fuel disposal. So we have considered it, it is in our
documentation that v/ill be published as part of the package on our environmental impact
statement, and it will be the subject of the paper Peter Baumgartner is giving in Las Vegas in
May. Going back to retrieval, we have discussed how we would retrieve, but we have not
specifically adapted the design to make retrieval easy.
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Since the copper container lifetime estimates might be somewhere around 1 million years
compared to titanium container lifetime estimates of 700 years, why are you not using copper
in the borehole emplacement configuration since you are using the same buffer material and
backfili material in either concept.
Gary Simmons, AECL
That relates to the time when we committed to write the documentation for our review. The
particular case that we have put forward for this review process was developed in the mid
1980s and at that time we had a good understanding of titanium corrosion in Canadian Shield
groundwater environments. At that lime we did not have the same level of knowledge of
copper performance, so we chose the material that we best understood. Because we are
working with a multiple-barrier concept where all barriers contribute to the overall isolation
of the waste, we chose a case with a relatively short container lifetime.
Unidentified
You are not necessarily going to have to go with titanium containers, you may very well
decide to go with copper containers for the borehole emplacement configuration.
Gary Simmons, AECL
By the time we are in the public hearing phase of our review, it is our intention to have the
in-room emplacement study published or available in draft form. Basically what we are
trying to show is there are a range of choices that can be made and depending on what you
choose, you put different weights on the importance of the various barriers in the system. We
are trying to give an understanding that geological disposal is a robust disposal concept where
there are options that allow you to adapt. Adaptability is one of the important characteristics
that has to be available, we believe, if you are going to work in a natural environment.
Christer Svemar, SKB
You (Gary Simmons) said that both repository concepts are technically feasible between
500-m and 1000-m depths, and you said that economy probably would then be the basis of
judgement as to which repository concept AECL would select. How will the long-term
performance issue be considered in the selection process.
Gary Simmons, AECL
Actually when I said that each of these repository concepts is technically feasible between
500 and 1000 m depth, it depends to a large extent on in situ stress and rock strength. There
are some particular room shapes that might not be suitable under heated conditions in a
repository at 1000 m depth, but a different room shape would be suitable. This will also be
an outcome of these two comparative studies. As will be seen in the last paper tomorrow

- 19afternoon, although we did our conceptual deirign studies generally at a 1000-m depth because
we felt that the gave the highest cost until we finished all these cost companions and the
highest stress environment, the highest temperature environment for geothermal temperature,
the performance assessment that is being done to support our environmental impact statement
was done on the repository at 500-m depth. The assumption is that a performance assessment
done at 1000-m depth will be no worse, assuming that the geology and fracture network was
relatively similar at 1000-m depth. The performance assessment was done with the repository
at 500-m depth because for the best (densest) data were available for the particular research
area at 500-m depth.
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SESSION 2: REPOSITORY DESIGNS

2.1

ENGINEERED BARRIER DESIGN STUDY FOR PERFORMANCE ASSESSMENT

Keiji Hara and Masaru Noda, Power Reactor and Nuclear Fuel Development Corporation
Tokyo, Japan

INTRODUCTION

Power Reactor and Nuclear Fuel Development Corporation (PNC)
has been promoting research and development for HLW geological
disposal in three areas ; 1) geological environment, 2) disposal
technology, 3) performance assessment, in accordance with the overall
HLW management program defined by Atomic Energy Commission of
Japan (AEC).
The outcome from such studies by 1991 was summarized in the
first progress report(1) which was submitted in September, 1992 and
reviewed by the AEC in July, 1993. The second progress report is
scheduled to be submitted before the year 2000. The main target is the
detailed analysis of the near-field performance.
This paper presents an overview of the design study on
engineered barriers and a repository in the research area of disposal
technology. The objectives of the design study in the current phase are
to provide general disposal concepts for integrated performance
assessment and to demonstrate the technical feasibility of the concepts.
The design study also aims to identify key issues influencing engineered
barriers and repository designs and to develop design methods and
criteria for next design phase.
BASIC APPROACH .

The fundamental program of HLW geological disposal in Japan is
that vitrified waste is stored for about 30 to 50 years for cooling prior to
the disposal at a depth of more than several hundreds meters
underground. A multi-barrier system is introduced into geological
disposal concept to ensure its performance in a wide range of geological
environment in Japan. In the performance assessment a robust
engineered barrier system has been emphasized as the basic
approach(1>'(2>.
In the current R&D of a geological disposal system the geological
environment is classified into two broad categories of crystalline rocks
and sedimentary rocks.
Based on these fundamental principles, the design study of the
engineered barriers and repository has been conducted in accordance
with the design flow shown in Fig.l, considering required performances
and functions for the disposal system. As to the engineered barrier,
methods for manufacturing the engineered barriers have been studied
giving fconsideration on characteristic and structural strength of
potential materials as well as present engineering technology. Regarding
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loading in the engineered barriers and host rock, and groundwater flow
have been studied. The relevant technology for construction, operation
and closure of a repository also has been studied, focusing on technical
studies on the safety aspects of the geological disposal. Detailed studies
for the optimization of the engineering systems for engineered barriers
and a repository will be carried out in the future scope of R&D.
ENGINEERED BARRIER SYSTEM
Fig.2 shows the engineered barrier system(EBS) composed of
vitrified waste, overpack and buffer material. .
Vitrified waste has the characteristic of being relatively insoluble
in groundwater and has the function of restricting the dissolution of
radionuclide in to groundwater.
Fig.3 shows the conditions of heat from the waste used in the
thermal analyses in the design study.
Overpack
The basic function of the overpack is prevention of contact
between groundwater and the vitrified waste and to physically confine
radionuclides until the radioactivity of the vitrified waste sufficiently
decreases.
With respect to the period of the confinement, a period of about
1000 years has been considered, as the amount of time required to avoid
problems from decay heat as the short-half-life of radionuclide decreases.
The required properties of the overpack material are as follows;
(1) Corrosion resistance (including easiness to assess the corrosion rate)
(2) Mechanical strength against rock pressure.
(3) Thermal and radiation resistance.
(4) Easiness to be handled and manufactured.
(5) Shielding property against radiation
The Table 1 shows a comparison of the properties of each metallic
materials»).
Among these material carbon steel has been targeted as the first
candidate material as its corrosion behavior which is relatively easy to
evaluated, as it has sufficient mechanical strength and as it is relatively
easy to manufacture. In addition, it is expected to have a chemical
buffering effect on reducing condition in the engineered barrier system.
Fig.4 shows an example of a carbon steel overpack with a
thickness of 30cm including an extra 5cm for corrosion, corresponding at
a depth of about 1,000m and maintaining its functions for a period of at
least 1,000 years» W3\
The overpack has also self-shielding properties based on the
results of the calculation of radiation rate on the surface of the overpack.
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Buffer material
Buffer material filled in gaps between the overpack and host rock
has functions of restricting the water flow as well as the dissolution and
transport of radionuclides and various physical and chemical buffering
effects. The main properties required for the buffer are as follows;
(1) Low water permeability
(2) Self-sealing capability
(3) Retardation of radionuclide
(4) Heat conductivity
(5) Chemical buffering effect
(6) Load bearing capacity
(7) Stress buffering effect
Na-bentonite, which has low permeability, high self-sealing
capacity and high adsorption capacity, has been examined as the
preferred material for the buffer^.
Assessment of the physical and chemical properties of the
bentonite indicates that the compacted bentonite with a suitable density
can maintain the performance required for the buffer.
Thermal
alteration of the bentonite can be neglected in the temperature range
under 100°C(5>'(6> which could be controlled by defining the intervals of
the waste emplacement in a repository mentioned after.
Although the density and thickness of the buffer are essentially
desired to be as high as possible from the performance viewpoint, the
specifications of the buffer rely not only on the required performances
but also on the engineering conditions of construction, operation and
closure of a repository including considerations of retrivability,
ventilation, cost and so on.
Fig.5 shows alternative designs of the engineered barriers. The
most appropriate specification of the buffer including emplacement
method of waste packages is subject for future R&D(1).
Study on mechanical stability of EBS
Evaluation of long-term structural mechanical behavior of
Engineered Barrier System is a major issue for design and performance
assessment in addition to the assessment of nuclide migration and
geochemistry.
Based on current scenario development, the following key
processes have been identified;
(1) Swelling pressure of the buffer material
(2) Spatial displacement of the overpack in the buffer
(3) Stress phenomena due to overpack corrosion products
(4) H2 gas generation and migration following overpack corrosion
(5) Extrusion and Erosion of the buffer material
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Fig.6 show an example of the result of stress change with time due
to the swelling pressure of the compacted bentonite buffer with dry
density of 1.8 g/cm3")'*7).
In this analysis the deformation of disposal tunnel due to longterm creep of the host rock is not considered in this figure. If the tunnel
gradually deforms, the stress in the buffer increases, and the bentonite
buffer becomes gradually consolidated and deformed. So long-term
mechanical behavior of near-field host rock is important for design and
performance assessment of EBS.
Fig.7 shows an example of the preliminary analysis on overpack
sinking within the buffer performed using visco-elasto-plastic model of
the buffer. The settlement of the overpack is negligibly small")-*8).
With regard to the stress phenomena due to the accumulation of
overpack corrosion products inside the buffer, the results of
conservative analysis indicates that if the thickness of the buffer is taken
as 100cm, the stress will be relieved by the buffer and the influence on
the host rock mitigated*8). These phenomena is very important from
the viewpoint of the buffer design and its performance, so further
research is needed to clarify the mechanical behavior of near-field rock
including excavated disturbed zone.
Studies on hydrogen gas generation and migration and extrusion
and erosion of the bentonite buffer are also important, which have
potential influence on the design and performance of the engineered
barrier system.
REPOSITORY DESIGN STUDY

Disposal facility is composed of a surface facility to receive wastes,
conducting required inspections and encapsulating the waste into an
overpack, and an underground facility.
The underground facility is composed of access shafts, disposal
tunnels for the emplacement of waste packages, main tunnels around
the disposal area, connection tunnels and infrastructure for
construction, operation and closure works.
Fig.8 shows an example of a basic layout of a repository. The
disposal area is divided into several independent panels in order to
avoid fault and fractured zone and to ensure safety by independent
construction, operation and closure of a repository")'*9).
For disposal facility mentioned above, the following conditions
must be considered;
(1) Mechanical stability of underground tunnels before closure
(2) Thermal effects due to heat from wastes
(3) Excavated disturbance to the geological environment
(4) Safety measurement (Radiation protection, ventilation system and so
on)
(5) Quality control for the performance of EBS
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In the repository design study various evaluations have been
conducted from the geotechnical viewpoint in parallel with the
performance assessment.
Tunnel stability analysis
The mechanical stability of the deep underground tunnels has
been analyzed to clarify the engineering feasibility of a repository and the
tunnel lining required(1)<(1°).
Table 2 shows rock properties used in the analysis. Considering
the environmental condition of Japan.
Table 3 shows examples of the result of the analyses by applying
the bilinear elasto-plasticity theory.
Tunnel support required depends on the depth, the rock
properties and the allowable degree of strain and/or plastic deformation,
and sedimentary rocks require thick lining support, which will be a
factor to restrict the depth of a repository from the viewpoint of
construction technologies and their cost.
Thermal analysis
Thermal analyses of near-field and far-field have been conducted
to examine the effects due to heat from wastes and the intervals of waste
emplacement in a repository'1^1)-.
Fig. 10 shows an example of the result of near-field temperature
change with time and maximum temperature in the buffer versus
occupied area per waste package (square of tunnel pitch and
emplacement pitch).
The increase in near-field temperature depends on the heat source
conditions, the specification of engineered barriers, the occupied area per
waste package; thermal properties (especially thermal conductivity).
The maximum temperature can be controlled by the intervals of
disposed waste packages in a repository. In the case of the maximum
permissible temperature of the buffer set at about 100°C, the required
area of waste package is about 80-100m2/package. Fig.ll shows an
example of a repository design.
Thermo-hydraulic analysis
Fig.12 shows an example of the result of far-field thermal analysis
for a repository of 40,000 disposed waste packages ni),(i2\
The increase of far-field temperature at a point of the vertical
distance 500m far from the repository has been calculated to be less than
2°C, and the effect of groundwater on temperature distribution is
concluded to be negligible based on the comparison with thermohydraulic coupled analysis.
Fig.13 also show the results of groundwater convection due to
heat from waste. The hydraulic gradient due to the convection was less
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than 1/10,000. However, the groundwater flow velocity within the
shafts and disturbed zone strongly depend on hydraulic conductivity of
backfill material and disturbed zone.
Performance analysis of shaft sealing system
Fig.14,15 shows examples of the results of performance analysis of
shaft sealing system and its analytical model (13) . The nuclide transfer
along the shaft is shown to be retarded by installing plugs and curtain
grouts.
The analytical results indicate that the sealing system with
appropriate combinations of backfill, plugs and grouts can provide the
required performance of the sealing system. Further research is needed
on the properties of the disturbed zone for sealing system design and
performance assessment.
SUMMARY AND CONCLUSION
Conceptual design study of HLW disposal system for performance
assessment has been conducted from the geotechnical viewpoint,
considering a wide-range of geological environment in Japan.
The findings from the design study conducted so far are
summarized as follows;
(1) Alternative designs of the engineered barrier system composed of
vitrified waste, overpack and buffer material have been provided for
the performance assessment, and key issues to be considered have
been clarified such as physico-chemical processes and engineering
conditions for construction, operation and closure of a repository.
(2) Multi-panel layout of a repository will be adopted to avoid fault and
fractured zone and to ensure safety by independent construction,
operation and closure works of a repository.
(3) The governing factor for a repository layout is the maximum
permissible temperature of the bentonite buffer. The temperature
mainly depends on the heat source condition of wastes, occupied
area per waste package, depth of a repository and thermal
conductivity of the host rock.
(4) Mechanical stability of tunnels depends on rock properties and
requires lining supports for sedimentary host rocks, which will be a
factor to restrict the depth of a repository.
(5) Shaft sealing system with appropriate combinations of backfill plugs,
grouts may be able to restrict water flow and nuclide migration along
the shaft with excavated disturbed zone.
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Table 1 Comparison of the Properties
of Candidate Metallic Materials for Overpack
property

Corrosion

Mechanical

Manufacture

Shielding

~^^^

resistance

Strength

capability

Property

A

O

A

0

A

0

O

A

0

A

0

0

A

0

A

0

0

A

A

A

Carbon Steel, Cast Iron

0

O

O

0

0

Copper

0

A

A

0

A

.^"^••^--^^
Material

.

'

Reducing
Environnent

Stainless Steel
Corrosion
Resistant
Metals

(Austinite Group)
High Nickel Alloys
((ncoloy Group Alloys)
Nickel-based Alloys
(Inconel Croup Alloys)
(Hastelloy Group Alloys)

1

Titanium, Low Titanium
Alloys
Corrosion
Allowable
Metals

legend: O Good; AProblens Reiain
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Table 2 The Range of Host Rock Properties used in the Analysis
"""-"-•^Physical Properties

Elastic

Poison

Modulus

Patio

Wet Density

Rock Q a s s i f i c a t i o n \ ^ ^
Crystalline
A
Rocks
B
Sedimentary
A
Rocks
B
C

(kg/m3)

(MPa)

2,700

30,000
4,000
2,000
1,000

Abgle of
Internal Friction

(MPa)

(deg)

7.5
6.0
4.0
2.0
1.0

35
35
30
30
25

0.2
0.2
0.3
0.3
0.4

10,000
2,300

Cohesion

Table 3 Results of the Analysis using Elasto-Plastic Theory for Cristalline
Rocks and Sedimentary Rocks(Tunnel Diameter : 6.5m)
Depth

Rock

N.

Classification

Initial

Displacement

Direct Strain

Plasticity

Stress

of Surface

on theSurface

Field

of Host Rock

of Host Rock

Crysralline Rock B

(MPa)

(mm)

(%)

(m)

1.000

40.5

6.5

0.2

1.0

500
300

20.3

3.0

0.08

12.2

2.0

0.05

1,000

40.5

500
300

20.3

21.0
8.0

0.66
0.26

12.2

5.0

0.15

0.3
0.0
1.3
0.5
0.04

Initial

Displacement

Stress

of Surface
of Host Rock

N.

Classification

On)

(MPa)

(mm)

Direct Strain
on theSurface
of Host Rock
(%)

Plasticity
Field

1,000
Sedimentary Rock A

Sedimentary Rock B

1,000
1,000

500
500
500

300
Sedimentary Rock C

300
300

1.5
1.2
0.9

34.5
34.5
34.5

49

17.3

49

17.3
17.3
10.4

39
29
48

0.9
1.5

10.4
10.4

39
29

1.2
0.9

39
29

1.5
1.2

0.0
0.0
0.0
0.0
0.0

0.0

(m)*

0.0

0.0
0.0
0.0
0.0
0.0

Tunnel Support
Internal Lining
Pressure

Thickness
of Concrete

(m)

1.6

(MPa)
2.2

1.1
0.5

4.3
8.6

\^

Thickness
of Concrete

(MPa)

Depth

Rock

Pressure

(m)
N^

Crystalline Rock A

Tunnel Support
lining

Internal

(m)*
0.7
1.9
More Than
2m
0.4

1.6

1.2

1.1
0.5
1.4
0.9

2.4

0.8

4.3
2.2

2.9

1.9
0.7
1.0

0.3

4.1

1.7

• The thickness of the application is determined by the value reached by using a formula for thick cylinders to
convert internal pressure to the thickness of concrete (compressive strength of concrete 15 MPa).
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DISCUSSION
Peter Baumgartner, AECL
Could you discuss your stability criteria for the rock mass, in terms of both the short-term and the
long-term implications of that stability? What criteria did you use in the design in terms of the
mechanical stability of the rock, was it short-term criteria, or a long-term criteria, and what definitions
did you use?
Keiji Hara, PNC
The study information is that factors such as the long-term mechanical behaviour of the rock, are
much less important than stability of the engineered barrier systems. The rock deformation is not a
major issue, whether or not the formation is hot.
2.2

DESIGN PRINCIPLE OF TVO'S FINAL REPOSITORY AND PRELIMINARY
ADAPTATION TO SITE SPECIFIC CONDITIONS

Jukka-Pekka Salo, Teollisuuden Voima Oy, Helsinki, Finland
Reijo Riekkola, Saanio & Riekkola Consulting Engineers, Helsinki, Finland
ABSTRACT
Teollisuuden Voima Oy (TVO) is responsible for the management of spent
fuel produced by the Olkiluoto power plant. TVO's current programme of
spent fuel management is based on the guidelines and time schedule set by
the Finnish Goverment. TVO has studied a final disposal concept in which
the spent fuel bundles are encapsulated in copper canisters and emplaced in
Finnish bedrock. According to the plan the final repository for spent fuel will
be in operation by 2020. TVO's updated technical plans for the disposal of
spent fuel together with a performance analysis (TVO-92) were submitted to
the authorities in 1992. The paper describes the design principle of TVO's
final repository and preliminary adaptation of the repository to site specific
conditions.
1.

INTRODUCTION
The waste producer is responsible for the safe management of radioactive
wastes in Finland. TVO, which operates two BWRs (2 x 710 MW(e)), is
making preparations for the final disposal of the spent fuel in Finnish
crystalline bedrock. TVO's current programme of spent fuel management is
based on the guidelines and time schedule set by the Finnish Government.
Accordingly, TVO is preparing to have a final repository for spent fuel
operating by 2020. Until then, spent fuel will be stored at the reactors and at
the interim storage facility operating at the power plant site since 1987.
In accordance with the Government guidelines, TVO is running site
investigation programme. Since 1987 five sites (Fig. 1) have been the subject
of studies to examine their suitability for hosting a repository. The results
from these studies were available by the end of 1992 (Teollisuuden Voima
Oy 1992a), when three sites were selected for further characterization. The
final selection of the host site will take place in 2000, allowing the start of
construction of the repository in the 2010s.
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Figure 1. The sites of preliminary investigations for the final disposal of spent
nuclear fuel in Finland.
Parallel to the site investigation programme, an R & D programme has been
run with the aim of developing the technology for encapsulation and disposal
and extending the database and modelling capabilities needed in performance
assessment of the chosen technical concept. Updated technical plans together
with the performance analysis of spent fuel disposal (TVO-92) (Vieno et al
1992) were submitted to the authorities by the end of 1992 (Teollisuuden
VoimaOy 1992b).
This paper will describe the updated technical plans for TVO's spent fuel
uisposal, which also form a basis for TVO-92. The spent fuel is encapsulated
by a cold process technique (Mayer et al 1989) in advanced cold process
(ACP) canisters (Raiko et al 1992). The repository design (Salo et al 1990)
was completed in 1989.
In TVO's disposal plan the total spent fuel amount is estimated to be 1840 tU,
corresponding to approximately 1200 ACP canisters. The manufacture of
1200 final disposal canisters would require around 8000 t of copper and
50001 steel.
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REPOSITORY CONCEPT
The report on the preliminary repository design (Salo et al 1990) includes a
description of the repository facilities, structures and necessary systems. The
design capacity of 1200 canisters can be expanded if needed later on.
The repository layout consists of a system of a central tunnel and parallel
disposal tunnels (Fig. 2). The central tunnel makes a loop around the
repository area. The minimum total area of the repository comprises about
250 m x 860 m. Three closely situated vertical shafts lead from the surface to
the repository: a canister transfer shaft, a personnel shaft and a work shaft.

Encapsulation station

Caniter
transfer shaft

. Personnel shaft

M-M~ Work shaft
Central tunnel

Disposal tunnels

Figure 2. The planned final disposal facility for TVO's spent fuel
The total excavation volume is about 240 000 m3, of which the shafts account
for 32 000 m3 and the disposal tunnels about 136 000 m3. The rest of the
volume is taken up by the central tunnel and auxiliary space. The repository,
including deposition holes for canisters, will be totally excavated and
constructed before the start of the operation.
The ACP canisters will be emplaced in vertical holes in the floors of the
horizontal disposal tunnels (Fig. 3). In the deposition holes the canisters will
be surrounded by bentonite clay forming a buffer of very low hydraulic
conductivity between the canister and the rock. Each disposal tunnel will be
backfilled with a mixture of sand and bentonite immediately after the
emplacement of canisters in all the holes of the tunnel has been completed.
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Fill of
sand-bentonite

Blocks of highly
compacted bentonite

Canister

Figure 3. ACP-canister in deposition tunnel
When the encapsulation station is decommissioned all the contaminated
systems and structures will be removed and disposed of in the repository too.
Finally, the central tunnel and the shafts will be sealed with a mixture of sand
and bentonite.
An alternative repository layout (Salo et al 1990) was also designed. In this
alternative the work shaft is set apart from the other shafts (Fig. 4). Different
layout alternatives guarantee flexibility when optimizing site specific layouts
in relation to local bedrock conditions. The distance between canister
deposition holes, the length of a disposal tunnel and the shaft positions can be
adjusted according to local needs.

-40Electrical
equipment room
Personne!
shaft

Repair shop
Pumping
station \

Staff
facilities

Work shaft\

Security
centre

Canister
transfer shaft

Drift for
fire-fighting
vehicles

Operating and
decommissioning
wastes

Deposition tunnel
Figure 4. Alternative layout for the final repository.
3.

SITE SELECTION
According to the decision in principle of the Council of State. TVO must
indicate a location during the year 2000 where the final repository for spent
fuel can be constructed. Preliminary screening to identify a number of areas
suitable for preliminary investigations was started in 1983. A total of 102
potential sites were named, of which five were finally selected in 1987 for
preliminary site investigations (Teollisuuden Voima Oy 1992a). These five
potential sites were situated in the municipalities of Eurajoki, Hyrynsalmi,
Âânekoski (Konginkangas before the fusion of the two municipalities in
1993), Kuhmo and Sievi. The areas are situated in different parts of Finland,
see Fig. 1, and they represent the main formations of the Finnish bedrock.
The field investigations comprised airborne and ground geophysical surveys,
geological mapping and sampling, deep and shallow core drilling,
geophysical and hydrological borehole measurements and groundwater
sampling. The deepest boreholes drilled at each area were about 1000 m long.
The hydraulic conditions in the areas are rather similar. The measured values
of hydraulic conductivity in rock matrix are in most cases smaller than 10~9
m/s. Conceptual 3-dimensional bedrock models were interpreted for each
area, and they contain typically 20 - 30 fracture zones.
As the final stage, based on the conceptual geometrical models, groundwater
flow analyses were performed for each of the five sites. The hydraulic head
distribution and flow rate were solved by the model calculations based on the
porous continuum approach both in the rock matrix and in the fracture zones.
Flow rate varies in the rock matrix typically between 0.01 and 0.11/m^a.
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The measured Eh-values of the groundwater indicate reducing conditions.
Sulphide content is typically small. Saline waters were sampled at two areas,
Eurajoki and Sievi.
4.

ADAPTATION AND CONSTRUCTION OF THE FINAL DISPOSAL
PLANT
From 1990 to 1992, TVO studied whether the soil and rock conditions at the
five sites were suitable for the location and construction of the final disposal
plant. At the same time, the feasibility of building the repository in the
bedrock of the investigation site was examined. The studies showed that the
local soil and rock conditions permit the construction of the final disposal
plant at any of the investigation sites. In addition, the deposition tunnels and
holes, including any extensions, can be incorporated in the blocks defined by
the crush zones in various ways.
Beside the preliminary location studies, the differences in the construction of
the final disposal plant at the different sites were compared. The comparative
analysis of the feasibility of the construction of the final disposal plant for
TVO's spent fuel (Riekkola et al. 1992a) examined the road connections,
municipal engineering services and availability of labour. Also, the effect of
the type of soil and bedrock involved, groundwater characteristics and local
climate on the feasibility of construction was investigated. This area-specific
comparison revealed no significant differences between the various sites with
regard to constructing the facility. In terms of costs, Olkiluoto and Kivetty
were about FIM 10 to 50 million less expensive than the other sites.
One of the basic aims of the preliminary location studies (Riekkola et al.
1992b-f) was to compare the effect of the various location criteria on the
layout and tunnel length of the repository. This was done to formulate an idea
of how the various factors affect the technical feasibility of the final
repository. At the same time, the studies carried out provided a basis for
layout optirmzation and future site investigations. However, the adaptation of
the repository to the selected bedrock will be based on a comprehensive
analysis aiming at the best possible system in terms of long-term safety, with
due regard to the feasibility of construction and other engineering
considerations.
The factors considered were the location and properties of crush zones,
groundwater flow in the investigation site, bedrock fracturing, stress state,
strength characteristics, groundwater chemistry and above-ground conditions
in the area of the shafts. Overall, it is not possible to find the best solution
with regard to all these factors, and therefore the final outcome will be a
compromise between them.
In the course of the location studies, the area in the vicinity of the boreholes
was investigated at a depth of 500 m. The properties of the bedrock in this
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area are known in sufficient detail to permit the comparison of different
location criteria.
To take account of the crush zones, three different and progressively more
stringent location rules (A, B, C) were developed. These location rules
specify the minimum distance of the deposition tunnels and disposal holes
from the crush zones classified as significant from the point of view of
hydraulic conductivity or structural engineering. The central tunnel linking
the deposition tunnels was allowed to intersect all fracture zones.
The deposition tunnel is to be oriented so that the main fracture direction is
intersected as perpendicularly as possible. This will keep the number of
waterconducting fractures parallel to the tunnels in the rock surrounding the
deposition tunnels to a minimum. This tunnel orientation is also favourable
from the point of view of excavation because rock boring can then be carried
out more easily and the need for reinforcement is probably minimal.
On the other hand, it seems sensible to orientate the tunnels parallel to the
maximum horizontal stress of the rock, which improves the rock-mechanical
stability of the tunnels.
With regard to groundwater flow , the deposition tunnels and disposal holes
should be located in an area where groundwater flows downward or
horizontally. Then the flow distances from the facilities to the ground will be
longer than if the flow direction is upwards. If the investigation site contains
saline groundwater, the facilities should be located in the saline groundwater
area because the groundwater flux is there lower and it takes longer to reach
the biosphere than in a fresh groundwater zone.
The conditions prevailing on the ground in the area of the shafts affect the
structure of the upper end of the shaft and the foundations of the
encapsulation plant. With regard to these structures, the best conditions are
offered by exposed rock or thin layers of soil on top of the rock.
Draft plans used in the preliminary location studies revealed that when
moving from location rule A to rule C, the deposition tunnels were
distributed into more rock blocks separated by fracture zones. Variations in
the total length of the tunnels were less than 10% in the different layouts. The
location rules had little effect on the length of the central tunnel. In the areas
covered by the borehole studies at Romuvaara, Kivetty and Olkiluoto, there is
slightly more freedom for locating the repository than at the other sites.
For the groundwater computations included in the TVO-92 Safety Analysis,
the final repository was assumed to be located in the bedrock at the
Veitsivaara investigation site. This made it possible to take into account
realistically the actual conceptual 3-dimensional structure of the bedrock
complete with crush zones. Veitsivaara was selected to serve as an example
because at the time when the groundwater analysis was begun in the spring of
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1991, site investigations and their reporting were more advanced at
Romuvaara and Veitsivaara than at the other sites. Moreover, Veitsivaara was
regarded as a "challenging" site from the point of view of modelling owing to
its geometrically complicated crush zone pattern.
At the Veitsivaara investigation site, the area housing the repository borders
on structure Rl in the north and structure R21 in the middle, running in the
north-south direction (see Fig. 5). In the Veitsivaara repository location study,
the final repository has been located at a minimum distance of 100 m from
structure Rl and at least 50 m from structure R21.
The repository used in the groundwater computations for the purposes of the
TVO-92 Safety Analysis is located at a depth of 500 m in the vicinity of
boreholes KR1 and KR2 (see Fig. 1). The western section of the repository is
assumed to be excavated in gneiss, the eastern section in granite. The
boundary between gneiss and granite runs along the crush zone R l l . In this
case, the deposition tunnels are allowed to intersect structure R15, which is
not significant from the point of view of rock engineering and hydraulic
conductivity.

•vj

500 m

Figure 5. Example showing how the repository can be adjusted to local
fracture zones (Veitsivaara).
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The basis for this location is based on the alternative layout of the final
repository shown in Fig. 4. The personnel access and canister shaft leading to
the repository are located on a hill near borehole KR1, where the
encapsulation plant can be built. The work shaft will be located on the
Veitsivaara hill.
The terrain at the Veitsivaara investigation site slopes from east to west and
the corresponding groundwater level induces a local general gradient
modified, to some extent, by local details. However, the depth-dependence of
the hydraulic conductivity of the rock and crush zones is not necessarily very
great so that the crush zones with the highest hydraulic conductivity take
heads equivalent to groundwater levels deep into the bedrock regardless of
minor local variations. Crush zone Rl with a high hydraulic conductivity
takes, in particular, the lowest heads deep under the Veitsivaara rock.
The deposition tunnels are located far from crush zone Rl and on top of it. As
a result, there is a downward and westerly pressure head gradient in the area
where the repository is to be constructed. However, between the deposition
tunnels and crush zone Rl there are several hundreds of metres of rock so
that other crush zones (R8, R9 and possibly, to lesser degree, R15) are first
located in the flow path of the groundwater from the deposition tunnels and
disposal holes.
5.

TVO-92 SAFETY ANALYSIS
An updated post-closure safety assessment TVO-92 (Vieno et al. 1992) based
on the present encapsulation technique and the results of site studies were
submitted to the authorities in December 1992. The assessment consists of
two main branches, the first of which corresponds to expected evolution
scenarios and the second one to various cases of disruptive events and
unexpected evolution. The results of the assessment show that the planned
disposal system fulfils the safety requirements and criteria proposed by the
Nordic authorities.
In the prevailing conditions of the geosphere, the copper-steel canisters will
remain intact for millions of years. The very long-term releases consisting
mainly of 1-129 and some long-lived actinides and their daughters are
insignificant from the point of view of radiological safety.
The stability and low solubility of spent fuel, the buffer and the geosphere
restrict efficiently the release of radionuclides even if the canister is initially
defective or is broken soon after the sealing of the repository. The analysis
also includes the evaluation of consequences of a very unlikely disruptive
event, in which a large post-glacial rock shear is assumed to intersect the
repository and break a number of canisters. Even if the rock shear occurred
already after 1000 years and damaged all the 60 canisters in one deposition
tunnel and, in addition, there were oxidising conditions in the geosphere
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because of the glacial melt water, the resulting dose rate would be smaller
than the dose rate caused by the natural background radiation.
In the flow calculations included in the TVO-92 Safety Analysis, the
hydraulic conductivity of the crush zones intersecting the repository and of
the repository itself was selected very conservatively. This made it possible to
consider the importance of any U-tube flow. These selections ensured that the
computed flow regimes are more unfavourable than actual flow regimes at
any of TVO's five investigation sites. The safety analysis also examines the
effect of other types of flow regimes and volumes on the release and
migration of radioactive materials.
6.

CONCLUSIONS
The results of the studies in the years 1987 -1992 showed that with respect to
important properties of the bedrock all sites provide conditions for safe final
disposal. The planned repository can also be located in each area. However,
there are less uncertainties in the conceptual bedrock models at the sites at
Eurajoki, Kuhmo and Âanekoski and the explorability of these sites is more
favourable than that of the two other sites. Hence, Eurajoki, Kuhmo and
Âanekoski were selected for detailed site investigations for the years 1993 2000.
No extraordinary characteristics are required from a site in crystalline bedrock
to warrant the long-term safety of a deep repository for spent nuclear fuel.
The main functions of the geosphere in the disposal system are to protect the
waste from human and other external actions and to provide stable
mechanical and chemical conditions for the repository.
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DISCUSSION
No questions were asked.
2.3

FOCUSED MGDS DESIGN AT THE YUCCA MOUNTAIN SITE
CHARACTERIZATION PROJECT

This was a verbal presentation by Mitchell G. Brodsky, Yucca Mountain Site Characterization
Project, Las Vegas, United States of America (Note: Mr. Brodsky did not provide a paper for
publication)
DISCUSSION
Glen McCrank, AECL
I was wondering given the variety of fuel types in the United States if you are going to need
more than one multi-purpose container (MPC)?
Mitch Brodsky, USDOE
I would say absolutely. Approximately 20% of the expected waste will not be in standard
form. We are looking at MPCs between about 75 tonnes and 125 tonnes. The mass of
waste for disposal is in the neighbourhood of 89 000 Mg, so the answer to your question is
definitely yes, it would have to be a family of containers.
Kam Tsui, Ontario Hydro
You mentioned about using the multiple design concepts process is your design approach.
How many design concepts are you currently considering?
Kal Bhattacharyya, CRWMS M&O
Up until we adopted this focussed approach, we had seven waste package designs and a
handful of repository designs. When you consider all of the ramifications for all of the
design assumptions you have to make, the possibilities are almost endless, and they use a
large amount of resources. The bottom line in design in that as long as we have the design
approach that can meet the requirements, is cost effective, and takes into account alternative
design features to enhance the waste isolation capabilities of an eventual repository we will
have achieved our goal. There has also been limited funding from a budget standpoint. We
have had the exploratory studies facility to pursue, the site characterization program to pursue,
and there just isn't enough money to support a wide range of design alternatives for containers
and repositories. You need to adopt a vision that can manage those kinds of changes,
obviously that is one impact that you have to deal with.
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Malcolm Gray, AECL
Traditionally good engineering practise, which is also similar to good management practise, in
terms of geotechnical engineering involves what is called the observational approach. Which
means an adaptive design to accommodate what you find in the ground and to meet the needs
of good practise. How does a single design for a repository to meet the observational
approach?
Kal Bhattacharyya, CRWMS M&O
As we make these design assumptions, we will consider the available data to date on the in
situ conditions. We need to do system studies to investigate alternatives. In fact in many
cases we will have involved these system studies in order to manage these design
assumptions. Once those assumptions are made based on the best available knowledge today
including results from the testing community, additional tests and analyses will be finalized
and we will adjust our design and design assumption to take the results into account. Just
exactly like you've talked about.
Malcolm Gray, AECL - A supplemental question
So what technical changes do you envisage seeing when you begin to investigate and develop
a repository? Traditionally the observational methods says that the strategies (alternative
designs) will be already available for severe foreseeable circumstances. I presume that in
your design or your preliminary designs you have, or will you have these strategies in place?
Al Berusch, USDOE
I believe that most of those major strategies would be incoiporated into our planning process.
Some design assumptions cannot be made because you don't have enough data. For these
cases engineering and scientific work will be planned initiated to gather data to get to the
decision on strategies and assumptions.
Kal Bhattacharyya, CRWMS M&O
Let us look at the example of assuming that all excavations in a repository will be made by
tunnel-boring machines in the subsurface. We are presently investigating the use of the
tunnel-boring machine. The design decision will be made for the tunnel-boring machine if it
can excavate all the rock in the design. To assess our assumption that we can excavate with
the tunnel-boring machine and if we can maintain a critical opening, numerous research tests
will be done in the area of tunnel-boring machine excavation.
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All of our assumptions are valid assumptions. You are questioning whether these
assumptions are based on the most severe conditions that we would expect to see
underground. No facility can be licensed without completing site characterization. If we find
that all of our assumptions are wrong, or that critical assumptions are wrong, it would
indicate that the site is not the right place for a repository. I think that answers your
question. I think that we have attempted to look at all these extreme conditions and to design
to deal with them. We are hoping that most of our assumptions are so broad and in our
implementation we must better them. This will result in performance assessments that will be
more favourable than what we have achieved with our current assumptions.
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Gary Simmons, AECL
This session is the discussion session, an opportunity for anyone in the room to pose
questions, make comments, or put forward new ideas. The authors who presented the
material in Session 2 will address the questions that are put forward. To start the process I
would like to follow along on what Mr. Gray was asking in his question regarding the
observational method and its application particularly to the presentation we have just heard on
the Yucca Mountain Repository. If the observational method were being followed, then if
you found in the Exploratory Studies Facility that a 25-foot diameter excavation was not
stable, you would already have designed another one that you think would be stable under
your worst assumption of conditions, and you could adapt very quickly to the new design
because it would exist. I think the question that Mr. Gray was putting forward was "Do you
have these alternatives in your various elements of your design.
Kal Bhattacharyya, CRWMS M&O
We are in the initial stage of Exploratory Studies Facility conceptual design. We have
changed the Exploratory Studies Facility design, and are trying to come up with a design that
is suitable. Our design process will use the Exploratory Studies Facility as a base. We are
proceeding with the design. So I think we have time to learn and improve as we go along.
We have 35-foot-diameter tunnels, which we believe is really the upper bound that Alan
Berusch was talking about, because even if you have vertical emplacement of waste packages,
you would really need the 25-foot maximum, anything else would probably hinder the
emplacement which does need a much smaller tunnel. If we can prove that we can excavate
and stabilize the 25-foot tunnel, that is an upper bound we are looking at, all other tunnels are
going to be smaller than that. The repository design that Mitch Brodsky showed had only
14-foot-diameter tunnels. That is the approach that we are taking. For tunnel loading we are
taking upper bounds and lower bounds and we are analyzing these cases we can do that
thermomechanically, than we can respond to that. We have tried to prepare the advanced
conceptual design to stay within the total band. Most cases we are looking at the upper
bound to see if that is acceptable. If so, than everything underneath is going to be acceptable.
That's the approach we're taking as we excavate and design.
Steve Saterlie, TRW
The advanced conceptual design is perhaps maybe not quite as inflexible as it seems on the
whole because a number of key issues such as: a waste package, thermal loading, have not
been decided. We are going into this with some alternatives already in our hip pocket. As
further tests are done, especially underground tests, we will obtain a lot of the information
about the permeability and the thermal conductivity of the rock. We have some information
from boreholes, but until we get underground we are not going to have better data on these
characteristics. We are going to be adjusting our designs as those data come in and we will
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to be several opportunities along the way to either validate our assumptions or to fall back to
alternative design positions that we are trying to develop.
Malcolm Gray, AECL
I'd like to elicit an answer to a question. The STRIPA program and what has come out of
here today has a large emphasis on engineered barriers. In STRIPA experiments we had a
disposal system, we had large containers, we had large buffer barriers, and as far as I could
see there has been little major consideration to the rock mass as a barrier except maybe from
Finland. I wonder if this approach reflects our understanding of the levels of uncertainty in
the design features of a repository.
I address this question to the speakers and the other participants. Do you put more reliance
on engineered barriers in your design than you put on natural barriers and is this because of
your ability to have confidence in your barriers?
Kal Bhattacharyya, CRWMS M&O
In the US program the requirement is on siting. We control contaminant transport at the
source, with secondary support from the natural barrier. This was stated in regulations. We
are also doing a lot of work on the engineered barriers to supplement/compliment of the
characteristics of the site itself. That was one of the reasons why Yucca Mountain in effect
was selected to be evaluated, and was considered to be a dry environment to be investigated
with the idea that in itself would limit transport of radionuclides.
Masaru Noda, Obayashi Corp.
In Japan, natural barriers are very heterogeneous, so there are uncertainties in assessing the
natural barriers. At first we are emphasizing field studies of the natural environment,
especially as a barrier.
The safety analysis could raise the conclusion that no extraordinary characteristics are
required from the site to have satisfactory safety assessment. This is a probable conclusion if
the case has very high quality engineered barriers. However, when you look at other cases
that have varying quality engineered barriers there may be a requirement for some geological
variation for satisfactory safety case.
Goran Backblom, SKB
I have a question for Mr. Riekkola.
Will it be a requirement during repository preclosure operation that you keep the groundwater
table close to the surface?
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Reijo Reikkola, Saanio and Reikkola Consulting Engineering
I really can't answer that question.
Jean-Michel Hoorclbeke, ANDRA
I would comment on the emphasis to give to the engineered barriers. I think that the
approach to engineered barriers in some programs is a function of the geological formations
that are considered. In France we are very open and we consider different options: some
with more emphasis on the engineered barriers and others with more emphasis on the
geological barriers. As an example, the sedimentary formations considered in Belgium,
Germany, and other countries emphasize the geological barrier and not to the engineered
barriers.
I would like to ask a question to the authors. This morning we discussed the influence of the
existence of fractures on the performance of a repository and also on the cost of the
repository. Does the location of the shaft or access ramp have to be taken into account in the
performance of the repository? Can the repository performance be decreased in case of
failure of the seals and is the location of the shaft important in that case?
Ann McCall, Nirex
From all indications the location of the shaft has to be important, and we at Nirex have put a
lot of consideration into it. Our postclosure assessment people have said that they would not
like the shafts to be down stream of the disposal vaults themselves. They are concerned
about the head of water that would possibly be present in any rock formation, and therefore
we have our shafts upstream from our waste.
Kal Bhattacharyya, CRWMS M&O
If you will recall the picture of the USDOE repositoiy that Mitch Brodsky showed a minute
ago. The access is certainly far enough from the waste that you don't have any critical
placement to the repository. Shafts obviously could be located in the flood plain and we are
obligated to put our shafts beyond our maximum flood level so that they could never be
flooded. Our main concern that radionuclides will be transported downward from the
repository into the groundwater table. So if you construct a shaft that does not extend below
the repository level, the main barrier against radionuclide transport, groundwater saturated
rock mass, is underneath the repository, it is not connected to the repository. This
consideration requires the DOE repository design to effectively seal the shaft so there is very
small amount of area that is available for water to transport.
Ann McCall, Nirex
I think this question in a way can be related to the other question by Mr. Gray on
performance of engineered barriers. We have spent some time considering the general kind
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engineered barriers could be designed to have a finite lifetime; they are engineered and they
put them there artificially, the rock itself has been there for many years and repository
performance is required over a similar time period.
Gôran Backblom, SKB
I have a question on the current USDOE design approach. I get the impression that the final
procurement includes a final construction design and it is not clear to me how you will handle
the changes that will occur after your design is finalized. How do you treat such changes in
your program?
Mitch Brodsky, USDOE
I don't believe that at this point in the program we are going to have to answer those kind of
questions prior to our Nuclear Regulatory Commission giving us a license, and I don't believe
that we will have to follow that route that you described. I think by the time we get to
repository construction any changes would be what we would normally consider to be
construction implication type changes where it would be minor impacts if any to the overall
design.
Goran Backblom, SKB
And if not, will you have to go back to a new license application?
Mitch Brodsky, USDOE
I assume that you would have that risk under any licensing approach when you get to
repository construction. One of the concerns from the State of Nevada at a meeting last week
was that are we pursuing our Exploratory Studies Facility, while they believe that we should
finish with our site characterization surface work first. Clearly the answer is that we need to
get underground and do some in situ testing. Our Exploratory Study Facility is designed to
do exactly that. But even with that in situ information there is no possible way that you
would be able to predict 100% of the conditions that would affect the eventual repository.
You are going to get some changes to your construction design. Regardless I think that the
risk is probably going to be a very small that change would affect the repository license. I
think the risk is a good risk.
Christer Svemar, SKB
How do we designers incorporate the criteria from the long-term safety assessments in the
siting and engineering of a repository? The function of engineering has been highlighted
today, but the issue was discussed from a designers point of view, who generally is trained to
consider costs with a high priority. We also have to consider the time frame of a repository,
which we are not used to considering in engineering. The results of all phases of construction
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process with the safety assessment people. I guess that is one problem in design of all
repository concepts. I would like to hear the Canadian view on this issue.
Peter Baumgartner, AECL
I think the point supports the feedback loop including the safety assessment people and the
designers that is discussed in our design. To date, we tended to work in an open fashion
because as the long-term safety assessment group developed methods, we have new
conceptual designs rather than returning to revise previous designs. We did this because there
have been advancements in the research program. We never closed the feedback loop on a
disposal vault conceptual design where we would have a reanalysis or rethink of some of the
engineering. I think that the feedback and redesign effort is required to bring this long-term
safety assessment feedback into the conceptual design that has occurred to date.
We are proposing that this feedback is an essential part of repository engineering when a site
specific design is being done.
Christer Svemar, SKB
I would like to ask specifically - How do you incorporate the properties of the far-field
geosphere as in terms of long-term safety?
Gary Simmons, AECL
As Peter Baumgartner said in our program there hasn't been an this iterative integration of
performance assessment and the engineering, but as we will hear in the last paper in the
workshop tomorrow (Bruce Goodwin), there has been part of an iterative loop. The longterm safety assessment group has taken the conceptual repository design, that we have done,
for the in-floor emplacement repository. They have placed it in a geosphere that is similar to
the one at the Whiteshell Research Area, and they have analyzed that particular repository for
long-term safety. During this analysis, they arbitrarily adjusted the repository design by
adjusting the geometry of the repository relative to a major pathway that was assumed to be
in the geosphere so that the analysis better satisfied some of the long-term safety criteria.
The effect of the geometry change was to reduce the spent fuel inventory of waste within the
repository, and that was done by a factor of about 20% so instead of 191 000 tonnes it was
167 000 tonnes. We have gone that far, but we have not taken their revised arrangement and
redone our basic conceptual design.
In the long-term performance assessment that is being done within the Canadian Nuclear Fuel
Waste Management Program, we use a complete system assessment. So we include in the
assessment the properties of the geosphere, and we expect that the geosphere will be one of
the barriers to the transport of radionuclides. Unlike some countries we don't have any fixed
criteria as to how much the engineered barriers, and how much the geological environment
has to contribute to human and environment safety. We have a system safety criteria and we
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analyze the performance of the entire system based on our best understanding of that system.
We have not yet gone into a detailed design have we designed a repository specifically for a
site. Therefore we are not in a position to answer the questions regarding the location of the
shafts and ramps relative to groundwater flow directions because we have not looked at this
in that detail.
Constantin Onofrei, AECL
The majority of the disposal concepts include multiple barriers. The rationale of having
multiple barriers is the uncertainty in the different subsystems within the geological
environment because there is uncertainty in the parameters, and the longevity of various
subsystems. Now the strategy is to match these subsystems and to assess the performance for
various combinations of subsystems that will give us details on the performance of many
different combinations. Probably we will have data to produce large number of designs in the
repository. The strategy after that is to look at the economical aspect of the various
engineered barrier combinations and select one or more preferred designs. All these
repository systems are multiple-barrier systems.
The process used by AECL is in reality the exchange of information among people who work
at different parts of the repository system. It is not necessarily an iterative process, but
communication is going on. The reason why it is not very well defined and formal is because
various activities have developed simultaneously.
Mitch Brodsky, USDOE
I would like to clarify points that either Christer Svemar or Goran Backblom brought up.
First of all from a safety standpoint, the USDOE typically has in all of its processes a safety
analysis review that is probably veiy close to what Britain did in their construction across the
English Channel. Secondly, we have a very proceduralized configuration management or
process that manages our facets of the baseline. Our site characterization plan is based on the
production of sufficient data necessary to build adequate models, such as the geology,
chemistry, hydrology, that are wrapped into our performance assessment analyses. Our focus
is not only on our design approach, but also on performance assessments and those things that
will be necessary to substantiate the critical design decisions that we have to make in order to
move our design along. We are going to be excavating a tunnel -14.2 miles in length, that is
a substantial tunnel. The fact that we are going to be boring 14 miles worth of tunnel at
depth is going to change the Yucca Mountain. The models that we have developed from
surface and borehole data from a performance assessment standpoint are going to be needed
as they establish what was, and we will have to be able to analyze the effect of the repository
on these models to predict the future. Obviously that is a very difficult task but the whole of
these things need to be taken into account.
Steve Saterlie, TRW
There is definitely a need to go through a process of change as new information develops,
and to factor that back into the design requirements. We are trying to follow a systems
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standards are still being promulgated. As these are issued there may be a need to change
design criteria and details. There is a formal process by which performance assessment
information, underground data and, standards information are gathered and assessed. Within
the process we can change some of the design criteria. We are hopeful and optimistic that
those won't be major changes to the design. That it will be just a matter of, for example,
different stand-off distances from faults.
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SESSION 4: REPOSITORY DESIGN PROCESS
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DESIGN PROCESS FOR A REPOSITORY - KBS-3 CASE
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Christer Svemar, Swedish Nuclear Fuel and Waste Management Company
1

INTRODUCTION
Through the ages design has been looked upon more as an
art than a science, more as an intuitive process than a
systematic procedure. Recently, however, the American
Society of Mechanical Engineers, ASME, established a
division of Design Engineering. One outcome of this will
undoubtedly be to promote the scientific approach to the
process of design, although probably mainly with respect
to mechanical and surface structures.
Regarding underground construction, the conception of
design as an art is likely to persist. In this case,
experience is the most important source of knowledge,
and design today is ultimately based on empirical data
rather than on data from numerical or analytical models.
During the last ten years, however, a systematic
approach has been implemented in Swedish underground
construction aiming at making careful predictions before
the excavation starts in such a way that limited
decisions are left to design-as-you-go. In case of a
deep repository for nuclear waste rock characterization
data, which may affect the design of the disposal area,
are acquired stepwise in the course of the construction
of the repository. A consequent step-by-step approach to
design, which outlines how each detail of the design is
finalized, therefore would be appropriate.
Such an approach to the design process (or planning
process as I prefer to call it) is being studied in
Sweden with respect to a repository situated at great
depth below the ground surface in crystalline rock. The
approach incorporates an overall STRATEGY for how to
carry out the planning (designing), and a hierarchical
structure of ACTIVITIES describing the work to be done.
Each ACTIVITY is done following a METHODOLOGY that
outlines in what steps and by which means the work can
be conducted, including the relevant THEORIES for
quantitative estimates.
This paper presents the basic elements of this approach
as they have been discussed so far.

2

SWEDISH DEEP REPOSITORY CONCEPT
Figure 1 presents an artist's view of the high-level
waste repository on a "green field". It consists of se-
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veral sections, which can be studied individually in the
planning process.

DISPOSAL AREA FOR
OTHER NUCLEAR WASTE

FUEL

SPENT FUEL
DISPOSAL
AREA 2

Figure 1. Swedish repository concept with a spiral ramp
as the main access
1

Access between surface and repository level
Three alternatives are being considered: a) A
spiral ramp for heavy transports and shafts for
personnel transport and ventilation, b) Vertical
shafts for the heavy transports as well, and c)
Long straight ramps, one for transports and one for
ventilation and emergency evacuation.
Alternative c) entails that the surface plant can
not be located directly above the underground
sections„
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Central service area under ground
The area is located where ramps and shafts reach
the repository level. The functions in the area
will differ somewhat depending on which access
alternative is chosen.

3

Spent fuel disposal area 1
The disposal process is planned to start on a small
scale with some 10% of the total amount of spent
fuel. After disposal and evaluation of the results,
which will focus on the quality by which the
disposal operation is executed, the repository may
be expanded to full-scale capacity.

4

Spent fuel disposal area 2
The full-scale disposal operation is assumed to
take place in a separate section of the repository.
Depending on the location of any existing discontinuity this disposal area may be separated into
two or more different rock blocks.

5

Disposal area for other nuclear waste
Other long-lived waste than spent fuel is planned
to be disposed of in the repository as well, but in
a separate section at a distance from spent fuel
disposal areas 1 and 2 due to the large amount of
concrete that is used in the conditioning process.
Operational waste from CLAB (central interim
storage for spent fuel) and the encapsulation plant
are also planned to be disposed of in this area as
a consequence of the closure of the SFR facility
(repository for low-and intermediate-level waste)
after decommissioning of the nuclear power plants.

3

PLANNING STRATEGY

3.1

STEP-BY-STEP APPROACH
As I mentioned in my presentation at sâstaholm (Svemar,
1993), the conventional strategy in underground design
is to carry out the planning in an iterative process in
several steps, using more and more detailed information
about e.g. rock conditions in each step. The details of
such a step-by-step approach has now been outlined for
the KBS-3 case.
The Swedish State Power Board has experienced that a
subdivision of the design process for complex surface
power plants into several steps is suitable in a way
that I also consider to be suitable for underground
design. The main objective behind the Swedish State
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Power Board's approach is for all the work to be carried
out to about the same level of detail at the same time,
so that decisions can be based on information from all
important aspects of a project. In the case of a nuclear
waste repository, the advantage of developing, for
example, layout and design in parallel with the work on
other aspects is that cross-checks can be made, for
example, that the proposed underground excavation method
meets the requirements on repository performance after
disposal. The performance and safety assessments in
particular require phases of review of the planning
result to ensure that the proposed solutions are in good
agreement with the required long term repository functions.
A nuclear waste repository will also be the object of
detailed reviews by the authorities under the relevant
laws applying to the different sections of the repository. In Sweden these reviews are foreseen to be made in
conjunction with applications for permits to start
construction or repository operation. Therefore,
planning results are required for different sections of
the repository, above ground as well as under ground, at
different times and with different levels of details.
The planning process has to meet these needs as well.

100%

100% 4

Cumulative
project cost

Impact on
project
outcome

Time

B
Planning
stages

Feasibility
study

I

Preliminary
planning

I
I

Layout and design

Architectual
design

I

Excavation
erection
planning

Construction

Figure 2. Repository planning characteristics
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The strategic approach taken to planning, which is based
on the experience of the Swedish State Power Board, is
to divide the work into five stages, denoted by the
letters E to A. Figure 2 shows the logistics behind this
five-stage approach.
Stage E
The first stage is initiated following the formal
decision to start the planning process. The most
important part of Planning Stage E is to make a
programme that presents the purpose with the repository
and the consequent functions and requirements, as a
basis for the planning and construction work. The Stage
E also includes, on a "feasibility study level", how the
facilities can be designed in order to meet the specified functions and requirements, equipment to be used in
the repository operation etc. The importance to early
define the purpose of the object and the problem to
solve has also been recognized by among others Nadler
(1986) in discussing the SMD approach (Systems Methodology and Design) to engineering.
SKB has already conducted the Stage E study, but based
it on generic data only (although with the experience
from the studied sites in mind) and assumed a location
on "green field". The future work is foreseen to proceed
when site specific data are available and with levels of
details as being indicated in Figure 3.
Stage D
The stage is based on the programme compiled in Stage E
and aims, in the SKB case, at an adaptation of the Stage
E results to the specific sites of interest, and at a
more detailed investigation of the solutions presented i
Stage E. Important issues regarding the underground
parts are the location of the accesses and the location
of the different underground sections. The long-term
safety aspects are as well important to consider in the
design and layout studies of this stage.
SKB is actually planning to separate the work into two
sub-stages in order to furnish other ongoing studies on
e.g. long-term performance and occupational safety
issues with preliminary information at an early stage.
The complete Stage D for the disposal areas (spent fuel
and other nuclear waste), however, is expected to be
adequate as a basis for an application on the excavation
of the accesses and the tunnels up to each under ground
area for exploration from underground positions.
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Stage C
This is considered to be the detailed and finally
coordinated version of the Stage D result, which forms
the basis for detailed engineering of supply systems
under ground. Essential equipment is defined. Sizes and
layouts of underground openings are proposed. Reasons
for any changes due to forthcoming information on the
rock and rock structures are determined.

Degree of Detail
r-i
J I
\ /

Feasibility study
Proposal for technical
solutions
Preliminary planning
More detailed study of
chosen technical solution

Architectual design
Detailed performance descriptions. Sizes
and layouts of underground openings

Detailed planning
Layouts based on more detailed rock characterization.
Rock support. Plugging design

Excavation/erection planning
Final plan for excavation and
underground buildings

Figure 3. Planning strategy model with increasing
degrees of detail. Each stage is documented in
the form of a programme containing drawings
and descriptions.

stage B
The work is based on supplementary information from new
core drilling as well as ongoing rock investigations.
The rock structure is characterized in satisfactory
detail for deciding on rock support and respect distances between disposal holes and existing rock
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inhomogeneities. Final suggestions for plugging and
sealing designs are made.
Stage A
This stage produces the final plan for the excavations
with respect to position and direction. Final diamond
coring has been done and rock characteristics have been
well established. All installations are presented in the
final plan.
Stage A is the basis for the preparation of preliminary
excavation, erection and installation documents. These
preliminary documents are then supplemented with all the
necessary data that have not been presented in earlier
stages to obtain final construction documents.
3.2

LOGISTICS OF PLANNING STAGES
Development and construction of the different repository
areas will take place at different times. This means
that the planning of different areas should also be
separated in time, as decisions on final design etc.
should be taken as close in time to the construction
phase as possible. The practical outcome of this
ambition is that different sections of the repository (1
to 5 above) may be in different planning stages (E to A
above) at a given time.
More detailed rock data and rock volume characteristics
are obtained for each section of the repository as the
development work continues and coring and borehole
measurements can be performed closer to the actual rock
volume. This is one part of the information that is
required for the more accurate planning of an area.
Another part of the information is available from the
very beginning and concerns for instance the equipment
that determine the space requirements or the requirements on the working environment that determine the
ventilation volume. The situation is somewhat different
for the different sections (1 to 5 above) of the
repository. Consequently special methodologies are
required for different repository sections.
The information of most concern for the planning
methodology for each repository section is the detailed
rock data. The steps in the acquisition of this information are exemplified here by the steps for the disposal
areas.
Data from surface site investigation stage
The information expected from surface investigations is
identification of the major discontinuities which
separate different rock blocks from each other, and to
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which a substantial respect distance is required. The
surface data are probably poor regarding the
characteristics of the block itself, for instance rock
stresses, fracture intensities and fracture geometries.
The information acquired is basically used for designating a sufficient number of rock blocks for each waste
area (disposal area 1 and 2, and area for other nuclear
waste). The layout for the location of the nuclear waste
packages within each block will probably have to be
based on the generic geometry that was assumed in Stage
E. The number of canister positions should be large
enough for a high frequency of rejections of positions.
Surface investigations provide data for the Stage D
planning of the disposal areas.
Data from underground detailed investigation stage
The supplementary information gained in this investigation stage is expected to be more detailed on the rock
properties inside the blocks. It is assumed that information will be furnished for proposing directions,
lengths and distances between the disposal tunnels, and
for estimating a spacing of disposal holes.
Rock data are also expected to be obtained for classification of existing fractures inside the blocks and of
the homogeneous rock in between in the constructability
analysis
Data are expected to be generated for the Stage C
planning of the disposal areas.
Data from coring along the direction of the disposal
tunnel
The most detailed information on the rock mass along the
direction of the disposal tunnels and between the
disposal tunnels will be gained from cores and in
boreholes. Vertical or subvertical fractures to be
avoided by disposal holes should be identified resulting
in a more accurate estimate of the number of disposal
holes that could be placed in a specific rock mass.
More accurate data for constructability include for
instance, analysis of the amount of rock support,
grouting and shotcreting that will be required.
The data from coring provide the basis for a Stage B
plan of the disposal holes and a Stage A plan for each
disposal tunnel covered by the coring.
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The data provide information on horizontal fractures and
their nature together with information on the rock
characteristics at each specific location and in the
adjacent surroundings. The data will be used to decide
whether or not a disposal hole is to be bored at the
location.
The data are used in the Stage A plan for the disposal
hole.
4

PLANNING ACTIVITIES

4.1

GENERAL
The actual planning has to develop activities that can
be defined with respect to content, volume, time and
costs. The results of each activity may in a later stage
be added together in order to form more complex activities. Each activity, however, has some impact on the
execution of other activities and/or is dependent of the
outcome of others. A pragmatic way of dealing with such
interactions is to separate the different activities in
a hierarchic structure in such a way that on each level
in the hierarchy each activity is formed by the outcome
of activities on lower levels and only in exceptions by
activities on higher levels. This is also in agreement
with Nadler (1986), who points out that the hierarchical
nature of design is important to realize in order to
understand the complex relationship between different
subsystems.
This strategy is examined for the Swedish deep repository. Setting up the hierarchic structure is of course a
rather complex task and the work has just started. The
general objective in this work is to subdivide the different activities into less extensive activities where,
on the bottom hierarchic level the scope of work to
start with is defined. These starting points may be e.g.
sizes, dimensions, excavation methods. Input as well as
output must be documented. Equally important is establishing the techniques and procedures to be used, which
in the design of underground openings are proposed to be
grouped under the concepts of theory and methodology.

4.2

REPOSITORY PLANNING ACTIVITIES
Similar activities are named differently in different
contexts as there is no broadly accepted nomenclature.
For me with my background in mine planning, the natural
overall heading is Planning, which, when it comes to
mines, includes layout, stope geometries, mining
methods, machines and equipment, supply systems etc. If
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construction the main heading - Repository Planning is subdivided as shown in Table 1. Each of these subheadings can in turn be subdivided into one or more
levels of activities, forming the hierarchic structure
of a repository planning process.
Two major premises for carrying out these activities are
that the general features of the disposal process are
known, such as the disposal method, the size and weight
of the canister and the geometry and properties of the
bentonite buffer, and that basic site-specific geological data are available. Another premise is that the
performance of the repository after closure and its
dependence on planning is known well enough to guide the
work.

Table l. Activities include in Repository Planning
ENGINEERING ACTIVITIES
Machines and equipment
Construction methods
Design
Layout
Constructability
systems
ADMINISTRATIVE ACTIVITIES
Time schedules
Costrj

Documentation
QA procedures

I am in this paper focusing on Design and Layout, both
which I prefer to use, although they are two words with
the same meaning. (Design comes from the Latin word
Designare, which, translated freely, means to map out.)
However, I use the word Design to mean the geometry of
accesses, openings, drifts and disposal holes, and
Layout to mean the locating and location of these
features.
Question such as rock support and grouting are not
included in these two activities, but rather in
Constructability.
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THEORY AND METHODOLOGY
The concept of theory in the planning of underground
constructions is defined in (Bieniawski, 1992) as systematic statements of principles and experimentally verified relationships and the concept of methodology as
procedures, tools and techniques that are used in order
to apply theory.
For each of the different repository areas, see Figure
1, and for each of the different planning stages, presented in section 3.1, the applicable set of theories
and the methodology will be more or less different. In
some cases repository planning is no different from the
planning of other underground constructions, for example
in the use of rock mechanics modelling, while in other
areas the repository is unique, such as the fact that
restrictions are imposed on the use of construction
materials that must remain in place after closure.

4.3.1

Theory
Extensive research is being pursued in different fields,
such as bedrock properties and the effects of excavation
and underground construction on the rock mass. The
conventional rock research concerns the stability of the
rock, with the objective of providing a basis for a safe
working environment and stable production conditions. In
the case of nuclear waste repositories other scientific
aspects of importance are also studied, such as hydrology» geochemistry and radionuclide transport.
Each section of the repository is sensitive to different
bedrock properties. While, for instance, the layout in a
whole rock block is dependent on assessment of the
structural stability of adjacent discontinuities or
lineaments, the layout of each disposal tunnel is
dependent on the possible displacement along minor
discontinuities or fractures inside the rock block.
A body of experience exists from analytical as well as
empirical methods of analysing rock-related problems.
The theories of specific concern for the planning of the
nuclear waste repository are focused on repository
performance after closure. One guiding principle in the
planning process is to identify these requirements at an
early stage of the work.

4.3.2

Methodology
The methodology aims at describing a systematic sequence
of actions and decisions aimed at achieving a layout,
design etc. that provides the desired performance.
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extent on general design rules in the planning stages
and experience-based judgements in the final situation
during construction, one example being rock support. The
general rules and the experience-based judgement are,
however, aimed at providing layouts and designs which
ensure safe working conditions. The long-term performance, after operation has ceased, is of no interest. It
is therefore necessary to give special attention to the
question of long-term performance in the repository
planning programme.
Conventional methodologies in underground construction
work with classification of rock masses (Q, RMR) and
discontinuities (width, open fractures, filling, water
flow). These can be elaborated with more sophisticated
models and calculations for rock quality classification.
5

CONCLUDING REMARKS

A repository has already been built in granitic rock in
Sweden but at a rather shallow depth. Ir: the case of a
high-level waste repository at about 500 m depth or
deeper, two new factors come into consideration:
greater depth
longer time frames to consider
It is known from e.g. the mining industry that greater
depth entail greater difficulties in acquiring the
necessary information on bedrock properties by
investigations from the ground surface only. The work at
the Aspo Hard Rock Laboratory has revealed the nature of
these difficulties and how they can be overcome, but the
basic problem still remains, that the construction of
the repository has to start with incomplete information
on sections that are planned for construction at later
stages. This is perhaps most problematic when it comes
to the excavation of the accesses to the repository
level, as these are the first to be constructed.
The longer time frames require a good understanding of
the scientific phenomena that may occur thousand of
years in the future. This understanding requires e.g. a
much deeper analysis of rock mechanical factors than is
normally done, as well as new factors such as geochemistry and hydrology at low temperatures and moderate
pressures over long periods of times.
Planning experience does not exist with respect to this
last subject, and the conventional decisions made today
in the course of construction (design-as-you-go) may not
be fully satisfactory in a repository. Consequently, the
planning process stands to gain by being outlined more
systematically than is normal today in mines, hydropower

-69stations etc. It is believed that this can be accomplished by defining a planning STRATEGY which is carried
out by persuing an action plan in an ACTIVITY hierarchy.
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DISCUSSION
Mr. Brodsky, USDOE
I think basically that you and I are in agreement on how to proceed in an efficient manner.
One of the things that we had to deal with because of delays in the Yucca Mountain Project
through the early 90s, was change to our technical baseline. This was not necessary all bad, in
most cases the effect of the changes was very positive. The effect of the changes was to add
additional work scope and alter our program in ways that caused our baseline to balloon out to
a significant degree. It's all requisite work. One of the things that we have noted is that our
site data requirements, as currently envisioned, need to be reexamined to determine the extent
of some of our site data is significant. My question to you is How much specific site data is
enough based on your stair step or climbing strategy? How much site data do you need in
order to have what we call in America the warm and fuzzies that you are going down the right
road?
Christer Svemar, SKB
We have even a bigger problem in Sweden than you have suggested. We have now been
looking into a repository concept. Once we have developed that concept, we are going to look
for a site where we want to place this conceptual repository. It means that because we have
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several sites, we might end up with different site-specific results and different repository
layouts for each site. While you in the United States have selected one site, and you are going
to do the best out of that site, which means that you have only one line in a design strategy
like this one. If we end up with one site in Sweden, we will have only one repositoiy
concept.
We are also trying to define what we can get in the different steps of the design process. We
will get some data from the surface, and that is very much according to what Mr. Riekkola
presented. We may be considering or focussing on the blocks, which means that the major
fracture zones must be studied in order to define the different blocks available to locate the
repositories. We also have some information of the depth of the repository. Then we have to
judge how large a site or how many blocks do we need to study, so that we will have enough
room for the waste when we excavate the repository. The main decision from these steps
would be to locate the access tunnels to come down to the 500 or 700 m depth. From the
repository depth we can minimize the disturbance to the blocks from the underground
investigations. There are two main advantages of that: one is that you can be quite close to
the actual position of the canisters, and the other is that from underground you don't disturb
the rock volume that will control the contaminant transport between the repository and the
surface environment.
From this type of characterization you will get much more detailed information on the minor
fracture zones and on the rock behaviour as such. What is enough information? I don't know.
We are expecting that the rock is a homogeneous rock so the data gathered will have narrow
ranges. Do we consider the average values for properties in a particular rock block? In the
future if the aciual field data during construction is out of the expected range we will have a
choice, either we have a good engineering design for the repository that will give us the same
long-term performance for that block, or we will have to react and say that the design is not
suitable for the actual data ranges. In this case, we will have to leave the design and go to
another form of the repository design that suits the site. I think myself that we probably will
have to do that, we will have to react positively if the data are out of the range we considered
in the initial design process.
Mitch Brodsky, USDOE
Prior to 1987, the U.S. DOE was evaluating 3 sites within the United States and they
eventually determined based on technical and cost and schedule considerations to concentrate
their efforts on Yucca Mountain. Is there an overall plan in Sweden to analyze the various
available sites and decide in a timely manner as to which site you are going to concentrate on?
Christer Svemar, SKB
Yes there is. There is a siting program which also has started now, so of course the siting
process really does the talking. But it means that we are looking into different parts of
Sweden, and what has been done to date is that each community has got a letter and they have
been told what we are going to do, that we are starting a siting process and on a voluntary
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basis they are asked if they have any interest in being part of the pre-study. That means to see
if there are any possibilities for siting a repository in that particular community. We think that
we are going to get answers from between 5 and 10 communities in Sweden. We believe that
those 5 or 10 communities should contain rock blocks or rock masses which are sufficient to
perform efficiently in our safety analyses. That means that we are establishing a target level
and will assess the geological sites in Sweden against that level. We are just looking for those
sites that are good enough. In each of the 5 to 10 communities, there may be several suitable
sites or there may be none. Say there are one or two places in volunteer communities we have
to screen to start with. That process has started right now, as we are looking at two
communities. That's not only the geological parts, that's also the transporting and access.

4.2

METHODOLOGY OF CONCEPTUAL DESIGN OF PEEP DISPOSAL IN FRANCE
WITHIN THE FRAMEWORK OF THE 1991 DEf.iMBER 30 LAW

J-M. Hoorelbeke, ANDRA
(Note: Mr. Hoorelbeke did not provide a paper for publication)
DISCUSSION
Mitch Brodsky, USDOE
It seems that your overall strategy is not unlike where the Yucca Mountain Project has been in
the past, and I would like to point out a few things that may benefit your organization. As we
get involved on a project and focus our approach, it involves two things: the first is similar to
a more typical structural organization and the second is to be very much more product
oriented. There are two things that allow us to do that at the present time. First is our
history, we spent a lot of effort and time analysis and scientific research to develop what is
called a database of knowledge that we can draw on, and a lot of this is allowing us to make
the design assumptions that I addressed earlier. That process allows our project to really focus
in and converge towards a single concept. One of the things that concerns me though is that I
believe that you said that you are going to evaluate multiple concepts. 1 would caution your
organization in that evaluating multiple concepts, rather than multiple design features that
would effect waste isolation and safety of the eventual repository, may cause your project to
bubble up like ours. I noticed that on your organizational chart you have got something that is
similar to our nuclear waste technical review board, now I assume that is only one of quite a
few groups that are going to be commenting on your process and helping you meet your
performance along the way. I bring this up for your edification. I also recommend that if you
don't already have an overall plan that really focusses your attention, I think that will really
help as well considering some of the things we have gone through. Finally, one of the things
that we are looking at is defining our entire project as an environmental problem. We found
that the entire country wants to take care of this environmental problem, but nobody wants it
in their back yard and we found it very difficult to get people to volunteer for things such as
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our monitored retrievable storage which is more a life storage operation enroute to the eventual
permanent disposal of the waste in the deep geological repository. If that is criteria number
one in your overall regulatory constraints, I hope that you won't have the same problems that
we had getting communities to voluntarily buy into it.
Jean-Michel Hoorelbeke, ANDRA
On your last point, I should say that in France, the districts that volunteered have agreed to
host a laboratory, not a repository. I know that there is a very slim chance to turn a laboratory
into a repository within 15 years. The negotiators say clearly to the people, they are accepting
a laboratory, but the people can imagine that the laboratory may become a repository so the
people know the risk. These people are now volunteers, but we will have to see their position
when we know more in one or two years. Concerning the second point, I thank you for your
advice. Remember that we have reference concepts and I think that I will say a little more
about the reference concepts this afternoon. We are supposed to be very open and therefore
must have options from which to choose.
Goran Backblom, SKB
I would like to ask you a management question on your last slide. It isn't always clear in your
structure who has responsibility for optimization. Will ANDRA designate a single individual
to be responsible for optimization and for looking at linkages when you have a flow of data to
the various groups?
Jean-Michel Hoorelbeke, ANDRA
You are right, we have several departments with specific responsibilities and other groups for
specific projects. Your question is good, but I must tell you first that we are reorganizing. It
is a difficult task. It cannot be perfect.
Goran Backblom, SKB
But you will select an individual that is responsible for integration of all the individual
groups?
Jean-Michel Hoorelbeke, ANDRA
Yes. All the work is coordinated by the project team. In this case, the project team is for the
disposal concept project. This project team is responsible for all aspects of the project
including integration and we will test its performance during the feasibility phase.
Malcolm Gray, AECL
First of all, I was pleased that you see engineering as encompassing not only practical matters
of excavation, but also matters of performance assessment. In fact the total system of
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performance assessment is really an engineering exercise in itself. We give so often the
impression that engineering and performance assessment are distinct independent as
Mr. Svemar noted earlier in the discussion period. I have a specific question related to a
subject you raised of validation. You mentioned your work in IAEA and ICRP standards, and
if I recall, the IAEA definition of validation incorporates a sort of phrase that says that models
shall be validated by comparison with experiments. If you have a total system performance
assessment model that looks at migration through engineered barriers, through natural barriers
and dose to man which is 100 000 years from now. How do we go about validating the total
system performance model?
Jean-Miche! Hoorelbeke, ANDRA
I use the term validation for the validation of a design. When I addressed the IAEA, I was
referring to their general safety criteria, in particular they say that you need at least two
independent barriers. Concerning your question, the strategy of demonstration, remember that
we must do it within 10 years, we have to prepare the space, but we have little time to answer
the question. The first thing we have to do is to optimize a concept before we validate it.
Our feeling is that validation will be for one global model. It will be the combination of
different things starting with global modelling, it will also deal with finite-element modelling,
local modelling, natural analogues, perhaps more philosophically. Validation will be a
combination of all these and not only for one model because we cannot rely on one calculation
to give the potential risk to man in 10 000 years. We have to provide a large amount of proof
to give some confidence to the people and that confidence will not be 100%. It will be as
high as presumably achievable. We are still working to answer your question.
4.3

THE "DESIGN AS YOU GO" APPROACH IN SUBSURFACE EXPLORATION
PLANNING
^ -~ - *

C. Sprecher and S. Kappeler, NAGRA

Abstract: 'Design as you go' in repository construction requires a clear concept of possible
scenarios and the identification of decision-points. Between decision-points it has to be
ensured, whenever possible, that geological information affecting the repository layout is
acquired, digested and projected at a rate which is fast enough to keep pace with tunnel
excavation. On the basis of a simplified model of the 'Wellenberg' L/ILW - site in
Switzerland, an attempt is made to show how layout-determining geological features
could be defined, identified and characterized, using a formalized data acquisition
routine, and how the information is fed back to allow the line of the tunnel to be
optimized.
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been selected and the first surface-based site
evaluation and exploration campaigns have been
carried out, the next logical step normally involves
the planning of some kind of underground shaft or
tunnel system - either for purely exploratory
purposes or as part of the future repository facility.
Even in the latter case the funnel system will have
an exploratory function; we will attempt to come to
a better understanding of our host rock
characteristics in order to improve performance
assessment and we will want to detect and
characterize such discrete geological features which
could have an unacceptable detrimental effect on
total system performance and/or construction and
are therefore layout-determining. In effect
exploration does not stop until the last disposal
cavern has been excavated.
When planning the first tunnel sections, we
will always have limited a priori knowledge of what
is expecting us, no matter how good our surface
exploration results are. The conventional approach
to carrying out large-scale projects, with exploration, planning and construction components
clearly separable in terms of time and responsibilities, is not practicable or at least not economic.
What we would like to do is to react in a flexible
way to unexpected geological features which are
bound to have an effect on the layout of our repository, in short, we would like to 'design as we go'.
But what does 'design as you go' really mean

in the context of tunnel construction; how can we
apply this principle, given the uncertainties in
prediction on the one hand and the operational
constraints of modern tunnel boring machines (high
standstill costs) on the other ?
The 'Wellenberg' case: One way of illustrating
the problems of a 'design as you go' construction
approach is to look at a real case; simplified by
abstraction from all unnecessary details and
complications. Last year Nagra has made an effort
to derive a strategy for investigating the inside of
the 'Wellenberg'-hill in Central Switzerland whichhas been chosen as the site for the future Swiss lowand intermediate-level waste repository (L/ILW
repository). Surface exploration, including 5 deep
boreholes and a reflection seismic survey has ended
last year and we expect to start excavating the first
tunnel in about two years from now. We start from
the premisis, that that the site is basically suitable
for such a repository and that we will not encounter
any severe problems with regard to construction
(although, of course these aspects will also be
continuously evaluated). Many of the problems
which will have to be solved, before it can
hopefully be demonstrated that a 'Wellenberg'
repository would be safe, are particular to the site
and therefore of little general interest. Some
however, in particular those concerning subsurface
exploration planning, may be common to many
national programs and are therefore worth
discussing.

3-0 view:

tunnel entrance
(valley level)

^_-—.
\ V*
min. overburden

direction of regional
llow Held

plan view:
tunnel entrance
adjacent rock
northern host
rock boundary

r>

N

required repository area
min. overburden requirement

i

HR: Host rock
'B': near surface
"C": at repository deplh
FZ: Fracture zones
FRI: Foreign rock inclusion

min. ovorburden
requirement

host rock
direct/on ol
regional llow
adjacent rock

Fig 1 : The "Wallenberg" situation with art Idealized repository layout

Fig 2: Hoit rock, conceptual model

-75 -

Fig I shows a simplified schematic view of the hill
and the repository layout. We arc planning a mined
L/ILW repository in a low permeability geological
formation; in this case it is !hc so called
'Valanginian Marl*. The front and back ends of the
hill consist of higher permeable limestone which we
will refer to as 'adjacent rock'. Access to the
repository is horizontal, from the main valley and at
valley ground level. In actual fact, of course, the
geological formation boundaries have complex
3-dimcnsional shapes and the planned repository
facility comprises many more tunnels and subsurface cavities than those shown here. The firsl
exploration tunnel (outlined here in black) will later
serve as an access tunnel and will, accordingly,
form part of the later repository facility. The
disposal caverns have to be arranged downstream
with regard to the regional flow field. Other
important planning constraints arc the fixed tunnel
entrance, a minimum overburden above all
subsurface cavities, Uie size of the required
repository area and prescribed minimum spacings
between the disposal caverns themselves, between
disposal caverns and other subsurface cavities and
between disposal caverns and the adjacent rock.

northern host
rock boundary
foreign rock
inclusion

has! rock
quality (min.
spacings)

planning tho exploration / access tunnel:
subsurface exploration
targets:

— determine position ol northern host rock boundary
— doloct foreign rock inclusions and determine
dimensions and shape
— locale imporlanl waterbearing fracluro zones
and determine spatial position pod cxlcnlion
— assess host rock quality (efficiency of goospftoro
barrier) lo confirm minimum spacings
— ....olliers....

planning basis:

— minimum required repository area
— minimum spacinyr, (inlacl tost rock) between
disposal caverns and adjacent rock, LDFs and
access tunnel

planning challenge:

— minimize lolal length ol exploration/access lunnel
— minimize number ol slops lor the evaluation
ol exploration rosulls
— minimize risk ol wrong tunnel layout decisions

These minimum spacings are based on our
present conception of the host rock characteristics.
'Intact Host Rock' is believed to consist of quasiimpermcablc marl matrix and 'Transmissive
Elements', in our case thin jointed limestone layers
and small cataclastic fissures (Fig. 2). Transport
modelling calculations, based on a statistical
evaluation of borehole data and appropriate
assumptions about the regional flow field, have
shown that 100 m of intact host rock should provide
adequate retardation of 237 Np, taken as a
representative long-lived sorbing radionuclidc.
However, this predicted efficiency of the gcosphcrc
barrier and together with it, the minimum spacings,
arc only as valid as our conceptual model and the
critical host rock parameters that go with it. It will
therefore be necessary to verify our assumptions
about host rock quality in the subsurface
exploration phase before we can derive the final and
definite minimum spacings.
Layout-determining geological features (LDFs):
What this means is that the host rock characteristics
or host rock quality is one of our layoutdetermining features. One other we have to consider
in our model case is the unknown position of the
northern host rock boundary (Fig. 3).

Fig 3: Layout-determining geological features (LDFs)

The features we would like to concentrate upon
however, arc inhomogencitics in the host rock
because we think that, in one form or another, they
represent a problem most disposal programmes
have to deal with.
Which
inhomogencitics
arc
layoutdetermining ? In a general sense we could describe
them as those which - when intersecting a disposal
cavern - have such a detrimental effect on the
gcosphcrc barrier efficiency that our safety criteria
could no longer be met. Since the safety concept is
ultimately based on a restricted groundwatcr how
through the disposal caverns, we could also say that
layout-determining arc those features which arc
likely to give rise to unacceptable flow through the
caverns. Local geological knowledge suggests that
in our case we will have to consider two types of
inhomogencitics
which
could be layoutdetermining: important water bearing subvertical
fracture zones and foreign rock inclusions, most
probably limestone. General definitions of LDFs,
such as those given above, arc, however, of little
value when we arc trying to set up a subsurface
exploration concept and we will have to conic back
to the subject of definitions later; let us for the time
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and foreign rock inclusions may be encountered by
the planned exploration/access tunnel, that
intersection of these features with a disposal cavern
under construction would be abortive for the cavern
and that these features might therefore restrict the
space available for the arrangement of the necessary
disposal caverns, in other words the actual
repository area. If we want to predict where and by
how much, the originally planned repository area
will be confined as a result of encountered LDFs,
we will have to try and determine the dimensions
and shape of foreign rock inclusions and the spatial
position and lateral extent of fracture zones, to
obtain a good extrapolation basis. Appropriate
decisions in the course of a 'design as you go'
construction approach will, to a large extent,
depend on the quality and reliability of these
extrapolations.
Subsurface exploration targets and the planning
challenge: Summarizing, we can draw up die
following list of layout related exploration targets:
- determine the position of the northern host rock
boundary,
- assess host rock quality (efficiency of gcosphcrc
barrier) to confirm minimum spacings,
- identify foreign rock inclusions and determine
dimensions and shape,
- locate important waterbearing fracture zones and
determine spatial position and lateral extent.
It can be assumed that economic aspects will play
an important part in any exploration venture; on the
other hand we will want to reduce the risk of taking
the wrong tunnel layout decisions, which could, in
the extreme case cut up our intact host rock reserves
into partitions too small to accomodatc the
repository. As a consequence of the required
minimum spacings, every tunnel section will in
fact, cut a 200 m wide strip out of the available
repository area. Considering all this, we could
formulate the exploration planning challenge as
follows:
- minimize
the
total
length
of
tlv;
exploration/access tunnel.
- minimize the number of TBM stops for the
evaluation of exploration results.
- minimize the risk of wrong tunnel layout
decisions.
A 'design as you go' scenario: Any solution of Uic
exploration problem will require detailed planning
based on the best available site model and the
current status of project development. This planning
basis allows the desired direction of the exploration

tunnel to be determined; it also gives the location of
the points where a decision has to be made during
excavation on (he actual direction of the tunnel. In
each of the tunnel sections which is bounded by
these decision points, we not only have to allow for
the expected layout related exploration targets but
we also have to plan the identification and
characterization of LDFs which may or may not
occur.
Where do we expect Uic crucial decision points
in our model case 7 If we examine a possible
'design as you go' scenario (Fig. 4), we see thai, at
point 1, after the excavation of tunnel section A, we
will have to decide where to branch off and
commence the EW-lrcnding tunnel section B. By
that time we will have located Uic northern host
rock boundary and we may have identified and
characterized LDFs, in this case a foreign rock
inclusion and a fracture zone. The position of the
northern boundary, together with the effect of the
extrapolated fracture zone and the inclusion on the
originally outlined repository area will determine,
whether "vc can branch off as planned or have lo
shift the branch-off point further south. Once this
decision is taken, we will proceed and excavate
section B. Maybe all will go well and we reach Uic
eastern end of Uic planned exploration/access tunnel
wiUiout encountering any more LDF's. Then we
could go ahead and start drilling exploratory
boreholes in Uic axis of the disposal caverns,
excavate pilot tunnels and finally the repository
caverns. Should this not be the case however, we
will have to reassess Uic remaining repository area
after hilling new, previously unknown LDFs. If we
conclude at decision-point 2, somewhere along
section B, that the reserves arc no longer sufficient,
we would have lo abandon section B, go back lo
point 1 and proceed with the excavation of section
C in a souUicrly direction. This decision means that
the souUicrn host rock boundary becomes a new
exploration target, because its position determines
Uic new branch-off point for section D. We will
slop a safe distance away from the assumed
limestones, investigate Uic southern boundary by
drilling, extrapolate its EW trend and outiinc at
decision-point 3 the lunncl section D, based on the
required minimum offset from Uic adjacent rock.
After Uic completion of sccUon D, assuming that no
new LDFs arc encountered, we still run the risk of
discovering unacceptable inhomogencitics in the
planned cavern axis wiUi Uic first exploratory
borchoICvS. In this case we would have lo decide al
point 4 whcUicr we want lo proceed wiUi the pilot
lunncl or abandon Uic prospccUvc disposal cavern.
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Tliis is, of course, just one of several possible
scenarios. As a more general and systematic
preparatory step, we could produce a How chart
where criteria, decision-points and the resulting
courses of action would be clearly outlined. We
find however that, in order to address and discuss
the crucial problems, it is sufficient to look at one
representative section of the tunnel, e.g. section A,
or a single data aquisiiion loop in the flow chart
(Fig. 5).
How can we ensure that we are prepared ? A
first obvious question is: How do we know a
layout-determining geological feature when we see
one ? If we apply a 'design as you go' strategy as
outlined above, we won't have the benefit of
hindsight. We will not be able to complete our
exploration tunnel, complete our data acquisition,
evaluate the results at leisure and decide, based on
the integral picture, which of the encountered
inhomogeneities are better avoided when planning
the cavern layout. If we want to reduce the number
of costly excavation stops to a minimum, we have
to accept that the TBM is setting the pace and that
we will have to gather, digest and project
information at a faster rate lhan the one we may be
accustomed to. Preparation is the only way we
know of, to improve the chances that our decision
basis will be complete by the time we approach the
decision-point.
To be prepared, as we understand it, means that
we have to develop a basic routine for the
identification, qualification and exploration of
LDFs; a routine that doesn't necessarily have to be
applied in a rigid manner but one which offers a
fallback position in case of doubt or under time
pressure. The routine we are suggesting and which
is outlined in Fig. 5 begins with a prequalification
step, the identification of a potential LDF based on
regular tunnel mapping data and simple
qualification criteria. Prequalification triggers an
extra characterization effort with the aim of
confirming and verifying the data relevant for
qualification. The comparison of the extended
dataset with the qualification criteria either leads to
a rejection or to a confirmed qualification. The
latter case would be followed by more extensive
exploration measures necessary to establish the
lateral extent and the geometry of an LDF.
Drillholes of more than 100m length may be part of
this last step. It will be costly as well as timeconsuming and can only be justified by the
consequences of an invalid projection of the
potentially abortive geological feature into the
repository area.
Definition
and
qualification
of
layoutdetermining features: Given the importance of a
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emerge as the most difficult problem to solve. We
could start by asking ourselves what conditions a
geological inhomogeneity has to satisfy to be
classified as 'layout-determining'. The two most
important in our opinion are:
1.

2.

It has to be a feature that would lead to
unacceptable flow through a disposal cavern, if
it was planned to build such a cavern at the
place of detection.
There must be a high chance that the feature
itself, and its undesirable properties have a
sufficient lateral extent to affect the
prospective repository cavern area in the same
way.

Based on this conception, we can ask which
observable and - if possible - quantifiable
phenomena in a tunnel point with reasonable
likelihood to the existence of a sufficiently
extended zone of enhanced water flow and are thus
usable as criteria for defining LDFs. These
qualification criteria should be applicable to
phenomena which can be observed, described and
quantified as part of a normal tunnel survey; the
verification of these phenomena should also not
involve any major additional investment of time. As
mentioned above, the two types of LDFs we suspect
to occur at the site arc:
1.
2.

Foreign rock inclusions
Steeply-dipping waterbearing fault zones

This is a preconception, based on local geological
knowledge from the surroundings of Wellenberg
hill. It should be stressed however, that no
information is yet available from the future
repository itself. In order to derive qualification
criteria, we have to look at the two types of LDF's
separately.
Foreign rock inclusions: The considerable volume
of host rock at Wellenberg is the result of tectonic
accumulation which occurred during the alpine
orogeny. During this process, both small and large
masses of foreign rocks entered the host formation.
These are exposed in the region around the siting
area but not in the siting area itself. The vertical
exploratory boreholes drilled to date have not
encountered such inclusions. The most obvious and
straightforward procedure for qualifying them as
LDFs would be to investigate their hydraulic
parameters or, even better, their nuclide transport
properties. It is conceivable to use as a quality
indicator the 'Gcosphere Barrier Efficiency
Coefficient' (GBEC) which we have introduced for
the assessment and the comparison of host rock

transport properties at different locations in the
future repository area. The determination of the
GBEC relies on a specified and standardized
sampling routine over a defined sampling volume
of a 100 by 100 m cube, made accessible by two
boreholes which are drilled perpendicularly to the
tunnel axis. Even though the sampling procedure
has been optimized in terms of effort, it is still too
time-consuming to be applied for the qualification
of foreign rock inclusions.
A more practicable approach consists of
drawing up a list of those geological formations
which arc conceivable as inclusions in the
Wcllenbcrg marl. In the Wellenbcrg case, this list
comprises 10 formations. All of them can be
identified macroscopically and therefore be
prequaliJied as part of the routine geological tunnel
survey, as required by the procedure suggested
above. In order to qualify (he conventionally
identified candidate formations as possible LDFs,
we need criteria which approximately describe the
transport properties of the rock. Looking for the
most suitable estimators, we have to go back to the
conceptual model of the host rock (Fig 2). The
investigations to date have shown that, somewhat
simplified, the host rock is made up of a marl-clay
matrix with frequent accumulations of thin
limestone layers which are themselves separated to
form rows of detached chunks of limestone
('boudins'). Flowpaths in this rock arc provided, on
the one hand, by fractures in the limestone boudins
and, on the other, by cataclastic /ones in the matrix.
We have to assume conservatively, that the
fiowpath is not made up of one single transmissive
element but always of a combination of (he two.
A study has shown that all 10 candidate foreign
rock formations can lithologically be described
either as fractured limestones or some mixture of
fractured limestone and marl or clay. Accordingly,
we regard it as an acceptable simplification to
assume that the. flowpaths are provided by
essentially the same transmissive elements as in the
host rock, even though their relative frequencies
and dimensions are different.
The characterization step in the case of rock
inclusions will therefore be aimed at a
quantification of both types of transmissive clement
in terms of degree of fracturing and limestone
content. It is planned to use the following criteria:
- Total length of cataclastic zones in the marl or
clay fraction per unit square.
- Component of jointed limestone elements with
dimensions greater than a specified minimum
per unit square.
For both of these criteria we will have to define
threshold values which will be based on modelling
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ensure that even the most unfavorable combination
still provides adequate barrier efficiency. If the
characterization shows that one of the prcqualificd
foreign rock inclusions exceeds the threshold values
of one or both of the above criteria, it will be
qualified as LDF. In our particular case, we can
shortcut the characterization/qualification procedure
for 5 out of the 10 candidate formations, because,
on the basis of their lithology, we know beforehand
that they would qualify.
Once a foreign rock inclusion has met the
transport property criteria, we will have to
investigate its size and geometry by appropriately
oriented boreholes, thereby checking it against the
final qualification critérium:
- Sufficient lateral extent in the direction of the
future repository area to affect the layout of the
disposal caverns.
Subvertical fracture zones: Important regional
fracture zones can be observed at the Wellenberg
site in the limestones adjacent to the host rock. In
the host rock formation itself, fracture zones have
been encountered by the vertical boreholes drilled
in the surroundings of the Wellenbcrg hill. It is also
known that structures of a corresponding thickness,
transmissivity and lateral extent exist in the same
formation further away from the siting area. Even if
there is no positive evidence that fracture zones
with a combination of properties that would justify
the qualification 'layout-determining' actually
intersect the host rock under the Wellenberg hill,
they have to be included in the exploration planning
exercise for the sake of conservatism.
We believe that a qualification of fracture zones
in (he tunnel on the basis of their in situ hydraulic
parameters alone, although probably feasible in
terms of effort, would not be valid, because of
possible channelling effects. Only a large water
inflow, exceeding a threshold value which still has
to be defined, is considered a stand-alone
prcqualification criterion. Other important fracture
zones, which may even be dry at the point of tunnel
intersection, will have to be judged by some other
criterion which is easy to apply. Thickness is the
most obvious one. It is probably fair to assume that,
in the area we are looking at, the thickness of a
fracture zone is somehow related to lateral extern
and - if the degree of fracturing is taken into
account - to hydraulic efficiency. This assumption
will still have to be verified by a statistical analysis
of regional fracture zones in other geological
formations which are observable and accessible at
the surface. Any statistical relations which can be
established would of course be helpful for the
setting of threshold values.

Based on these considerations, we arc planning
to use the following criteria for prequalilicaiion and
qualification:
- Thickness of the fracture zone, defined as the
part of it where a specified minimum degree of
fracturing (e.g. RQD) is exceeded.
- Water inflow, defined as volume per unit time.
Again, we still have to define threshold values for
both of these criteria. If a fracture zone observed in
the tunnel exceeds the threshold value of one or
both criteria, it will be classified as a potential LDF.
We will then investigate its spalial position and
lateral extent by appropriately oriented boreholes
and check it against the final qualification criterion:
- Sufficient lateral extent in the direction of the
future repository area le affect the layout of the
disposal caverns.
All the qualification criteria - the ones stipulated for
foreign rock inclusions as well as those for fracture
zones - reflect our present level of knowledge with
regard to the geology of the siting area. The
possibilities for extending this knowledge in the
critical areas are limited for a number of different
reasons. Nevertheless we shall make every effort to
improve the validity of the criteria and the threshold
values between now and the beginning of tunnel
construction. Once the tunnel construction phase
has begun, the criteria will have to be revised,
whenever such a revision is warranted by the gain
in experience, in order to provide the best possible
basis for the 'design as you go' decisions.
Dangers of a formalized characterisation and
qualification routine: The procedure suggested in
this paper for the subsurface repository exploration
/ construction is based on a schematized geological
site model and a simplification of the exploration
procedure itself, in that the measurement of all the
relevant parameters is replaced by the faster
approach of determining a few, easy to obtain and
hopefully representative parameters which can be
checked against simple criteria. Besides the
advantages which have already been outlined, this
procedure does carry the same danger which is
inherent in every modelling and schematization
exercise: with extended use it comes to be seen no
longer as a simplified model of nature, but as nature
itself. This could lead to a false sense of being
secure and in control. The authors are aware of this
risk. Nevertheless, in their opinion it is still
worthwhile to develop, prior to beginning subsurface exploration, a clear conceptual picture and
corresponding decision criteria, rather than relying
on ad hoc 'expert judgement'. Even more so,
because also brightest expens will need criteria in
the back of their minds, when they are called up to
take decisions of some consequence.
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DISCUSSION
Mitch Brodsky, USDOE
This presentation was about a process that dealt strictly with low-level waste. Is there a
similar process that you propose for a high-level waste repository?
Samuel Kappeler, NAGRA
Yes, we have a similar process that we would propose to use in the investigation of a highlevel waste repository. In the Swiss program our most immediate concern is the realization of
a low- to intermediate-level radioactive waste repository. Although we anticipate a high-level
radioactive waste repository, it will be quite some time before we reach the surface exploration
phase for it.
Bernard Félix, ANDRA
My question is about the connection between the major water-bearing fractures because we
have to study the geological formation whether in the mountains or the plains, and you
mentioned that there is a great difference in the Swiss conditions in such locations and in the
conditions in France. In your disposal design, do you intend to reduce the local groundwater
head gradient, especially near your access tunnel, which is up gradient from the emplaced
waste?
Samuel Kappeler, NAGRA
The gradients in the whole flow field are between 0.1 and 0.4 as I recollect in our present
conceptual model. These values were established in the five exploratory boreholes. During an
exploration program we should be able to establish these gradients with boreholes. But we
don't know if we will be allowed to do the necessary exploration because of potential
difficulties with the licensing authorities.
Christer Svemar, SKB
How have you researched high-level stresses, which you didn't mention, that ultimately might
be in the rock. Do you expect high in situ stresses at your potential repository sites?
Samuel Kappeler, NAGRA
We have evidence of very inhomogeneous stress fields in potential siting areas in Switzerland.
First we thought that this could be caused by the different major fracture directions. In our
experience so far the inhomogeneous in situ stress field doesn't appear to affect the repository
design of performance. We have a criterion of direction on the direction of repository rooms
relative to the stress field, but at the moment we are not following it because we are not sure
about the consistency of the stress field. Our experience so far doesn't exclude the use of the
criterion.
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Editor's Note:

4.4

As the discussion of each paper was taking too much time, from this point in the
workshop, each presentation session was completed and all questions and discussions
were held for the subsequent discussion sessions.

FACTORS INFLUENCING REPOSITORY DESIGN FOR IN-ROOM EMPLACEMENT IN
PLUTONIC ROCK

Shcu rr ' y :-

G.W. Kuzyk, Atomic Energy of Canada Limited
ABSTRACT

In the Canadian Nuclear Fuel Waste Management Program Atomic
Energy of Canada Limited and Ontario Hydro are studying the
feasibility of disposal of nuclear fuel waste. A component of
the research is the development of conceptual designs of disposal
facilities including the surface and underground facilities
necessary to receive, package and dispose of nuclear fuel waste,
and the vault sealing systems to aid in its containment. This
paper describes some of the principal factors influencing the
design of a disposal vault using copper containers and an in-room
emplacement configuration. These factors include: in situ stress
conditions, room stability and design, container and cask design,
engineered sealing materials and emplacement machinery.
BACKGROUND
Under the Canadian Nuclear Fuel Waste Management Program
(CNFWMP), Atomic Energy of Canada Limited (AECL) is responsible
for research and development on disposal of nuclear fuel waste
from CANDU1 reactors deep in stable plutonic rock of the Canadian
Shield. Ontario Hydro is responsible for studies on interim
storage and transportation of used fuel.
The disposal concept is to place the waste in long-lived
containers; emplace the containers, enveloped by sealing
materials, in a disposal vault excavated at a nominal depth of
500 to 1,000 m in intrusive igneous (plutonic) rock of the
Canadian Shield; and (eventually) seal all excavated openings and
exploration boreholes to form a passively safe system. Thus
there would be multiple barriers to protect humans and the
natural environment from contaminants in the waste: the
container, the very low-solubility waste form, the vault seals,
and the geosphere. The disposal technology includes options for
the design of the engineered components, including the disposal
container, disposal vault, and vault seals, so that it is
adaptable to a wide range of regulatory standards, physical
conditions, and social requirements.
The acceptability of the disposal concept is'being reviewed under
the federal Environmental Assessment and Review Process (EARP).
AECL will submit an Environmental Impact Statement (EIS)
describing the concept, following guidelines issued by the
Environmental Review Panel responsible for carrying out the
review. [1]
*CANDU (ÇANada E)euterium tjranium) is a registered trademark of AECL
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tunnels, disposal rooms and service areas with vertical shafts
extending from surface to the emplacement level [2]. In the
disposal vault design used in the EIS, boreholes are drilled in the
floor of disposal rooms for the emplacement of titanium containers,
each holding 72 used CANDU fuel bundles.
In October 1992, AECL began an alternate postclosure assessment
case study to demonstrate the robustness of the concept. The
assessment comprises a hypothetical disposal vault sited in the
Whiteshell Research Area using specific geotechnical information
obtained from the Lac du Bonnet Batholith. Copper containers, each
holding 72 CANDU fuel bundles, are used in the study and the
emplacement configuration is "in-room", rather then "in-floor".
The disposal vault has a single-level room-and-pillar arrangement.
The capacity of the vault is determined by maintaining containerto-container and room-to-room spacing to satisfy temperature
criterion for a waste emplacement area of about 2 km by 2 km [3].
DESIGN REQUIREMENTS
The in-room emplacement design makes use of the sealing materials
(grouts, backfills and buffer) used in the in-floor emplacement
design [2]. Some properties of these sealing materials are shown
in Table 1.
The methods for used-fuel handling and packaging,
preparation of sealing materials, materials handling and services
are similar to those used for the in-floor emplacement design,
except for changes to accommodate the handling of copper containers
and the application of buffer and backfill materials in
precompacted blocks. The in-room emplacement design does not
require research and development of new materials, but will require
a new schedule and manpower and costs estimates.
In effect, the in-room emplacement design comprises the horizontal
emplacement of copper containers within a room excavated in
granitic rock. The main requirements for the design of the
disposal room configuration are:
• Compatibility with a drill-and-blast method of excavation.
• Stability of the room during excavation and emplacement, without
the need for extensive rock support systems.
• Provision of sufficient shielding by the cask, emplacement
machinery and sealing materials to allow entry of personnel
within the room.
• Compatibility with automated equipment for movement of the casks
and emplacement of containers.
• Compatibility with temperature limits on the buffer material at
the outer surface of the disposal container of 90°C for
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• Provision of at least a 0.5 m thickness of buffer material
around each container.
• Compatibility with a maximum combined swelling pressure exerted
by the sealing materials and groundwater of 13 MPa.
• Attainment of hydraulic conductivities of less then 10'10 m/s for
all the sealing materials within the room.
• Compatibility with future retrieval of containers.
The configuration of the disposal room is shown in Figure 1.
principal components of this design include:

The

• a floor comprised of high-strength, low permeability and low pH
concrete, called "high performance concrete";
a mass of dense backfill material, comprised of about 5%
bentonite, 25% lake clay and 70% crushed granite rock spoil;
• a mass of buffer material, comprised of 50% bentonite and 50%
silica sand; and
• a mass of light backfill material, comprised of 20% bentonite
and 80% silica sand.
PRINCIPLE ENGINEERING FACTORS INFLUENCING DESIGN
The following is a discussion of the principal factors influencing
the design of a disposal vault with copper containers and an inroom emplacement configuration.
In Situ Stress
It is important to demonstrate stable emplacement room design for
an in situ stress environment representative of that found in
granitic rock bodies of the Canadian Shield. Therefore, in situ
stress data determined by AECL Research at the Underground Research
Laboratory (URL) and by CANMET studies in underground mining
operations in the Canadian Shield [4] are used to estimate values
for the horizontal stresses, c^ and a2. Vertical stress (i.e. av =
a3 = 0.0260 MPa/m) is based on a granitic rock density of p =
2650 kg/m3. Figure 2 shows the in situ stresses used. The
stresses in the upper 1200 m at the Whiteshell Research Area are
calculated using the following equations:
Ox = depth (m) x 0.00883 MPa/m +51.3 MPa,
a2 = depth (m)x 0.00883 MPa/m + 4 4 . 3 MPa, and
a3 = depth (m)x 0.0265 MPa/m.
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O± = 60.1 MPa,
a2 = 53.1 MPa, and
a3 = 26.5 MPa.
These stresses represent realistic values for granitic rock bodies
considered as candidate locations for a disposal vault in the
Canadian Shield.
Room Stability
The Hoek-Brown [5] empirical failure criterion model is used for
the mechanical stress analysis of the emplacement room design.
Based on experience gained from the Mine-by Experiment [6], two
peak strength criteria were defined for calculating Strength
Factor (SF), which is the ratio of rock failure strength to
calculated in situ stress. The criteria are:
i.

The peak strength (af) of the rock under thermal-mechanical
load conditions shall be calculated based on af = 150 MPa, m =
30, s = 1, if and only if, the peak strength under excavation
load is not exceeded.

ii.

The peak strength (a£) of the rock under excavation conditions
shall be calculated based on af = 100 MPa, m = 16.5, and
s = 1.

The unconfined compressive strength, as determined from standard
laboratory testing, is a0 = 190 MPa. The rationale for selecting a
lower strength criterion during excavation is based upon the onset
of stable crack growth (aci) during failure of unperturbed granitic
rock, which occurs at about 50% of of. The stress aci is one of
five regions on the stress-strain curve for Lac du Bonnet granite
identified by Martin, 1993 [7]. This ensures the room will be
stable, without significant ground support, during excavation and
emplacement.
Peak load, due to heating and glaciation, will not occur until well
after the disposal vault has been backfilled and sealed. The
additional load due to heating is expected to be in the order of
32 MPa.
Additional load caused by a 3 km ice cap, possibly some
10,000 years in the future, will be about 27 MPa.
Room design
The disposal room is about 7 m wide and 3 m high excavated in the
shape of an ellipse to accommodate the hign in situ stress
conditions assumed for the study and the machinery required for
emplacement of the containers. Scoping thermal (analytical) and
mechanical (boundary element) analyses using the HOTROK code [8]
have been carried out to determine that two disposal containers can
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centre to centre. Each pair of containers can be spaced at about
4600 mm centres along the length of the disposal room. The thermal
conductivities of the sealing materials used in the HOTROK analysis
are shown in Table 1. The thermal conductivity of the granite is
3.0 W/(m.K).
The placement of the buffer, backfills and containers is done using
rail-mounted machinery. The dense backfill is formed into precompacted blocks for emplacement on a high performance concrete
floor. The buffer material, also formed into pre-compacted blocks,
is placed on the dense backfill. The buffer blocks are shaped and
placed so that a cavity is formed to receive containers. The
buffer and dense backfill provide the shielding necessary to
protect personnel from a pair of containers, after they are
emplaced and sealed with buffer and backfill plugs. The space
between the buffer and the crown of the disposal room is filled
with a light backfill material using a pneumatic compaction method
[9]. About 500 mm of dense backfill is placed between the
backfill-buffer-container assemblages along the length of the
disposal room to provide the necessary spacing of containers.
A linear elastic stress analysis of the elliptical room design is
shown in Figure 3. The analysis, which was carried out using the
EXAMINE20 boundary element analysis [10], shows a Strength Factor
exceeding one (e.g. SF > 1 ) . This implies the room excavation will
be stable without auxiliary support during excavation.
A drill-and-blast method is used to excavate the disposal rooms.
Tunnel boring techniques were not considered as any shape other
then elliptical would have localized stress-induced failures. To
accommodate drilling equipment during excavation, the perimeter
holes of each blast round must have a 150 mm "look-out". This
means the walls, crown and floor of the disposal rooms will be
irregular, making it difficult to align and index the placement of
the sealing materials and containers.
To solve this problem, high-performance concrete having low pH and
permeability and high strength, is used to form a floor within the
disposal room. The floor provides a base for the support of railmounted machinery and for indexing the placement of sealing
materials and containers.
The application of controlled blasting procedures to minimize the
damage to the granite rock mass surrounding excavations has been
demonstrated at the URL [11 and 12]. The excavation damage zone
surrounding the tunnels of the URL is limited to a depth of 500 mm
[13].
Container Design
A particulate-supported, copper-shell container shown in Figure 4
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for the disposal vault. The container is fabricated from 25 mm
thick high-purity, oxygen-free copper with an overall height of
1177 mm and a diameter of 860 mm. The container accommodates
72 CANDU fuel bundles arranged in a steel basket in two levels of
36 bundles.
The design uses compacted glass-bead particulate to support the
shell, which could be subjected to hydrostatic and swelling loads
up to 13 MPa. The container is sealed with a single electron-beam
weld. A lifting ring is also welded to the lid to accommodate
container handling. The total mass of the container with fuel
bundles is 3415 kg.
The lifting ring design provides for a simple constant geometry
over the entire length of the container. Vertical lifting is
accomplished by latching, with an appropriate lifting device, onto
the inner rim of the ring. During horizontal orientation of the
container, support of the container body is provided to avoid
overstressing the lifting ring and top lid-to-shell weld. A copper
bearing pad is used to facilitate sliding the container into
position (Figure 1 ) .
Cask Design
The cask is designed to move the copper-shell container from a
surface packaging plant to the emplacement room. The cask design
uses steel, lead and polyethylene. The principle design criteria
are to:
i.

Maintain an overall mass under 4 0 Mg for cask and container,
which is the shaft conveyance load limit.

ii.

Provide sufficient shielding of the container to achieve the
target for worker annual dose rate less than 2 mSv/a.

For the purpose of carrying out radiation shielding calculations,
it was assumed that the containers would be filled with used fuel
of the type from Ontario Hydro's Bruce reactors, irradiated to an
exit burnup of 1008 GJ/kg uranium and cooled for 10 years prior to
disposal.
The gamma- and neutron-shielding requirements for the cask are
based on the new dose limits for atomic radiation workers proposed
in AECB consultative Document C-122 [14]. This states that workers
should not receive a chronic or routine annual dose greater than
20 mSv. The annual dose used in the in-room emplacement design is
10% of this value, which limits the routine exposures to workers to
2 mSv. For dose estimation purposes, a person-year is based on
individual employment of 2000 h/a. This is done to allow for
reserve worker dose capacity to deal with any disposal vault
emergencies.
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The cask is designed w i t h 50-mm thick carbon-steel inner and outer
shells, 160-nun thickness of lead for gamma shielding, and a 160-mm
thickness of polyethylene for neutron shielding. Figure 5 is a
sketch showing the cask configuration.
The total mass of the cask with container is 4 0.0 Mg, which
determines the capacity of the hoisting system in the disposal
facility waste handling shaft operating to depth of 1000 m. The
mass of the carbon steel shells and shielding materials is 27.8 Mg.
The container w i t h 72 fuel bundles has a mass cf 3.4 Mg and the
mass of the grapple, gates, breach assembly, drive mechanism and
additional base material totals 8.7 Mg.
Engineered Sealing Materials
The placement of buffer and backfill materials within the disposal
room presents some unique challenges. Unlike the in-floor
emplacement design, sealing materials m u s t be placed within closely
controlled tolerances without the aid of a bored emplacement hole
for shielding and indexing. Designs using bulk placement and
compaction of sealing materials with heavy road construction and
underground mining machinery were considered. However, these
designs require exceptionally large excavations (e.g. 8 m high by >
16 m wide) and large masses of sealing m a t e r i a l s . Since there is a
limited understanding of the moisture and heat transfer in large
masses of buffer and backfill materials, it was necessary to find
another way to emplace these materials. The final design uses precompacted blocks and compact machinery for emplacement of the
sealing materials in a smaller room excavation.
AECL's experience w i t h the reference sealing materials developed
for the in-floor emplacement design indicates that these materials
are suitable for pre-compaction into blocks up to 1 m 3 in size.
The blocks are compacted in lifts of about 50 m m under a stress of
approximately 2.5 M P a . About 5% bentonite clay is added to the
reference backfill material to provide adequate cohesion for stable
handling.
The buffer and backfill materials are pre-compacted into blocks in
a complex located underground adjacent to a buffer and backfill
preparation plant. They can be delivered to the emplacement room
individually or possibly as pre-assembled units.
Placement of light backfill is accomplished by a pneumatic blowing
or shotcrete technique similar to that used in the Stripa Buffer
Mass Test [ 9 ] . The light backfill is blown into the gap between
the crown and walls of the disposal room and the buffer material.
This method ensures that the light backfill completely fills all
the remaining indentations and irregularities on the tunnel
surfaces.
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the container to provide an effect groundwater barrier. The buffer
material, which contains a high percentage of bentonite, is also
intended to slow the migration of nuclides. The buffer material is
formed into blocks that fit together with joints having very small
tolerances. Any additional moisture introduced into the disposal
vault would tend to c'ause these blocks to swell and possibly fuse
together to form a solid mass.
Radiation shielding calculations carried out for copper-shell
containers filled with Bruce reactor fuel cooled for 10 years
determined that a minimum thickness of 1500 mm buffer and/or
backfill material is required to provide radiation shielding for
the workers in the emplacement room.
Emplacement Machinery
The emplacement machinery for handling the sealing materials and
container casks is designed for automatic operation. However, it
was decided that the design should accommodate the necessary
radiation shielding to allow for the presence of personnel within
the disposal room during the emplacement operations. This provides
a high level of operational safety in the event of an accident or
inadvertent access into the room by personnel.
Figure 6 shows a design that provides for access of personnel
during emplacement operations. The container is moved from the
cask into a pre-formed cavity within the buffer mass with a pushing
device. Buffer and backfill plugs are loaded, from a second
carrier, into a breach mechanism located on the cask and pushed
into the cavity with the same pushing device. To facilitate
sliding the container and plugs, a copper bearing pad is placed on
the bottom of the cavity. A gate on the bottom of the cask
provides the necessary shielding for container transport and the
loading of the buffer and backfill plugs after container
emplacement.
The annulus around the container is filled with fine sand or glass
beads to improve thermal conductivity between the container shell
and the buffer. Placement of this material is accomplished
pneumatically through a tube inserted through a small gap in the
buffer and backfill plugs.
Movement of machinery and materials within the disposal room is by
a rail haulage system. Dual rails are used so that the emplacement
machinery can be reversed for loading containers and buffer plugs
in the adjacent cavity. Rails are retracted as the room is filled.
SUMMARY
The purpose of this paper is to discuss some of the principle
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factors influencing the design of a disposal vault with copper
containers and an in-room emplacement configuration.
The in-room emplacement design is being carried out as part of an
alternate postclosure assessment study to demonstrate that
materials and emplacement configurations other then those selected
for the disposal vault described in the EIS could be used for the
disposal of Canada's nuclear fuel waste. Only the principal
factors necessary to change in-floor emplacement to in-room
emplacement have been discussed.
The alternate postclosure assessment study is still in progress.
Consequently, there may be some changes to the designs discussed in
this paper. Future publications will describe the study as it
progresses or when it is completed.
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TABLE 1
PROPERTIES OF THE SEALING MATERIALS

Properties

Buffer

Dense Backfill

Light Backfill

Composition
Clay type:
Clay content
(Dry):

Bentonite

Lake Clay

Bentonite

50%

25%

20%

Silica sand

Crushed rock spoil

Silica sand

50%

75%

80%

<2 mm

<12.5 mm

<2 mm

>1.67 Mg/m3

>2.10 Mg/m3

>1.40 Mg/m3

800 - 2000 kPa

<50 kPa

250 - 800 kPa

<10-l° m/s

<10- 10 m/s

<10" 10 m/s

<2%

<2%

<2%

0.8 W/(m.K)

2.0 W/(m.K)

1.2 W/(m.K)

1.8 W/(m.K)

n/a

n/a

Aggregate type :
Aggregate content
(dry):
Max. aggregate
size:

Properties
Dry density:
Swelling
pressure:
Hydraulic
conductivity:
Drying shrinkage:
Dry thermal
conductivity:
Moist thermal
conductivity:

to

1177 mm

Concrete

Figure 1:

Copper
Bearing Pad

Disposal Room Showing In-room
Emplacement of Containers
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Stress (MPa)
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» Shield - H-Max
- URL - H-Max
• In-Room - H-Max
- Shield - H-Min
-URL-H-Min
• In-Room - H-Min
• Vertical Stress

3000

Figure 2 :

Plot of In Situ Stress vs. Depth
in the Whiteshell Study Area
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INROOM EMPLACEMENT STUDY

,\ 2

6.3m BY 3.3m EXCAVATION
1000m DEPTH
STRENGTH FACTOR CONTOURS

Input parameters for EXAMINE20:
Elastic Modulus E = 60 GPa
Poison's Ratio v = 0.25
Ji = 60.1 MPa
0 2 = 53.1 MPa
0 3 = 26.5 MPa
Depth = 1000 m
Constants for Hoek & Brown Failure Criteria:
m = 16.5
s = 1.0
Number of Boundary Elements = 300

Figure 3 :

Plot of Strength Factor (SF) for
an Elliptically Shaped
Emplacement Room.
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860 mm

lifting Ring
Weld-Backing Ring
Spacer Ring
Fuel Bundle
Basket Tubes
Particulate

Figure 4 :

1177 mm

Particulate-supported Coppershell Container.
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1.72m OD

n
ro

01

to

V

440mm[_
490mmj Steel
650mmi Lead
81 Omm Poly
860mml Steel

Figure 5:

'
\

Container Cask Conceptual Design
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1.7m

Cask

Cross section of emplacement room
showing cask with all doors open.
light
Backfill

Sand-filled
Annulus

f

Copper
Canister
Buffer
Block(s)

1.7m

Dense
Backfill
Dense Backfill
Hugs

Ran view of emplacement room showing
cask and machinery in loading configuration.
Sand-filled Copper
Annulus Canister

Buffer Dense Backfill
Plug
Hugs

Cask

light Backfill

f

1.7m

Copper Bearing

Buffer Block(s)

ftd

Concrete Floor

Longitudinal section of emplacement room showing
cask and machine'y in loading configuration.

Figure 6 :

Plan and Section Views of the
Emplacement Room.
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PRELIMINARY EXCAVATION DESIGN FOR IN-ROOM EMPLACEMENT:
MECHANICAL AND THERMAL-MECHANICAL STRESS ANALYSES

Y. Ates and P. Baumgartner, Atomic Energy of Canada Limited

ABSTRACT
A design requirement for the underground excavations of a nuclear fuel waste repository in
plutonic rock is long-term structural stability. Current AECL designs also require that
excavation-induced damage at the excavation perimeter be minimized to enhance the potential
of engineered barriers and maintain the capability of natural barriers to minimize the rate of
groundwater flow through the waste disposal room and to retard the outward transport of
radionuclides from the waste package. A method is described for deriving stable crosssectional shapes for disposal rooms based on mechanical and thermal-mechanical design
constraints.
1

INTRODUCTION

AECL Research and Ontario Hydro have been developing and assessing the technology for
the safe geological disposal of nuclear fuel waste from CANDU1 reactors in the Canadian
Nuclear Fuel Waste Management Program (CNFWMP). The Canadian concept of nuclear
fuel waste disposal requires the creation of underground excavations at depths ranging from
500 to 1000 m in the plutonic rocks, such as granite, of the Canadian Shield. Some of these
excavations (e.g., the disposal rooms) will hold the nuclear fuel waste that will be contained
in corrosion-resistant containers. After the waste is suitably emplaced, all the disposal rooms
and access excavations will be backfilled and sealed with engineered barrier materials (AECL
CANDU et al. 1992).
A requirement in the curent AECL designs for disposal rooms is that excavation-induced
damage from the creation of the room and the damage due to subsequent thermally induced
stresses be minimized for long-term conditions. Minimizing fracturing around the excavations
is expected to enhance the potential of engineered barriers and maintain the capability of
natural barriers to minimize the rate of groundwater flow through the waste disposal room
and to retard radionuclide transport from the waste package. A design process is described
for a nuclear fuel waste repository based on an in-room emplacement concept (Figure 1). The
process considers the effect of both the mechanical and thermal-mechanical stresses in
developing a design with a stable room geometry

CANDU (CANada Deuterium Uranium) is a registered trademark of AECL.
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2

DESIGN PROCESS

The design process consists of a number of steps for deriving a disposal room geometry and a
layout of rooms whereby the room perimeter is stable (i.e., strength/stress ratio > 1) under
both excavation and thermal conditions. This process, shown in Figure 2, involves the
specification of material properties and design criteria, the definition and analysis of room
shapes under ambient temperature and stress conditions, distribution of heat-generating
nuclear fuel waste (i.e., in this case, used fuel) within each room of a disposal vault, and
analysis of the same rooms under backfilled, elevated temperature and stress conditions. The
excavation design process uses physical material properties and stresses derived or specified
from the findings of the CNFWMP. The process concludes with a disposal room geometry
and a vault layout that meets the specifications.
2.1

IN-ROOM EMPLACEMENT STUDY SPECIFICATIONS

The specifications for the in-room emplacement study are similar to those used in the in-floor
borehole emplacement study (Baumgartner et al. 1993, AECL CANDU et al. 1992). The
major exceptions are as follows:

-

-

-

-

2.1.1

The used-fuel disposal containers are emplaced within the confines of a room rather
than in the boreholes excavated into the floors of the rooms.
The in situ stress conditions are consistent with the upper range of data currently
available for the stress conditions in the Canadian Shield (Herget and Arjang 1991),
including those measured at AECL's Underground Research Laboratory (URL) (Martin
1990).
The disposal container is filled with a packed paniculate and the outer shell is
fabricated from 25.4-mm thick copper. The outer diameter of the container is 860 mm
and its length is 1177 mm. There are about 140 000 containers in the vault.
The strength/stress ratio on the disposal room perimeter is greater than unity for the
two strengths defined, following the Hoek and Brown (1980) empirical failure
criterion.
The waste emplacement method may use limited quantities of high-performance
concrete in addition to the clay-based reference buffer and backfill materials.

Rock Mass and Backfill Material Properties

Elastic Properties
The rock mass is assumed to be linearly elastic and homogeneous. The rock elastic constants
used in the analyses are based on the measurements taken in the URL and are shown in Table
1. There is no allowance made in the excavation stability analyses for any interaction
between rock mass and the backfill materials.
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TABLE 1
THERMAL AND THERMAL-MECHANICAL MATERIAL PROPERTIES

PROPERTY

ROCK
MASS

SILICA
SAND

DRY
BUFFER

DENSE
BACKFILL

Thermal Conductivity (W/(m-K))
Thermal Diffusivity (m2/a)
Density (kg/m3)
Young's Modulus (GPa)
Poisson's ratio
Coefficient of Thermal
Expansion (10"6/K)

3.0
42.3
2700
60
0.25

0.45
N/A
1700
N/A
N/A

0.8
N/A
1670
N/A
N/A

2.0
N/A
2270
N/A
N/A

10

N/A

N/A

N/A

N/A - Not Applicable or not used in the analyses

Rock Mass Strength Design Limits
The rock mass properties are taken from the granitic Lac du Bonnet batholith. A typical
stress-strain curve from this giunite (Martin and Simmons 1992) is shown in Figure 3. For
this granite, the onset of stable crack formation (aci ) is 100 MPa. In comparison, the onset
of unstable crack growth (cusc) is 150 MPa, and the peak unconfined compressive strength
(af ) is 190 MPa (i.e., the conventional value from laboratory testing). We defined the
excavation (i.e., mechanical) strength as the onset of stable crack formation (aci ), and the
thermal-mechanical strength as the onset of unstable crack growth (ousc). That is, we defined
the mechanical design limit as

aci
and the thermal-mechanical design limit as
a,<ad< a
usc

where a e
a,

= tangential stress at the disposal room perimeter, and
= tensile strength of the rock mass.

The tensile strength of the rock mass is assumed to be zero.
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The in-situ stresses used in the analyses, given as a function of depth, are:
G3 = <rv = 0.0265Z
a2 = 0.00883Z + 44.3
a, = 0.00883Z + 51.3
where Z
a3
av
a2
a,

=
=
=
=
=

depth (m), from 500 to 1000 m in the analyses;
minor principal stress (MPa);
vertical stress (MPa);
intermediate principal stress (MPa); and
major principal stress (MPa).

The above equations are derived from the URL in-situ stress database and projections of
stresses to depth based on core and borehole examinations (i.e., core discing and borehole
breakouts). The stresses, obtained from these equations, are compared with the stress data
from the rest of the Canadian Shield (Herget and Arjang 1991) in Figure 4. The stresses
used in the analyses represent the upper range of conditions found in the Canadian Shield, in
some cases approaching the extreme measured values for the considered depth range. The
extrapolation using the upper range results in potentially unrealistic stress values near surface,
but near surface values are not required for the current analyses.
Thermal Properties
Initial assumptions of the thermal properties of the rock mass and sealing materials, shown in
Table 1, are largely based on past studies (Baumgartner et al. 1993) and on estimates of what
may be expected when the sealing materials are placed in bulk quantities. Only three sealing
materials are used in this preliminary design; silica sand, dry buffer and dense backfill. It is
planned to define additional sealing materials such as a light backfill (see Figure 1) as well as
to modify the moisture contents, saturations, moist densities, thermal conductivities and
specific heats of the sealing materials when detailed analyses begin.

Thermal Design Limits
Two thermal design limits were established for the outer surface of the disposal container and
for the buffer surrounding the container. If the buffer is expected to dry, then the design limit
is 100°C. If moisture is expected to be in contact with the container, then the design limit is
90°C. The geothermal gradient is assumed to be 0.012 °C/m-depth, and the average ground
surface temperature is 5 °C. Thus, at a depth of 1000 m the ambient temperature is 17 °C.
2.1.2 Disposal Room and Container Spacing Considerations
Past AECL practise in vault design used a vault-level extraction ratio (ER) of 0.25 to 0.30.
This ER is maintained in this study and is defined as follows:
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ER = W/(W+P)
where ER = extraction ratio;
W = width of the disposal rooms (m); and
P = width of the pillars between disposal rooms (m).
The minimum thickness of buffer around the disposal containers is 0.5 m. On this basis, the
buffer thickness between containers is also about 0.5 m. The sand annulus around the
container remains at a nominal thickness of 50 mm. Thus, the minimum centre-to-centre
distance between containers across the width of the disposal room is about 1.4 m if more than
one container is spaced across the room.
2.2 DESIGN APPROACH
Early in the study, an elliptical disposal room shape was selected for vertical emplacement of
the disposal containers within the room. It was found that to meet the equipment size and the
structural stability requirements, the minimum room height would have to be about 8 m,
resulting in a room width exceeding 18 m at a depth of 1000 m. This room size required
significant volumes of rock to be excavated and of backfill to be placed. The thermal
analyses showed poor heat transfer due to the presence of large volumes of backfill
materials which have a lower thermal conductivity than rock. The study was refocused on
reducing the size of the rooms. This led to the selection of a horizontal emplacement method
for the containers as shown in Figure 1.
2.2.1 Disposal Room Shape
We examined both oval- and elliptical-shaped disposal rooms. With the major axes of the
rooms oriented horizontally to accommodate the high horizontal in situ stresses, these two
geometries result in better stress distributions (i.e, compared to other shapes) around the room
perimeters. An oval shape is usually preferred as it provides more usable space at the outer
edges of the room. Scoping analyses, using the Greenspan (1944) method, showed significant
stress concentrations at the outer quadrants ('corners') of the ovals when compared to ellipses
(Figure 5). For an elliptical shape, the stress concentrations are lowest if the room width-toheight (W/H) ratio, or room aspect ratio, is matched to the major-to-minor principal stress
ratio (ajGi). At a depth of 1000 m, an aspect ratio of 2.27 (i.e., o^cs^ = 60.1/26.5) represents
the 'ideal' room shape under the given stress conditions, to minimize the stress concentrations
acting on the room perimeter.
The maximum tangential stresses at the disposal room perimeter were calculated for ellipticalshaped rooms of different aspect ratios for a wide range of vault depths. The aspect ratios
were specifically selected to correspond to the stress ratios for the depth in question. The
results of calculations are shown in Figure 6. For example, for structural stability, the rooms
need to be 2.3 times wider than their heights at a depth of 1000 m. Similarly, the room
aspect ratio increases to 4.2 at a depth of 500 m. These values correspond to the case where
there is no thermal stress (i.e., prior to waste emplacement). If we consider the addition of
the thermally-induced stresses, as discussed later, then the corresponding aspect ratios become
2.5 and 4.7, respectively (i.e., upper line in Figure 6).
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Since a specific depth for the vault has not been established, it was necessary that the room
shape be suitable for a range of possible depths from 500 to 1000 m. This would enhance
the robustness of the design and would also minimize future work. It was established that,
for ellipses, the critical stress points were in the centre of the floor, roof and walls (i.e., at the
perimeter intersections with the major and minor axes). For each disposal room aspect ratio,
tangential stresses were calculated for different depths and compared to the mechanical design
limits (i.e., o, < a 0 < aci ). Figure 7 illustrates an example of a room with an aspect ratio of
2. In this case, during excavation, the tangential stress in the room wall is tensile at depths
less than about 400 m, and it increases to about 75 MPa at 1000 m. The roof of the room is
under compression and exceeds the 100 MPa design limit for depths less than about 300 m.
Under excavation conditions, this room should be stable for the desired depth range of 500 to
1000 m. However, when thermally-induced stresses are added, as discussed later, the
tangential stress in the roof (and, by symmetry, the floor) exceeds the 150 MPa thermalmechanical design limit (i.e., o 0 < GUSC) for depths above 900 m, making it unacceptable for
the desired depth range.
Analyses were performed for room aspect ratios ranging from 1.5 to 3. The depth at which a
particular strength (i.e., compressive or tensile) was exceeded for a specific aspect ratio was
plotted and summarised in Figure 8. This figure outlines a design envelope in terms of depth,
room aspect ratio and stability. The upper line(s) represents the strength/stress ratio = 1 for
the wall. Below this line, the wall is stable under compressive loading. The near-vertical
line(s) represent the strength/stress ratio = 1 for the roof (and floor). To the right of this line,
the roof is stable under compressive loading. The lower line(s) represents the tensile strength
of the wall. Above this line, the wall is stable. Thus, we have bounded a range of stable
elliptical shapes for a disposal room. Under excavation conditions, a disposal room with an
aspect ratio from about 1.9 to 2.5 is suitable for our desired depth range.
2.2.2

Thermal Analyses

Thermal calculations were performed using the HOTROK thermal analyses code (Mathers
1984). This code provides an analytical solution for a large number of heat sources in a
semi-infinite half-space assuming constant thermal properties (i.e., conductivity and
diffusivity). The code has been subsequently modified to provide a temperature estimate
when additional materials with different thermal properties are used around a heat source
(e.g., sand and buffer around a disposal container). This modification applies a steady-state
conductive heat transfer solution for the annulus of materials around the disposal container.
This is achieved by first calculating the transient heat transfer to the proposed sealing
material/rock interface, assuming uniform materials properties, followed by back calculating
the temperature at the container using the steady-state approximation, and the sealing material
properties. Given any distribution of the containers within a room and the distribution of
disposal rooms, the arrangement and thickness of sealing materials around the containers, and
the rock and sealing material thermal properties, the program calculates the temperature
increase in the rock and at the outer surface of the container. The accuracy of the thermal
analyses are dependent on the complexity of the sealing material geometries and their
thicknesses.
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The heat source geometries provided in HOTROK are cylinders (e.g., disposal containers),
lines (e.g., representing cylinders not in close proximity to the immediate containers of
interest), points (e.g., also representing cylinders further afield), and rectangular
parallelepipeds (e.g., representing disposal rooms filled with disposal containers or groups of
disposal rooms farther away from the point of interest). In this study, a horizontal in-room
emplacement arrangement evolved where two containers were emplaced across the room with
a container centre-to-centre spacing of 1.4 m. The room spacing and the container separation
along the length of the room were iteratively modified until suitable disposal room and
disposal vault arrangements met the thermal design limits.
The geometry of the disposal room as shown in Figure 1 cannot be precisely replicated in
HOTROK. Figure 9 shows the simplified room cross-section as used in the analyses.
Similarly, HOTROK does not replicate all the nonheating zones of the disposal vault
(e.g., zones containing access tunnels, disposal room entrance bulkheads and space between
ends of rooms). Rather, the disposal rooms are modelled as through-going structures to the
vault perimeter. About 35% of the waste emplacement area is required for these zones. This
does not discount the usefulness of HOTROK. Since the peak temperature is reached in less
than 10 years, the temperature peak is strongly dependent on the nearest neighbour heat
sources within a radius of 100 m, after which the temperature decays regardless of the
thermal contribution from the far-field heat sources.
2.2.3 Thermally-Induced Stresses
The thermal analyses indicated that the average temperature rise in the rock at the vault
horizon was about 40°C. The thermally-induced stress at the vault elevation was calculated
using a solution for a uniformly heated horizontal plate under plane stress conditions
assuming no lateral strain (Timoshenko and Goodier 1970) as follows:
Ac = ocEAt/(l-u)
where Aa
a
E
At

=
=
=
=

change in horizontal stress (MPa);
coefficient of thermal expansion (K'1);
modulus of elasticity (MPa); and
change in temperature (K).

We assumed that the rock mass overlying a disposal vault could be represented as a thick
plate because the thickness, 500 to 1000 m, is less than the major dimensions of the disposal
vault (e.g., 2.75 km by 2.75 km - Section 2.2.5 ) and the additional horizontal heat-affected
area, and because the rock mass is confined laterally. However, the temperature is not
uniform in the vertical dimension but follows a gradient. Therefore, this simple solution
should over estimate the horizontally-generated stresses. This was checked by reviewing the
far-field temperature and stress analyses produced by Golder Associates (1993) for the infloor borehole emplacement study (AECL CANDU et al. 1992). This review showed the
solution did over estimate the horizontal stress increase for the conditions set in that study.
Also, a small increase (<5MPa) in vertical stress was noted at the disposal vault horizon
(Golder 1993) that decreased to 0 at surface. This thermally-induced stress gradiant was
approximated by calculating a Ko condition (i.e K o = u/(l-i))) for the increase in vertical
stress.
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2.2.4

Thermal-Mechanical Analyses

By using the principle of superposition for linear elasticity, the thermal stresses (Section
2.2.3) were added to the ambient in situ stresses (Section 2.1.1) and the analysis of disposal
room stable aspect ratio was rerun for the increased in situ stresses. The results are shown as
the 'thermal' values in Figures 5, 6, 7 and 8. Instead of crack initiation strength (aci = 100
MPa), the strength corresponding to onset of unstable crack growth (ousc = 150 MPa) was
used to evaluate the stability of the room (Figure 3). The requirement for not allowing
tension to exist around the opening was also maintained. Under the thermal-mechanical
conditions, a disposal room with an aspect ratio from about 2.2 to 2.5 is suitable for the
desired depth range of 500 to 1000 m (Figure 8).
2.2.5

Room and Borehole Layout in the Disposal Vault

Economic considerations make it desirable that the amount of excavation and backfilling
should be minimized for a fixed quantity of the used fuel. Simply put, the maximum amount
of waste should be disposed of within the smallest area while meeting all the design
waste disposal than large ones. Figure 10 summarizes the calculations performed to explore
these concerns. The thermal design limit (i.e., 100°C for dry buffer) is satisfied for all the
arrangements of disposal-container and disposal room spacings indicated on this figure. The
approximate area of the disposal vault to contain 10.1 million used-fuel bundles is shown as
the vault area axes. This includes the 35% of the area for nonheating zones (Section 2.2.2).
The extraction ratio (ER) is also shown on Figure 10. By inspection of this figure, a
disposal room and vault arrangement is suggested where the containers are spaced on 3.8 m
centres along the length of the rooms and the rooms are spaced about 22 m apart, on centres.

SUMMARY

The excavation design process described here integrates some of the many parameters and
design limits into a coherent design package. This integration has considered aspects of vault
heating, disposal room structural stability and vault area/excavation volume economy. The
prelimininary design process concludes with a disposal room geometry, a container
emplacement configuration within the disposal room and a disposal room spacing for a
disposal vault. This process has led to a point where the detailed thermal-mechanical vault
analyses can begin to deal with the complex in-room emplacement geometries. Since the
room cross-section, the container spacing across the width of the room, and the room spacings
are essentially fixed, the only parameter that can be adjusted in the detailed analyses is the
container spacing along the length of the room. The detailed studies will use the parameters
and boundary conditions identified by the excavation design process described here.
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SESSION 5:

DISCUSSION OF REPOSITORY DESIGN PROCESS PRESENTATIONS

Goran Backblom, SKB
What would AECL like to achieve with this new in-room emplacement design, that has not
been achieved with the previous in-floor borehole emplacement design?
Peter Baumgartner, AECL
With the alternate postclosure assessment, AECL intends to put forward another disposal
system that is possibly more robust than the reference disposal system that we have included
in our Environmental Impact Statement. It will illustrate that we have alternative approaches
to the design of the disposal facility and that we also have the ability to model the
performance of a copper container, because one of the differences with the in-room
emplacement design is the use of the copper container. As well, we will show that we can
design for the high-stress conditions that may be present in the Canadian Shield based on our
experience at the URL.
Gary Simmons, AECL
I'd like to expand on what Mr. Baumgartner has said. We are presenting a design with a
longer-lived container than the titanium container and that accommodates the extreme stress
range rather than the average stress condition that is found in the Canadian Shield. We have
now a better understanding of rock strength at the in situ scale through the work of Derek
Martin and his associates at the URL. As part of putting forward our disposal concept for
public review, we are asked to deal with alternatives. In the alternative case study we are
dealing with not only an alternative design (in-room emplacement) but also with an alternative
performance assessment. The repository will be assessed at a location within the 700 800 km2 of the Whiteshell Research Area, where we have done a study of the regional
geological groundwater environment, that is picked using a more methodological approach
than just saying we have the best field information at this location so we will put it there. So
all aspects of the alternate postclosure assessment are intended to be alternatives to the
reference case study that is being put forward in AECL's Environmental Impact Statement on
the Disposal Concept.
Mitch Brodsky, USDOE
I have a question for Mr. Kuzyk. How much state-of-the-art information is anticipated to be
utilized within your design process?
Greg Kuzyk, AECL
Our designs are based on state-of-the-art technologies. As far as remote control operation of
equipment goes, I know that the mining industry is developing techniques for moving trucks
remotely without operators underground. There are computer-controlled scoop trams and I
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in technologies. As far as emplacement of the light backfill, around the top of the opening,
that procedure has already been demonstrated in the Buffer Mass Test in the International
Stripa Project where a pneumatic loading technique was used to blow in the backfill.
Basically, we are proposing to use a similar technique. Perhaps we will have the opportunity
to demonstrate this method in future studies but I think the demonstrations in the Buffer Mass
Test were sufficient.
Peter Baumgartner, AECL
What we wanted to achieve also was in effect a contact-handling system for most of the
container placement activities, but not for placing the container itself. During all activities
there would be personnel present in the disposal room. The principal that we are working
with is to deal with unforeseen conditions such as improper alignment and difficulty with
breaks in the preformed blocks, by having operators in the disposal room correct the situation
without unacceptable or unnecessary risk. That is what is driving our choices of the contact
and remote-handling systems. For example, the reason we have the concrete floor is largely to
provide a solid and uniform base for placing blocks of compact backfill and buffer, as well as
provide a base for rails. If we thought that the high-performance concrete could be used as
buffer and backfill within a disposal room, we would probably consider using it. However, at
this point in time, in the postclosure assessment, we do not have models that incorporate the
effects of large masses of concrete at depth. Therefore, we limited the use of concrete to the
floor and certain disposal room, tunnel and shaft seals.
As our research is brought into focus, perhaps in a few years time, we may have the data
necessary to include large volumes of concrete in the design being assessed using the
performance assessment code, and we will have a better understanding of disposal system
performance in the presence of high-performance concrete. At that time we may develop a
repository design that includes extensive use of concrete. This is a very complex disposal
system as we will describe later on limited to very high stress situations for a disposal vault.
That is what is driving the elliptical shape in the high-stress situation. Everything focussed on
high maintainability, certainly during the operation stage, to achieve practical and safe in-room
emplacement.
Unidentified, ANDRA
When you talk about stability in the bulk rock, are you talking about crack propagation or a
failure that causes spalling around the opening?
Peter Baumgartner, AECL
Our main interest is the local yielding condition at the excavation perimeter, and we try to
avoid that condition. This is achievable in a high-strength rock such as the granite. We
expect that openings can be designed so that under a very high stress condition there will not
be local yielding that has the potential for increasing connected permeability over long
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breakout conditions that have been studied in the Mine-by Experiment at the Underground
Research Laboratory.
Bernard Félix, ANDRA
I am directing this question to Mr. Kuzyk. In your presentation you have said that you are
interested in in situ compaction techniques for backfills, and in Canada there are mining
companies experienced with such compaction techniques except for cost of materials and the
use of clay. Is this correct?
Greg Kuzyk, AECL
I don't think there are mining companies that are compacting clay in the way that we propose.
I know there have been some recent developments in the Canadian mining industry regarding
the placement of backfill materials. An example is the placement of backfill materials which
are liquified very fine particles, called "paste backfill", but these backfills are still very coarse
compared to the bentonite and other clays we are proposing.
Bernard Felix, ANDRA
I am very much interested in Mr. Kuzyk's comment because in France we have questioned the
mining industry too, and they have limited experience with the requirements that we are
proposing. We have also questioned the people who are working on the compaction programs
for road construction. That industry has begun a two-year program to investigate the
feasibility of a machine, which would be able to compact swelling clay in underground
openings. This technique will be the basis for developing other techniques. The clay will be
the rough clay that ANDRA has proposed and if the technique succeeds, it will be compacted
in situ. We are very much interested in in situ techniques because we think that the total
filling of the underground openings will be better and the swelling pressure on the ceiling will
be higher.
Malcolm Gray, AECL
I would like to point out that the buffer material proposed by AECL, is a material that was
designed specifically for the in situ compaction. The material has passed the standard
compaction tests which are used in highway construction industries to quality control such
work. The specification is similar to that used on all highways, 95% of maximum compaction
of the base. So in that respect we think the specification for buffer or backfill material is
realistic for in situ compaction. Indeed those processes have not been actively undertaken or
employed in underground work. The demonstration of the application of course requires a
full-scale demonstration. However, we have an experiment called the Buffer/Container
Experiment at the Underground Research Laboratory where we have developed a method
specification for in situ compaction of buffer and backfill with hand-held tools that allow us to
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compacted in situ, although we recognize that that process requires demonstration before we
could advance forward to the implementation of the construction of a repository.
Christer Svemar, SKB
I would like AECL to elaborate on what role long-term performance would play in evaluating
those alternative repository designs. What role does the new elliptical shape alternative play in
your program?
Greg Kuzyk, AECL
We plan to carry out a safety assessment on the in-room emplacement repository design. The
hurdles that we are overcoming with this design relate to the in situ stresses and the in situ
environment. The fact that we are using a copper container makes it easier to do a geological
assessment because the copper container will last a long time, perhaps up to a million years.
It is very difficult to find a way that the container will fail. It is not really much of a
challenge on our system because really the only way we perceive that canister might fail is
that through a manufacturing defect, such as a pinhole. The chance of a failure is very small.
So an assessment on this basis is not much of a problem. The challenge facing us is to
provide stable designs for vault excavations in a high in situ stress environment.
Gary Simmons, AECL
Further to Mr. Kuzyk's comment, we are doing a complete disposal system postclosure safety
assessment. We are not doing a preclosure, or operational, safety assessment on the new
repository design at this time. So in the end from a long-term performance perspective the inroom emplacement repository design will have gone through exactly the same analysis as our
in-floor borehole emplacement concept. The difference between the two case studies is that in
the in-room emplacement repository case, the engineered barriers will likely do more of the
waste isolation, and that the major source of the radionuclides may be the 1 in 5000 disposal
containers that might have a small manufacturing defect that is not detected. The other
difference between the two case studies, that may be worth noting, is that we are generally
looking at the same repository emplacement area, not the same capacity. So it is likely that
the in-room emplacement repository design will have in the order of 60% of the waste
inventory of the in-floor borehole emplacement design, although it has not worked out yet
because we have not picked the exact room to room spacing and completed the layout
arrangement.
Christer Svemar, SKB
I have one more question on rock creep for AECL. Are you going to consider rock creep in
the selection of repository materials?

- 121 Derek Martin, AECL
It comes back really to your first question on long-term performance. The reason that we have
chosen what I call crack initiation stress in the failure envelope for the rock comes back to the
issue of creep. Because it is at the crack initiation stress level that rock cracking first occurs
and rock creep begins. This creep could play a role in the sealing process. All cracking starts
as soon as the stress level gets above the crack initiation stress and the crack initiation stress
limit that we are using in the in-room emplacement repository design has come about because
of the work that we have been doing in the Mine-by Experiment and our first experience in
drilling a 1.25-m-diameter borehole on the 420 Level of the Underground Research
Laboratory. We are not saying that long-term performance is governed only by the crack
initiation stress, but long-term rock stability definitely start there.
Joseph Lau, AECL
There is an ongoing testing program at the Canada Centre for Mineral and Energy Technology
(CANMET) for AECL. They are doing a number of creep tests at the stress level equal to the
stress at which unstable crack growth begins and at stress levels below that and above that.
So far the test results show that for those tests at the stress level of unstable crack growth,
failure doesn't occur even after 40 days. At stress levels below the stress level of unstable
crack growth there is no failure. At stress levels above the stress level of unstable crack
growth, failure occurred in one test at about 3 hours and in another test in about 15 hours. It
is an ongoing program and we will be report the results later this year.
Alan Berusch, USDOE
I have heard you talk about borehole emplacement versus in-room emplacement. I have heard
you talk about titanium containers for borehole emplacement. I have also heard you talking
about copper containers. I am just wondering why there is no analytical results available for
copper containers.
Peter Baumgartner, AECL
We have only recently developed the safety assessment failure model for copper container
material in a Canadian shield geological environment. With this model, we will be able to
assess the long-term performance of a disposal system that includes copper containers.
Alan Berusch, USDOE
Sometimes you end up getting a mixture of apples and oranges when you look at the
performance of one disposal system versus another. We did our program when we were trying
to compare in-room emplacement versus borehole emplacement. In the boreholes
emplacement alternative, we used a different canister material than we did for the in-room. It
makes it hard to compare the performance side of the two designs. I am wondering why
AECL is not looking at copper for borehole emplacement and for in-room emplacement so that
they can make a more equal comparison of the two emplacement concepts.
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Keith Nuttall, AECL
What we hope to do with our program is to get the general concept of underground disposal
accepted through a review of our approach and our technology by an environmental review
panel in Canada. In order to do that, we have had to develop specific reference designs in
order to carry out performance assessment and show engineering feasibility. So historically
the reason we used titanium in our first case study is because, it came out of the pipe first in
some respects, and there are logical reasons as to why that was. One of the concerns that has
been expressed by some of the review groups who are reviewing our program as we complete
and issue our program documentation is the criticism that this specific reference design
(in-floor borehole emplacement) that we have is fine as an illustration, but it doesn't tell the
reviewers very much about the breadth of the disposal concept (robustness is a word that is
being used). The in-floor borehole emplacement repository has demonstrated one type of
geology and one type of hydrogeological flow system, but what happens now if AECL goes to
another site to find an actual disposal site? How robust is the general disposal concept in
terms of engineered barriers under a different circumstance? We are addressing this question
with a clearly focussed alternative design that uses a completely different approach.
Alan Berusch, USDOE
We are trying to get away from alternatives. The quality assurance requirements make it
difficult to move away from the so-called reference of borehole emplacement to a more
suitable design. I appreciate what you are saying, all I am suggesting is that you have your
reference and now are trying to prove an argument that says your alternative design is better.
Using the same container materials would give you (AECL) a sounder basis for saying inroom is better that in-borehole. You can't say that with your current approach because you are
using copper containers in one alternative and of titanium containers in the other.
Keith Nuttall, AECL
I understand what you are saying. However, we are not at the optimization phase in our
program. We wouldn't claim by any means that the reference in-floor borehole emplacement
design or the in-room emplacement design is an optimize state. AECL's objective really isn't
to conclude that one design is better than another. The objective is to demonstrate that using
quite different approaches we can design a system that is also safe. Therefore, that
demonstrates flexibility in the concept of disposal in plutonic rock and reemphasizes that the
concept will be acceptable. Further down the road, if the Government of Canada gives
approval to go ahead with disposal, I think then that the real work of optimizing some of these
designs begins, and that optimization will be focussed on one or more specific sites.
Gary Simmons, AECL
There is another element to this, the group within AECL that is doing this assessment totals
perhaps 100 or 125 people, and operates on limited resources. We are doing another
distinctive repository design because with our in-floor borehole emplacement in average
Canadian Shield stress conditions and with typical rock strengths there are some thermal-
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mechanical difficulties at certain depths. This design seems appropriate for depths of about
500 m in "average" Canadian shield stresses for the temperature constraints and fuel cooling
that we have assumed. It is unlikely to be appropriate under these conditions at 750 or 1000
m. We had to change our basic repository design to show a more robust system, which lends
itself to a higher stress environment. Therefore if we were going to do a comparison of
designs it would be very likely be a comparison of different container materials, for example,
in the in-room concept design, not a comparison of borehole emplacement to in-room
emplacement. We have specific reasons for moving away from the borehole emplacement
concept. With our resources we are not going to be able to do several studies in parallel. We
will do the in-room emplacement repository using, copper containers now, and then we will
decide what case to analyze next. It may be that there is a different question that we wish to
study rather than a comparison of copper and titanium containers. We may want to look at
concrete as buffer and backfill material instead of clay-based buffer and backfill materials. So
we are, I think, following a slightly different path than the U.S. program is right now.
Goran Biickblom, SKB
I have a minor technical comment. I saw in the in-room emplacement design, a concrete
floor, and of course that would create a complicated analysis of the interface between the
concrete and the rock. The concrete comes with the method of excavation. I think that in the
future you will be able to use mechanical excavation methods that are not demonstrated today.
Mechanical excavation equipment will likely be developing that would produce the elliptical
cross section that you have specified. I think that the construction industry will create
machines that can excavate almost any shape mechanically.
Gary Simmons, AECL
You have just mentioned an issue that we want to address when we have the time to do it.
That is to look at what the potential implications of mechanical excavation methods for our
particular repository concepts would be. One of them may be that if we can get a nice smooth
excavation surface, then we may not need to put in a concrete working surface. We consider
that having the concrete working surface in our repository design is the first step towards
looking at alternative materials in disposal rooms. This is the first time that people doing our
repository performance models have accepted that there can be any concrete closer to the
waste than the concrete bulkhead at the entrance of the disposal room. We are making
progress on the use of alternative materials. Our performance assessment staff are also
expanding the materials that they can consider or are learning more about the materials that
they are already considering, and are realizing that in some cases these alternative materials
may not be a problem.
Steven Saterlie, TRW
I would like to ask a questions of the people that have been looking at emplacement in granite
and the containment transport in water issue. I know there has been mention of the
significance of fractures of certain size, however there is likely to be water moving through
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smaller fractures. Have there been some criteria established relating to acceptable water
amounts, velocities, or flux?
Constantin Onofrei, AECL
According to what I know, very little work has been done regarding the groundwater flux from
the rock into the repository. The first attempt was made by R. Pusch (of Sweden) in
characterizing the Buffer Mass Test in the International Stripa project. He calculated in
several different ways the moisture content and the saturation period for the clay-based buffer
and backfill. His conclusion was, briefly, that recirculation can be achieved in more than 450
years, in the Stripa conditions of fracturing and flux of moisture. A second calculation has
been done by ?? Andrew for Sauscinallw ??, and he calculated the time duration for saturation
when a tunnel is backfilled. Looking at the details of the models used, his conclusion was the
saturation of the tunnel would take place betv/een 100 years and 1000 years. Now all those
calculations do not simulate an existing experiment but assume boundary conditions, the initial
condition of material, initial condition of flow rate and phase of the material, etc. to determine
how much gas and how is the pollution. These are only a few examples of flux calculations
in the rock. Tomorrow we will have a paper talking about this in a repository.
Gary Simmons, AECL
Another way of answering the question is that we don't have any criteria. For each design and
each site we are likely to have to develop some criteria as to how much seepage from the
excavation surfaces near the containers would make it inappropriate to put a container in that
location. We might also have criteria that identify when to grout the seepage to reduce the
inflow rate. Although there may be derived criteria created for individual repositories and for
individual emplacement methods at specific sites, there are no general criteria that say if you
have more than five litres of liquid coming out of a fracture of a certain aperture, you can't do
an operation. The only major criteria that exists for our program is the risk to the mostexposed individuals in the critical group calculated quantitatively for the first 10 000 years.
Joseph Lau, AECL
In the site investigation, many boreholes have to be drilled. Each of these boreholes will
become a potential pathway for the release of radionuclides. I am wondering whether there is
any indication of the number of boreholes that can be drilled in a site from the various
repository design processes.
Steve Saterlie, TRW
We have in place in the U.S. program certain criteria relating to the refilling of those
boreholes and we intend to grout them and to seal them in certain ways. How effective that
will be I don't know, but there are plans in place to do it.
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In our repository safety assessments, not in our designs, it is assumed that those boreholes are
plugged so that they are not a preferential pathway. At the moment we do not have an active
program developing borehole seals, although some material work is going on that may be
useful. We are assuming that a satisfactory seal exists and will be applied when necessary.
Constantin Onofrei, AECL
I know exactly what the question is relating to because if we do have circulation in the buffer
and backfill material, the mechanical gradient will be the highest, therefore we will have the
transfer of heat from the container toward the emplacement borehole wall. In our safety
assessments, the value of each parameter may include the worst condition that the parameter is
going to have. Therefore you may have the highest rate of transport of radionuclides.
Concern exists about fracturing as noted in the current question creating enhanced mass
transport in an otherwise massive rock we are looking at this issue to determine what
conditions are required to achieve recirculation in the rock.
Malcolm Gray, AECL
The ultimate test of a repository function is a performance assessment which considers the
entire disposal system. In regard to the question of borehole seals, that question really rests in
the realm of the geosphere or the far-field. One assumption of Canadian performance
assessment is that you can reseal any boreholes that are made to the same level of hydraulic
conductivity as the rock mass. That assumption is based on the findings of laboratory tests in
regard to the properties of borehole sealing materials. Assessment and testing is being done in
several laboratories around the world, including AECL Research. The results show that
generally there are methods available to fill the boreholes with low-permeability materials.
The longevity of the materials is of course in question and needs to be resolved. So in terms
of how many boreholes you can put in the rock when you can seal them is a different issue.
If you can't seal them it is a relevant issue. The study of sealing materials and repository-scale
applications is one of our objectives on the question of criteria, we are setting the total system
performance criteria but are not setting criteria for individual components of the system.
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6.1

FACTORS AFFECTING REPOSITORY DESIGN AND LAYOUT IMPOSED BY
SHORT-TERM REQUIREMENTS

RETRIEVABILITY. HOW WILL ANDRA HANDLE THIS NEW REQUIREMENT?

R. Miguez and A. Cournut, ANDRA
(Mr. Miguez and Mr. Cournut did not submit a paper for publication)
6.2

IMPACT OF RETRIEVABILITY ON REPOSITORY DESIGN . ,, -
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John J. Heijdra, John v.d. Gaag and Jan Prij, Netherlands Energy Research Foundation ECN

1.

INTRODUCTION

Retrievability of radioactive waste from a repository in geological formations has received
increasing attention during recent years. It is obvious that this retrievability will have
consequences in terms of mining engineering, safety and cost. The purpose of the present
study is to evaluate cost consequences by comparing two extreme options for retrievable
storage. One option is a storage site where the waste is placed in suitable overpacks in tunnels
with only these disposal tunnels backfilled in order to have a minimal safeguard and to
guaranty the flow of the decay heat into the surrounding rock. The other option is a disposal
site where all tunnels, galleries and access shafts will be backfilled and sealed after the waste
has been placed in overpacks in disposal drifts. In this case remining from the surface will
be required once the retrieval has become necessary. In order to asses the cost of an
underground disposal facility it is necessary that a detailed planning of this facility is
available. This planning can only be made once a general lay-out of the underground structure
has been chosen. The selection of this lay-out in its turn is dependent on the methods of
mining for the different host rock types and on the method of storage and retrieval of the
waste. The geological formations which are found to be suitable for the disposal of high level
waste within the member states of the European Union are clay, granite and rock salt. The
above mentioned cost assessment has therefore to be executed for each host rock type and for
a scenario where all fuel will be reprocessed as well as a scenario where all fuel will be
directly stored. The actual status of the project is presented in [1]. In this paper the impact
of the retrievability on the design of the repository will be handled.

2.

PRINCIPLES AND ASSUMPTIONS

In this chapter the assumptions used as a starting-point for this study are stated. General
assumptions used for the study are that only proven technology will be used and the use and
application of Western European conditions. Further only the assumptions and principles
which are common to all three host rock types will be stated here. Host rock specific items
will be dealt with in each specific chapter. The cost of a repository will depend upon the
amount of waste which has to be stored annually. In order to have a scenario for the waste
produced which can be compared with other publications, a standard nuclear power plant park
has been used. The amount of waste is based on 20 GWe installed nuclear power (in standard
LWR NPP's) operating for a period of 30 years. This hypothetical nuclear power park can
be considered as an average for the EU member states.
Since the amount of medium active waste originating from the operation of the nuclear park
and the way in which this waste will be available is uncertain, only the high active waste will
be taken into account. For the case where all waste will be reprocessed the annual quantity
of vitrified waste containers is taken from [2]. The amount of waste for the case where all
spent fuel is stored directly the number of fuel elements is taken from [3].
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2.1

Waste

To enable retrievability over a sufficiently long period and with sufficient safety, the waste
must be stored in such a way that at the moment of retrieval no radioactive contamination of
the surrounding rock has taken place. This means that the waste must be protected against the
rock pressure and that, at the moment of retrieval the level of the radiation at the outside of
the protective package must be such that labour in the immediate vicinity of the package is
possible. A thick walled cylindrical container, similar to the German Pollux container [4] has
been assumed to satisfy both requirements and has been used as overpack in this study. The
Pollux container has originally been designed for the storage of spent fuel, however also a
design adapted to accommodate vitrified reprocessing waste containers has been developed.
For the different disposal options the amount of waste and the time from discharge from the
reactor to disposal are as follows:
Reprocessing
As stated in [2] the 20 GWe installed power leads to 450 glass canisters annually. Due to
thermal and radiation requirements 6 glass canisters can be sealed in one container [4] and
hence the annual number of containers to be stored is 75. With regard to the time schedule
it is assumed that the waste is reprocessed 3 years after discharge from the reactor and that
vitrification takes place one year after reprocessing. Furthermore it is assumed that the
vitrified waste will be cooled in interim storage for a period of 30 years.
Direct disposal
In case of direct disposal of the spent fuel, the 20 GWe installed power leads to an annual
number of 163 containers [3]. This number is based on storage of the rods and compressed
structural material of eight fuel elements in one container. The time plan for this storage
option is based on 6 years storage at the reactor followed by a further 4 years storage prior
to preconditioning. After this preconditioning the elements are stored for another 23 years
prior to final conditioning and transport to the repository.

2.2

Geological and hydrological model

For each of the three host rocks considered, a short description of the formation as well as
the geological and hydrological model will be given. No specific site has been selected for
this study and hence minimum requirements are given in this part. The models will be realistic models of formations which can be found in one or more of the EU member states [5].
Salt
A salt dome type formation has been selected as a mining model. The following geometric
data have been assumed:
length
8 km
width
3 km
depth salt-dome top 300 m
depth salt basis
2.5 km

Assumed is an adequate volume of good quality salt suitable for waste disposal. The water
in the salt may either be "free", in the form of brine inclusions or "bound", in the form of
crystal water mainly found in magnesium minerals. The total water amount is about 0.02 %

-1 2 8 -

by weight. The rock salt has a porosity below 1%, although values ar. high as 10% occur near
the edge of the deposit. The pore space is generally not connected, but is in the form of
independent brine bearing cavities less than about 2 mm in diameter. The hydraulic
conductivity is unmeasurable low, and hence salt may be considered as impermeable.
Clay
The deposit selected is a single thick clay layer of tertiary age with the following geometric
dimensions.
Area
Top clay layer
Bottom clay layer

250 km2
250 m
400 m

Sedimentary formations, both on top and underlaying the clay are water bearing. The porosity
of the clay is 35%, while the water content is 20 % by weight. There is a downward hydraulic
gradient of 1-2 % across the clay layer, so downward seepage through the clay must be
considered. Permeability of clay is less than 0.1 Darcy. Therefoire significant water movement
can not be expected. Flow rates through the clay formation have been shown even lower than
those defined by Darcy's equation.
Granite
The granite formation selected has the following dimension:
Length
Width
Top granite
Bottom granite

20 km

5 km
surface
below 1500 m

As aquifer a 50 m deep zone is considered. This zone consists of a weathered zone of high
porosity (2%), but low transmissivity, and a thin layer of fractured granite which has relatively high transmissivity. At greater depths the permeability strongly decreases. At a depth of
500-1000 m the permeability is in the order of 1 Darcy and tHe porosity is 0.06%.

2.3

Technological and mining assumptions

Shafts
Access to underground workings is by means of two shafts. The shafts will be used for
personnel, transport of equipment, mined material, backfill material, waste containers and
ventilation. For safety reasons there has to be a separation between waste transport and
personnel transport during waste emplacement. The next division is made:
Shaft 1

Shaft 2

development phase

equipment/personnel

equipment/personnel
mined material

emplacement phase

equipment/personnel
backfill material

waste containers

- 129-

With this concept shaft 1 is the downcast ventilation shaft while shaft 2 is with upcast. The
main reasons for this way of ventilation are:
•
Heat from the incoming radioactive waste is not influencing the whole mine
ventilatien.
•
When a container is leaking or when an accident happens the contaminated air flow
is not passing through the workings.
In the current disposal concept the heaviest load to be transported will be the waste container
of 60 tonnes on its transport vehicle estimated at 25 tonnes. Therefore the hoist capacity of
shaft 2 will be 85 tonnes. Shaft 1 is designed on a 25 ton capacity. For both shafts a multi
rope Koepe hoist will be used as hoist installation.
Mining equipment
To develop the mine for the individual host rock formations different mining equipment is
required. During emplacement and retrieving of the hot waste containers, the equipment has
to meet special requirements such as:
•
Special lubricants will be needed because of the heat max 90°C.
•
Cooling installations may be needed.
Ground control
Ground control will be of most importance in the clay option. Salt and granite are stable
respectively very stable host rocks. For the repository in clay all underground facilities will
be concrete lined.
Mine water control
Water in a geological formation may come from three main sources, viz.:
•
Groundwater flow.
•
Water bound to the minerals of the rock and interstitial water.
•
Trapped water such as brine pockets.
In a rock salt deposit, water in general is only present in the latter two forms and hence no
special precautions have to be taken. In a clay formation the hydrological balance is very
important, and the liner which is needed for the support of the tunnels has also to be designed
as a watertight barrier. In a repository in granite, the planning and lay out of the mine has to
be such that mine water is accounted for. The mine water will be collected in sumps.
Pumping stations will be required to pump the water up to surface.
Underground climate
Mine ventilation normally provides a working climate of underground fresh air at reasonable
temperature and humidity while contaminated air, excess heat and humidity are removed. In
a normal mining situation heat and contamination of the following sources has to be dealt
with [6]:
adiabatic compression of incoming air
•
rock heat
•
electric machinery and equipment
•
diesel fuel consumed
•
heat from workmen
•
heat from groundwater
•
oxidation and other chemical processes.
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In the case of HAW disposal, ample fresh air and if necessary even cooling power must be
supplied to remove heat from the waste containers during the emplacement, storage and
retrieval phases.
Assumptions:
•
•
•
•

•

3.

Wet bulb temp in human-work areas should be no more than 28 °C. Efficiency drops
above that until no work is done at wet bulb temp of 32 °C.
Air velocity for human working conditions should be kept under 322 metres per min.
Higher velocities become annoying or unworkable.
To gain maximal possible efficiency the emplacement drifts should be smooth bored
tunnels, with simple curvilinear arrangement, to reduce friction and pressure losses.
To handle a radioactive spill of unpredictable type a simple ventilation system and
area separation are necessary. Adequate filters on all exhaust airways are required
even though they will add to the horsepower load.
As a general rule the design should provide clean outside air to the area where people
are working, with suction fans in the exhaust airways.

RETRIEVAL OF THE WASTE

In this chapter the expected problems of retrievability in deep underground mines will be
discussed. Solutions together with some general ideas for these problems are given whereafter
some retrieval methods are stated. These methods will be compared and finally one will be
selected, to apply in this study.

3.1

Expected problems

For a proper selection of a retrieval method the problems which can be met during the
retrieval operation are identified in the following paragraphs.
Heat
For human entry, air temperatures > 32 °C are not allowed for to work in and around 120 °C
equipment begin to require exotic materials and fittings for such items as hoses and tires.
Gas outburst
Due to compaction of the backfill, air can be locked and get highly pressurized, which can
create outbursts while retrieving. Other sources of pressurized gas are corrosion gasses or
steam from heated brine pockets. In salt the brine pockets migrate to the heat source because
the solubility of warm water is higher. Therefore on the side of the heat source salt is
dissolving while on the other side salt precipitates. The brine is moving towards the container.
Creep and rock stability
The retrieving method can influence stability of the storage tunnels. Problems can occur after
retrieving the heat source, when the rapid cooling can lead to instability. Especially the introduction of cool ventilating air during re-entry of the storage tunnels may trigger further roof
collapse due to expansion or contraction of various geological constituents. Heat built up in
rock, moisture from the ventilation system, and other factors can adversely affect ground
support systems, creating loose slabs in roof and walls.
«•i
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Leakage of waste container
Although the waste containers are supposed to stand 300 years storage without a problem, it
should never be neglected that leakage can occur.
Localization of waste container
Once the emplacement drifts will be backfilled, there is no visual contact any more.
Especially in the re-mining option localization of the buried containers is of big importance.
General safety against radiation.
During emplacement and retrieval labour in the vicinity of the container is unavoidable, and
the possibility exists of contamination of the exhaust air stream.

3.2

Solutions and ideas

Possible solutions and methods to overcome the above listed problems are given now:
Heat
•
•
•
•

Freezing method as known in shaft sinking operations.
Cooling by normal ventilation or with the help of underground cooling devices.
Personnel cooling, ice jackets.
Use of special equipment for example high temperature lubricants, special cutting bits
and air-conditioned vehicles.
The use of remote control equipment in retrieving operation.

Gas outburst
Detection by radar and/or small pilot boreholes.
•
The use of remote control equipment in retrieving operation.
Creep and room stability
•
To prevent thermal shock, which can enforce instability, controlled cooling before
retrieval can be realized by underground cooling machines.
•
Mining support methods, rock bolts etc.
•
Use of liners in storage tunnels.
Leakage of waste container
•
Continuously monitoring of the ventilation on several points.
•
Opportunity to stop retrieval operation and to isolate the container.
•
Before actual retrieving an exploration drilling close along the container.
•
Independent retrieval process, not a lot of other containers should be irretrievable
because of one leaking container.
Localization of waste container
•
With the use of radar.
With the use of sonar.
•
Using physical or chemical properties of the backfill which are different from those
of the parent rock.
•
Mechanical methods, as for example a chain connected to the container which can be
followed.
•
Well kept accurate mine plans and surveying.
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Safety

•
•
•

3.3

Use simple and proven mining methods. No high tech or operation with any uncertain
factors should be used while retrieving.
Keep duration of operation both during emplacement and retrieval as short as possible.
Continuous monitoring of temperatures and radiation levels.
In emergency cases there should be safe escape roads to evacuate underground
personnel and a possibility to isolate the area.

Actual retrieving

Based on above mentioned points of attention a number of retrieval methods has been
evaluated here. No distinction has been made between the different host rocks. Only general
retrieving methods will be given and discussed.
Core drilling
The principle of core drilling originates from the exploration field. This method can be
considered as proven technology for smaller sized boreholes.
The method of core drilling has been used mainly for exploration drilling in smaller holes.
An expected problem is the high weight of the core containing the waste container in the final
stage of the drilling operation and the removal of the container from the inside of the drilling
machine. The personnel safety and the heat will be no major problems since the operation can
be done from within closed cabins on the machines.
Ordinary mining
Using a road header the container can be cut free from the backfill on all sides and over a
length depending on the boom length.
With the use of road headers as existing today the container can be made free from the
surrounding backfill. Since the accuracy of the operation is limited the risk of damage to the
container is considerable or manual work has to be executed in the high temperature area.
Double overpack
The waste container can be placed in a separate container capable of resisting the rock
pressure. In case of retrieval the outer container is cut open and the waste container removed.
For safe underground transport the waste must be protected by a radiation shield after being
retrieved from the disposal container. Since re-packing means an additional risk, this method
means that a double shield is required. The outer container must withstand the rock pressure
and the inner container functions as a radiation shield during the underground transport to the
disposal site in case of disposal or back to the surface in case of retrieval or remining. Since
in the other options the function of radiation protection and mechanical integrity are
combined, this container cutting option requires more construction material underground.
Moreover the operation of opening the outer container will be hard to perform from protected
cabins.
Over tunnelling
A new tunnel will be mined above the level of the storage tunnel. At the site above the waste
container a pit is made and the container is cut free from the surrounding backfill from above.
Subsequently the container is hoisted into the new tunnel by a mobile crane and placed on
a transport vehicle.
Mining a new tunnel above the original storage gallery means that no use will be made of the
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favourable properties of the backfilling medium. Especially in granite this means mining in
the hard host rock, and in the clay option the remains of the support structure for the original
tunnel may cause problems. The method can be fairly good executed from closed equipment.
The process of liberating the container from the backfill and attaching it to the hoisting device
means unprotected manual labour in the hot area.
Drilling and pulling
The container is approached using the original storage gallery using an ordinary road header.
Once the head of the container has been made free, a special drilling tool removes the backfill
around the upper part of the container. After that the container is pulled on a transport
vehicle.
For this method a special drilling device has to be developed, however al the components of
this device can be considered as proven technology. The container has to be placed on a small
console and after the removal of the surrounding backfill can be easily hauled on a transport
vehicle. The complete operation can be executed from within a closed cabin.
Based on cost comparison the methods of over tunnelling as well as the double overpack have
been rejected. From the methods using the favourable properties of the backfill the core
drilling method is expected to give the most technical problems and hence for this study the
method of drilling and pulling has been selected.

4.

MINEPLAN FOR A SALT DOME

4.1

General mine lay out

The general lay out of the underground facilities is based on storage of the waste in tunnels.
The actual storage tunnels will be dead ended and will be backfilled as soon as emplacement
is finished. The storage tunnels will be mined from a system of main and cross galleries
which will form a closed circuit for ventilation purpose. The general lay out of the underground facilities in a salt dome is represented in Figure 4.1. Initially the two shafts will be
sunk from where exploration drillings will be made in the planned direction of the main
galleries. When satisfying conditions are met, access to the storage areas by the main galleries
will be created. During development continuous exploration from the face will take place. The
development of the main and cross galleries will be such that closed ventilation circuits will
be created as soon as possible. This means that a cross gallery will be driven as soon as the
two main galleries at both sides of the mine are advanced to the location of this cross gallery.
The main function of shaft 2 is the transport of waste containers, mined material and air
outflow. It is designed on a 85 t capacity, with a 8 rope Koepe installation and counterbalanced. Shaft 2 is also supplied with an independent emergency cage. Since world wide no
experience exists with hoist capacities of this magnitude, the DBE (Deutsche Gesellschaft zum
Bau und Berrieb von Endlagern fur Abfallstoffen) is investigating on a 1:1 model. No major
problems are foreseen for developing such a high capacity installation.

4.2

Storage of waste containers

In this chapter the emplacement of the waste containers will be described including
equipment used and personnel needed. The logistics of emplacement and the required safety
measures will also be explained.
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Figure 4.1 Lay-out of a repository in rock salt.
Emplacement
In order to minimize the shaft transport of mined salt, the storage of waste containers will
start before the complete development of the mine. This procedure makes it possible to use
the salt which is mined during further development of the mine as backfill material for the
disposal tunnels with waste containers.
The containers are hoisted by heavy cranes on a special transporter and are carried on rails
to shaft 2. On this transporter they are brought underground, where they will be hoisted on
a special designed crawler track vehicle. This vehicle is equipped with a hydraulic lifting
installation in order to lower the container on a small socket once the storage location is
reached.
For the purpose of retrievability it is of paramount importance that the exact location of the
container is known. Therefore after emplacement the surveyors will determine the exact
location of the container, before the backfill operation will take place. Before emplacement
of a new container the gallery will be backfilled to 5.5 metres in front of the container. Then
another container is placed against the backfill resulting in a spacing of 5.5 m between the
containers. This procedure continues until the last container is placed 15 m before the cross
gallery. The storage tunnel will be backfilled from the last container to the cross gallery.
The emplacement schedule is planned in oraer to minimize the risk for the personnel in the
mine. In this schedule ventilation and further development of the mine are taken into account.
The first container is placed in the first developed storage field in the storage tunnel closest
to shaft 2. This means that the ventilation air will heat up in the last part of the mine and that
the distance to shaft 2 of this heated air stream will be as short as possible. Further development of the mine will not be influenced by this heated ventilation. Also in the case of
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leakage, risks for people in the mine are minimal as long as they are not in the main gallery
between shaft 2 and the emplaced containers.
Backfill
As shortly mentioned above, the storage tunnels will be completely backfilled after
emplacement of each container. The backfill consists of mined salt. The backfill is transported
by means of a truck from the salt storage rooms to the emplacement galleries. The truck is
equipped with a pneumatic installation capable of injecting the salt into the gallery behind the
truck.

4.3

Kept and maintenance for the storage option

Until this point there has been no difference between storage and the remining option. From
this point the two methods will be separated and described in different paragraphs.
In the storage case the main and cross galleries will not be backfilled. Hence the main and
cross gallery system will stay in operation and will be kept in working order, ventilated and
monitored for reasons of safety.
As in every salt mine, convergence of the galleries will occur. Due to the heat from the waste
containers, the rate of convergence will be relatively high. Recutting of the galleries every
four years is expected and the road headers used for development of the mine are planned for
this operation.
Further work should be minimized to monitoring and safety controls. A minimum of
personnel should be underground after all waste containers are placed and backfilled.

4.4

Closing and sealing for the remining option

In this option the main and cross galleries will be backfilled with salt after the emplacement
of all the waste containers has been finished. This salt will be pneumatically transported
underground from the salt stock at surface. Working back to the infrastructure area the
complete gallery system will be backfilled. All equipment no longer required will be
transported to the surface and discarded. In order to minimize the risk of development of
corrosion gasses all material from underground shall be thoroughly removed. After that the
infrastructure area will be backfilled working backwards to the shaft area. After removal of
the main hoisting facilities the part of the shaft extending into the salt will be filled with
mined salt. At the location of the top of the salt dome a concrete plug will be installed which
will be grouted into the overburden. The upper part of the shaft will be filled with sand or
clay and at the surface level a second concrete plug will be installed.
All surface facilities will be demolished and removed and the surface area will be delivered
clean.

4.5

Remining

In the case of remining the construction of the mine will be very similar to the development
of the original storage mine. The remains of the original mine are assumed to be no longer
usable and hence a complete new mine has to be developed. The remining therefore will be
identical to the development of the original storage mine. The main difference will be the
higher temperature in the field because of the presence of the heat generating waste. For this
study it has been assumed that no special precautions are required for rock temperatures up
to 50 °C. The lay-out of the original mine will be such that at the location of the main and
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cross galleries this temperature will not be exceeded.
For the planning of the part of the mine up to the development of the storage galleries
reference is made to the planning of the original mine. Once the infrastructure en the mainand cross galleries have been redeveloped, the situation in the remintng option is again similar
to the kept and maintenance option.

4.6

Retrieval

The method of retrieval has been described in chapter 3. After liberating the container from
the surrounding rock salt it will be hydraulically pulled on a special crawler track carrier and
transported to shaft 2. There it will be hoisted on a rail transport vehicle which will be
transported to surface in the inverse order as the container was brought down.

4.7

Abandonment

After all the waste containers have been brought to surface and removed from the mine area
all equipment and material will be removed from underground. The shafts will be sealed and
all surface facilities will be removed and the surface area will be delivered clean.

5.

MINEPLAN FOR GRANITE

The mineplan will be similar to that for a salt dome and some major differences will be
highlighted in the following paragraphs.

5.1

General lay-out

The material mined in the development of the repository can not as such be used as a backfill
medium. Therefore all the material mined has to be transported to the surface and
intermediate storage rooms are not required. In order to minimize the transport distance from
the development ends to the shafts, the lay-out will be symmetrical with respect to the shafts.
The general lay-out of the repository in granite is given in Figure 5.1. In case of a repository
in granite the complete underground structure can be developed before starting the
emplacement of the waste.

5.2

Mine water control

Since granite is assumed to be waterbearing, the mine lay-out will be slightly inclined to the
sump near shaft 2. Pumping facilities will be provided for the removal of the water to the
surface.

5.3

Tunnelling

The development of the mine in granite will be done conventionally using the drill and blast
method. The blast holes will be drilled by a mechanized pneumatic drilling jumbo, drilling
two holes at a time at a rate of 60 to 75 metres per hour. The charging is executed by means
of an electric charger. No blasting will be done once the emplacement of the waste containers
has started.
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Figure 5.1 Lay-out of a repository in granite.

5.4

Backfilling

Bentonite mixed with crushed granite will be used as a backfill medium. The mixture will be
such that the backfill will be significantly softer that the surrounding rock. This implies that
at the moment of retrieval the backfill can be mined using a road header.

6.

MINEPLAN FOR A CLAY FORMATION

The mineplan will be similar to that for a salt dome and some major differences will be
highlighted in the following paragraphs.

6.1

General lay-out

Since all rooms and galleries in a clay formation have to be lined with pressure resistant
liners, all underground openings are relatively expensive. Therefore no storage rooms are
planned and all the material mined will be transported to the surface where part of it will be
treated to be used as backfill medium. In order to minimize the transport distance from the
development ends to the shafts, the lay-out will be symmetrical with respect to the shafts. The
general lay-out of the repository in clay is given in Figure 6.1. Since crossings of galleries
are relatively expensive, the lay-out has been chosen such that the number of crossings is
minimised. A second advantage of this lay-out is that the storage tunnels are relatively long
which makes the mechanisation of the tunnelling and lining economically more feasible.

6.2

Ground control

Since clay is a very soft material and the hydrological balance is very important, all
underground rooms and galleries have to be lined. This lining has to fulfil the dual purpose
of restraining the rock pressure and forming a watertight barrier. In this study it has been
assumed that circular galleries lined with concrete will satisfy both requirements.

- Tes
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Figure 6.1 Lay-out of a repository in a clay layer.

6.3

Tunnelling

The development of the gallery system in clay will be done by a modified road header
operating from within a protective shield.

6.4

Backfilling

The backfilling medium for a repository in clay will be the clay mined from the repository
modified for the purpose of backfilling.

7.

SUMMARY AND CONCLUSIONS

In this paper some aspects of retrievability on the design of a repository are handled. To
enable retrievability over a sufficiently long period and with sufficient safety, the waste must
be protected. In this study a thick-walled cylindrical container has assumed to satisfy this
requirement. Expected problems with the actual retrieval are identified and several methods
for retrieval are proposed. These are: core drilling, ordinary mining, double overpack, over
tunneling and drilling and pulling. Based on a discussion the method of drilling and pulling
has been selected for the present study. The consequences for the mine lay-out are discussed
for the three host rocks considered.
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CONSTRUCT ABILITY ANALYSIS FOR A DEEP REPOSITORY - SOME
THOUGHTS ON POSSIBILITIES AND LIMITATIONS

G. Backblom, Swedish Nuclear Fuel and Waste Management Company; B. Leijon, Conterra
AB and H. Stille, Royal Institute of Technology, Sweden

BACKGROUND
Final disposal of high-level nuclear waste has not yet been implemented in any country
today. The concepts under development are all based on geological repositories, i.e.
disposal at a sufficient depth below the surface to provide stable mechanical,
hydrological and chemical conditions during the period the waste needs to be isolated
from man. In the cases where crystalline bedrock is considered, the proposed
repository depths vary between 300-1,000 m.
The construction, operation and sealing of a deep geological repository must meet
various criteria that in many respects are more detailed and more exacting than usual
in underground construction projects today. The work shall be carried out in such a
manner that occupational safety is ensured. The work shall also conform to whatever
restrictions are necessary for ensuring pre-closure operational safety and post-closure
long-term safety.
SKB plans to commence final disposal of the spent nuclear fuel in Swedish crystalline
rock within 15 years. There are already about 1,800 tonnes of spent nuclear fuel at
CLAB, 20 km north of Oskarshamn, where it is being temporarily stored prior to final
disposal.
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The safety of the deep repository is based on multiple barriers which together ensure
very safe isolation over very long periods of time (tens of thousands of years). The
concrete plans for the deep repository in Sweden are described in greater detail in the
Research, Development and Demonstration Programme RD&D-92 /SKB, 1992/. After
a thorough review, the regulatory authorities have essentially expressed their support
for SKB's planning, which entails that:
the fuel is encapsulated in a composite steel-copper canister. The encapsulation
plant is situated at CLAB
the deep repository is sited somewhere in Sweden with the voluntary assent and
collaboration of the concerned municipality
site licensing is preceded by extensive studies and investigations.
An important part of these studies is to explore the technical characteristics of the site
at repository depth. The work is being done in stages. At present, the feasibility of a
deep repository in the municipalities of Storuman and Malâ is being explored in socalled pre-studies. SKB's intention is to conduct a limited number of pre-studies (5).
Then site investigations will be conducted on the two sites deemed to be most
appropriate. After the necessary permits have been obtained (under the Natural
Resources Act, the Planning and Building Act and the Environment Protection Act),
detailed characterization will commence, which will be done in conjunction with the
construction of a tunnel or shaft down to the planned repository depth (4C0 m to 800
m). The investigations of the rock will provide data which will be used to assess the
safety of the repository. Deposition of spent fuel will be commenced in 2008 after a
permit under the Act on Nuclear Activities has been obtained.
The deep repository will encompass the following underground excavations:
tunnel (shaft) to repository depth, 400 - 800 m
40,000 m of tunnel
several connecting shafts between ground level and repository
about 4,500 holes with a diameter of about 1.6 m and a depth of 7 m drilled
from deposition tunnels. These holes will be used for deposition of the fuel
canisters.
backfilling of buffer around canisters
backfilling of tunnels/shafts
The work will be carried out under well-controlled conditions. An important aspect is
that the construction of the deep repository will be integrated with supplementary,
detailed investigations of the bedrock.
WHAT IS CONSTRUCTABELITY ANALYSIS?
As a part of the work with the deep repository, it is of great importance to carry out
thorough analyses of the construction work. This includes e.g. analysis of requirements,
construction methods, guidelines for repository design, material selection, occupational
safety, etc. A part of the planning of the deep repository is "constructability analysis",
defined as follows:
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Constructability analysis shall - for given site characteristics, layout and construction
method - identify important factors, evaluate the constructability and yield a prediction of
how established requirements can be met.
Figure 1 illustrates the connection between design and constructability analysis. The
systematics for constructability analysis have not yet been fully tested and developed,
but will be tested in conjunction with tunnelling with TBM at the Àspo Hard Rock
Laboratory.
SOME SPECIFIC ELEMENTS FOR A DEEP SPENT FUEL REPOSITORY
In Table 1, requirements for a deep repository are compared with an above-ground
facility and with a traditional underground facility. Some comments follow:
Above-ground facility
In all construction it is necessary to comply with applicable laws, ordinances and codes.
It is important that all work can be carried out with adequate safety. If it isn't a
question of a pilot or research facility, known and proven technology should be used.
Time and cost for the project shall be calculable. The cost of a project can be
calculated based on a Life Cycle Cost (LCC), which is used to evaluate investment
costs versus operating costs.
A general requirement of quality assurance is that the work must be able to be
checked against good practice or a relevant description/drawing. This check can be
performed via self-check (carried out by the contractor) or and by the purchaser's
organization.
A typical underground facility
Calculation of time and cost for an underground facility shall take into account the
uncertainty in the geological data. Different methods exist for these estimates, see for
example /Einstein et al. 1978./
The construction process is different for an underground facility than, for example, for
the construction of a building. The layout is adjusted to the properties of the rock,
which means that the facility's principal data may be changed right up to the execution
phase.
With a view towards occupational safety and the performance of the facility during the
operational period, it is a general requirement that the facility should be mechanically
stable. Rock support measures are minimized by the choice of suitable rock volumes.
The costs of construction and operation of the facility are reduced if the inflow of
water is limited. The most important measure here is to find rock volumes that are
relatively impervious. If higher tightness than the natural is needed, water inflow can
be limited by sealing, for example by grouting.
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INVESTIGATION

[PERFORMANCE ASSESSMENT]

DESIGN

PREMISES

CONSTRUCTABIUTY
ANALYSIS

PREMISES
REQUIREMENTS
SITE SPECIFIC DATA

CONSTRUCTABILITY ANALYSIS

•
IMPORTANT FACTORS

CONSTRUCTION METHOD
EXISTING KNOWLEDGE

Figure 1. Constituents of constructability analysis and its connection with the design in its entirety.
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Table 1

Requirements for three types of facilities

REQUIREMENTS

ABOVE-GROUND
FACILITY

TYPICAL
UNDERGROUND
FACILITY

DEEP
REPOSITORY

Laws, codes

X

X

X

Known
technology

X

X

X

Calculable time, cost

X

X

X

minimize LCC

minimize LCC

minimize LCC

X

X

X

X

X

Cost
Performance
-

occupational safety

-

t lble mechanical
environment

-

stable chemical
environment

-

low groundwater
flow at the facility

X

X

-

possible to excavate the rock with
little rock support

X

X

-

possible to emplace
canisters, backfill,
plug

X

-

possible to retrieve
canisters

X

Quality assurance
-

checkable

-

material inventory

X

X

X

X

X

X

X
X

safeguard
-

material durability

-

traceability

X

10-50 years?
50 years

10-50 years

50-10,000 years?

50 years

50-1,000 years?
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The scope of quality assurance is dependent on the type of facility. In the case of
public areas, requirements on mechanical stability will be carefully specified. Where
groundwater lowering can cause severe detriment to third parties, the quality work is
focused on careful follow-up of the sealing work and checking of seepage. An
underground pressurized gas reservoir, on the other hand, is dependent for its function
on the supply of water to parts of the facility. Here the quality work is focused
especially on this question.
Important questions to deal with in underground planning include:
- integration planning - supplementary investigations of the bedrock
- "characterizability" of the area, i.e. assessment of uncertainty in the geological
background data, especially with regard to "bad rock", "rock burst", mineralogical
changes (weathering), fracturing and presence of water
- choice of method for access (shaft/ramp)
- choice of method for rock excavation in tunnel (blasting/TBM)
- choice of method for rock excavation in shafts (raise boring or stoping)
- methods for rock support and sealing in tunnels and shafts
- choice of materials etc. for installations in the finished facility
Specific requirements on planning and execution of a deep repository - underground
facility
Each rock facility has its own specific requirements on performance and quality.
A repository with its multiple barriers must fulfil its function over very long periods
of time > 10,000 years. This is the most unique aspect of this facility.
Just as for other facilities, it is important to analyze the technical aspects. It is assumed
that known and proven construction methods will be used, as well as robust methods
for planning.
The facility represents a considerable investment and shall be preceded by thorough
time and cost analysis. In relation to other facilities, safety/performance will mean
more than minimal cost, but under given premises there is no reason why the LCC
method cannot be used for a deep repository.
The step-by-step design process of the layout can be carried out in the same way as
for other underground facilities. But in view of the fact that the rock in itself is an
important premise in the performance assessment, this design-as-you-go process must
be carried out in a much more carefully controlled fashion and in cooperation with
those who are responsible for performance and safety assessment.
A mine is often excavated slowly and gradually towards greater depth, which means
that knowledge can be acquired about the geological characteristics of the site over
the space of several decades. A deep repository is excavated quickly to great depth in
previously undisturbed rock. No great drawdown of the groundwater level is desirable.
Predicting the risk of rock burst and rock fall and determining water pressures and
flows are particularly important from the viewpoint of occupational safety.
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The stable environment applies in both the short and long term. The constructability
analysis, however, only treats rock stability during the open phase of the repository,
about 50 years. With a view towards long-term aspects, it is desirable that the rock be
damaged as little as possible.
An important aspect for the performance of the deep repository is that the natural
chemical environment be retained as much as possible. This specific requirement
entails that water seepage shall be limited so that surface water does not seep down
unnecessarily, or very saline groundwater seep up into the repository. This further
entails that artificial materials with uncertain effects on the performance and safety of
the repository shall be avoided wherever possible without coming into conflict with
requirements on handling of the waste and occupational safety.
Furthermore, the repository shall be designed so that it is possible to place canisters
in the canister holes, which preliminarily means that the inflow to canister holes shall
not exceed 2 1/h. This prevents the bentonite in the canister holes from swelling so
rapidly that the canister cannot be placed in the hole. It shall further be possible to
backfill the facility with good quality and then still be able to retrieve canisters if
desired.
The proper performance of the facility over a long period of time requires that
planning and execution take place within the frame of a proven quality assurance
programme. All work shall be checkable. The chemical and physical properties of the
building materials used, as well as quantities, shall be documented and analyzed with
respect to repository performance and safety. This also includes analysis of so-called
stray materials. What would happen, for example, if 2001 of hydraulic oil were to leak
out into the rock?
Material durability shall be known. If the materials are credited with properties in the
performance and safety assessments, these materials shall be durable over long periods
of time.
Records of the work shall be such that it is traceable for up to perhaps 1,000 years.
IMPORTANT FACTORS TO BEAR IN MIND
In connection with a scenario review of the construction of a deep repository, several
factors crystallize as being particularly important.
Mechanical stability
Three fundamental cases of stability problems can arise:
- The "normal case" with sound rock, some loose blocks, but otherwise good stability
- Passage of significant zones of weakness, which comprises a special case
- Sound rock, but overstressing and spalling/rock burst, which comprises another
special case
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classified as sound or very sound. Furthermore, the tunnels and other spaces that are
to be excavated are of small or moderate dimensions. The normal case of sound rock
with minor rock-falls in excavations will therefore most likely dominate the picture.
The two special cases - rock burst and passage of significant zones of weakness - are
nevertheless very important, since they can entail large and unusual stability problems.
It is without doubt the special cases that account for the greatest planning-related
uncertainty, measured in terms of occupational safety, time or cost.
In all cases, the most effective method for minimizing stability problems is to ensure
that the facility and its parts are positioned in such a manner that formations with
unsuitable rock properties are avoided.
Groundwater
The groundwater can affect construction and operation in several ways:
- Direct seepage into the tunnel, with the problems this can entail for the actual
tunnelling work and repository operation
- High groundwater pressures can jeopardize mechanical stability, at least in zones
of weakness
- Risk of corrosion of rock support, installations etc.
Furthermore there are indirect risks of disturbance:
- Drawdown of the groundwater level, which can lead to land subsidences or local
water supply problems
- Risk of permanent chemical disturbance with consequences for the safety-related
performance of the repository
During the actual tunnelling work, moderate seepage can be permitted without the
costs being affected drastically or occupational safety being jeopardized, provided, of
course, that the process is kept under good control. The limits on water seepage will
probably be determined by operational considerations (particularly deposition), or by
the risk of geohydrochemical disturbances.
As far as scale is concerned, the factor "groundwater" exhibits a significant difference
in relation to the factor "mechanical stability"; while stability problems are always
associated with the cavern's near field, seepage can indirectly affect large volumes.
Conversely, seepage can be affected by conditions at a great distance from the tunnel.
This span in scale affects both data requirements, site investigations and predictability.
Restrictions regarding use of building materials, material inventory
There are possible conflicts of interest between construction considerations and safety
assessment. A contractor is responsible for occupational safety during construction.
Rock support and sealing measures may be necessary, which can entail the use of large
quantities of
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On the other hand, the possibility cannot be excluded that the building materials
themselves can affect the performance of the repository. Since restrictions on the use
of cement/steel can have large consequences for the construction work, it is necessary
that those in charge of performance and safety assessment formulate
wishes/requirement regarding permissible quantities, offer viewpoints on material
selection, etc.
Besides actual building materials, there will be so-called "stray materials", such as
residues of diesel oil, hydraulic oil, explosives, plastics etc. after the construction work
is concluded.
It can be foreseen that strict accounting procedures will be established so that
materials used in the construction activities are carefully specified as regards type and
quantity.

CAN WE MAKE RELIABLE PREDICTIONS?
There is a degree of uncertainty in most underground predictions, due to:
- Natural variation in the geological environment
- Measurement errors (noise) and measurement bias
- Model uncertainty due to incomplete understanding of phenomena and processes,
simplified theories, lack of data, etc.
The work at the Àspo Hard Rock Laboratory has primarily been focused on
understanding and investigating different types of variations in the bedrock and testing
methods for describing these variations /Gustafson et al. 1991/. The bedrock models
have not yet been used systematically to their full extent to predict the parameters
planners and builders are interested in. It is an urgent task to systematize the
predictions of the bedrock so that the construction-related aspects are also included.
With reference to the important factors described above, the following judgements are
made:
Mechanical stability
Structure-controlled stability
The use of classification systems of the bedrock such as Q-value /Barton et al, 1977/
and Rock Mass Rating (RMR) (Bieniawski, 1989) generally provide acceptable,
planning stage predictions of rock support quantities in different types of rock. It is
however important to combine the system with studies of structural geology.
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Large zones of weakness
Major, subvertical zones of weakness are discovered early in site investigations, which
means that their location and character can be determined. With considerably reduced
rock quality, the predictions of rock support quantities are uncertain, in particular with
reference to water problems. As a result of the combination of technical uncertainty
and a far more expensive construction method in relation to the "normal rock", the
zones of weakness account for a considerable portion of the cost uncertainty, despite
the fact that they normally correspond to a very small share of the total tunnel length.
Rock burst
Even though the parameters controlling overstressing and violent failures can be
identified fairly accurately, predictions are difficult to make. There are two main
reasons for this. The first is that the parameters are variable and difficult to determine,
at the same time as small variations can be of great importance to the final result. The
second is a poor understanding of the mechanisms involved. In our case, a lack of
experience from construction in crystalline rock at depths greater than 200 m is an
added difficulty. Experience with rock burst comes mainly from mines, where the
geological environment can differ considerably from the environment being sought for
a final repository. Rock burst usually occurs locally, however.
Groundwater
Water seepage
The overall water seepage into a deep repository can be predicted with acceptable
accuracy and can be controlled by means of sealing.
Groundwater pressure
The pressure is simple to predict in itself, but it is not possible to predict accurately
the risk of instability due to water pressure in a zone of weakness.
Corrosion of installations
The problem is in itself easy to predict after chemical groundwater sampling.
Parameters such as choice of material in installations and surface treatment are more
difficult to assess.
POSSIBLE METHODOLOGY FOR CONSTRUCTABILITY ANALYSIS
The constructability analysis identifies the important factors with respect to the
requirements. Furthermore, the analysis provides a prediction of to what extent the
requirements can be met. The accuracy and precision of the predictions increase as
the quantity of data increases. Predictions are very heavily dependent on the reliability
of the underlying geological/geohydrological model. The following sections examine
what information is of great value, and can reasonably be obtained, in pre-studies and
site investigations.
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form part of the preliminary procurement specifications included in the invitation to
tender for the construction works. The results of the constructability analysis
performed in conjunction with the site investigations form the basis for the final
procurement specifications included in the invitation to tender for the construction
works.
The most important document in these contexts is the billofquantities& specifications1.
It appears natural to progressively update type of jobs, requirements, quantities (as a
basis for time and cost).
Pre-study
The pre-study leads to very preliminary geological models. Possible site-specific data
and interpretations as shown in Table 2 are of great value for a constructability
analysis. It should however be emphasized, that the first evaluations largely rely on
generic knowledge.
The end product of the pre-studies' constructability analysis is an initial assessment of
the important factors. Possible models for rock classification can be examined' as a
basis for quantity, time and cost. In the description, it is very important to have
traceability to investigation data, reports or the like.
Site investigation
The site investigation provides a large quantity of data from the ground surface and
in boreholes and between boreholes (cross-hole tests). The initial estimates made in
the pre-study are further refined. An important product of the site investigations is the
preparation of a complete specification for the invitation to tender for construction
contractors. The constructability analysis makes an important contribution to a realistic
estimate of quantities and their possible variations. Possible data and their use are
shown in Table 3.
The end product of the constructability analysis is a well-founded assessment of
important factors. A reliable prediction is obtained of the quantity of sealing and rock
support as a basis for the total time and cost estimate. The prediction shall be drawn
up so that it permits systematic follow-up and calibration during the detailed
characterization. Predictions are drawn up on "site scale" and "detailed scale". Table
4 shows an example of a preliminary bill of quantities.

1

The Swedish "mângdbeskrivning" is a combination of bill of quantities & specifications.
It describes in a detailed and concise fashion which different jobs are included in a contract.
Requirements (often standardized) and the quantity of work are specified for each job. It forms part of
the purchaser's invitation to tender and is priced by the contractor !. conjunction with tendering.
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Table 2

Data from pre-study

Possible data

Interpretation model

Possible use

Geological maps &
description, geophysics,
rock samples

Main rock types

Regional experience
from construction in the
main rock type(s) is
systematized and
compiled

Geophysics, lineaments
etc.

Structural model,
possible locations of
large zones of weakness

Possible number of large
zone passages for given
layou and possible rock
quality.

Well data

Estimate of transmissivity
and its variance for main
rock types, possibly for
certain types of lineaments, aggressive water

Estimate of drawdown,
inflow to facility without
sealing measures, consumption of grouts for
different watertightness
requirements /Stille et
al, 1992/, risk of
corrosive environment

Tests on main rock types

Uniaxial strength,
deformability, brittleness,
toughness, etc.

Estimate of stress- and
stability conditions,
tunnelling data
Experiences

Possible data from
facilities, mines

The preliminary bill of quantities is naturally circulated several times from planner to
rock investigator to constructability analyst and back for comments and revisions. Its
final form shall permit follow-up, revision and calibration during execution of the
construction works. It is a question of judgement as to how much of the complete
preliminary bill of quantities should be included in the invitation to tender and in
contract documents.
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Table 3

Possible data from site investigation and how they could be interpreted and
used

Possible data

Interpretation model

Possible use

Mapping of rock type in
outcrop and in borehole,
same for geophysics

Rock type distributions

Rock classification, constructability for different
rock types

Mapping of zones, structures

Location, possible dip,
character, complexity

Assessment of
constructability in the
zone

Mapping of fractures

Roughness distribution,
direction, lengths

Breakout, fracture
modes, principal
direction for water in
rock mass

Hydraulic tests in boreholes

Estimate of transmissivity
and its variance for rock
types. Water conductors
in zones, or rock type,
possibly for certain types
of lineament

Estimate of drawdown,
inflow to facility without
sealing measures, consumption of grout for
different watertightness
requirements, number of
water conductors to be
passed

Hydraulic cross-hole tests

Location and transmissivities of water conductors

As above

Rock core tests

Strength, deformability,
brittleness

Deformations, stability,
tunnelling data

Stress measurements

Stress model

Deformations, stability,
direction of water
conductors

Chemistry sampling

Groundwater chemistry
in facility

Corrosion, requirements
on surface treatment of
structures

CONCLUDING REMARKS
The deep repository shall be planned and constructed to specified quality.
Constructability analysis is an important tool for early identification of important
factors that can affect the design, performance, construction time and cost of the
repository. It is urgent that the tool be well designed and systematized. SICB will test
and develop constructability analysis in conjunction with testing of tunnelling with
TBM in the Àspô Hard Rock Laboratory.
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Table 4
AMA2
code

Preliminary bill of quantities
Ite
m

C5.34

Text .

Unit

Qty.

pcs

5

kg

8,000
kg

GROUTING WORK

1

Tunnel section 0-1,000 m

la

Establishment at tunnel face
Three small zones of weakness, EW-1, - 2 , 3, are passed. EW-3 is complex. Risk of
regrouting exists in EW-3 (2 times)

lb

Cement quantity
The average transmissivity is 10'9 mVs,
gives cement consumption of 8,000 kg of
type Groutlnc. Additives can be of type X,
Y, Z. Product information on grouting
material in TD37-42-096.
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The AMA code refers to a Swedish system for systematized quantity/quality description.

- 153-

6.4

GEOCHEMICAL FACTORS INFLUENCING VAULT DESIGN AND LAYOUT

M. Gascoyne, S. Stroes-Gascoyne and F.P. Sargent, Atomic Energy of Canada Limited

ABSTRACT

The design and construction of a vault for used nuclear fuel in crystalline
rock may be influenced by a number of geochemical factors. During the
siting stage; information is needed regarding the rock type,
heterogeneities in its composition and the mineralogy of permeable zones
because these will cause variations in thermal conductivity, strength and
radionuclide sorptive properties of the rock. These factors may affect
decisions regarding depth of vault construction, tunnel dimensions and
spacing of panels and waste containers. The decision on whether
groundwaters are allowed to flow freely into a planned excavation may
depend on measurements of their chemical compositions{ microbiological
contents and presence of hazardous or corrosive constituents (e.g.;
hydrogen, methane, radon, chloride salts, trace metals). During site
characterization, borehole drilling from the surface and subsequent
hydraulic testing will introduce both chemical and microbiological
contaminants that may further influence this decision.
During vault construction, the geochemistry of the rock may cause changes
to the characterization, design and construction of the vault. For
example, high salinity fluids in micropores in the rock could prevent the
use of radar surveys to detect fractures in the surrounding rock. High
rock salinity may also cause unacceptably high total dissolved solids
loadings in water discharged from the facility. Again: the presence of
toxic, corrosive or radioactive constituents in inflowing groundwater may
require grouting or, if inflow is needed for service operations,
development of treatment facilities both above and below ground. In
addition, the use of explosives will cause high organic and nitrate
loadings in service water as well as the possible impregnation of these
chemicals in the damaged wall-rock surrounding an excavation. These
chemicals may remain despite cleaning efforts and act as nutrients to
promote microbial activity in the post-closure phase.
In the operational phase, further design and construction changes may need
to be considered if groundwater composition is found to change with time.
For instance, inflow of increasingly saline groundwater may affect
redicted container corrosion rates and buffer and grout stabilities
ollowing vault resaturation and increase in temperature. This, in turn,
may affect designs for container materials and spacing. Microbial growths
and slime development on vault walls and at groundwater inflow points may
extend into the rock mass and may require skimming of wall-rock before
closure.

?

Following closure of the vault, monitoring of groundwater compositions and
radionuclide contents will likely be needed in any permeable fracture zones
surrounding a vault. This may require the development of remote sensing
and telemetry equipment for installation in and around the vault and should
be incorporated in vault design plans.
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1.

INTRODUCTION

Several industrialized nations that operate nuclear power reactors are now
considering disposing of their nuclear fuel wastes or reprocessed fuel
wastes in deep underground vaults in suitable geologic formations. Many
factors will influence the location, design and construction of such a
vault. In previous publications and meetings on factors affecting vault
design, there has been only limited consideration of the possible impact of
geochemistry. In this paper, potentially important geochemical variables
are presented and discussed. These are set in the context of the different
phases of developing a disposal system, i.e., site characterization and
siting, vault excavation, facility operation and waste emplacement, and
closure and monitoring. For the purposes of this paper, the term
^geochemical' is used in its broadest sense and includes aspects such as
rock geochemistry, groundwater composition, microbiology, rock-water-vault
materials interactions and anthropogenic influences (i.e., those caused by
drilling, testing, excavating, etc.).
The regulator of nuclear fuel wastes in Canada, the Atomic Energy Control
Board, has specified an overall risk criterion for assessing the long-term
performance of a geological disposal system. Consequently, there is a need
to set design requirements in an iterative manner by evaluating their
impact on the overall performance of the system. Some design
specifications can be set separately for other purposes such as operational
factors. In the Canadian program, for example, a minimum lifetime of 500 a
for the waste containers was set primarily to ensure isolation during the
operational phase of the disposal vault. It would also allow for
retrieval.
In order to meet the regulatory risk criteria to licence a nuclear fuel
waste disposal system in Canada, it will be necessary to do an overall
performance assessment of the disposal system. This will include the use
of geochemical data relating to the expected rate of release and mobility
of radionuclides from a vault, corrosion of containers, long-term retention
of radionuclides in the vault and retardation of their migration in the
geosphere. Geochemical factors have major impacts on these aspects. In
the Canadian program, these are not usually separated out; however, in this
[6~er, their importance is highlighted. Examples are drawn largely from
experiences in operating the Underground Research Laboratory (URL) near Lac
du Bonnet, southeastern Manitoba.
2.

SITE CHARACTERIZATION FACTORS

The detailed characterization of a site preferred for vault location would
be preceded by geoscience studies and performance assessments of a large
candidate siting area to identify the preferred vault location. These
studies would include examination of archived data from national sources,
surface and airborne surveys, and shallow and deep bedrock drilling at grid
areas distributed across the candidate siting area. All of these
activities would include a geochemical component. For example,
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the drilling of exploratory boreholes will involve collecting information
that influences vault design and construction. Drilling will provide
information on rock and groundwater compositions, which will help to
delineate favourable areas for the vault and zones to avoid, and it will
introduce contaminants into the deep environment that could eventually
influence vault performance.
2.1

Rock Geochemical Properties

The geochemistry of the rock mass surrounding a disposal vault has an
impact on a number of design factors. Heterogeneities in rock composition
(e.g., layering of different rock types and variations in composition in
and adjacent to fracture zones) result in a variable distribution of
minerals and cause variations in physical properties such as rock strength.
These factors may affect vault design by influencing the depth chosen for
vault construction, tunnel shape and dimensions, and the spacing of tunnels
and waste containers. Variations in the mineral content of the rock
influence:
thermal conductivity, especially by variations in quartz content,
groundwater composition, especially the total dissolved solids
and the redox buffering capacity,
sorptive properties and the degree of retardation of radionuclide
migration, and
physical and chemical properties of the rock mass that govern the
advective and diffusive properties of regions of rock between the
waste emplacement areas of the vault and any major fracture zones
or significant hydrogeologic features. Examples of important
properties are the permeability and porosity for advective
transport, the diffusive porosity and tortuosity, and the
sorptive capacity for radionuclides.
An example of the variability in mineral content of fracture zones is shown
in Fig. 1 for three depth layers in the granitic Lac du Bonnet batholith.
The differences in mineral content directly influence rates of migration
and retardation of radionuclides and so were used in setting the sorption
coefficients for the geosphere transport model in the Canadian performance
assessment program.
2.2

Groundwater Chemistry

Variations in the composition of groundwater with depth and across a site
may have implications for the design and construction of a vault. Numerous
reports (Fritz and Frape 1982, Gascoyne et al. 1987, Nordstrom et al. 1990,
Bottomley et al. 1990) have shown that groundwaters in crystalline Shield
rocks typically become more saline at depth and vary in salinity depending
on location in the hydrogeological flow path. This variation is indicated
in Fig. 2 for groundwaters of the Canadian Shield, and is shown in detail
in Fig. 3 for the URL lease area on the granitic Lac du Bonnet batholith in
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southeastern Manitoba. A generalized evolution is shown from a dilute,
slightly alkaline Ca-HC03 groundwater in shallow environments (or at depth
in recharge areas), to a saline, near-neutral Na-Ca-Cl-S04 groundwater
below about 400 m (or at shallower depths in discharge areas). Between 500
and 1000 m depth, groundwaters in permeable fractures have salinities
ranging from 5 to 50 g/L. The likelihood of encountering saline
groundwaters at this depth interval clearly needs to be considered in the
design and operation of a vault because a decision must be made whether or
not to allow these groundwaters to inflow freely into the facility.
Complications due to such inflow likely would include corrosion of
equipment and machinery, and a need to treat the water before discharge to
the surface.
Part of the site characterization program will determine if potential
geochemical hazards exist at the site. These include the presence of toxic
or flammable gases (e.g., Rn, H 2 S, H 2 , CH 4 ) and the presence of certain
dissolved species that have toxic or corrosive properties (e.g., As, U, Ra,
F and Fe- and S- related bacteria). Some of these gases and dissolved
species have been described in Canadian Shield groundwaters by Fritz et al.
1987 (CH4, C 2 H 6 ), Betcher et al. 1988 (U), Gascoyne and Barber 1992 (Rn,
U ) , and Stroes-Gascoyne et al. 1994 (bacteria). It is important to monitor
for these potential hazards as part of the site characterization phase so
that any implications for vault design (e.g., additional venting and water
treatment facilities) can be considered and incorporated at an early stage.
Drilling of exploratory boreholes during site characterization invariably
causes changes to the composition of groundwater in permeable fractures by
introducing contaminants. Although unlikely to impact directly on vault
design, this may cause complications to subsequent excavation, testing or
operational stages. For instance, the use of a surface-derived water
during core drilling will cause contamination of groundwaters by
introduction of oxygen, organics, micro-organisms and dissolved species not
found in the existing groundwaters (see also section 2.3). These potential
contaminants and their sources and effects are summarized in Table 1. To
minimize these effects, in the early stages of site characterization or
when developing drilling plans for vault design purpose, it may be
necessary to reduce the number of boreholes drilled or to take special
precautions during drilling. One such precaution might be to use low-02
groundwater obtained from a nearby borehole that is not hydrogeologically
connected to the features of the site under investigation. Alternatively
the use of drilling techniques which reduce the amount of drill water
introduced into permeable zones might be considered (Almén and Zellman
1991).
2.3

Microbiology

The science of subsurface microbiology has undergone rapid development in
the past 15 a (Stroes-Gascoyne and West, 1994) and the new information
resulting from this increased effort has led to the realization that the
occurrence of microbes in deep granitic groundwaters may have implications
for the design and construction of a vault. Microorganisms require water,
space, nutrients and a source of energy for growth. Microbiological
characterization of an environment should be evaluated on the basis of
these requirements.
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TABLE 1
THE CONTAMINATING EFFECTS OF BOREHOLE DRILLING ON
GROUNDWATER COMPOSITION
CONTAMINANT

SOURCE

EFFECT*

drillwater

high dissolved 0 2
high Eh

natural organics

drillwater
(surface-derived)

high DOC

drillwater

surface water
bodies

changes 62H, 6180
introduces 3 H, 85 Kr,
fluorocarbons, etc.

man-made organics

oil and grease
surfactants, fuels

high DOC
high VOC

rock flour

bedrock

increased colloids,
SiO2;
reduced permeability

trace metals

steel drill rods
drill bits

high Fe 2 + , presence
of Co, Cr, Mn

micro-organisms

surface drillwaters

high bacterial counts,
growth of biofilms,
reduced permeability,
odour (H2S, etc).

*

DOC = dissolved organic carbon
VOC = volatile organic carbon
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Microbial characterization of a rock environment attempts to determine:
1) natural levels of nutrients and energy sources for microbial growth;
2) population size, physiology and species distribution of indigenous
microorganisms in the groundwater of the rock and 3) how the
indigenous groups of bacteria present are influencing the geochemistry
of the groundwaters.
For instance, deep groundwaters from crystalline rocks in Sweden are anoxic
with a pH above 7 and a low redox potential, implying that bacterial
metabolism here must depend on fermentation or anaerobic respiration
(Pedersen, 1993). Electron acceptors available in these groundwaters for
respiration are S0 4 (for SO4-reducing bacteria) and C0 2 (for methanogenic
bacteria). Groundwaters at the URL also are reducing with a pH above 8 and
contain S0 4 ions and dissolved C0 2 , but concentrations of H 2 (needed by
methanogenic bacteria) and CH4 are generally below detection limits. This
indicates that methanogenic bacteria are probably not prolific in URL
groundwaters. Oxidized chemical species such as Fe 3+ , Mn 4+ and U 6+ can
also be used as electron acceptors instead of 0 2 by many bacteria in
anaerobic systems. The composition of the rock and fracture fillings
should be evaluated for electron donors and acceptors such as pyrite in the
rock and ferric iron in fracture fillings that may be important in
microbial processes. Organic C levels are generally low in groundwaters in
granitic rocks, so this will limit the growth of those bacteria that need
organic matter as a nutrient and energy source.
In URL groundwaters, microbial populations of 10 3 to 10 5 cells/mL have been
found, and the presence of SO4-reducing (SRB), Fe-related and slime-forming
bacteria has been confirmed (Brown and Hamon 1994, Stroes-Gascoyne et al.
1994). The presence of SRB in the generally S04-rich groundwaters at the
URL shows that there is a potential for significant SO4-reducing activity
in rock fractures, although the SRB populations found in the URL
groundwaters are generally small and a good correlation between SRB and HS"
concentration has not been observed (Stroes-Gascoyne et al., 1994).
However, HS" was present in measurable quantities in a number of URL
groundwater samples which suggests some SRB activity. The production of
sulphides by SRB may have implications for metal corrosion (e.g., stainless
steel, Cu). In fact, mackinawite was found on stainless steel parts of a
packer system removed from a borehole at the URL which is a direct
indication of SRB-influenced corrosion (McNeil and Little, 1990; StroesGascoyne et al., 1994).
Pseudomonas and related species (aerobes that can grow anaerobically in the
presence of N0 3 as electron acceptor) were found to be dominant in several
URL groundwater samples, indicating the possibility of significant
denitrifying activity in groundwaters from this environment (Jain et al.,
1995). Other tests showed that the bacteria in the groundwater sample from
the URL exhibited imbalanced growth due to lack of a necessary nutrient or
nutrients in the environment (i.e., starvation stress) (Jain et al., 1995).
This is an important observation because any disturbance through drilling
or excavation may introduce nutrients, and bacterial growth may become more
prolific if more nutrients are being supplied.

- 159-

The effect of drilling on the naturally-present microhial population should
be evaluated at an early stage of site characterization. In fact, this
population may be instantly affected by the drilling activities, and it may
be very difficult to assess properly the natural microbiology of the site
and hence its potential implications. In order to minimize the effects of
drilling or at least to estimate the effects of contamination, it is
desirable to drill with an appropriate water source. It is not feasible to
demand that drill water should be sterile. Good alternatives are
groundwater taken from a nearby but not hydrogeologically connected
borehole, or a nutrient-poor drill water (e.g., potable water) that has
been tagged with a tracer (e.g., latex microspheres) so that the extent of
contamination can be evaluated.
Once the microbial characterization has been performed, the suitability of
the site can be evaluated with respect to microbial effects. Site
characterization will include assessment of several potential geochemical
hazards that may have a microbiological component in their origin. These
include the occurrence of H2S and CH4 (section 2.2) and large amounts of
pyrite in the host rock., which may cause problems such as acid mine
drainage (section 3.3). In addition to characterizing existing conditions,
it is important to consider whether or how the development of a vault could
intensify undesirable microbiological effects. For example some reducing
groundwaters have high Fe concentrations. Upon drilling, 0 2 is introduced
into such a system, In the presence of certain bacterial species, large
amounts of Fe precipitates can form, resulting in reduced permeability and
fouling of the borehole. This has been observed in several surface
boreholes at the URL, even though dissolved Fe concentrations are generally
quite low.

3.

EXCAVATION FACTORS

Following the selection of a preferred site for the disposal vault, the
excavation of shafts and levels will begin at locations and depths
identified by the earlier site characterization work. The excavation
provides more geochemical information to aid in exactly locating the levels
and orientation of a vault but also causes a greater impact on the
environment, which may need to be considered in the design process.
3.1

Rock Properties

During the excavation for a disposal facility, the more global aspects of
geochemical factors need to be considered. The large surface areas of rock
exposed by excavation of the shaft(s), headings, and large rooms and infloor boreholes permit detailed mapping of variations in the geology and
geochemical composition. It is at this stage that inhomogeneities,
possibly missed in the borehole investigations, become evident. In the
URL, the presence of clusters of xenoliths and large-scale foliation
features were observed in the unaltered granite at depth. The full extent
of the geochemical nature of these spatial differences could impact on rock
mechanical properties and hence vault design and construction. Another
influence is the general composition of the rock mass. If it contains a
high proportion of hard minerals such as quartz, this will significantly
increase excavation costs and the rate of progress.

- 160-

Other rock geochemical factors such as toxicity and radiation hazards may
influence vault design and construction during the excavation stage. For
instance, the presence of sulphide minerals at weight-percent
concentrations in the host rock or fracture infillings may require special
procedures to prevent formation of H2S or S0 2 gases, or sulphuric acid,
when exposed to moisture or micro-organisms. Similarly, high
concentrations of radon and related y radiation may emanate from fresh rock
faces and pulverized rock piles if the host rock contains significant
amounts of natural U and Th. Regular monitoring at the URL has not
indicated any problems in these areas, probably because sulphide- and U/Thmineral contents are low in rocks of the Lac du Bonnet batholith and
mineralization of fractures is limited. Significant sulphide
concentrations are only found in xenoliths of country rock that had been
included in the granite during the early magma emplacement.
A recently recognized property of deep plutonic rocks of the Canadian
Shield is that they may contain considerable quantities of soluble salts
which can be released from the rock by fracturing, microcracking and
pulverising during blasting and excavation operations. The salts,
typically of a Na-Ca-Cl composition, are usually derived from residual
magmatic or deuteric fluids and were incorporated as separate phases during
cooling and crystallization of the rock. Alternatively, they may have
permeated the rock at a later stage due to saline groundwater penetration
from sediments or seas which previously overlay the rocks (Gascoyne et al.
1989a).
The presence of salts in the rock matrix will profoundly affect the ability
of radar-penetration surveys to detect fractures in the rock surrounding an
excavated vault. This is because high salinity reduces the resistivity of
the rock which, in turn, attenuates the radar energy and reduces
reflections from fracture surfaces. The presence of saline fluids in the
rock matrix will, therefore, limit the distance around a vault that intact
rock may be confidently predicted.
Several studies at the URL have identified and quantified these salts and
demonstrated their ability to migrate through the rock matrix. These
studies include the measured depletion of leachable Cl in crushed samples
of core from a transect of a permeable fracture zone (Gascoyne et al.
1989b), the rapid, linear increase in salinity of initially-pure waters
placed in boreholes in unfractured, pristine granite (Fig. 4) and,
recently, direct collection of pore fluids draining from open boreholes in
unfractured granite (Gascoyne, unpub. results). This work shows that
saline fluids can be readily leached from the rock during excavation.
Leaching of saline pore fluids accounts for the water quality observations
made at the URL over the period 1984-1993 for water discharged from the
holding pond (Fig. 5 ) . This water inflows continuously to the URL through
natural fractures in the shaft and ventilation raises and is stored in the
holding pond for use as a service water (for rock-face washing, drilling,
etc.) and for fire prevention. The holding pond is discharged
approximately weekly and is monitored and sampled for a number of
parameters including electrical conductivity. Excavation of the grey
granite, which contains more soluble salts than the upper, pink granite,
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caused a pronounced increase in conductivity (Fig. 5 ) , suggesting leaching
of these salts by service water used in the excavation process.
Corresponding high chloride concentrations in the pond water supported this
interpretation.
Although not essential during the excavation of the grey granite at the
URL, maintaining dissolved salt contents to within imposed limits may be
required during the construction of a nuclear waste disposal vault.
Various design changes (e.g., minimize pulverising activity, construct
water treatment facilities, optimize groundwater inflow rate) may be
required, therefore, to meet these standards.
There are several other implications of the presence of soluble salts in
rocks at a repository site and these are considered further in the relevant
sections below.
3.2

Fluid Compositions

Several types of * fluids' are used and encountered during the excavation
stage and their compositions and impacts are considered in this section.
Groundwater inflows into the vault from fractures in the rock, need to be
monitored throughout the excavation stage to determine if they contain
hazardous constituents such as radon, methane, hydrogen, hydrogen sulphide,
etc. The presence of these gases in significant quantities may require
special venting of the inflow area or separate aeration of the water with
provisions for gas removal. Similarly, the presence of high levels of
dissolved ionic species such as uranium and radium may require the
construction of in situ treatment facilities to remove the ions at source,
before mixing with other inflows. An example of the need for this type of
facility in the excavation and operation of the URL is given in
section 4.1. If the concentrations of hazardous constituents are found to
be significant, or if they change unpredictably with time during vault
excavation, it may be necessary to grout and sea]-off the inflows. This
requirement may need to be considered if natural groundwater inflows are to
provide the main source of water for operations in the vault.
Inflow of saline groundwaters to the vault, if permitted, is likely to have
significant effects on pipes, equipment and machinery in the vicinity of
the inflow (due to corrosion, salt-encrusting, etc). If this water is
collected and used as a service supply, these effects will be exacerbated
because they will occur throughout the vault. Experience at the URL has
shown that corrosion of carbon-steel ducting and storage tanks is a problem
underground even when dilute waters are used in supply lines. Frequent
replacement of pipes or the use of stainless steel or plastic materials
must be included in vault design, especially if they are likely to carry
saline waters.
As mentioned in section 3.1, construction of water treatment facilities may
be needed before or during the excavation stage so that discharges to the
surface from the vault meet environmental limits imposed by provincial or
federal authorities. Table 2 lists the maximum acceptable concentrations
in Canadian drinking water for a number of dissolved species (Guidelines,
1989), and a comparison is made with target concentrations for holding pond
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discharges for the URL. Experience has shown that these criteria may be
exceeded during the excavation stage when soluble salts are leached from
crushed rock (section 3.1) and when blasting residues are dissolved by
service water (see below). Increased monitoring of holding pond water may
be required during construction, with provisions for treatment, if
necessary.
There are several anthropogenic effects of vault excavation which must also
be considered during the period of vault design because they may lead to a
change in excavation procedure or the use of specific materials. For
instance, blasting using conventional explosives causes emission of large
amounts of nitrogen oxides (from decomposition of ammonium nitrate) and
significant levels of organics (from other explosives). These compounds
are largely removed as off-gases but some become dissolved in the service
water used to wash down rock faces, etc. after blasting. In the latter
case, N0 3 concentrations, especially, will increase in the service water
and may exceed limits for discharge to the surface (Table 2 ) . The amount
of residual explosives-N03 that becomes incorporated into service water is
difficult to quantify but some indication is given by the results of
monitoring URL holding pond concentrations during a three-month period of
excavation of a level in the URL (Fig. 6) in 1993/94. Nitrate
concentrations exceeded discharge limits (45 mg/L) for several months
during this period but, in the first three months of monitoring were kept
at lower levels than normal because of additional inflow of low-N03
groundwater from an underlying fracture zone for much of this time.
Nevertheless, of the 3.8 Mg of ammonium nitrate explosive used, 160 kg of
N0 3 were discharged to the surface from the holding pond, for a total
excavated tunnel length of 120 m. This represents 1.3 kg nitrate
discharged per metre length of excavation, a figure that may be useful in
meeting environmental criteria in the future.
A second anthropogenic effect of vault excavation is the influence of
conventional grout on the composition of groundwaters in permeable zones
intersected by drilling and blasting activities and on service waters used
for washing down concrete walkways, residues, etc. Conventional grout is
highly alkaline (pH >12) and can contribute significant amounts of
dissolved ions (e.g., hydroxyl, sulphate, potassium, calcium) to contacting
groundwater before it sets. Hydrochemical monitoring of boreholes adjacent
to a freshly grouted portion of a fracture zone in the URL during May 1987
showed that an increment of 1-3 pH units occurred in groundwaters adjacent
to the grouting (Fig. 7 ) . New grouts are being developed as part of AECL's
sealing program and these cause a much lower initial pH shift and have no
long-term hydrochemical effects (M. Onofrei, pers. comm.).
Other anthropogenic effects include the introduction of oil and grease,
fuel, and organic residues into the floor materials and micro-cracked wall
rock. These are unlikely to require changes in design and construction.
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TABLE 2
STANDARDS FOR WATER QUALITY IN CANADIAN DRINKING WATER
AND URL HOLDING POND DISCHARGES
Element

Arsenic
Ammonia (NH3)
Cadmium
Chloride
Cobalt
Copper
Iron
Lead
Mercury
Nickel
Nitrate (N03)
Oil & grease
pH
Radium-226
Sulphate
Uranium
Total Dissolved Solids
Zinc

Maximum*
Acceptable
Concentration (mg/L)
0.05
—
0.005
250
—

1
0.3
0.1
0.001
—
45
—
6.5 - 8.5
1 Bq/L
500
0.1
500

5

* Source: Canadian Drinking Water Quality Guidelines

URL
Objective
(mg/L)
0.05
0.2
0.01
150
0.05
0.06
0.3
0.007
0.0006
0.06
45
None visible
6.5 - 9
1 Bq/L
250
0.1
500
0.2
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3.3

Microbiology

During the excavation stage of a vault a number of microbial effects may
occur. As mentioned in section 3.1, the presence of sulphide minerals at
weight-percent concentrations in the excavated and crushed host rock or
fracture infillings may require special procedures to prevent a problem
commonly known as acid mine drainage. Bacterial oxidation of pyrite is of
great significance in the development of acidic conditions in mines and
mine drainages. The oxidation of pyrite is a combination of spontaneous
and bacterially catalyzed reactions. When pyrite is first exposed, as in a
mining operation or vault excavation, a slow spontaneous reaction with
molecular oxygen occurs (Brock and Madigan, 1991):
FeS 2 + 3 1/2 0 2 + H 2 0 -> Fe 2 + + 2S0 4 2 " + 2H +
This reaction leads to the development of acidic conditions under which
Fe 2 + is relatively stable in the presence of oxygen. However, Thiobacillus
ferroo.xidans catalyzes the oxidation of ferrous to ferric ions. The ferric
ions formed under these acidic conditions can readily react spontaneously
with more pyrite:
FeS 2 + 14Fe 3+ + 8H 2 0 •» 15Fe 2+ + 2S0 4 2 " + 16H+
Because 0 2 is present in the aerated drainage, bacteria will continue to
oxidize ferrous to form ferric precipitates. The low-pH waters (often less
than pH 3) generated as a result of this process may attack other minerals
in the rock and cause release of toxic or undesirable elements (an example
is Al, which is only soluble at low pH).
Groundwater may flow into excavated tunnels and rooms from permeable
fractures. If this water is of neutral pH, Fe-rich and anaerobic, the
sudden transition to aerobic conditions will result in oxidation of Fe 2f to
Fe 3 + and subsequent precipitation of insoluble hydroxides. In addition to
the chemical process, organisms such as Gallionella and Leptothrix contribute
to the oxidation of Fe 2 + at this redox front. For example, during the
excavation of the access tunnel to the underground Aspo laboratory in
Sweden, massive growth of Gallionella on the wet tunnel walls was observed
(K. Pedersen, pers. comm.). Gallionella growth has not been observed in the
URL, presumably because of the very low dissolved Fe levels in the URL
groundwaters.
Only a small amount of energy is available from Fe-oxidation for bacteria,
and they must therefore oxidize large quantities of iron in order to grow.
Gallionella is a true autotrophic organism, which uses C0 2 as a C source to
produce cell material and iron oxidation as an energy source. Thus the
presence of optimal conditions for this organism may result in massive Fe
precipitates and production of organic material, both of which may be
undesirable.
During the earlier stages of excavation of the URL, some walls were covered
with algae, and mosses were found growing in moist places on the gravel
floor (Fig. 8 ) . Algae and mosses produce organic matter from C0 2 and H 2 0

- 165 -

using light as energy source, which is provided at the URL on a 24 hr basis
from electric lights. Increased ventilation and installation of concrete
floors subsequently dried out and covered these areas at the URL, and
growth is no longer observed here.
The introduction of bacterial nutrients such as nitrates and organics from
explosives during the excavation stage was discussed in section 3.2. These
nutrients are largely removed as dissolved species in the service water
used to wash rock faces, etc., and they are pumped to a surface holding
pond. However, some of these nutrients may remain in the damaged rock, zone
behind the rock walls. In the presence of water, these nutrients may
induce bacterial growth in the form of biofilms during operation of a
vault. Biofilm formation is further discussed in section A.2.
4.

OPERATION FACTORS

The period of operation of a nuclear waste vault is likely to be at least
50 years. During this time, the main geochemical effects that might
influence vault design and construction are changes in groundwater inflow
composition, microbiological growth, and interaction of vault materials
with groundwater. These effects are described below.
4.1

Water Chemistry

Long-term changes in the composition of groundwater inflows to a vault
might occur as a result of the gradual dissolution and removal of a mineral
phase in the flow path that controls the concentration of certain ions, or
as a result of inflow of increasing amounts of dilute (or saline) water
from shallower (or deeper) permeable zones in the area of the vault. These
changes may not be easy to predict, even with a prior knowledge of the rock
mineralogy and hydrogeological flow paths.
For example, although the hydrogeological influence o£ excavation of the
URL shaft in 1985 was found to have stabilized within a few months after
the completion of excavation and the major ion composition of inflowing
groundwaters to the shaft has remained stable since then, concentrations of
U in the inflows dramatically increased in 1992, some 7 years after shaft
excavation was completed. The increase was attributed to gradual lowering
of the U 'redox' front in the granite around the URL shaft location
(Fig. 9 ) . Prior to excavation of the URL shaft, the uranium redox front
had existed as a boundary of about 100 to 2uO m below the surface in this
area (Fig. 9a). Dissolved U moving downwards in solution in naturally
recharging groundwaters would precipitate or sorb onto other solids as it
crossed the redox front, resulting in lower U concentrations in groundwater
at depth than near the surface. The excavation of the URL shaft altered
the local hydrological conditions, however. Drawdown of the water table,
coupled with the higher flow rates through fractures, caused the U redox
front to move slowly downwards as surfaces or minerals that could sorb or
precipitate U were gradually consumed. After about 7 years the front
intersected inflow locations in the URL shaft (Fig. 9b), causing rapid
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increases in U concentration in inflow and, consequently, in holding pond
water. To meet environmental discharge regulations (Table 2) a filter unit
that was specific for U (the EXPURRT filter, Gascoyne 1986) was installed
at a suitable location in the URL and has helped to lower U concentrations
in discharged waters to acceptable levels again.
A localized depression in a redox front and an accompanying increase in U
concentration in inflowing groundwaters is probably a common feature of
many large excavations at depth, such as mines, but the phenomenon is
undetected because U concentration generally is not measured in inflows.
In the design of a nuclear waste vault, considerations should be given to
limiting groundwater inflow or constructing treatment facilities close to
the point of groundwater entry if it is anticipated that the excavation and
operation of the vault will alter the geochemistry in inflowing
groundwaters in undesirable ways. Additional installations or design
changes may be required if there are long-term changes in major ion
concentrations or other trace elements, and these would need to be
addressed on a case-by-case basis.
4.2

Microbiology

During the operational phase of a
grow on wet walls and in stagnant
microbes with vault materials may
corrosion of metal structures and
structures.

vault, microbes may form biofilms and may
pools of water. The interaction of
result in microbially influenced
degradation of concrete and wood

At the URL, biofilms have been observed only in a few (wet) places, such as
in the ventilation raise, at the base of a free-draining borehole and on
the side of a large borehole (Brown and Hamon 1994). Such biofilms, if
allowed to grow, can produce anaerobic layers that are unsightly and cause
unpleasant odours if disturbed. If they grow on a wet floor, they are a
slipping hazard. They are unlikely to be a problem in dry conditions, as
witnessed by their sparse occurrence at the URL. At a wet site, permeable
fractures may need to be grouted to control water inflow and so reduce the
potential for biofilm formation. Boreholes in the floors of rooms may
collect water and produce odour, which can be controlled by either plugging
or draining the hole or adding hydrogen peroxide or household bleach to the
water. In a wet environment under anaerobic conditions corrosion of iron
takes place by the following reaction:
4Fe° + 8H + -» 4Fe 2+ + 4H2
Usually, the H 2 film protects the iron from further corrosion, but in the
presence of S0 4 and S04-reducing bacteria (SRB), Fe is oxidized, even in
the absence of 0 2 (Schlegel, 1972), as follows:
4Fe° + S0 4 2 ~ + 4H2O -> FeS + 3Fe(0H) 2 + 20H~
The presence of SRB's and S0 4 in waters draining into a vault may indicate
that corrosion of Fe structures can be expected even under anoxic
conditions.
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In a disposal vault, cements would be used in grouts and concretes for a
variety of sealing applications. Biodégradation of concrete materials
under aerobic conditions is a well-known process. Sulphate-producing
bacteria (Thiobacillus sp.) are capable of oxidizing sulphur, sulphides and
thiosulphates (S°, S2~, S 2 O 3 2 ~) to sulphuric acid in a relatively short
period under aerobic conditions. Nitrifying bacteria (Nitrosonionas,
Nitrobacter) can transform ammonia into nitric acid under aerobic conditions.
The inorganic acids that are produced attack the concrete by dissolving
Ca(OH) 2 and CSH (calcium silicate hydrate) gel from cement. During the
operational phase of a vault, aerobic degradation of concrete surfaces
could occur, and precautions should be taken to prevent this (StroesGascoyne and West, 1994).
Microbially-influenced degradation of concrete sewer lines has been
observed in many countries. This process begins when SRB's in sewage
produce H 2 S, which escapes to the surrounding air and provides a substrate
(a usable energy source) for sulphur oxidizers. In turn, the sulphur
oxidizers produce sulphuric acid, which corrodes the cement matrix of the
concrete. A similar process could occur in a vault, in a biofilm on a
concrete surface. The groundwater may contain S0 4 , and anaerobic
conditions in the biofilm may support SRB growth and H 2 S production which
may then serve in another, aerobic location as an energy source for Soxidizing bacteria resulting in acid production and attack of the concrete
(Rogers et al., 1993). Preventive measures would be removal of biofilms,
inducing a dry environment and ensuring S04-poor groundwaters.
Mine construction often involves the use of wood beams which need to be
kept wet to prevent cracking. However, a moist environment may induce
attack of the wood by fungi, as has been observed at the URL. Preventive
measures, such as treatment with wood preservatives or cleaning with
household bleach, may be necessary to prevent organic build-up.
4.3

Vault Materials

During the operational phase, groundwaters will begin to interact with
emplaced vault materials in the completed, backfilled segments of the vault
as the process of resaturation begins. For the most part, these
groundwaters will likely be pore fluids migrating from the bedrock matrix
and driven, initially, by the large hydraulic gradient existing between
fluids in interconnected pores at depths of 500 - 1000 m, and an excavated,
backfilled cavity (at -1 atm. pressure). In addition, there will be
chemical interaction between the fluids in the buffer and backfill that are
introduced to achieve required moisture contents for compacting operations.
Because the pore fluids at vault depths in the Canadian Shield are likely
to be quite saline (Ca-Na-Cl brines, Gascoyne et al. 1995) and the claybased buffer fluids will be compositionally different and less saline (NaS0 4 , Oscarson and Dixon 1989), there will likely be complex interactions
between these two types of fluids and buffer, backfill, container metals,
grout and minerals in the host rock. For instance, the high S0 4 and Ca
concentrations achieved on mixing the fluids may cause precipitation of
gypsum. Silica is likely to become more soluble under the elevated
temperatures of a vault.
Because of its availability in buffer and
backfill and its ease of release during clay mineral transformations,
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silica probably will dissolve near the waste containers and will
precipitate further away. Influx of bedrock, pore fluids during vault
operation and then chemical diffusional gradients following reflooding may
cause a gradual changes in clay mineral composition and, consequently,
changes in swelling and radionuclide sorption capacities.
These types of transformations need to be considered during the early
stages of vault design and construction in order to minimize adverse
impacts on vault performance.
5.

CLOSURE AND MONITORING

Following the operational stage of a vault, there will be a period when all
access drifts and shafts are backfilled and sealed with a combination of
clay, crushed rock, and, in some areas, concrete. These materials will
interact with resaturating fluids (section 4.3 ). To monitor these
interactions as well as to allow for sampling of radionuclides, it will be
necessary to be able to collect samples of groundwater from permeable
fractures both upstream and downstream of the facility. This would require
including monitoring boreholes in the vault design plans or, alternatively,
using some form of non-intrusive monitoring. An example of remote
monitoring might be a system based on geochemical sensors and a power
source emplaced during the closure stage with radio-induction monitoring at
the surface.
An important effect of the presence of salts in the rock matrix is that
they will greatly influence the salinity of resaturating groundwater after
vault closure and thereby affect container corrosion rates, clay stability,
wasteform stability, radionuclide solubility and speciation and their
sorption in the vault environment. In addition, high salinities may
develop because the crushed rock is likely to be used as a component of
backfill on closure of the vault and it might be necessary to select rock
from areas of the excavation site with the lowest salt content to minimize
the salinity effect.
During the resaturation process fluids entering the vault from the rock
matrix may also carry with them salts that have accumulated in the
excavation disturbed zone (surrounding all underground cavities) over the
period of operation of the vault. These salts will have migrated towards
the vault as pore fluids but will have crystallized out in the aerated,
fractured wall-rock due to evaporation by the forced-air ventilation of the
operating vault. A ^salt-halo' may therefore be formed around the vault
openings (Fig. 10). The halo is expected to redissolve under resaturation,
conditions to produce extremely saline fluids in contact with vault
materials soon after closure. This scenario is supported by rock leaching
studies and pore-fluid sampling experiments that are currently underway at
the URL. The extent and significance of the phenomenon is still being
evaluated in AECL's research program, but its effect is being included in
current geosphere and vault performance models and may impact on eventual
vault design and construction.
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6.

CONCLUSIONS AND RECOMMENDATIONS

A number of geochemical properties and effects have been described in this
paper which might affect the design and construction of a nuclear waste
vault in crystalline rocks of the Canadian Shield. These include rock
mineralogy and heterogeneities in composition, variations in groundwater
salinity and content of micro-organisms and hazardous constituents, and
influences of grout, explosives and organics introduced during the lifetime
of the vault. Of particular significance are the influences that are
believed to be of importance but that are not yet fully substantiated or
readily quantified. These include microbiological activities in the sealed
vault, significance and quantity of nutrients emplaced in the vault, pore
fluid resaturation and salt-halo effects. If they cannot be quantified, or
cannot be shown to be of negligible effect, they may need to be minimized
by using special procedures before sealing the vault, such as screening
buffer/backfill materials for microbes and nutrients, by minimizing the use
of explosives or grout, and by skimming rock walls to remove salt
accumulations. In addition, vault design plans may need to allow for
construction of in situ or surface-based water treatment facilities to meet
environmental regulations and the use of alternative water supplies service
operations. Understanding the chemistry of groundwater inflows to a vault
is particularly important because some of the inflows could introduce
difficulties such as increased corrosion of piping and equipment and the
need for pretreatment to remove hazardous constituents.
This paper has summarized, with examples, the geochemical factors that may
influence every phase of activities associated with a nuclear waste vault.
Geochemical factors need to be integrated with all other factors affecting
vault design. To illustrate this, a number of examples have been cited
where the geochemistry or a variation in a related factor has a major
impact on disposal system design. Most of these emphasize the impact of
the geosphere on the operation and post-closure performance of the
engineered disposal vault. However, another area being addressed in the
research for the Canadian Nuclear Fuel Waste Management Program is the
long-term geochemical impact of the vault and its contents on the
geosphere. For example, to what extent is the geosphere's ability to
retard radionuclide migration modified by geochemical perturbations caused
by the vault?
In the Canadian illustrative case study included in the Environmental
Impact Statement being submitted in 1994 for technical and public review,
the physical and chemical properties of the rock surrounding the vault have
been found to be important in isolating the waste containers from a major
permeable fracture zone. These properties, therefore, potentially have
major impacts on the design and construction of the vault. Engineers and
designers should be aware of the importance of geochemical input so that
potential problems can be recognized and difficulties that arise throughout
the lifetime of a vault can be resolved.
In preparing this report, it has become clear how pervasive geochemical
factors are in the design and performance assessment of nuclear fuel waste
disposal facilities. Geochemical factors need to be considered in all
aspects of design, both in the direct operational sense and also through
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optimization. However, not all geochemical factors have been reviewed or
mentioned. This was an intentional choice, the focus being primarily on
those shown to be important in the disposal concept developed by AECL for
Canada's nuclear fuel wastes, namely disposal in an engineered vault at a
depth of 500 m to 1000 m in rocks of the Canadian Shield. It is possible
that for other concepts, sites and designs, additional geochemical factors
could be more important.
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DISCUSSION OF FACTORS IMPOSED BY SHORT-TERM
REQUIREMENTS

Mitch Brodsky, USDOE
Did you (ECN) consider the use of rail and drift emplacement from a retrievability standpoint as
an option? How did you factor in salt creep? Did you consider not using backfill from a
retrievability standpoint and did you address the radioactivity and technical considerations, as
opposed to utilizing a drift emplacement with seals or shields?

Jan Prij, ECN
Starting with the second question (did you consider salt creep) - Yes, we did. There was a
reason that we used backfill material, because due to the salt creep you can imagine that within
a reasonable period the dimension of the repository would be completely different. After a
while you would have the openings completely closed, but would not know exactly when. With
the use of backfill, you would have a well-defined geometry of the sealed repository especially
with salt. In response to the third question (did you consider not using backfill) - We
considered it for a while, and then we said it is better to have backfill to be sure that the heat is
efficiently transferred into the rock. The other reason is that we want to have a barrier in the
event that something happens during the operational period. Some event that is not expected
may be possible. I have a background in performance assessment, and there we aiways assume
that everything will go wrong, and therefore we prepare designs in which we can recover if
something goes wrong. Regarding your first question about rail and drift - I do not know what
you mean. Maybe after this discussion you can explain to me what it is, and I will give you an
answer.
Christer Svemar, SKB
I have two questions for the presenters of the two retrievability papers. Will the retrievability
question influence also the design of the canisters? Is the consideration only to retrieve all of
the canisters or is allowance being made to retrieve a specific canister?
Roberto Miquez, ANDRA
Yes. In our studies we considered that retrievability will influence the design of each
component of the disposal system, all barriers, including the shape and the quantity of the
packages. However, we have not specified this in published reports.
Jan Prij, ECN
We considered the retrieval of all of the canisters. We also assume that the retrievability
considerations have not had any effect on the design of the canister. If we consider the
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fuel waste we would have to design a heavy container around it.
Christer Svemar, SKB
Shall I assume from your answer, that although you are not specifically looking at the canister
design with respect to retrievability, you do have canister designs of both specifically retrievable
and nonretrievable types.
Jan Prij, ECN
Yes.
Alan Berusch, USDOE
In our program, we are required to retrieve waste equivalent to that which we emplaced. I
haven't heard anything about your estimates. Do you look at a way of retrieval? Also when
you retrieve, what do you plan to do with waste? In your discussion you talk about one of the
safety criteria being non-contamination, what triggers a retrievability event? In our case we are
very concerned about how we picked the raw materials for the disposal system. For example,
we expect corrosion, but if we have accelerated corrosion, we might have to retrieve the
containers because we are concerned that they are not completely meeting the performance
criteria. What would cause you to perform a retrieval? Do you have a requirement to retrieve
at a certain rate? (We do). Have you considered the cost of retrieval?
Jan Prij, ECN
We do not know what triggers retrievability. The rate of retrievability has not been set. We
hope that the rate is so slow that the achievable rate is acceptable. We have not considered
what we would do with the retrieved waste.
Unidentified
Perhaps we can propose the question to other representatives at this Workshop. Perhaps the
Swedish representatives have considered these particular points since their program seem to be
moving at a rather rapid pace, and perhaps have some information they could provide us.
Roberto Miguez, ANDRA
In France, the idea behind our studies is to show that all the alternatives in the disposal system,
for example, transportation, are technically and economically available. That is the purpose
behind the study for retrievability. But the second question is an open question. You saw in
my presentation that retrievability is defined in a short-term sense. We must propose a method
of retrieval, as a function of cost, as the authorities could ask for this information. The third
question - What do you do with the retrieved canisters? If transmutation by nuclear partitioning
works, in 100 years for example, this disposed waste could be retrieved and treated.
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I told you that the Netherlands government has demanded retnevability. Their main reason, is
that the waste must be always there for recycling. Nothing more than that. The next studies
that we will do is what do you want to do with the waste. If you know what you want to do,
you can determine how fast you retrieve it?
Roberto Miguez, ANDRA
We now realize that retrievability is a subject that is very important for public acceptance in
France.
Christer Svemar, SKB
I have a comment on the Swedish position on retrievability. I earlier mentioned that SKB is
planning to construct a repository in two steps, the first of which would be designed to handle
10% of the waste inventory and the second the remaining 90%. In the first step the main
component is the monitoring of the performance of each phase of the actual deposition process,
before a decision to go ahead with step 2 is considered. The monitoring is focused on handling
and other operational activities of the process. The intention is not to demonstrate the long-term
performance of the repository. The time for deposition of 10% of the canisters is expected to
take less than 5 years and the evaluation can be made immediately after that. But the very fact
that monitoring is made implies that adjusting actions have to be possible to take in case
anything is not going the way it was predicted to go, the ultimate action being the retrieval of
all deposited canisters.
One aspect is that the timeframe of concern is about 5 years and, in that period of time, no
severe damage to the canister should be possible to occur. It can therefore be assumed that each
canister is in the same shape as when it was deposited. Retrievability in this case would then be
to take the intact canisters from known locations and bring them back to surface and to an
interim storage. Consequently SKB either will have, or have the possibility to construct, an
interim storage facility for the canister equivalent of 10% of the inventory.
A possibility of retrieval in a longer time perspective than 5 years is considered to be positive.
No measures for this are, however, taken that would jeopardize the long-term performance of the
repository. It is, on the other hand, also said that no measures should be taken that
unnecessarily impede retrieval in the future. SKB has not set any time perspective on the
duration of the period for possible retrieval in the long term.
Gary Simmons, AECL
I will take this opportunity to state v/hat the AECL position is on retrievability in our design
concepts. At this time the Atomic Energy Control Board has stated that during the period of
operation, retrieval must be possible. It does not state a reason for which you would retrieve, it
does not state a rate •: which you must retrieve, it does state that you should not compromise
the sealing systems to ease the retrieval operation. We have identified one reason for retrieval,
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the way we monitor the performance of the engineered barriers in situ during the operating
period. We intend to have these test areas distributed around the repository in which we would
emplace instrumented containers, buffer and sealing systems and would monitor rock. In doing
this we would likely compromise the long-term performance of the seals using today's
technology. Therefore, at the time of final sealing of a repository, it would be necessary to
retrieve the containers from the test areas to refurbish them, or remove and replace them with
new containers, in order to dispose of that waste in a final disposal room. We have in our plans
the need to retrieve, but there is no stated rate and we have only one identified reason at this
time for having to retrieve.
Mitch Brodsky, USDOE
Mr. Biickblom, during your presentation you discussed the prototype repository that you are
going to construct. Are you going to have a fixed-price contract or are you going to build to
suit?
Goran Backblom, SKB
For our first application of a tunnel boring machine, an experiment tunnel in the Àspô
Laboratory, the TBM tunnel has been contracted. It is more or less a fixed price in which we
pay for a bill of quantities. We will use part of this TBM tunnel for the experiment tunnel, but
then how we will proceed with the contractual arrangement for the prototype repository is not
decided. We must prepare the specifications, the procedures on how to do the work, and then
decide on the contract format.
Kal Battacharyya, CRWMS M&O
In the discussion this morning, I have not heard much about the temperature aspects. In the
U.S. program we are looking at a fairly high thermal loading, with the container temperatures
around 200°C. Depending on when you retrieve, it could be not only geologically difficult, it
could be difficult to develop equipment to work in the expected environment. What is the
thermal density, that is watts per square metre in the repository designs? Have you looked at
the temperature of the rock at the time of retrieval considering a worst-case scenario?
Jan Prij, ECN
We have considered the temperature aspect and we have concluded that we have to consider an
interim storage cooling period of 30 years and the layout repository that gives the maximum
temperature lower than 100 degrees. Because if you have that low a rock temperature, then we
have a feeling that you can do the work wjthout complicating the operations or equipment. We
have also shown that if the temperature is lower than 50 degrees, we would be able to work
without any protection. Yet 50 and 100 degrees maximum temperature is the design target that
we have set.
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Roberto Miguez, ANDRA
Yes, we will take into account the temperature. We think that it is a problem that could be
optimized. For example, if fuel passes from a first level to a second level of retrieval, maybe
the determining factor will be the temperature of the waste. It is possible to imagine that in
some cases ventilation air could be used to cool the waste in situ, and after a period of time a
decision could be made to go ahead to the second level of retrieval, removal of the waste. This
would avoid work in a high temperature rock mass. We have now studied the issue but it is an
open question for us. We must have retrieval for the reprocessing waste and the spent fuel
waste.
Jean-Michel Hoorelbeke, ANDRA
I have a question to Mr. Prij. In your presentation you showed the final flow calculations and
your choice of a strategy. What confidence can we have in the final flow calculations for a
period of time of more than 20 or 30 years since we know that a crisis can occur every 20 years
to 50 years? Don't you think that the social aspects which are difficult to quantify are important
in this issue of retrieval and should be taken into account to decide the strategy?
Jan Prij, ECN
Of course the social aspects are extremely important as are the safety aspects. It is necessary to
start somewhere and we have decided to start with the cost consequences. I agree with you that
it is difficult to make a reliable prediction of what is going to happen in the next 100 years.
However, predictions are necessary.
Jean-Michel Hoorelbeke, ANDRA
Mr. Gascoyne, do you have an idea of the influence of each the parameters on the long-term
performance of the repository? Did you identify the major (the most important) problems and
did you tiy to see how to reduce them?
Mel Gascoyne, AECL
I think that we are at the early stages of recognizing these problems. Some of the more major
problems might be the projecting of nutrients such as nitrates into wall rock during blasting.
The effect of the groundwater salt payload in fact is a factor and at the moment we haven't tried
to rank them in order of which is more likely to compromise performance.
Christer Svemar, SKB
I think this was a good compilation of different factors which have to be considered in the
repository design and operation. But I have a thought which is related to Mr. Hoorelbeke's
question. Do you have any examples when any of those factors have been of concern to AECL
in design of the repository? Blasting was mentioned but not the emplacement configuration, the
rock mechanics, etc. Have any of such factors been considered in the design in the same way?
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As Mr. Gascoyne pointed out in his presentation, this is fairly new information and have not yet
decided how to accommodate it in site characterization and repository design. The answer right
now is no we have not considered this as an element in our conceptual design.
Mel Gascoyne, AECL
I think we are just realizing many of these things at this stage. In our program perhaps I should
quantify them further, and then tell you whether there really will be a problem before we begin
to answer your question.
Gôran Backblom, SKB
With the present knowledge, have you identified anything that you believe would impose a
restriction on construction activities?
Mel Gascoyne, AECL
I think we should certainly minimize the introduction of carbon through bacterial buildups
underground. We can perhaps reduce fairly soon the amount of nitrates or nitrogen products
that might be injected into excavation-damaged walls. I think taking normal housekeeping
considerations and keeping a relatively clean repository are simple things that must be done
initially.
Alan Berusch, USDOE
Recognizing that this is early in your study of geochemical factors, it appears that your list will
be invaluable in identifying the kind of information that should be considered. In the U.S.
program to date, we have looked at addressing more than just corrosion. I am just wondering in
the borehole emplacement approach do you take into consideration the range of effects from
more aggressive corrosion in an open borehole.
Mel Gascoyne, AECL
Yes, the container and buffer design and testing are certainly looking at a range of groundwater
compositions that extends to even more saline than those we have measured. This range is
featured in the performance model and component design. I think this has been emphasized in
the last two years, when we addressed microbial effects to some extent before performing
scoping calculations. We now have an active microbe program looking at all aspects of microbe
unit organism development, such as whether the microbes in the component materials can
flourish on the underground nutrient sources, and whether they exist naturally in groundwater.
We are developing methods of determining what they are and what they do.
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FACTORS AFFECTING REPOSITORY DESIGN AND LAYOUT IMPOSED
BY LONG-TERM PERFORMANCE REQUIREMENTS

THE NUCLEAR WASTE CONTAINMENT AND SOME ASPECTS OF THE DEEP
DISPOSAL CONCEPT

B. Félix, P. Thorner, P. Raimbault and F. Beaulieu, ANDRA

1 PRESENT CONDITIONS OF THE HLW DISPOSAL DESIGN IN FRANCE :
The law of 30 December, 1991 related to the research programme about the
management of high level and long-lived nuclear waste has stressed the three
principal directions for their development. They concern firstly partitionning and
transmutation of the radionuclides, secondly long-term storage in surface or near
surface conditions and thirdly final geological deep disposal, including retrievability of
the waste during several decades. The aim is to obtain sufficiently conclusive results,
within 15 years, to allow a political decision about the HLW long-term management.
The French agency for the management of nuclear waste - ANDRA - is in
charge of the third research programme : the investigation of the feasibility of a deep
disposal in two geological formations, at least, leading to the validation of disposal
concepts with and without the waste retrievability. According to the law, ANDRA has
to build two underground laboratories, the location of which will be chosen, provided
that an agreement with the population of the surrounding districts is reached through
their representatives. The nomination of a mediator by the governement was laid
down in the law to facilitate the candidature collection. A member of parliament, Mr.
Christian Bataille, the reporter of the law, was nominated at the beginning of 1993.
At present, the mediator's mission is nearly completed. Four departments have been
selected, three with potential host clay layers : Meuse, Haute Marne and Gard and
one with granite formation : Vienne. From now on, the design process is oriented
towards these two host formations. The four districts, will be submitted to a
preliminary geological survey, during 1 or 2 years. At the end of this stage, the
laboratory locations will be chosen.
During the next two years, technical solutions will be exhaustively identified,
on the basis of the function analysis of the disposal. Their feasibility demonstration
will be estimated considering the scientific and technological development required
and their contribution to the disposal global confinement capacity. Probably at the end
of 1996, when geotechnical data are available on the two laboratory sites, some
disposal concepts will be selected. The disposal general requirements will be
formulated and the technical specifications will be issued. As soon as the
underground facilities are available, approximately in year 2000, the research
programmes and particularly the experiments in underground conditions will aim at
the validation of the selected solutions. This paper presents some examples of the
investigations under way.
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2 THE DEEP DISPOSAL DESIGN AND THE OPTIMIZATION OF ITS LONG-TERM
CONTAINMENT CAPACITY :
The main function of the geological disposal consists in isolating the
radionuclides from the biosphere and the human beings, as long as their radioactive
decay is not completed. To meet this general requirement, the disposal has to protect
the radioactive waste from intrusions or disturbances of human or natural origin, like
volcanism, earthquakes, wars, etc. It has to minimize the radionuclide transportation
vectors, i.e. the water or gas flow in the host geological formation. It has to extend the
period during which the conditionned waste integrity is preserved. Over this period,
the hydrological and chemical conditions in the waste vicinity resulting from the
evolution of the artificial barriers and of the host formation have to minimize the
radionuclide mobility.
The artificial barriers : the waste packaging, possibly complemented by an
overpack, and the engineered barriers interact with the geological barrier. It is
essential that the containment capacity of the latter due to its natural properties does
not deteriorate as a consequence of these interactions.
The disturbances of the host formation may be of many origins :
- The mechanical loading depends on the geostatic stresses and on the opening
dimensions which are themselves related to the artificial barrier thickness.
- The chemical and hydric imbalance due to ventilation during the operating phase,
may bring about desaturation, oxydation of the host rock and possibly biological
attack.
- The temperature rise in the host rock after closure is related to the residual thermal
power of the nuclear waste. It depends on the preliminary cooling of the waste during
surface storage and on the package spacing.
- The residual neutronic and gamma ray emissions may have to be taken into account
in the only case of non absorbent artificial barriers of restricted thickness.
The artificial barriers are to be designed in accordance with the properties of
the potential host formation, still unknown at the present stage of the investigation in
France, and with the nuclear waste management : the waste production, their
conditioning, the duration of the preliminary storage, etc. They have to respond
correctly to the needs, to meet the safety requirements with a redundancy factor
which is sufficient to take into account the uncertainty in the performance assessment
and the various accidental scenarios and finally, they will have to optimize the
technico-economical cost of the deep disposal. Thus, the effect of the waste toxicity
will be as low as it will be reasonably achievable, economic and social factors being
taken into account.
Firstly the safety analysis methodology developed in ANDRA is presented,
according which an iterative process is initiated to determinate the performance
requirements of the different disposal components. This methodology integrates the
available data about the potential host formations and about the technologies.
At present, ANDRA is also working on the development of parametric analysis
tools. Two examples of these tools are given.
- The maximum temperature rise in the host rock is related to the thermal
power of the radioactive waste, i.e. the duration of the preliminary cooling period, on
the one hand, and to the dimensional parameters, for a given deep disposal layout,
on the other hand.
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characteristics of the handling drifts which are large openings, in the vicinity of the
radioactive waste. It relates the underground water volume, in long-term conditions
when steady flow is re-established, to the hydraulic conductivity of the backfills, and
to the number and the conductivity of the dams.
3 THE PERFORMANCE DETERMINATION AS ATOOL FOR AN OPTIMIZED LONGTERM RADIONUCLEIDE CONFINEMENT :
3.1 Safety analysis methodology :
In France, the deep geological disposal is to be designed as a multi-barrier
system. Except for the characteristics related to the packaging of the existing nuclear
waste, no design parameters are currently determined or known. The safety analysis
methodology is a guidance to accompany their step by step determination in such a
way as to result in an optimization. The global containment capacity of the disposal,
in nominal and accidental circumstances, is modelized as a multiparameter function.
The numerical models evaluate the long-term eventual radionuclide release from the
disposal toward the biosphere and the dose rate it induces for human beings, in the
different circumstances. Their results are analysed in comparison with the maximum
dose limit in routine situations and with the risk limit in potential hazardous situations.
These limits are indicated by the French basic safety rules (R.F.S. lll.2.f) which is in
accordance with the recommendations of the International Committee for Radiological
Protection.
The models necessarily simplify the representation of the behavior of the
natural and the artificial barriers, which can be drawn on the basis of the present
knowledge about the phenomenon which may occur within them. Each barrier is
supposed to behave two ways :
- firstly, and until a retardation time is elapsed, no migration can take place. The
barrier delays the radionuclide release.
- Afterwards, a migration through the barrier cannot be avoided, but for each
radionuclide, the migration flux is limited.
Three parameters characterize these phases in the modelizations of the release : the
retardation time, a limiting factor for each radionuclide and for the risk estimation in
accidental circumstances, the probability of occurence of the scenario.
The method is iterative. Firstly, functions are chosen which correspond to the
nominal disposal configuration and to accidental circumstances. In some of them, one
or two of the barriers : the waste package, the engineered barrier or the geological
host formation play no role (the retardation time of the corresponding functions is
reduced to zero and the limiting factor is infinite). We can then build a complete set
of generic situations and evaluate the response of the system in the shape of a set
of performance curves depending on the parameter variability due to natural variability
and to data uncertainty. For accidental circumstances the result is analysed as a risk,
i.e. the probability of occurence is taken into account.
This analysis is expected to evidence the sensitivity of the disposal global
confinement capacity to the variations of the barrier characteristics related to the
different radionuclides. It will contribute to the definition of the requirements attached
to the different disposal components. It will also help to define the further R & D effort
which could lead to a better understanding of the most critical phenomena. For
instance, the analysis described in paragraph 3.2, emphasized the importance of a
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It may equally lead to the conclusion that active means are to be developed to reduce
the risk of some accidental circumstances by reducing their probability of occurrence
(for human intrusion for instance) or by reinforcing the insensitivity of the disposal to
the degradation they bring about.
Secondly, when the selection of a set of technical solutions will be possible
among those which are under investigation (or will be in the near future), the
mathematical functions describing the contribution of each barrier to the confinement
of the radionuclide, will be replaced by models issued from the scientific and
technological research developments. The same type of analysis will contribute to
show whcit reductions of the parameter uncertainty (what improvements of the barrier
reliability) would lead to a maximization of the disposal efficiency.
3.2 An application of the performance determination method : the canister
overpacking durability influence :

As an example, an analysis is presented with the particular hypothesis that the
geological and the engineered barriers have failed, because of a human intrusion for
instance, and that the radionuclides leached from the waste are directly released, with
some limitation, in the biosphere. The waste taken into account are issued from the
reprocessing of the nuclear spent fuel. Their volume is calculated by extrapolating the
present production. The results presented in figures 1 to 4, correspond to the vitrified
fission products and actinides. Similar ones have been obtained for other types of
long life, alpha emitting waste, such as cimented hulls and dads.
The parameters under consideration in the analysis are the following :
- The retardation time of the first barrier, the waste package is equal for all of them.
Its value corresponds to the durability of the overpacking i.e. its life time. The limiting
factor which reduces the radionuclide release out of the packages when the
retardation time is elapsed, is similarly equal for all the packages and for all the
radionuclides, it is equal to the waste matrix degradation rate.
- For the second barrier i.e. the engineered barrier, the retardation time is nil and the
limiting factor is infinite for all the radionuclides.
- For the third barrier, i.e. the host formation, the retardation time is nil too and the
limiting factor has no effect in one of the calculations (figure 1) where it is supposed
to be infinite. In the other calculations (figures 2, 3 and 4), a limiting factor is
introduced which is proportional to the volume of the underground water flowing
annually through the repository, multiplied by the solubility limit of the different
radionuclides. Accordingly, the limiting factor is different for every radionuclide. The
radionuclide solubility limits depend on their chemical speciation and therefore on the
underground geochemical conditions they meet, and which may result in several
orders of magnitude in their variations. A data base developed by ANDRA and issued
from the international littérature and particular investigations, provides the extreme
values of the solubility limit which may be encountered. Average values have been
estimated, from it.
The calculation scheme is deterministic. Neither any uncertainty of the
parameter determinations, nor any stochastic distribution of their value within the
waste package collection are introduced. For all of them, the radionuclide release
begins at the same time, corresponding to the overpack life time, and then all the
radionuclide flux are uniform. The dose rate transmitted to human beings is the sum
of the doses generated by each radionuclide which is equal to the activity released
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simulations are presented in the figures 1 to 4 where the maximum dose rate ever
reached is related to the retardation time characterizing the duration of the canister
overpacking. The main relevant result is not the absolute dose (the absolute risk
would be better) but the relative dose reduction factor.
In the first simulation, the third barrier i.e. the host formation plays no role, a
scenario which has of course, a very low probability of occurence. Its limiting factor
is infinite because the underground water flow itself or the different radionuclide
solubilities themselves are supposed to be infinite. The only limitating factor is the
degradation rate of the vitrified waste the value of which is chosen in that way the
waste are spread after 10 000 years. As shown on figure 1, there is no significant
maximum dose reduction until the overpack lifetime exceeds 10 million years. '

Fission products and actinides in HL vitrified waste
Without solubility limit - Degradation rate = 1 e-4/year
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Maximum dose rate to human being induced by the HL vitrified
waste repository, as a function of the canister overpack life time
(the engineered barrier and the geosphere exert no limiting effect
the water flow or the radionuclide solubility limits are infinite).

If a limiting factor is introduced, by means of a limited underground water flow
and by solubility limits for the radionuclides, the simulations lead to different results.
An example is presented in figure 2, where the underground water flow is equal to
1000 m3 per year. This volume is to be compared with that encountered in nominal
conditions, which is about a hundred times lower, provided that the hydraulic
-10
conductivity of the host formation is as low as 10
m/s and the local hydrological
gradient is close to 10" .
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contribute much less to the maximum dose rate than previously. Comparatively, short
life fission products like Cs137 and Sr90, with higher solubilities, appear to be
determining. In such a case, a canister overpacking with a life time longer than one
thousand years would be sufficient to confine them until their radioactive decay is not
completed and to annihilate their contribution to the maximum dose rate as a result.
The order of magnitude of the reduction factor is equal to one thousand times, as a
maximum value corresponding to a one thousand year life time. An additional
reduction of the water flow from 1000 m3 to 100 m 3 would not influence the
contribution of the short life fission products, the leached flux of which are far below
the saturation, but would reduce the actinide one, as indicated by figure 3.

Fission products and actinides in HL vitrified waste
With solubility limits Degradation rate=1e-4/year Water flow=1000m3/year
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Maximum dose rate induced by the HL vitrified waste (the geological
barrier exerts a limiting factor through the solubility limits and the
restricted flow of underground water leaching the waste). Compared
with the figure 1 results, a significant reduction factor is obtained with
a maximum value for a life time equal to one thousand years.

A decrease of the degradation rate of the conditioned waste would have the
opposite effect. A comparison between figures 3 and 4 shows that a decrease from
10" to 10" per year of this parameter would not influence the actinide contribution
which is determined by the water flow and the flux of dissolved radionuclides it
transports at saturation. Conversely, it would reduce the fission product one.
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replace the average values in the calculations, the maximum dose rates resemble
those presented in figure 1, for which no limiting factor is introduced, except for the
degradation rate of the conditionned waste. In other words, an overpack with a life
time as long as one thousand years would not probably avoid unacceptable dose
rates in the accidental circumstances considered in these simulations. This dose rates
should have to be weighted in accordance with their probability of occurrence.
Nevertheless, the safety assessment of the disposal concept, in a given host
formation, appears to be largely dependent on the geochemical features of this
formation. The simulations presented in this paper evidence that one thousand years
is probably an interesting overpacking life time, as far as the overpacking is included
in the disposal concept. During this period, the radioactivity of Cs137 and Sr90 which
predominates initially vanishes. For the alpha emitting radionuclides like Am241, Am243,
and Th229, the retardation time required is much longer : more than ten million years
and an intermediate overpack life time seems to be of little interest.

Fission products and actinides in HL vitrified waste
With solubility limits Degradation rate=1e-4/year Water flow=100m3/year
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Maximum dose rate induced by the HL vitrified waste. The
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With solubility limits Degradation rate=1e-5/year Water (Iow=100m3/year
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Maximum dose rate induced by the HL vitrified waste. The
underground water flow is the same as in figure 3, but the waste
package degradation rate is ten times smaller.

4 TOOLS FOR PARAMETRIC ANALYSES AIMING AT AN OPTIMIZATION OF THE
DISPOSAL CONCEPT :
4.1 Evaluation of the maximum temperature rise, induced in the disposal
host formation by the radioactive waste thermal power :
The disposal layout considered in this analysis is represented in figure 5a. The
exothermic waste are piled up in vertical disposal boreholes regularly set out at
distance Px, along parallel handling drifts with a uniform spacing Py. Similar analyses
are under way for alternative layouts. It is assumed that the host formation is an
homogeneous continuum which obeys Fourier's law. The temperatures generated by
the different heat sources are summed up. The waste thermal power is declining
according to a time power law, therefore the maximum temperature rise is reached
at the wall of the disposal boreholes with a delay.
The results are presented in the form of charts shown in figure 5b, where the
coordinates are the distances Px and Py. Two sets of curves intersect. The first ones
correspond to the maximum temperature rise and the second ones to the number of
waste packages per surface unit of the repository horizontal extent. Obviously, a
maximum waste package density is encountered, for accepted temperature rise, when
Px and Py are equal. The optimization will be possible when other criteria issued from
the analysis of the confining performance, for instance, are available. Another form
of these charts may be elaborated using adimensional variables. Then, calculation
data such as the thermal conductivity of the host formation or the initial thermal power
of the radioactive waste which depends on preliminary storage, appear no more
explicitly. These data are laid down and therefore cannot be involved in an
optimization process.
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Maximum temperature rise in the granite host formation
corresponding to the spacings : Px and Py between disposal
boreholes and handling drifts. The borehole depth is 100 m.
a - Detail of the disposal layout.
b - Maximum temperature rise.
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4.2 The backfilling and the sealing of the handling drifts and their influence
upon the underground water flow :

The handling drifts, because they are large openings in the vicinity of the
waste, may greatly influence the water flow in the near field. The sealing dams, their
imperviousness, their number and their placement are the most influent design
parameters but the backfilling performances play an important role too, specially their
porosity and their hydraulic conductivity. At present, the analyses consider both the
transient state, just after closure, when the water flow is convergent and equally, the
long-term steady state, when local hydraulic gradients have returned to an equilibrium.
A prolongation of the resaturation period may be considered as interesting
because it may delay the degradation phenomena in the artificial barriers. The
duration of this period of time depends directly on the volume in the opening backfill
porosity which is free of water, therefore loose materials would be required for
backfilling, having in mind that loose generally means pervious.
In the long-term, when the steady state is set up, the aim is to minimize the
underground water volume which flows through the repository and to extend the
period of time during which the underground water is moving from the repository
toward the biosphere. Because the handling drifts are close to the waste packages,
their hydraulic conductivity largely determine this flow of water. The ratio between this
flow and the flow which took place before construction in the same openings,
approximates the dimensions of the flow tube which is drained by the repository.
According to the flow tube height, the risk of mixing deep water with the surface water
table may be appreciated. Such analyses lead to particular requirements including
numerous sealing dams along the handling drifts and low hydraulic conductivity of the
backfills. This last requirement is conflicting with that issued from the resaturation
period optimization.
The parametric analyses presented here concern the long-term requirements.
A simple 2D finite element scheme is used to investigate the hydraulic behavior of the
disposal, in relation with the characteristics of the sealing dams and the current
backfillings. In these modelizations, geologic and engineered material are supposed
to be homogeneous and the water flow to obey Darcy's law. The geometry and the
limit conditions of the 2D scheme are represented in figure 6a. They correspond to
a 500 m long disposal, in a granite host formation which includes two major vertical
failure zones perfectly drained and distant 2000 m from each other. The repository
is located at a depth of 500 m. The undisturbed lower limit is supposed to be 2 000
m under the ground surface.
The first calculations, in figure 6b, indicate the average transit time (in
thousands of years) necessary to move the underground water along the handling
drifts at long-term after closure, as a function of the backfilling porosity. The left
column gives the initial transit time in the granite formation before construction, which
can be compared with the central one corresponding to a backfill with a porosity equal
to 10 %. The granite has a porosity 0,4 % far below this value. Nevertheless the
transit time may be shortened because the hydraulic conductivity of the backfill is 10
times higher than the granite one. Then an increase of the porosity from 10 % to 30
% may lead to a much longer time value, provided that the backfill hydraulic
conductivity is the same.
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Finite element 2D calculations of the steady state underground water
flows through the repository at long-term. The transit time necessary
for moving water along the backfilled handling drifts.
- a - Calculation scheme.
- b - Transit time.

The following example applies to the influence of the hydraulic conductivity of
the sealing dams and of the current backfills. In this example the host granite has a
constant conductivity equal to k = 10"11rn/s and the sealing dam number is kept
constant and equal to 7. Because of the 2D scheme chosen, the ratio of the drained
flow over the initial flow is equal to that of the flow tube vertical dimension over the
handling drift one. The figure 7 represents the variations of this ratio with the dam
conductivity, the backfill conductivity having constant values ranging from k = 10" m/s
to k = 10 m/s, according to the different curves. A dam number equal to 7 results
in a water flow ratio superior to 20 when the dam conductivity is as low as the granite
one and reach 80 when it is poorer. For better improvement very impervious backfills
are required.
The figure 8 evidences the backfill conductivity influence. The curves show
how the water flow ratio varies according to its value, for two types of sealing dams
with k = 10"10m/s and k = 10'11rn/s. Provided that the backfill conductivity is higher
than k = 10"8m/s, the dams are fully efficient. If technically possible, a lowering of the
dam conductivity under the granite value appears to be of interest in the case of
special requirement in limiting the near field waterflow.
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Ratio of the water flow drained by the handling drifts over the flow
which took place before the construction in the same volume as a
function of the hydraulic conductivity of 7 dams uniformely spaced
(the curves correspond to different conductivity of the backfill).
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Ratio of the water flow drained by the handling drifts over the flow
which took place before the construction in the same volume as a
function of the backfill hydraulic conductivity (the curves correspond
to different hydraulic conductivity of the 7 sealing dams).
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5 CONCLUSIONS :
Safety analysis methodology and parametric tools are developed at the
present stage of the disposal design process in ANDRA to prepare the future
selection of the concept, within 2 years when the preliminary geological survey of the
potential sites deliver the characteristics of the host formations, two at least. From
now on, these analyses evidence the disposal parameters which need to be more
precisely assessed or investigated, because their variability or the uncertainty of their
determination may lead to overestimations of the real confining performances. So
doing they contribute to the orientation of the R & D effort.
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Introduction
AECL Research and Ontario Hydro share the responsibility to evaluate the
feasibility and safety of the concept for the disposal of Canada's nuclear
fuel waste. The concept involves deep underground disposal in crystalline
rock on the Canadian Shield (CNFWMP 1978, 1981). AECL Research is
currently preparing an Environmental Impact Statement (EIS) for review by a
federal Environmental Assessment Review Panel.
The EIS is supported by several detailed technical documents known as
primary references. One of these primary references is the postclosure
assessment (Goodwin et al. 1994) which describes the long-term performance
and behaviour of the disposal system. The time frame of concern for the
postclosure assessment starts when all shafts, tunnels and boreholes have
been sealed and the facility closed, and extends more than 10,000 years
into the future. Over this time scale, an evaluation of the performance of
a disposal system cannot be based on actual observations. Instead we must
use scientific arguments, including simulations with mathematical models,
to infer the long-term behaviour of the disposal system and to estimate its
potential effects.
In this paper, we present an example of how simulations performed for the
postclosure assessment could influence the design and layout of the
engineered system with respect to the structural features of its host rock
formation.
Characteristics of the Reference Disposal System
The main features of the concept for disposal of Canada's nuclear fuel
waste involve the placement of nuclear fuel waste in protective containers,
and the burial of these containers in a disposal vault at a depth of 500 to
1000 metres in crystalline rock of the Canadian Shield. For the
postclosure assessment, we have evaluated a hypothetical implementation of
the concept. This implementation, called the "reference disposal system",
contains a number of specific choices for the design of the engineered
system, the characteristics of the exposed human population and the
location of the vault within the host rock. For example, we assume that:
the nuclear fuel waste consists of used fuel bundles (irradiated
CANDU
nuclear generating
UO2 fuel and Zircaloy sheaths) ffrom
:
stations (Johnson et al. 1994);
the containers are relatively long and narrow and constructed of
thin-wall titanium (with glass beads providing internal mechanical
support) (Johnson et al. 1994);
the containers are emplaced in boreholes in the floor of rooms of
the vault (Johnson et al. 1994);
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the vault is located in a granite pluton at a nominal depth of 500
metres (Davison et al. 1994); and
the individuals exposed to the greatest risk (called the critical
group) spend all their lives in the vicinity of the site of the
disposal vault and they obtain all their food, water, fuel and
building materials from local sources (Davis et al. 1993).
Another important category of assumptions bears on the site characteristics
of the reference disposal system. Many hundreds of plutons in the Canadian
Shield region are potentially suitable sites, with a wide range of possible
characteristics. For the postclosure assessment, we assume that the site
characteristics correspond to the characteristics of the Whiteshell
Research Area (WRA) near AECL's Whiteshell Laboratories in Manitoba. The
WRA has been intensively studied for more than a decade so that a
consistent set of physical, chemical and geological data is available.
Some site-specific characteristics of the reference disposal system that
are important to the postclosure assessment are the following (Davison et
al. 1994).
A relatively small volume of rock would be contaminated by the
radionuclides and chemically toxic elements that escape from the
disposal vault. The simulations of the geosphere in the
postclosure assessment involve five layers of rock, from the lower
rock zone surrounding the disposal vault to layers of overburden
and sediment at the surface. In general, the bounds of the
contaminant plume from the disposal vault is limited to a depth of
about 500 m and to an areal extent about 1 km by 2 km on the
surface above the disposal vault.
The rock contains a number of fracture zones and discrete
fractures. The simulations of the geosphere assume the presence
of several low-dipping fracture zones which extend from the
surface to a depth of 1 km, and several vertical fractures which
extend downwards to 4 km.
These fractures and fracture zones tend to be highly permeable
and, together with the topography, control the direction and
volume of groundwater movement in the geosphere and the vicinity
of the vault. Based on detailed studies of groundwater flow in
the WRA, we assume groundwaters that have flowed through the vault
reach the surface environment at four discharge zones : three to
topographical lows and the fourth to a well.
Figure 1 shows an important feature simulated in the geosphere model. We
assumed one of the fracture zones, called LD1 (for Low Dipping fracture
zone 1 ) , passes through the plane of the reference disposal vault. In
addition, we assumed LDl is connected at depth to a vertical fracture (not
shown in Figure 1) and the hydrological conditions allow for rapid
groundwater movement towards the surface. (These assumptions were based on
information available in 1985; current observations at the WRA (Davison et
al. 1994) show that LDl does not, in fact, extend to the depth of the
hypothetical vault.) The overall tendency of groundwater movement is
downward to LDl on the right hand side of the figure, and upward along LDl
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movement in the rock below LD1, so that contaminant transport in this
region is dominated by diffusion. In the rock above LDl, and in LDl
itself, contaminant transport occurs by diffusion and advection.
Fracture zones are thought to be common features on the Canadian Shield,
and we included the presence of nearby fracture zone LDl so that we could
examine its influence on the long-term performance. A key parameter for
the reference disposal system, called the waste exclusion distance,
represents the length of low-permeability sparsely fractured rock that
isolates the containers in those vault rooms nearest to fracture zone LDl.
Since LDl dips at a shallow angle of about 18°, the shortest distance
between LDl and any container is given by the perpendicular shown in
Figure 1.
Development of a Design Constraint
The waste exclusion distance can be regarded as a design parameter which,
in an actual implementation, could be realized through an observational
engineering approach. We used preliminary studies of the reference
disposal system to study how its value affects estimated impacts. These
studies indicated that a waste exclusion distance of about 50 metres would
provide a wide margin of safety with respect to long-term impacts. This
distance is also called a "design constraint" because it is an imposed
restriction on the layout of the disposal system that derives from
consideration of long-term performance and geotechnical feasibility, and
not directly from a prescribed regulatory criteria.
We considered several different options in the vault layout to achieve
different waste exclusion distances. Larger distances could be achieved by
moving the vault further away from LDl, by changing the vault dimensions to
a rectangular arrangement so that rooms on the sides next to LDl are
relocated to the sides away from LDl, and by eliminating all or parts of
some vault rooms nearest LDl. For the study of the reference disposal
system, we chose the first option because it makes the best use of
information available from the geological studies (Davison et al. 1994).
In addition, however, we chose to eliminate those vault rooms above LDl
where groundwater flows downward towards LDl. The elimination of these
rooms leads to slightly smaller inventory of nuclear fuel waste than that
originally specified.
Estimated annual doses are strongly dependent on the magnitude of the waste
exclusion distance. Figure 2 summarizes some sensitivity analyses that
illustrate this dependence. The five curves in Figure 2a show estimated
annual doses attributed to 1 2 9 i for five different waste exclusion
distances; Figure 2b shows doses due to ^ C. The horizontal lines at
5 x 10"^ Sv/a and 3 x 10"^ Sv/a show, respectively, the annual dose
associated with the AECB radiological risk criterion (AECB 1987) and a
typical annual dose due to natural background.
Our analysis shows that a larger waste exclusion distance within the lowpermeability sparsely fracture rock leads to much smaller estimated annual
doses, primarily because of the larger transport time of contaminants.
Transport in this rock is dominated by diffusion, and diffusive transport
times vary (approximately) as the square of the transport distance. The
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the arrival of contaminants and lead to smaller maxima in estimated annual
doses, and that the differences are more pronounced at earlier times.
As shown in Figure 2b, estimated doses from 4 C are more strongly affected
than doses from
I. The difference occurs because of radioactive decay:
the half-life of 1 4 C is 5.7 x 10 3 a compared with 1.6 x 10 7 a for 1 2 9 I .
Since 1 ^ 9 I j_s ^yLe m a j o r contributor to dose estimates, the curves in Figure
2a also represent the dependence of total dose (from all radionuclides) on
the waste exclusion distance.
We also examined vault configurations where there are vault rooms on both
sides of LDl for various waste exclusion distances. These latter
configurations produced estimated doses that were several orders of
magnitude larger than the corresponding cases with no vault rooms above
LDl. For example, the estimated annual dose is six orders of magnitude
larger at 10 a, and two orders of magnitude at 10^ a, for a waste
exclusion distance of 50 m (Goodwin et al. 1994). Removing vault rooms
above LDl corresponds to decreasing the dimensions of the vault and the
total inventory of contaminants because of the way in which we have chosen
to change the vault layout. In general, however, the inventory change is
less than 15% while the estimated doses change by orders of magnitude.
Thus inventory differences are relatively unimportant. The large increases
in estimated dose that occur when there are vault rooms above LDl arise
because:
Groundwater flow velocities above LDl are more than ten times
faster than flow velocities below LDl, leading to much faster
transport of contaminants.
More importantly, groundwater flow velocities above LDl are
directed downwards, so that contaminants leaving the buffer from
rooms above LDl would pass directly into the rock, without passing
through any part of the backfill (see Figure 1 ) . Our analysis
indicates the backfill is an important barrier for ^^1, and is
effective in delaying and attenuating releases of 129j to the
surrounding rock.
From our scoping calculations, we concluded that a waste exclusion distance
of about 50 m and the absence of vault rooms above fracture zone LDl would
provide a large safety factor. Using this design constraint, the vault for
the reference disposal system is approximately 1700 m by 1900 m. Assuming
the same number of containers per vault room as in the conceptual vault
design (Simmons and Baumgartner 1994), the inventory for the reference
disposal system is then reduced from about 191 000 to 162 000 Mg U. The
postclosure assessment case study pertains to this reference disposal
system.
It must be noted that the constraint described here is very dependent on
the particular geological conditions specified for the reference disposal
system. Thus the constraint should not be interpreted as having general
applicability. On the other hand, the analysis and specification of the
constraint demonstrate how the postclosure assessment can be used to
influence the details of the design of a disposal system, and to ensure
that the facility design results in estimated risks that are as low as
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reasonably achievable. In an actual implementation, social and economic
factors would also be taken into account.
The analysis and specification of the design constraint also illustrate
that the vault design process should be flexible. The process should allow
for modifications that may arise to accommodate new information that
becomes known as the implementation proceeds. For the duration of the
project, an iterative procedure of model calibration, evaluation and
prediction would be followed to take into account new information on the
subsurface geology and hydrogeology, and to provide increased confidence in
model predictions.
Other Studies from the Postclosure Assessment
The postclosure assessment (Goodwin et al. 1994) includes sensitivity
analyses to examine other design constraints and to evaluate their
potential to improve the safety performance of the reference disposal
system. Examples include the use of more durable container materials and
thicker layers of buffer and backfill.
Studies like these are based on information that would be available during
the early stages of implementation of the concept. They would contribute
to a decision on whether to proceed with more detailed study at a candidate
disposal site.
The value of the postclosure assessment extends beyond these early stages,
and in fact the postclosure assessment would be an integral part of all
stages of implementation of a disposal facility: siting, construction,
operation, extended monitoring, decommissioning and closure. Each of these
stages would include a decision point on whether work should proceed to the
next stage, and a series of postclosure assessments would provide
information for the decision makers. In addition, postclosure assessments
would be used in refining the facility design to help:
improve long-term performance through modifications to the vault
orientation and layout (as described above for the waste exclusion
distance);
examine the effects of different vault geometries, including the
in-room and borehole options for container emplacement;
optimize the cost-benefit ratio, achieved from studies of the
relationships between cost and performance of different engineered
options;
choose an option for extended monitoring that would not compromise
long-term performance; and
evaluate the effects of changes in regulatory policies and
practices.
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SESSION 9:

DISCUSSION OF THE FACTORS IMPOSED BY LONG-TERM
REQUIREMENTS

Alan Berusch, USDOE
Looking at some of your information Mr. Goodwin, it ..ppears that if you remove the
container, you have some increase in dose but not that much. Could you tell me whether that
is true. Based on the information that you showed, it appeared that moving the waste further
away from the fault, led to a greater reduction in dose than having the waste in the titanium
container.
Bruce Goodwin, AECL
For the particular situation that we analyzed (the "reference disposal system"), the containers
are important if you are concerned only with potential releases over short time scales, because
the associated models indicate all containers would fail within a few thousand years and offer
no protection thereafter. If you are concerned with the maximum dose for times up to
100,000 years, then the containers are not important. Put another way, suppose we compared
two simulations that were identical except one is a no-container simulation. For times of the
order of several thousand years, there would be significantly larger releases from the vault for
the no-container simulation, but estimated doses would be zero for both simulations because
of the effect of other barriers. For times of the order of 100,000 years, however, there would
be essentially no differences in total releases or in maximum estimated doses: the 1000-year
delay offered by the containers would have little effect compared with the much longer delays
from the other barriers.
I should qualify these statements by noting the postclosure analysis of our "reference disposal
system" shows the largest dose contributions are from I29I, and its long half-life (16 million
years) means there would be little loss due to decay for containers that last a few thousand
years. These same containers would provide enough time to result in almost complete
elimination of short-lived radionuclides like 90Sr. On the other hand, if the containers lasted
only 50 years, there would be little change to the estimated doses from I29I or from 90Sr
because of the effectiveness of the other barriers.
Alan Berusch, USDOE
You (Bruce Goodwin) show that if you move far enough away from some fault, you have a
zero release. To me that says that the container would not be relevant to either short-term or
long-term because the short-term nuclides would disappear before they could be released.
Therefore the container should not be a regulatory concern, and you could eliminate the
container and have a repository that is acceptably safe.
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My report and comments were all directed at the postclosure assessment, and the importance
of the containers is substantially different during the preclosure period where they provide a
crucial role of containment and safety during handling and emplacement. I would say as a
general statement that if you want to provide protection lasting n years using just the
containers, then you must provide containers that have a minimum life of n years. And if
you have several independent barriers that each provide protection for that length of time,
then you have built a good system with redundant protection. But if you want protection for
100,000 years, and the container is effective for only 1000 years whereas other barriers are
effective for tens of thousands of years, then the container is clearly less important.
Ann McCall, Nirex
You talk about groundwater flow and how that would effect the resulting dose. Could you
comment on the direction of the groundwater flow and its relationship to dose? The second
part of my question is related to the fact that we are all looking at deep disposal systems and
depth is not one of the items under discussion. In terms of the waste exclusion distance idea,
could that be transferred into a depth constraint as well?
Bruce Goodwin, AECL
I don't think I could come up with a general answer to your questions that would be
supported by the results of our studies, principally because our results depend so much on the
geology (and other details) of the reference disposal system. Our results do show
groundwater velocity is an important factor, but it has mixed effects: in the median-value
simulation, we observe larger velocities generally lead to larger doses from 14C (because
shorter transit times mean more I4C survives to reach the biosphere), whereas larger velocities
generally lead to smaller doses from I29I (because larger velocities result in greater dilution
and the shorter transit times are less unimportant for this long-lived radionuclide).
In principle, a disposal vault in a groundwater recharge system (where groundwater flow is
downwards) might lead to smaller doses, but not always. For example, a repositoiy in a
recharge system might have higher doses if there is an open fracture zone nearby and
underneath the repository. I briefly alluded to a localized version of this affect in my talk:
doses at 10,000 years increase about six orders of magnitude when the reference disposal
vault configuration is such that LD1 lies below some vault rooms.
In principle, a deeper disposal system would lead to smaller doses (if there were no important
differences in factors like rock stress and geological structure), but not just because of the
processes involving groundwater transport that we consider in our simulations using
SYVAC3-CC3. Deeper locations would also reduce the risks associated with disruptive
scenarios such as intentional human intrusion, inadvertent human intrusion and meteorite
impacts. The risk from human intrusion could be decreased by other means, like the use of
permanent markers of some kind. For meteorite impacts, however, I think the only way of
reducing the risk would be to go to a greater depth.
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decreases with depth. I'd like to throw a question at Mel Gascoyne - Do you find that the
rock at depth in the Canadian Shield always contains saline water, and that high salinities
indicate the groundwater is essentially stagnant? Maybe a better indicator for a good disposal
site on the Shield is not the measured or estimated groundwater velocity, but a high degree of
salinity which would identify areas of stagnant groundwater flow conditions.
Christer Svemar, SKB
I also noticed that the waste exclusion distance of 50 m that you (Mr. Goodwin) gave, was
looked upon as a practical measure. You were concerned when you made vour initial
calculation that one of the pathways encountered backfill and the other did not. But I also
noticed that in your analysis the thickness of the bentonite, the rock mass disturbance from
blasting, and the ground disturbance due to stress redistribution did not have any effect on the
exclusion distance. Is it so that there are factors affecting the exclusion distance apart from
those that I just mentioned or is the exclusion distance not sensitive to those features or
parameters?
Bruce Goodwin, AECL
The models that we use in our postclosure assessment don't include some of the details that
you mentioned. We do have properties of buffer and backfill, such as density, porosity and
sorptive properties and we have studied their influence on system performance. Our results
indicate these parameters are not very important for the reference disposal system based on
sensitivity analyses that cover the full range of their possible values. The one class of
parameters we haven't studied are related to the excavation disturbed zone. The information
we have from the geosphere model working group is that (for the reference disposal system)
an excavation disturbed zone would not result in significant changes in groundwater velocities
in or near the repository - their work involves sensitivity analyses using the MOTIF code. In
particular, there would be no large increase in groundwater flow through the waste
emplacement area because, although the rock adjacent to the vault may be disturbed, the
entire vault would still be isolated from LD1. In our modelling with SYVAC3-CC3, we
assumed that this isolation is provided by 50 m of rock which has a particular set of
properties that include low permeability and sparse fractures. We have examined a range of
permeabilities and porosities for this rock, but we have not explicitly examined the effects of
a disturbed zone. Of course the excavation-disturbed zone would have other influences, and
you would need to consider factors like long-term stability of openings during the
construction and operation of the vault.
Bernard Felix, ANDRA
This question for clarification to Mr. Saterlie. I did notice the assumptions for your
calculation of repository temperature with the cycle of disposal. I would like to know if you
have taken into account a coupled transfer of heat and water mass, or did you take only
thermal conductivity into account? I ask this question because some of the simulation
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leads to a vaporization condensation cycle that was the major means of heat transfer in such a
medium. Therefore, I want to have this information about your calculation.
Steven Saterlie, TRW
The near-field calculations considered only thermal conductivity. However, the far-field
calculations did couple the heat and fluid movement together, and in fact had a two-phase
fluid and gas flow component, so the heat was being moved around in a different fashion due
to that coupled effect.
Bernard Felix, ANDRA
Do you agree that vaporization and condensation at a large scale could be an important
element of heat transfer?
Steven Saterlie, TRW
Yes I do. In fact, one of the main thrusts of some of the heater tests planned for the
Exploratory Studies Facility is to try to validate some of those affects including how much
convection may be going on. If there is convection going on, the amount and the time scale
can vary considerably under different conditions. Yes, we do acknowledge that is an
important factor and that is why we use several different models to assess its potential
significance. But they are not validated models, I might add.
Kam Tsui, Ontario Hydro
I have two questions for Mr. Saterlie. You mentioned about 200°C as the criteria based on
thermal mechanical concerns. Can you explain a bit further how you derive that particular
criteria? Is it based on the ratio of stability or some field tests? You don't want to know
about the condition of the waste package beyond borehole collapse. The second question is
how do you define collapse?
Steven Saterlie, TRW
As far as the first questions is concerned, there have been some data from borehole samples
of tuff material, tufaceous rock from the site, which have been analyzed, and their strengths
measured. This data was then put into a three-dimensional thermal-mechanical model which
was used to predict, for the size of drifts that we looked at, for example where the stress
would be such that we might encounter the probably of failure. We found that in reality, it is
the temperature gradient that is most important in producing that stress field. We found that
with temperatures above 200°C at the borehole wall, the temperature gradient was sufficiently
steep that you could produce a situation where the tuff blocks would move against each other,
and basically the asperities that hold them together would be broken. Then when the
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blocks will collapse. These analyses were based on limited data that was taken from samples
of the borehole core. Your second question was with regard to the waste package. I am not
sure if we defined that specifically the level of collapse that would damage our waste
package, except that it is fairly large-scale rock mass collapse. I would say we are talking
several square metres of rock mass collapse to damage the waste package.
Kal Battacharyya, CRWMO M&O
I have a question for Mr. Gray. You talked about a hydro-thermal-mechanical repository, and
you mentioned that water pressure can go up with an increase in the rock temperature of
about 4 degrees C. Since the USDOE is studying an unsaturated zone, do you think that the
water pressure would dissipate in a fractured rock matrix or the fractured volumes should not
build up to a higher pressure. The fractures would be equivalent to a drain in pressure
testing.
Malcolm Gray, AECL
I am not sure that I understood the question. First, in our situation in the Canadian Shield,
the rock is saturated at the repository level and it has been demonstrated in the testing at the
Underground Research Laboratory that the groundwater pressure in massive rock has risen
about 800 kPa to the equivalent of 100 m of water. That is in a very tight rock. There is
time needed to dissipate the groundwater pressures as the rock is very tight. The question
that I raised in my presentation was whether this type of pressures buildup might also be
experienced in less tight rock or porous materials. What I showed is that there exists in these
so-called freely flowing fracture zones, zones of low permeability, which also require time for
underwater pressures to be generated and dissipated. The open zones dissipate thermally
generated pressure. The tighter zones, where it is possible to have consolidation, there will
buildup excess pore water pressures that can only dissipate in longer times. How long these
excess pressures will stay there depends on the drainage characteristics of the system. I will
go through all aspects of unsaturated systems. The only unsaturated system that we are
examining is in fact the near-field, which includes the opening and -ilso possibly a skin from
disturbed rock near the excavation surface. I don't anticipate high water pressure in these
areas. In fact I see very low water pressure which in turn will tend to draw water into the
excavations. There is an interplay between the high water pressures being generated in the
tight rock and the very low water pressures in the more porous rock that creates very complex
conditions during the resaturation of the system. At present we have not fully predicted these
effects in terms of time or consequences.
Steven Saterlie, TRW
I have a question for Mr. Goodwin, but it's open to the group. We are having some difficulty
looking into how we would validate some of these hydrological models. There have been a
number of papers written that indicate that over the time scales that we are speaking about
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how we can approach this. Do you think we could develop an approach for validating these
hydrologie models?
Constantin Onofrei, AECL
It's my opinion, based on information available in the literature, validation has more than one
definition. It is necessary to properly address what we mean by validation, and to identify the
steps involved in the validation. To give you an example, our repository performance
analyses is a function of the time and space that extends beyond our lifetime, and therefore
event validation is an impossible task. The question is what can we do about it. In my
opinion, when we go beyond the possibility to compare the actual performance relative to
calculated, the only support that is available is to confirm that the physics, chemistry, biology,
mathematics, statistics, and other science put into the analyses are all checked and correct.
And at that level, the experimental period, which I would call scientist opinion, is very short
because many confirmation activities can be observed.
Our objective is to assess safety for a length of time which is beyend the range of our
observation. We intend to create a system that is going to operate beyond times when we
have the possibility of changing the system and at the same time we are asked to validate
our codes. It is impossible. So to define properly the definition of validation then requires a
consensus among ourselves on what we can do and what we cannot do. If we require from
each other something which is impossible, I think we will damage geological disposal of
wastes. Code validation is extremely important and we should not overlook it.
Mel Gascoyne, AECL
Let me give you an example as to how we felt we "validated" our hydrogeologic flow models
a couple of years ago. It was not true validation. Isotopic analysis of groundwaters revealed
evidence that cold climate glacial recharge conditions, which in Northern Canada occurred
8000 years or more ago, at the level of about 300 m to 400 m below ground. Physically, this
v v.s near the fracture zone that Bruce Goodwin described in his model. We used MOTIF
particle tracking methods to identify the water molecule travelling from the repository through
the fracture network to the surface. We reversed the particle tracking method to find out how
long it took that water to get to the repository position as recharge of the surface. This
analyses was done by Tin Chan of AECL. We found an average of about 1 to 2 million
years was the typical time it took that water molecule to get to a depth of 500 m in the
MOTIF model. We were looking at a real situation where we found the conditions at 300 m
deep. So we thought that within an order of magnitude the results for the two depths were
similar. This is a step in validating our hydrologie model depending on how precise you
wanted to be.
Bruce Goodwin, AECL
One point you must consider, at least with the postclosure assessment and its system model,
is that you probably can never achieve complete validation - you can only work towards
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working towards some unobtainable goal. (I think it is fair to say the goal is unobtainable
because most definitions imply you must compare observations with predictions before you
can claim that validation has or has not been attained.) We are attempting to validate
components of the system model, and many parts of the system model have now been
subjected to validation, even if only over short time periods. For example, we have realized
some validation of the geosphere model from comparisons of predicted and observed
groundwater drawdowns caused by the construction of the shaft at the Underground Research
Laboratory (the predictions were made before the shaft was excavated). There has been
validation of the "instant" and "congruent" release mechanisms from studies of the release
behaviour of radionuclides like iodine and plutonium in used fuel, and validation of the
predicted movement of technetium in soils. We are working towards validation of other
components of the system model, and making progress bit by bit. I believe the study of
natural analogues is very important to the validation of component models and the system
model.
If a validation study or other evidence points to an inconsistency or possible improvement in
a component model, we should change the model and see whether the effects would also lead
to significant changes in long-term safety. The postclosure assessment uses what we know at
this point in time to help make informed decisions at this point in time.
We do not claim that the postclosure assessment predicts details of the future, but instead it
provides estimates of the maximum potential impacts. In fact, we also factor in what we don't
know - an important element of our studies using SYVAC3-CC3 is the systematic treatment
of uncertainty. We use probability density functions (PDFs) with SYVAC3-CC3 to deal with
uncertainty, and this can impede our ability to make definitive statements about detailed
behaviour. In some regards, the introduction of uncertainty leads to fuzzy statements about
the detailed behaviour of the system. For example, I said earlier that, for the median value
simulation, "larger velocities generally lead to smaller doses from 129I". This statement is also
true for small variations of all parameters in the parameter space near their median values.
However, it is not true when you consider large variations nor when you consider a large set
of simulations in which the parameters are sampled randomly from their PDFs. In fact, a
trend analysis of results from 40 000 randomly sampled simulations show there is a weak
positive correlation between maximum estimated dose at 100 000 years and groundwater
velocity. Thus, in this example, the introduction of uncertainty has a large impact on what
can be said about the effect of groundwater velocity: we can only claim that there is a weak
trend indicating larger velocities lead to larger doses from I29I at 100 000 years when we
include uncertainty in the analysis of the reference disposal system.
Steven Saterlie, TRW
We are taking many of the same steps that you are suggesting here. I guess I was looking
for some new ideas too. But the validation that we are doing is only partial due to the issue
of scale which translates to a time scale as well. How much you can look at, particularly if
you get a the hydrothermal type of effect? Currently we are starting out studies with fairly
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Then we will get underground and hopefully look at even larger scales. The concern is that
there may be some physics happening, and there may be some aspects and time scales we are
unable to model properly. We are looking at natural analogues as well, but they have their
advantages and their disadvantages.
Bruce Goodwin, AECL
One of our objectives was to avoid empirical models where possible. For example, the model
describing the dissolution of used fuel is based on a thermodynamic calculation of the
solubility of uranium; another approach might be to develop an empirical model from
observed leach rates of radionuclides. One important advantage of the "theoretical" model
over the empirical model is the wider scope for validation, especially over very long time
scales.
Constantin Onofrei, AECL
I have some observations I would like to make. I think we will not gain anything if we
ignore the term validation. In each activity there will be some definition for it that can be
applied for. For example, we all know that in mathematics there are real and imaginary
numbers. If we go to the dictionary to find out what it means in terms of real threedimensional matter accumulated in space, it doesn't make sense. Therefore, to have total
validation in the waste disposal context, we don't have to go to the definition of the word.
We have to emphasize what this simulation exercise means to validation. Finally we examine
what we need to achieve our analyses and come up with something solid. If you ask me
about validation, I can't say it's too complicated. From a technical aspect we do have the
responsibility to put together something which is solid. Personally I don't like approaches
that avoid validation, we must address the issue scientifically.
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SESSION 10: COMMENTS AND CONCLUSIONS OF THE WORKSHOP
PARTICIPANTS
Editors Note: In this session of the Workshop each individual present provided comments.
These comments are summarized below.
Gary Simmons, AECL
My observations during this workshop included:
There is a need to study, refine and confirm our understandings of physical and
chemical processes and to validate models that describe coupled interactions, coupled
processes and coupled systems. There have to be enough models with sufficient
coupling that, by applying some set of models, the coupling of different processes can
be dealt with so that it can be decided which components, elements and processes are
really significant to safety and economics.
Performance assessment, particularly the long-term performance assessment, must be
dealt with and applied as part of engineering repositories. Having the performance
assessment group represented on the engineering team will have the value of
indicating the safety implications of the various components, elements and processes
that are being designed, and will contribute to the optimization of those designs from
an operations, process and safety perspective.
The design method or design approach should ensure close integration and interaction
amongst all groups, including the engineering, scientific and social science disciplines
studying and evaluating materials performance, and designing systems (mechanical,
civil, geotechnical and electrical), those conducting and interpreting characterization
programs, those responsible for constructing, operating, decommissioning and sealing
the repository, those developing and conducting the performance assessments and
socio-economic assessments, those preparing the safety case, and those working in the
areas of public and government.
My final observation is that validation of the long-term codes is an issue that requires
some internationally accepted definition. Once we have a suitable definition agreed
internationally, amongst the individual national regulators and national publics, we
then have to apply it in a timely matter.
Reijo Riekkola, Saanio and Riekkola Consulting Engineering, Finland
My observations on this workshop:
We have a general understanding of the design and construction of the final repository.
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assessment. The performance assessment can never be too good. There are two topics
that I especially remember, the discussion of the effects of thermal loading and the
discussion of the distance between the repository and the fracture zones.
Now that different countries are progressing in their programs we should discuss more
technical aspects of engineering the different systems that are needed in the repository
and the approach to making a decision on construction materials.
Christer Svemar, SKB
In this workshop I have been trying to find numbers and decision points for
developing the timing and budgets for implementing disposal. Mr. Riekkola
mentioned two of the major items, repository temperature and the distance from the
repository to major structural features. We have also discussed a number of materials
proposed for use underground. However, most of the presentations have lists of
factors that may influence repository design, the performance assessment analysis, or
the understanding of the repository processes after closure.
I don't understand which of those factors will have a real impact on the design and
which factors will only contribute to the postclosure performance assessment. Which
are of importance to disposition positions and which are of importance to the tunnel
leading there? I believe that a separation of the repository into different parts such as
accesses from surface, tunnels up to the disposal areas, and the disposal areas, etc. and
a discussion of the factors and design approaches, etc. for each part is necessary in
order to understand the details that the designer requires.
Jean-Michel Hoorelbeke, ANDRA
My comments are:
This may be one of the first times that the question of the feasibility of retrievability is
clearly addressed in a meeting. The USA and at least two other countries are taking
into account to some extent some form of retrievability. This is probably the first step
towards future improvements to the approach to retrievability.
Another point is the integration of the safety and performance assessment in the design
process. I would suggest that the principle of optimization is really part of the design,
and the dose-limit principle part of safety demonstrations that will support the design
process.
There are various repository concepts and design approaches considered in the
different countries. Different concepts are possible and specific requirements in each
country may lead to specific design and performance specifications. However, no one
concept is really better than another, it is only focussed on the specific local or
national conditions.
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Michel Raynal, ANDRA
I support the comments made by Mr. Hoorelbeke. I would also add that for the future we
will need to improve the process by which the repository is designed for specific conditions
and the design is integrated with the performance assessment. It is also necessary to more
effectively identify the requirements that constrain each program and repository design.
ANDRA has done this specifically in the way that it has modifed its organization.
Bernard Felix, ANDRA
My organization, ANDRA, is responsible for deep geological disposal of radioactive
waste in France. Organizations in each country involved in deep geological disposal
are divided into two groups: those who have advanced site characterization programs,
and those who have not. ANDRA belongs to the second group. But the difference
between these groups is not as large as it seems because organizations with site
characterization data have a reference concept that is linked to the site data. Generally
these groups are now diversifying their concept and investigating alternative
engineered barrier concepts in order to compare different behaviours.
My second remark concerns the engineered barrier and the backfill systems. These are
complicated and their performance is very important in safety assessment. Technical
effort is needed to improve the materials science and placement methods for the
different materials that could be used. Also the technology to put it in place may be
of importance.
Constantin Onofrei, AECL
As a group, the workshop attendees have a large proportion of similar problems. The
fundamentals are identical and we each could contribute some effort to jointly studying these
fundamental issues, we could make progress, and the basic efforts can go on understanding
them and would be successful.
Gôran Backblom, SKB
My observations are the following:
SKB is about to construct the deep repository for spent fuel, but we can never check
the performance of our repository against the design specification that requires a dose
lower than a certain limit. The only step that we can really take is to ensure that
quality is controlled in all operations and to understand the scientific and technical
processes that we are considering. This is a very important recognition.
I am a little concerned about the design process that has been discussed at this
workshop because we know that we would need a design-as-you-go, or observationalmethod, approach. I have not seen a clearly structured way to handle the changes
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to have a very clear definition during construction as to how we make the changes, on
what basis we will make the changes, and how a decision is arrived at with respect to
the design for change within the framework of a licensing process for the construction
of a repository.
Who is responsible for the design? I am not quite sure because there is a need to mix
performance assessment and design experts. Of course the performance assessment
are responsible for the safety case but who is responsible for the design?
The theme of the workshop was factors important for repository design. The only
really fixed design constraint that I have heard so far is the temperature which is
selected to be a boundary constraint. We have hydraulic transmissivity of the rock,
transmissivity of fracture zones and so on, but these do not appear to be fixed
constraints. Vor example, we have not discussed repository depth. Is it 300 m or 700
m? It is a very important question because the lower you go the harder it is to gather
data and interpret each site. It doesn't affect the cost so much but it will duplicate the
planning and work in both investigations and access to the repository. So far we have
discussed very much about design but not much about construction of the repository,
and it may reflect where we are in our programs. I think it would be interesting to
sort out, with civil engineers, these questions at these type of workshops.
Yusuf Ates, AECL
I believe that we still have work to do on integrated designs, design approaches, and
organizational and working relationships for repository design and implementation.
Kam Tsui, Ontario Hydro
I see some shifting of effort from the usual scientific research to engineering design
and the application of design. The programs in the different countries are at different
stages of maturity, with scientific research in some cases being applied to the design
strategy. This is demonstrated by the presented data, such as the paper on
retrievability.
At the same time I think there is an unanswered question, that was raised earlier by
Mr. Gray, about the quality of rock. These types of questions still have to be
addressed.
This design workshop looked at the design repository process and different designs,
but little has been mentioned about the costs. It would be worthwhile to have a
comparison of the costs in each country to see based on experience what is really
good and their potential benefits to other programs.
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Roberto Miquez.ANDRA
In this workshop, I have learned many things about the design process, such as, tools for the
design process, tools for understanding phenomena inside the structure of the repository, and
criteria to say what would be accepted and what would be refused for several conditions and
for several phenomena. It is very important for all the countries, that we cooperate and to
exchange ideas and use the ideas of the other countries. I am very impressed with the
potential in this area in the next two years or so.
Jan Prij, ECN
It was a pleasure for me to be here and learn something about retrievability. I was
deeply impressed by the issues that have been raised related to granite and I also
noticed a tendency to make these even more complex. Maybe we should try to find
ways to simplify the approaches to these issues.
On the other hand, I noticed that all of us were talking mainly about technical aspects.
We know that social and political aspects will have an enormous influence on our
work. We must develop strategies to cope with those aspects.
Bert Haijtink, CEC
From the presentations at this workshop I have learned a large number of technical
factors and technical criteria which I was not aware of one year ago. However, I
think there is a need for some ranking of the factors and criteria because although they
may be important for performance assessment, they are not equally important for
design.
Most countries have conceptual designs but a number of countries have not
determined repository sites yet. When countries, have come to a specific size, we
might be able to be more specific in the assessment of the role of factors. When we
reach this point this issue can be included in the specifications. However, if
specifications were created for all the factors which have been discussed in the
workshop, it might be difficult to find the contractor which will build a repository
with such a vast number of specifications.
I also believe social and political factors are very important. We have seen in recent
years, in some countries site selection exercises were based largely on technical
material, and then in the end the site selected was largely on the basis of who
accepted to have a repository in their territory.
Peter Baumgartner, AECL
The meeting certainly has broadened my perspective on the environment planning that
goes into the design. It has covered a very broad range of topics including project
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strategies, implementation, project management, and technical discussions from
underground research laboratories.
Mr. Onofrei pointed out the one common thread that ties us all together is the fact that
we all are trying to develop repositories. The major difference is we have different
media, different sites, many of us have regulations that dictate specific criteria
including some derived criteria which direct some of the work we have to do.
The issues of retrievability and constructability were brought up into the forefront,
particularly constructability. It was also emphasized that safety is in the design and
construction of the repository and not in the performance assessment analysis.
We should particularly focus our attention on laboratory findings and research. The
research is going to give us the necessary understanding of the materials and the
behaviour of the systems.
The design group can only create meaningful designs with a strong emphasis on
performance providing there is continuous feedback beginning at an early stage. I
think the integration of performance assessment into design at the earliest stage
possible is essential.
Joseph Lau, AECL
These two days have been quite educational. These types of workshops where people can
freely exchange ideas are very useful. My one observation is that we do not really know very
much about the combined effects of hydraulic pressure (pore pressure) on the mechanical and
hydraulic behaviours of the rock and I think there is room for further study of these effects.
Bernie Gorski, CANMET, NR Canada
At CANMET, we do a lot of materials testing for AECL. I find it very exciting and
challenging to study rock and new available materials, such as high-performance composites,
for geological repository application. There was a time that we experienced public sensitivity
to nuclear waste disposal research. We tried to undertake an in situ heat experiment in an
abandoned mine in Ontario, and the local women's group, through their Member of
Parliament, shut us down very quickly. As everybody has been saying here, working with the
public is one of our challenges.
Samuel Kappeler, NAGRA
It was interesting to hear Mr. Felix's summary of the predictability of man-made systems, and
to compare them with problems which geologists have with predictability of the geosphere. I
am taking home from this workshop a better understanding of the needs of the technical side
of waste disposal.
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Christian Sprecher, NAGRA
I think the contributions of the different participants reflect the most pressing issues.
The practical consequences of the design-as-you-go philosophy in tunnel construction
is a real concern for us because we have limited surface exploration abilities and we
also have limited research resources set aside.
I was particularly interested in the subject of retrievability. I can confirm that this
subject becomes more important in our country where we see an increase in demand
for an improved approach to retrievability into our repository concept. I think
retrievahility is an ecological consequence of the demand for monitoring. If the
disposal system does not perform as it should, there should be an option for contact.
The third subject, which I find very interesting, is how many boreholes are you
allowed to use in the host rock. The answer was that this is not an issue as long as
we can properly seal the boreholes. The problem of sealing boreholes and sealing
shafts, might become increasingly important. I doubt that safety of a repository in any
country is greatly satisfied with a demonstration of the long-term effectiveness of
sealing systems that are carried out in a different country and in a different rock. I
think we at least in Switzerland sooner or later we are going to have to design our
own experiments, because the sealing experiments are vital long-term experiments.
If I compare this workshop with the first one in Sweden, I think we are seeing a
certain widening of the scope, and I ask myself if we shouldn't be focusing a little
bit more to increase their value.
Maria Onofrei, AECL
I would like to make some comments.
I would like to congratulate the speakers for their presentations, and mostly for their
courage to acknowledge the fact there were aspects to waste disposal where there are
unanswered questions.
We still have a lot of unanswered questions related to material behaviour, how the
materials in the room affect the design and performance of repositories. I learned that
we have to go with models that include the results of underlying research and
laboratory investigation. We have to communicate effectively with the performance
assessment analysts in giving them the results that they need, the data they need for
model validation.
Now we have to learn to communicate with the repository design group. We don't
know yet who this group will be, but we will try our best to contribute. We have
developed on a laboratory-scale, new materials with high performance characteristics.
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We have advanced considerably the choice of materials for the design and construction
of the repository. However, we need more large-scale and in situ testing since there
are a lot of questions on the large-scale placement and performance of these materials.
For example, how will we accommodate the heterogeneity in the geologic repositories,
and how will these materials affect the construction.
Malcolm Gray, AECL
I would like to thank the people (at the workshop) for showing me that we all have very
similar problems, although different geologies.
One problem seems to me to be related to the fact that our engineers seem to have lost
control of the design process. We seemed to have given in to a certain design
approach called models. We are all modellers, and we are all engineers in different
disciplines who use models of different types. What we are seeing is a increase in
complexity in the different systems with which we are dealing. That does not mean
that I think we can model the repository, however we can accommodate the
complexity to the design. We have seen examples in Finland and Sweden at least,
where decisions have been made and they are moving forward in the design process
and construction process. They are taking decisions based on what we know now.
All countries are all going to have to do that in the future, some soon, some not so
soon depending on political and social priorities. Overall we can move forward and
we are seeing the progress towards putting a repository for nuclear disposal in place.
We are identifying important factors like contracts, regulations and rules, and the
performance assessment factors that perhaps affect the design. We have to be
cuutious, we have to follow the scientific process and to convince our peers first and
then maybe the public. I say maybe the public because I am not totally convinced that
public debate is the best way : f resolving scientific issues.
One thing I do notice is that the one person who made the presentations on
performance appraisals is no longer here. He came to make his presentation and left.
Others have identified that designers and performance assessors must communicate. I
would ask the chairman and other participants to ensure that one day performance
assessors talk with engineers and designers.
Toshifumi Igarashi, CRIEPI
I realize there are a lot of issues to be solved prior to and during the construction of disposal
facilities. In Japan, we are preparing the designs to assess for the case of the disposal of lowlevel waste, which are from relatively high-level activity resins. Several designs are being
investigated. The presentations and discussions here have helped me understand more fully
the issues.
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Neil Chandler, AECL
I got a great deal of value from this workshop. This is my first opportunity getting an
international flavour for problems I have been working on for quite a few years now. One of
the things that I have observed is that there have been many factors introduced at this
meeting. These factors came from groups with different responsibilities, including the
technical level, the modellers, and the designers. The need for more integration of the
different groups is apparent to me.
Greg Kuzyk, AECL
The preparation of conceptual engineering designs for repositories is very important. They
are the expression of the scientific knowledge we have and its application to address the
needs of our programs. We should be doing more conceptual designs. I don't believe the
designs we have seen in this workshop necessarily represent the way a repository v/ill be
constructed. They are tests of our knowledge. Once people can see a conceptual design on
paper, they can envision how a repository might look and can start questioning and testing.
The use of concrete in the disposal room may have significant advantages and we are
beginning to look at how we can effectively use it in our conceptual designs.
This workshop has been a good opportunity to air and discuss repository design concepts. I
would like to see more of these workshops. There is a feeling of international cooperation in
this industry and we are all working towards to same goals - ensuring that nuclear industry is
safe for mankind and that we are making a better world to live in.
Kal Battacharyya, CRWMS M&O
The USDOE programs are a little bit different in the sense that they are in an
unsaturated zone, which has it's own mixed blessings. We don't have to worry too
much about the backfilling and the design of the backfill.
I was happy to see the level of interest in retrieval because it's a very large issue. Our
regulations say that you shall retrieve and we have to provide for retrieval.
We have discussed how regulations affect design, the data, performance assessment,
and concept validation. I believe in the U.S.A. we are ahead in many aspects of the
regulatory environment because we have something called the Code of Federal
Regulations, Part 60, to guide the design. The ultimate model design is complete.
The regulations are applicable to one subsystem in fact. The design is also affected by
the technical oversite groups. We have very distinguished professors and university
people on these oversite committees. They all contributed to the program and often
make recommendations which are taken very seriously. It can effect the design.
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program of licensibility through the Nuclear Regulatory Commission. One of the main
criteria that the repository is licensable.
Steven Saterlie, TRW
I thought the papers were very good.
One of the most difficult jobs I found this year in the USDOE program was
communicating with the modellers, designers and the people who provide data. That
is almost an insurmountable challenge for me. I think that this workshop and other
workshops and conferences like it go a long way towards opening those
communication channels because you start to see what the difficult problems are.
Like Mr. Svemar, I would like to see more discussion about a structured method as
to how we make a final decision, the depth of a repository, or thermal loading the
design of a repository. One of the requirements that we need to define is what type of
data is needed at various points along the way and ultimately how can you put this
project together in such a way that eventually it will be accepted by the public. I
think those kinds of discussions are things that will help us ultimately achieve that
final product.
Mitch Brodsky, USDOE
One of the things that I have learned is that there are many overlapping common
problems that we all throughout the world have to live under, such as technical
problems, programmatic problems, political problems, socio-economic problems,
money problems and many others. Although, there are a lot of similarities there are
also a lot of differences. We also have different missions to some degree, which
makes it very cumbersome because in order for me to bring back good information
from this workshop, to advance our project, there are a lot of things that I need to
learn about all your projects in order to put that information to good use. We all
have the same objective - to build a repository.
I am not embarrassed to say that until very recently we have gone through some
pendulum action on identifying exactly our focus. For a while we were very site
characterization oriented. Then it swung to a focus on the Yucca Mountain Site and
construction of the Exploratory Studies Facility and getting underground to start our
main test level and initiate all our other underground in situ experiments. Now our
focus is starting to shift towards the eventual repository design through our license
applications.
One of the big things in Yucca Mountain is that we have had problems with over the
years properly integrating all facets of the program, including modelling, performance
assessment, site characterization, exploratory studies, design and implementation of the
repository and the waste package designs.
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that we take a look at focusing our efforts on some specific elements, for example,
technical repository design, both surface and subsurface, design input research, result
sharing, perhaps waste package designs. Also I would like to understand some of the
environmental requirements that each country has to live under and see just how
similar they are to those in the U.S.A.
Alan Berusch, USDOE
I found this to be extremely informative.
I would like to hear more that deals with the strategy for construction of a repository.
I would like to hear a little more about how peer review plays a role in decision
making, because I think that in terms of validating models, you will need to get the
support of the technical community. In the U.S., we have many people who are very
willing to tell us what they think and, in fact, we are willing to listen. We support
and fund many groups with different points of view. I would like to hear how other
countries handle their interactions with peer reviewers. I think the best time to
concern yourself with systems integration is early in a program. Mr. Brodsky
mentioned that in the U.S.A. program, up until just two or three years ago, we have
not done an adequate job on systems integration. Application of systems integration
has changed our program dramatically, and we might have saved ourselves a lot of
time and money had we embraced systems integration as an approach to conducting
our business earlier in the program.
I don't know how this will impact the rest of the world, but you should be aware that
our regulations on the planning involved in the Environmental Protection Agency
(EPA) regulations. The EPA regulations are now being reviewed by the National
Academy of Science. The Nuclear Regulatory Commission will develop goals and
criteria for disposal which are based on the EPA regulations. The 10,000 year criteria
that is currently required of us in disposal system performance may be thrown out the
window - there may be more severe criteria, maybe in some cases less severe. I think
that you people need to maintain a high-level of flexibility in your programs to deal
with the changing times as more and more EPA considerations are thrown at you.
I would like to support Mr. Gray's that we have engineering-group, design-group and
performance assessment group meetings but it is a real difficult problem to get
members of all teams to sit down at the table and discuss where they are at, and what
their real needs are. Just saying that we are going to provide data to the modellers is
not enough. We need to know what the modellers want, what they need and what we
need and we must understand what those modellers are doing.
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I am glad that I attended the workshop. It provided much useful information for me.
The design of the repository can have many forms depending on the country and the
difference in environment and politics. I think the design process for the repository is
linked to the process of performance assessment.
It is most different to define the value of the tunnel disturbance and the grout. It is
necessary to study the disturbed rock because it is part of the boundary between the
engineered barriers and the geosphere. I hope you understand the phenomena
regarding the disturbed zone because it is necessary to make a more realistic
assessment of the seal performance.
Keiji Hara, PNC
This meeting was very informative and provided useful background material for the
development of a conceptual design. Almost all factors in the design process are issues and
are important. It has been difficult to define performance factors, so they should be defined
again, for example, in terms of developing the concept, the social conditions, the environment
conditions, if possible.
Masaru Noda, Obayashi Corporation
In this workshop I have learned some U.S.A. methods like thermal loading analysis,
proper process analysis and a standard design approach, which are reasonable. In the
next stage in Japan the most recent international experiences will be important, such as
those of SKB, ANDRA, and AECL, in the development of performance assessment
models and the design process.
The next stage that we in Japan should consider is a demonstration project.
The selection of the materials for the various components should be important. The
combination of concrete and bentonite should be the next research study. My personal
feeling is that concrete is a high-performance material, and a veiy convenient material
to work with. So we want to use concrete as a repository material.
One concern of mine is how much should we consider the long-term developments in
the design process. I mean the simple case is the design work should be minimized to
satisfy certain minimum requirements. After that the long-term performance should be
assessed by performance assessment. We should feel that the design concepts in some
workshop presentations may require some modifications.
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Glen McCrank, AECL
This workshop has been very valuable because it demonstrated that none of the
attendees programs are working entirely effectively, and that everyone is sharing
information and benefiting from it.
Especially important is the public acceptance issue that each country has to
demonstrate in its own terms.
Many ideas have been presented and I think there is a lot of progress being made. It
is clear that many of design issues are recognized. How they may be incorporated
and how to interface effectively with performance assessors is a challenge.
I agree with many of the final comments made here. They are very apt and
appropriate, especially Mr. Ba'ckblom's comment regarding the responsibility for
design.
Ann McCall, Nirex
I appreciate that this workshop has enabled people to exchange ideas, the good side
and the bad side. If is very encouraging to notice that all the components that people
are considering tend to be the same or very similar. It is just a case of people putting
them together in different ways using the different designs, while seeing the common
threads between them.
In the area of dynamics, which has been similar in many organizations, over the last
10 years, we have been doing generic research and development. We have been
feeding the designs back to our modellers and our scientists. I support the idea that
there has to be a lot more design interaction, we need to identify the interfaces for the
design aspects of our program. I think that this process has already started in two
ways - the first one being the participation of the design engineers, the postclosure
assessment people, and the researchers; and the second being that people recognize we
need this interaction to come to effective and efficient decision.
Paul Thompson, AECL
I made a list of factors that would affect the design of a repository - the geology, rock
structure, fractures, in situ stresses, and thermal loads. Mr. Gray added thermally
induced pore pressure increases in the groundwater and the rock. Mr. Gascoyne talked
about the geochemistry of the rock and groundwater. Other factors discussed include
the economics of the design, the regulatory and social environment, and performance
assessment. The big question is - How do we apply all of these factors in a balanced
way to design a repository?
Mr. Backblom mentioned the issue of who is responsible for the design, and I think
that is one of the issues that should be looked at.
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would affect the design. I think if we look at some of the large or potentially
controversial projects that have taken place in the last few years we will see some
examples of responding to these aspects. For example, look at the Underground
Research Laboratory where AECL chose the colour of our buildings based on
aesthetics to minimize their visual impact on the environment. Elsewhere (at Âspo
Hard Rock Laboratory in Sweden) scientists had to make their experiments fit in with
the architecture already on the island and the Yucca Mountain Project in the U.S.A.
has had to proceed without interfering with desert turtles. The designers of the Rock
Characterization Facility of NIREX are concerned about the aesthetics, particularly the
height, of their headframe and where they can drill their characterization boreholes
without infringing on park property. A lot of these things will affect the design to
some extent. When we come to design the actual repository there are going to be
more significant problems.
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SESSION 11: CONTINUATION OF WORKSHOP SERIES
Following a discussion amongst the participants the following points were agreed:
1.

The two workshops in this series have been useful to the participants.
Excavating Through Water-Conducting Major Fracture Zones (Sustaholm,
Sweden 1992)
Factors Influencing Repository Design and Layout (Winnipeg, Manitoba 1993)

2.

Two topics identified at the first workshop have not been discussed at a workshop.
Repository sealing systems (sealing and plugging of underground openings)
Chemical inventories and their potential effects on repository safety

3.

Other possible topics for future workshops might include:
Design process decision making
Components of design and construction
- surface facilities
- subsurface systems
- decision making processes
- regulatory and legal environment
- peer review and expert judgement
- systems integration
- definition of validation short- and long-term
- disposal containers
- excavation designs (shafts, ramps and tunnels)

4.

Mr. Backblom noted in his final comments (Session 10) that the scope of the second
workshop (this workshop) may have been too broad to allow topics to be discussed in
sufficient detail. This should be considered by the organizers of future workshops.

5.

Mr. Hoorelbeke agreed to discuss with ANDRA the possibility of having ANDRA
host the third workshop in this series on some aspect of repository sealing systems.
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SECOND INTERNATIONAL WORKSHOP ON
DESIGN AND CONSTRUCTION OF FINAL REPOSITORIES
THEME
FACTORS INFLUENCING REPOSITORY DESIGN AND LAYOUT

APPENDIX 1
FINAL WORKSHOP PROGRAM
DAY 1 (February 15)
08:30

SESSION 1:

WORKSHOP OPENING

Welcome / G.R. Simmons
Introductions
Purpose, Objectives and Organization of the Workshop
09:00

SESSION 2:

2.1
2.2

Hara, K. and M. Noda. Design study of a repository in PNC.
Riekkola, R. and Jukka-Pekko Salo. Design principle of TVO's final repository
and preliminary adaptation to site specific features.
Brodsky, M., K.K. Bhattacharyya and L.J. Olquin. Focused mined geologic
disposal system (MGDS) repository design for the Yucca Mountain project.

2.3

REPOSITORY DESIGNS

10:15-10:30 / Coffee Break
10:30

SESSION 3:

DISCUSSION OF REPOSITORY DESIGN PRESENTATIONS

11:15

SESSION 4:

REPOSITORY DESIGN PROCESS

4.1
4.2

Svemar, C. Design process for a repository - KBS-3 Case.
Hoorelbeke, J-M. Methodology of conceptual design of deep disposal in France,
within the framework of the 1991 December 30.

12:05-13:30 / Lunch
4.3
4.4
4.5

Kappeler, S.W. and C. Sprecher. Design as you go in the planning phase of
subsurface exploration. (35 minutes)
Kuzyk, G.W. Factors influencing repository design for in-room emplacement in
plutonic rock.
Ates, Y. and P. Baumgartner. Preliminary excavation design under
thermal-mechanical stress conditions.
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14:30

SESSION 5:

DISCUSSION OF REPOSITORY DESIGN PROCESS
PRESENTATIONS

15:00-15:20 / Coffee Break
15:20

6.2

FACTORS AFFECTING REPOSITORY DESIGN AND
LAYOUT IMPOSED BY SHORT-TERM REQUIREMENTS
Miguez, R. and A. Cournut. Retrievability, how will ANDRA handle this new
requirement.
Prij, J. Impact of retrievability on repository design.

16:30

ADJOURN DAY 1

18:00

CASH BAR

18:45

DINNER - Kennedy Room

21:30

CASH BAR CLOSES

6.1

SESSION 6:

DAY 2 (February 16)
08:30

SESSION 6:

6.3

Backblom, G., B. Leijon and H. Stille. Constructability analysis for a deep
repository - Some thoughts on possibilities and limitations.
Gascoyne, M., F.P. Sargent and S. Stroes-Gascoyne. Geochemical factors
influencing vault design and layout.

6.4

09:20

SESSION 7:

FACTORS AFFECTING REPOSITORY DESIGN AND
LAYOUT IMPOSED BY SHORT-TERM REQUIREMENTS
(continued)

DISCUSSION OF THE FACTORS IMPOSED BY
SHORT-TERM REQUIREMENTS

10:00-10:20 / COFFEE BREAK
10:20

SESSION 8:

8.1

Felix, B., F. Beaulieu, P. Raimbault and P. Thorner. The long term HLW
confinement and some aspects of the deep disposal design.
Saterlie, S.F., J.C. de la Garza and B.H. Thomson. Thermal loading systems
study.

8.2

FACTORS AFFECTING REPOSITORY DESIGN AND
LAYOUT IMPOSED BY LONG-TERM PERFORMANCE
REQUIREMENTS
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8.3

Gray, M.N., D.A. Dixon and N.A. Chandler. Effect of hydro-thermo-mechanical
processes.

12:00-13:30 / LUNCH
8.4
8.5

14:20

Onofrei, C, M.N. Gray and D. Hnatiw. Evaluation of transient phenomena
within the engineered clay barrier system.
Goodwin, G.W., C.W. Hajas, D.M. LeNeveu and T.W. Melnyk. Postclosure
assessment as a design tool.
SESSION 9:

DISCUSSION OF THE FACTORS IMPOSED BY
SHORT-TERM REQUIREMENTS

15:00-15:20 / COFFEE BREAK
15:20

SESSION 10:

SUMMARY AND CONCLUSIONS

Statements from each participant
16:00

SESSION 11: CONTINUATION OF WORKSHOP SERIES
Value of Workshops
Future topics
Next Workshop

16:30

ADJOURN WORKSHOP

DAY 3 (February 17)
Underground Research Laboratory Tour
Beaver Bus Lines will pick participants up at the Delta at 07:45 h and arrive at the
Underground Research Laboratory at approximately 09:30 h. The bus will leave for
Winnipeg at 15:45 h and arrive at the Winnipeg Airport at 18:30 h and then return to the
Delta.

- 235 SECOND INTERNATIONAL WORKSHOP ON
DESIGN AND CONSTRUCTION OF FINAL REPOSITORIES
THEME
FACTORS INFLUENCING REPOSITORY DESIGN AND LAYOUT
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Canada
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Canada
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Canada
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Canada
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AECL Research
Canada
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