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Sammanfattning

Denna rapport beaktar potentiella fysikaliska och kemiska störningar som kan
uppstå vid byggande, drift, återfyllnad och försegling av ett KBS-3 liknande
slutförvar för utbränt kärnbränsle och kärnavfall i Sverige. Byggande, drift,
återfyllnad och försegling av ett slutförvar kommer att ta avsevärd tid där
delar av tunnlar och övriga utrymmen underjord kommer att vara tillgängliga
för atmosfären under flera årtionden. Förändringar av kemiska betingelser
och förändringar av berggrundens egenskaper kommer att uppträda liksom
initiella störningar i samband med byggande och även efter återfyllnad. Inför
detta arbete har den nyligen genomförda säkerhetsanalysen SITE-94 beaktats
som en lämplig utgångspunkt. I rapporten diskuteras dessutom fråge-
ställningar som uppstår i samband med samtidig deponering av utbränt
bränsle och medelaktivt, långlivat avfall.

Troliga förekommande processer under djupförvarets olika steg från
byggande fram till återfyllnad och försegling har granskats där graden av
förståelse för processerna och tillämpligheten i säkerhetsanalysen diskuteras.
Målsättningen med rapporten är att granska alla möjliga processer som
uppträder när förvaret byggs och identifiera frågor som kan anses vara viktiga
ur ett långsiktigt säkerhetsperspektiv för ytterligare undersökning och
kvantifiering. Förvarspåverkan orsakad av mekaniska, termiska, kemiska och
hydrologiska processer diskuteras.

Områden av speciellt intresse som föranleder fortsatt arbete summeras nedan:

* kopplingen mellan termiska, hydrogeologiska och
mekaniska processer speciellt för förväntade förändringar av
närområdet;

* förståelse för övergångsfasen vid återmättnad särskilt
för bufferten som omger kapslarna, inklusive dess kemiska
förändringar;

* påverkan från oförutsedda händelser under bygg- och
driftsfasen och dess möjliga konsekvenser på förvarets
långsiktiga säkerhet, inklusive behov av åtgärder för det fall
då avfall redan har placerats i närheten av händelsen;

* kemiska frågor som relaterar till samtidig deponering av
utbränt bränsle och medelaktivt, långlivat avfall inom en
enskild anläggning.



Granskningen har visat att nuvarande förståelse för individuella processer är
väldokumenterade och begripliga. Men när man beaktar och diskuterar
transienta och kopplade processer är det uppenbart att förståelsen för
närvarande är otillräcklig. Dessutom saknas numeriska verktyg som behövs
för att erhålla kvantitativ information.

Vikten av det tekniska barriärsystemets betydelse för säkerhetsanalysen för
slutförvaring av utbränt bränsle har uppmärksammats och tonvikten läggs nu
på förståelsen för kopplade processer i geosfärens närområde. Resultatet av
sådana studier är viktiga för att förstå återmättnad och förändringar av
buffertens egenskaper.



Summary

This report considers the potential physical and chemical perturbations
which could be caused by the excavation, operation and backfilling and
sealing of a KBS-3 type repository for spent fuel in Sweden. Excavation,
operation and backfilling and sealing of a repository will take a considerable
time and parts of the underground excavations are likely to remain open to
the atmosphere for up to several decades. Time-dependent changes to the
chemical environment and the properties of the geological formation will be
occurring as well as the initial disturbance of construction and subsequent
changes after backfilling. In undertaking this work the recent SITE-94 per-
formance assessment has been considered as a convenient starting point. In
addition, this report also discusses issues that arise from the co-disposal of
spent fuel and intermediate level waste (ILW).

The processes which are likely to act during each stage of a repository from
construction through to backfilling and sealing have been reviewed and the
degree to which these processes are understood and represented within the
performance assessment is discussed. The objective of the report is to review
all the possible processes that occur due to the presence of the repository, and
identify issues that are considered to be of importance, with respect to long
term performance, for further investigation and quantification. Considera-
tion of the impact from mechanical, thermal, chemical, and hydrogeological
perspectives are discussed.

The areas of particular interest identified as issues to pursue with further
work can be summarised as follows:

A The coupling of thermal, hydrogeological and mechanical processes
with particular reference to the development of the near-field;

A understanding the transient process of resaturation with particular ref-
erence to the buffer material surrounding the waste canisters, including
chemical changes to the material;

A the impact of accidental events during the construction and operational
phases of work and their possible consequence on the long term perfor-
mance of the repository, including considerations of actions required if
waste has already been emplaced in near-by locations;

A chemical issues relating to the co-disposal of spent fuel and intermedi-
ate level wastes within a single facility.



The review has shown that the current understanding of individual processes
is well documented and understood. However, when consideration of tran-
sient processes and coupling is discussed, it is apparent that numerical tools
and a complete understanding to provide quantitative information is lacking.

The importance of the engineered barrier system within the performance as-
sessment for spent fuel disposal is recognised and the emphasis is placed on
the understanding of the coupled processes in the evolution in the near-field
of the geosphere. The output of such studies is of importance in understand-
ing the resaturation and change in the properties of the buffer material.
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1 Introduction

This report considers the potential physical and chemical perturbations
which could be caused by the excavation, operation, and backfilling and
sealing of a KBS-3 type repository for spent fuel in Sweden. Excavation, op-
eration and backfilling and sealing of the repository will take a considerable
time, and parts of the underground workings are likely to remain open for
up to several decades. Time-dependent changes to physical, chemical and
geological properties are therefore likely during this period before closure of
the repository.

The response time of the system may be relatively rapid in terms of hydraulic
perturbations, but it may take considerably longer for chemical perturba-
tions to be removed. Closure of the repository may take place a considerable
period of time after its initial construction. All this time, changes will be
taking place to the repository's chemical environment and the temperature
will slowly be increasing. SKB's current plans are to place seals in parts of
the repository and, in particular, in the access shafts, and it is only when
these seals have been emplaced that the rock mass around the repository can
slowly return towards its pre-repository state. It is unlikely ever to achieve
this pre-repository state and the possible implications of it not doing so are
discussed.

The following report has been undertaken to provide a review of all the
potential physical and chemical perturbations which could be caused by the
excavation, operation and closure of a KBS-3 type repository constructed
within a fractured crystalline rock in Sweden. In undertaking this work the
recent SITE-94 performance assessment (SKI, 1996) has been considered as
a convenient starting point.

1.1 Objectives

The objective of this report is to produce a review of all the physical and
chemical perturbations that would be expected to occur during the construc-
tion, operation and closure of a repository. Its purpose is to provide SKI
with a document that can be given to SKB identifying key issues where SKI
would expect to see answers to questions in the area of repository induced
disturbance. This review has used the existing work that has been carried
out in the production of listings of features events and processes (FEPs)
that various expert groups have produced. The inspection of the listings for
specific areas of interest provides a means to check that relevant issues have
been considered in a performance assessment calculation, or where they have



been ignored, that a justification is provided.

In addition to considering the effects caused by repository construction and
operation of a KBS-3 type repository, the significance of the proposed co-
location of spent fuel and ILW is discussed. The main considerations here are
associated with the potential chemical interactions of the two waste types.

1.2 Structure of the report

The report has been structured to provide a general description of the deep
geological disposal of radioactive waste (Section 2) followed by more detailed
descriptions of the processes that are acting during the construction, oper-
ation and closure of a repository's lifetime (Sections 3 to 5). Within each
of these sections the mechanical, hydrogeological, chemical and thermal im-
pacts are discussed. Section 6 follows with a discussion of issues relating
to co-disposal of spent fuel with intermediate level waste. Section 7 briefly
discusses issues of quality assurance during the three phases of repository
lifetime. The final section is devoted to conclusions from the study.



2 General Description

The deep geological disposal of radioactive waste is accepted internationally
as the preferred means for final disposal. The long term performance of a
repository constructed deep underground relies on the multi barrier concept
(SKB, 1992) to isolate the waste from the human environment for sufficient
time to allow natural radioactive decay to reduce the initial radioactive in-
ventory of the repository. In addition to acting as a barrier, the geosphere
also acts to disperse the radionuclides that do migrate from the repository,
such that their concentration when they reach the biosphere will be below
levels that are harmful to humans.

The geosphere therefore plays an important role in the performance assess-
ment of a repository. The host rocks that are selected for possible construc-
tion of a repository are chosen for their low permeability which limits the
natural flow of groundwater past the waste and hence reduces the discharge
of radionuclides from the repository to the biosphere. The ideal solution for
placing the waste within the host rock would be to avoid disturbing the rock
mass completely. This is clearly not possible to achieve so that excavation in
the geosphere to provide access, ventilation and construction of repository
vaults will be required.

Construction and operation of a deep geological repository for radioactive
wastes will take a considerable time, so that parts of the underground exca-
vations are likely to remain open for up to several decades. Perturbations to
repository behaviour are likely from repository construction, operation, and
closure. All these stages have the potential to perturb repository behaviour
in the long-term and thus affect safety and performance. The response time
of the repository system (including the perturbed adjacent rock mass) may
be relatively rapid in terms of hydraulic perturbations, but it may take con-
siderably longer for chemical perturbations to dissipate.

Repository construction, operation and waste emplacement are expected to
take place in tandem. There are five areas where construction effects are
likely to be important:

1. The impacts of different repository construction techniques and their significance in
•orrYio r\f ronnettnn/_inr^iipaH offaptoterms of repository-induced effects

2. The development of an excavation-damaged zone (EDZ), in which mechanical, chem-
ical and hydraulic conditions are likely to be different from those in the virgin rock.
Oxidation of chemically reduced minerals in the host rock (on exposed fractures and
material produced as spoil) will occur. Oxidation will produce solid and aqueous
sulphates and solid oxyhydroxides.
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3. Alteration of the groundwater flow system and the chemical environment in the rock
within and beyond the EDZ surrounding the repository.

4. The introduction of extraneous materials into the repository volume - concrete, metals
and resins associated with geotechnical support, the introduction of sealing and
grouting material into transmissive zones, blasting gases injected into the surrounding
rock mass, hydrocarbon fuels and lubricants, bacteria.

5. Ventilation of the repository underground workings, enhancing vapour and gaseous
exchange between the hydraulic system and the excavations.

The perturbations that are attributable to repository operation and back-
filling lie in the following areas:

1. Installation of waste canisters and the associated buffer and backfill components, the
formation of temporary plugs, etc.

2. Thermal loading, with concomitant effects on in situ stresses, chemical reaction
rates, solute migration in the bentonite buffer, drying of the bentonite, etc.

3. Re-equilibration of the parts of the system where waste emplacement and tunnel
backfilling has taken place, compared with other parts of the repository which still
remain open.

4. The possible long-term chemical effects of mixing TBM waste with bentonite for use
as tunnel backfill, compared with the use of, for example, clean sand.

5. The longevity and effectiveness of grouts and seals and what proxy data there might
be to indicate these properties.

6. Exothermic cement hydration may cause drying out of bentonite.

7. Chemical reaction of cements and concretes with bentonite and the host rock may
induce changes due to ion exchange and dissolution-precipitation processes.

8. The possibility of failure due to poor workmanship and supervision, where correct QA
and QC procedures have not been adopted.

9. Again, ventilation has been shown previously to have a number of chemical and
physical impacts.

The possibility exists that SKB will plan to emplace 10 % of the spent fuel in
a retrievable form in what they term a demonstration repository and monitor
this waste for an unspecified period. Additional volumes of waste will sub-
sequently be emplaced over an unspecified period. Closure of the repository
may take place a considerable period of time after its initial construction.
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Throughout all this time, changes will be taking place to the repository's
chemical environment and the temperature will slowly be increasing. SKB's
current plans are to place seals in parts of the repository and, in particular,
in the access shafts and when these seals have been emplaced the rock mass
around these parts of the repository can slowly resaturate. However, it will
only be when the main access routes and ventilation systems are sealed that
the whole repository system will return towards its pre-repository state.



3 Repository Construction

For the purpose of this report the repository construction includes breaking
up the undisturbed rock mass, removal of the material from the excava-
tion and the grouting and rock support activities required to provide a safe
working environment. The primary effects at this stage of the operation
are therefore the mechanical, groundwater flow and chemical disturbances.
Secondary effects are apparent in the hydrogeological properties of the rock
mass close to the excavation and some minor effects with respect to thermal
changes (Figure 3.1).

Excavations carried out at Aspo have employed both drill and blast tech-
niques and full face boring. In addition to the impact on the near-field of the
excavation method, discussed below there are a number of other differences
in these two basic excavation approaches. The full face boring technique uses
a tunnel boring machine (TBM) which has certain limitations with respect
to repository construction.

Although a TBM requires a limiting radius of curvature to make a turn
within a tunnel, this is not a problem for drill and blast methods which
can be directed anywhere from the end of the excavation, or produce a side
passage off an existing tunnel. The TBM also requires sufficient space on-
site for the construction of the machine, which can be carried out on the
surface for the boring of an access tunnel, or could require an underground
cavern if used at depth. The main considerations and constraints from these
two methods are apparent when considering different repository layouts.

3.1 Mechanical effects

The process of constructing an underground opening to provide access and
to construct deposition tunnels suitable for receiving nuclear waste will have
a major impact on the in situ mechanical conditions of the rock mass. The
main objective is to create the void space required with a minimum amount
of disturbance to the surrounding low permeability rock mass. In this way
degradation of the geosphere barrier is minimised and repository perfor-
mance is maximised. The first area for consideration is the method used for
the excavation.

3.1.1 Effects of excavation methods

The process of excavation can be considered as comprising two basic ele-
ments: breaking up the intact rock mass and the subsequent removal of the
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spoil. The process of breaking up the intact rock requires that energy is put
into the rock mass and the objective is therefore to control where the energy
acts and confine it to the volume of rock that is required to be removed.
There are two basic ways that the energy required can be delivered to the
rock mass, either via a short sharp shock or via a continuous steady flow.

The practicalities of the above result in the use of known technology for
excavating, such as drill and blast. Ml face drilling aad raise boring. The
drill and blast method is less controllabie than the full face drilling but can
still achieve very good results with weE designed blast patterns and suitable
charge densities in perimeter holes to mininiise the energy input to the walls
of the excavation (e.g. smooth wail blasting - Kelsall et al71984).

Ekperiments carried out by SKB at Aspo as part of the ZEDEX programme
(SKB, I99$b) have provided information on the extent of damage caused
by the different methods of excavation. The study of the zone of excavation
disturbance due to blasting and tunnel boring was compared with methods of
drill and blast construction with the use of a full face tunnel boring machine



(TBM). Part of the experiment involved the measurement of seismic energy
that was generated in the rock mass as a measure of the efficiency of the
processes and the likely damage to the excavation walls. The results showed
that the TBM radiated around 0.03 % of the energy input to the surrounding
rock with a maximum particle velocity at a distance of 3 m of 1 mm s"1. The
drill and blast method lost 4-7 % of the total energy input to the surrounding
rock with a maximum acceleration measured at 3 m of values in excess of
500 g. When consideration of the time required for excavation and the
total energy input for the different methods is assessed, the drill and blast
technique may input approximately a million times more energy into the
rock mass as seismic waves or ground vibration (SKB, 1996b).

In addition to the damage caused to the walls of the excavation by the
excavation method, the action of removing material from the rock mass will
change the stress conditions local to the excavation and create a region of
disturbance along existing fractures. From modelling and observations of
excavations the majority of the perturbations to the stress field occur within
a distance of a few tunnel diameters from the excavation centre (Bell, 1992).
The rock mass will respond to these changes by redistributing the stress
around the opening, that is the rock mass will move slightly. The movement
will depend on a number of factors including (Hoek and Brown, 1982):

A the strength of the intact rock;

A the quality of the rock mass e.g. given by its RQD (Rock Quality Designation) value;

A the spacing of discontinuity sets and the condition of the discontinuities (aperture

roughness etc.);

A the groundwater conditions;

A the regional stress field;

A the size and orientation of the excavation.

3.1.2 Reinforcement or support

There may be some locations within a deep excavation in crystalline rock
that require reinforcing to stabilise the opening. This can take the form of
rock bolts drilled into the excavation wall to hold blocks of rock in place,
shotcrete coverings to the areas of weak rock and the injection of grout and
other systems for limiting the movement of the excavation boundary.

Cement and concrete will be used in a Swedish deep repository for spent fuel
and other long-lived wastes as grout, shotcrete, and plugs in the waste vault
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Table 3.1: Rough estimates of cement and iron to be used for rock grouting
and reinforcement in a deep repository under Aspo conditions. Prom SKB
(1996a).

Excavation zone

Conventional tunnelling
Access ramp
Central area
Area for other long-lived waste
Area for spent nuclear fuel - Stage 1
- Driveways
- Deposition tunnels
Area for spent nuclear fuel - Stage 2
- Driveways
- Deposition tunnels
Totals, rounded off

Tunnelling with TBM
Access ramp
Central area
Area for other long-lived waste
Area for spent nuclear fuel - Stage 1
- Driveways
- Deposition tunnels
Area for spent nuclear fuel - Stage 2
- Driveways
- Deposition tunnels
Totals, rounded off

Cement
(tonnes)

1 700
900

1 000

1600
200

3 300
2 000
11000

800
900

1000

700
100

1 400
1 000
6 000

Iron
(tonnes)

100
100
50

70
20

150
200
700

50
80
50

30
5

60
30

300

regions (SKB. 1995). The amounts of cement (and iron or steel) envisaged
by SKB for a deep repository under Aspo-type conditions are presented in
Table 3.1.

In addition to cement and iron, other materials will be introduced during
the construction of the repository, such as epoxy resins for fixing rock bolts
and additives to concrete such as accelerators or water reducing admixtures
(Neville, 1981). The quantity of these is likely to be only a small percentage
of the total concrete and reinforcement used in the repository. Other ma-
terials may also be introduced to a repository as new developments in the
technology of excavation are introduced.



The purpose of the reinforcement is not to take the large stresses associated
with the removal of the rock material but preserve the natural competency
of the rock mass so it can take up the new stress conditions local to the
excavation. The reinforcement acts to stop blocks from falling out of the
excavation face and provides an increase in the normal stress across joins to
prevent shear failure (Bell, 1992).

In fractured crystalline rock, the movement of the rock mass that occurs
is substantially accommodated by movement along discontinuities which re-
sults in either their dilation or closure. The relative position of the disconti-
nuity to the excavation and the stress field will determine which of the two
is likely to happen. The result of this accommodation of stress around an
opening causes areas of both compression and tension depending on the rel-
ative orientation of the excavation and the associated fracture pattern with
the regional stress field. This dilation or closure of fractures is caused by
their response to changes in the normal stress across the fracture or in the
case of dilation due to shearing of fractures with some degree of roughness.

In addition to the purely mechanical effects of removal of rock, the depres-
surisation of the groundwater system will cause changes in the stress condi-
tions. The effective stress across a fracture is a function of the groundwater
pressure that is effectively propping it open. The intact rock carries more
of the total stress, as the fluid pressure is reduced, effectively increasing the
stress trying to close a discontinuity. This increase in stress on the intact
rock will cause a volumetric change as the rock mass compresses in response
to the increase in effective stress (Freeze and Cherry, 1979).

3.2 Hydrogeological effects

The response of the groundwater system to the excavation process can be
considered in two ways:

A the introduction of a new set of boundary conditions;

A local modification of the flow properties of the rock.

The opening of the excavation will introduce an atmospheric pressure bound-
ary condition within the rock mass and set up a head difference within the
system. Groundwater flow will be altered for a considerable distance around
the excavation as water flows into the void and is pumped out to the sur-
face. This can be thought of as a de-pressurisation of the groundwater sys-
tem around the excavation, and it will also have the effect of changing the

10



effective stress of the rock mass and promoting consolidation as discussed
above.

The change of the boundary conditions promotes the flow of groundwater
towards the excavation as a new equilibrium condition is set up. The initial
head gradients close to the excavation can therefore be very large, resulting
in the possibilities of high groundwater flow velocities (but only where there
is also a high hydraulic conductivity zone). Observations of flows into the
Aspo HRL immediately after excavation showed jets of water emerging into
the tunnel. Velocities as high as this could therefore cause erosion of soft
material within fractures close to the excavation and produce permanent
changes to its flow and transport properties.

The disruption to the regional flow field and the establishment of a new
head distribution will alter the direction of groundwater flow as discussed
above. This will tend to result in the exploitation of new pathways within the
fracture network, as well as the exploitation of new features that have been
created by the excavation process. The overall effect of this change will be to
affect the connectivity of the fracture network close to the boundary of the
excavation, and thereby, the hydrogeological conductivity of the rock mass.
This change is likely to be permanent, even following repository closure, due
to hysteresis effects.

Consideration of the impact of the excavation damage zone (EDZ) on the
hydrogeological properties of the near-field has been included in the SITE-94
performance assessment. Scoping calculations for a range of Darcy velocities
used a representation of the EDZ in a 1-D calculation. More detailed fracture
network modelling of the geosphere considered the impact of the property
changes.

3.3 Chemical effects

The chemical effects that are associated with the excavation of a repository
lie in the following areas:

A the introduction of fluids (including gases) used during the construction process that

will not be in equilibrium with the existing groundwater;

A the introduction of atmospheric gases at depth, containing oxygen, carbon dioxide

and other gases that are out of equilibrium with those in the groundwater;

A the introduction of construction materials such as grout, concrete, metal reinforcement

and resins/bonding agents.
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3.3.1 Oxidation effects

Nagra consider that rock oxidation effects associated with repository con-
struction in the Swiss crystalline basement will be entirely temporary and
that hydrochemical parameters will return to ambient in a few years after
closure (Nagra, 1994).

Nagra considered oxidation effects more explicitly in their assessment of the
behaviour of a potential repository in a sedimentary rock in Switzerland
(McKinley, 1988; McKinley and Bradbury, 1989), because of the relative
abundance (1.5 volume %) of reactive pyrite (FeS2) in the host rock consid-
ered (Opalinus Clay). Generation of acidity by pyrite oxidation and subse-
quent dissolution of calcite and aluminosilicates in the host rock to produce
CO2 and gypsum has the potential to increase porosity and incur a loss
of clay swelling properties and thus provide a preferential flowpath along
tunnel linings. Nagra believed that the magnitude of these effects could be
minimised by making disposal tunnels air-tight (by using steel linings), al-
beit with possible penalties of colloid generation due to the corrosion of the
steel liner itself. Nagra concluded that oxidation of the host rock during
the operational phase of a repository in the Opalinus Clay would have to be
evaluated carefully since it has the potential to have significant effects upon
the long-term performance of the repository. Nagra have yet to carry out a
performance assessment of their sedimentary rock disposal option.

3.3.2 Introduction of extraneous materials

Excavation by blasting will perturb chemical conditions due to pressure
changes and the introduction of materials from the explosives themselves.
Gascoyne and Thomas (1997) have described geochemical effects of blast-
ing at the URL site in Canada, which is relevant to excavation processes
in crystalline rocks generally. They noted relatively minor changes in anion
contents of the groundwater (Cl~, SO "̂", Br~ etc.) of the order of 10 %,
which lasted for periods of tens of minutes. Increased concentrations of oxy-
gen and nitrogen, but decreased concentrations of helium and radon were
measured. Concentrations of all species returned to ambient conditions after
1-2 hours, suggesting that these effects are short-lived and unimportant for
safety considerations.

Organic materials such as diesel fuel will be introduced into the repository
during construction via the use of sundry vehicles, drilling operations and
electricity generators. Organics are known to catalyse the reaction of, or en-
hance the solubility of aluminosilicate minerals in some instances (e.g. Fein,
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1991). However, Carroll et al. (1996, in press; 1997, in press) investigated
the potential effects of the presence of diesel fuel upon rock-groundwater
and rock-cement-groundwater interactions at Yucca Mountain, Nevada and
concluded that these effects were negligible.

3.3.3 Problems from rock spoil

SKB estimate that the total rock volume excavated for their spent fuel repos-
itory (SFL-2) will be 950 000 m3 (SKB, 1993). The SFL 3-5 repositories
would necessitate removal of an additional 110 000 m3 of rock spoil, so that
a total repository volume of approximately 1M m3 is envisaged. This vol-
ume of rock spoil is roughly equivalent to that which would fill a couple of
average football stadia. To minimise concerns regarding disposal or removal
of this rock spoil, and for economic reasons also, SKB are evaluating its use
as a ballast material to be used together with bentonite for the backfilling of
tunnels and rock caverns in the deep repository (SKB, 1995). The clay/rock
proportions envisaged for this revised backfill are approximately 10-20 %
clay and 80-90 % rock. This material is being assessed as an alternative
to the use of rounded sand grains as ballast, which was envisaged in the
original KBS-3 design (SKB, 1983). The rock spoil will be stored on the
surface prior to re-introduction to the repository during backfilling opera-
tions. The following sub-sections deal with the individual effects caused by
the construction in more detail.

As highlighted in SKI (1996), a potentially greater problem for the behaviour
of the crushed rock backfill is atmospheric weathering of the crushed rock
during storage in surface spoil heaps. These spoil heaps will be exposed to
the atmosphere and atmospheric precipitation, perhaps for time periods of
the order of 10-100 years, after tunnel excavation, but prior to their usage as
backfill. There is thus the potential for the following (microbially-catalysed)
chemical processes to occur:

A Oxidation of pyrite and other sulphide minerals in the rock, generating acidity and
dissolved sulphate, which may lead to acid leaching of silicates and aluminosilicates
in the rock, potentially generating solid sulphates such as gypsum and alunite-jarosite
minerals, colloidal silica and alumina within the spoil. Trace metals present in the
sulphides such as arsenic and antimony will also be released by the oxidation process,
such that run-off may cause pollution of surface streams and water courses;

A Oxidation of ferrous oxides and silicates during surface storage may remove much of
the capacity of the backfill to react with oxygen dissolved in pore fluids re-saturating
the repository after closure. However, a possible beneficial effect of this process
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is the consequent generation of highly sorptive iron oxyhydroxides in the clay-rock
backfill.

These issues are discussed in more detail, below.

Sulphide oxidation

Sulphide oxidation is an environmentally-significant process in heavy-metal
and coal mine waste tailings (Langmuir, 1997). So-called acid mine drainage
can impact upon the water quality of surface waters directly due to acidifica-
tion (waters equivalent to 10% H2SO4, with a pH = 0 can be generated), and
indirectly by mobilisation of heavy metals. Problems of acid mine drainage
are particularly pronounced where contents of sulphide in waste tailings are
several percent or more.

Sulphide oxidation associated with surface storage of excavated rock spoil
from a waste repository will be strongly linked with the content of sulphides
in the rock, the grain size of the sulphides, and the grain size of the spoil.
Increasing sulphide content, and decreasing sizes of both pyrite grains and
spoil particles will lead to greater impacts of this process. Mitigation of
acidification effects is linked to the abundances of either readily-dissolved
minerals, such as carbonates, or alkali metal-bearing aluminosilicates within
the spoil which can titrate the acidity by mineral dissolution or ion-exchange
processes. Quantitative models of reaction and transport are available to as-
sess sulphide oxidation in spoil heaps (e.g. Wunderly et al., 1996; Stromberg
and Banwart, 1994; Stromberg, 1997).

The magnitude of the problems relating to sulphide oxidation are directly
linked to how much sulphide is contained in the repository host rock. Mi-
crobial oxidation of sulphide is fast, so significant reaction in relatively fine
grained rock spoil stored under sub-aerial conditions over 10-100 year peri-
ods is possible. However, it is unlikely that SKB will select a repository host
rock with a high enough content of sulphide for this process to be a problem.

Oxidation of ferrous silicates

The presence of Fe-bearing silicates such as biotite in rock spoil used as back-
fill ballast will help consume oxygen dissolved in near-field pore waters after
repository closure, and in the long-term, help maintain chemically reducing
conditions which optimise repository engineered barrier performance. Oxi-
dation of these minerals during sub-aerial storage of rock spoil may lessen the
capacity of the rock ballast to provide redox buffering when re-introduced to
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the repository as backfill. Granitic rocks may contain 5-10 volume percent
of ferrous silicates, whereas basic rocks such as gabbros may contain as much
as 70 volume percent. These coarse grained rock types have mineral grain
sizes of 1 mm and upwards.

Stromberg and Banwart (1994) calculated a lifetime for biotite in rock spoil
heaps at Aitik, Sweden of the order of 5 000 years. This suggests that biotite
lifetimes will be sufficient to ensure their presence in rock spoil returned to
the repository for use as backfill.

3.4 Thermal effects

Thermal effects are likely to be limited at this stage, but will be more relevant
during repository operation (see Section 4.4, below).
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4 Repository operation

As indicated in Section 2, the operational phase of a repository is likely to
overlap with the continued excavation of new deposition tunnels and the
backfilling and sealing of filled deposition tunnels. For the purpose of this
discussion, the operational phase is considered to be that period of time
where the excavation is open to the atmosphere and subject to the processes
which take place as a consequence. Thus the impact of the operational
phase of the repository lifetime with respect to the impact on the near-field
geosphere is considered to be relatively passive. The main issues for con-
sideration are time-dependent processes that operate while the tunnels are
open to the atmosphere and the groundwater flow is towards the excavation
(Figure 4.1).

4.1 Mechanical effects

The mechanical effects at this stage are limited to the time-dependent de-
formation of the rock mass as it continues to make adjustments in response
to the stress concentrations around the underground openings. The time-
dependent strain exhibited is due to the applied stress, and whereas sedi-
mentary, metamorphic, and weathered igneous rock can undergo significant
deformation, unweathered igneous rock usually shows insignificant move-
ment, especially where the fracture density is low.

This time-dependent deformation is often termed creep, although correctly,
creep is the process of movement caused by the variation in the strength of
material at the micro scale. However, the same effects are observed at larger
scales, and in the case of a fractured rock the majority of the time-dependent
deformation will be controlled by sets of discontinuities. Temperature will
affect the rate of time-dependent deformation, however, at temperatures less
than 100 °C, rates of deformation in crystalline rocks will hardly be affected
(Pusch, 1995b).

As parts of a repository, including the access tunnels, will be open for some
considerable time, the impact of the time-dependent movements of the rock
mass should be considered as they could potentially provide fast paths for
water migration from the near-surface to the repository depths. Control of
the long term near-field fracture movements may therefore be required to
avoid too large an increase in the hydraulic conductivity of the rock mass.

The other issues to be considered are possible catastrophic failures that
could occur such as a collapse due to the failure of reinforcement around
weak zones (such as faults) and collisions of waste emplacement equipment
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Figure 4.1: Time-dependent processes affecting the rock mass around tunnels
during repository operation.

with the sides of the excawatiOH,, which could also initiate collapse. These
processes can be classified as accidents and good reinforcement' design and
operational procedures should limit the risk of their occurrence. However,
conslderation.of the impact of such an occurrence would be sensible including
a planned response to assess the effect upon that part of a repository.

The operational phase of the repository should be within the design life of
suitable reinforcement material and the access for maintenance will exist
whilst the tunnels remain open. Consideration of excessive strains in re-
inforced locations with- time may be :required and failure of reinforcement
should possibly be judged on how well it limits the deformation and hence
modifies the hydraulic properties rather than how it might limit the risk of
coBapse.

4.2 Hydrogeological effects

The main hydrogeological consideration at this stage is the propagation of
the hydraulic signal created by the excavation into the rock mass. It is likely
that the signal will extend for hundreds of meters around the repository.
The changes in. the flow patterns and effective stress as discussed above wiE
continue for the duration of the operational life of the facility.
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The hydraulic signal will be a complex transient as the construction of the
repository continues, in particular as the operations of waste emplacement
and excavation will be occurring in tandem. The resulting groundwater flow
patterns around the repository will be complex and constantly changing.

The major changes in the hydrogeological properties of the formation will
have occurred as the excavation progresses, but continued modifications to
these properties due to the changes in effective stress will also continue dur-
ing the operational life of the repository. This is due to the consolidation
of the rock mass as it adjusts to the reduced groundwater pressure. The
total consolidation effects from de-pressurising the volume of a repository
are anticipated, however, to be small in crystalline rocks are and will be
significantly less than those often observed in sediments.

Possible catastrophic events, such as a collapse, will obviously modify the lo-
cal hydrogeological properties of the rock mass and subsequently the regional
flow field will be impacted.

4.3 Chemical effects

The impacts of chemical processes occurring in the excavation will vary
according to the time over which they operate. For example, the gradual
sealing of a fracture due to precipitation of solids will progressively reduce its
hydraulic conductivity with time. Precipitation may take place preferentially
near to the walls of the excavation, due to the effects of pressure reduction
and changes in the redox conditions.

The operational phase of the repository will affect the chemistry of the
groundwater due to:

A the continued exposure of the groundwater to the atmosphere;

A the introduction of materials such as bentonite and cement.

The first item above will concern oxidation and de-pressurisation (de-gassing)
effects. These will be manifest principally in the precipitation of oxides of
iron and manganese, and carbonates such as aragonite or calcite. These
precipitates may help seal flowing features in the rock mass or may simply
occur as stains or growths on tunnel walls. These processes may be rapid
(on a timescale of days or weeks).

Processes associated with the second item above are likely to be much slower
and are considered in more detail in Section 5, below.
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4.4 Thermal effects

The thermal effects associated with the operational phase of the repository
will generally arise from heat generated by the waste, although other heat
generating processes due to the hydration of cementitious material will also
occur. The dominant heat transfer process will be thermal conduction, but
with some heat being transported through the system by the groundwater
flow. During this period groundwater flow will be directed towards the ex-
cavation. However, as caverns are progressively backfilled the local ground-
water flow regime will become complex. While the repository is operating
the heat transfer will also be influenced by forced ventilation. The impact of
the heating of the repository on the ground water and rock mass is discussed
in more detail in Section 5 of this report.

The heating of the rock mass by the waste will impact the environment un-
derground by raising the temperature within the excavation. This may affect
the ability of both men and machinery to operate efficiently, and it is im-
portant to examine the implications for this temperature rise with reference
to the repository operation. Tarandi (1983) and SKB (1996a) have provided
calculations on the expected temperature rise for a KBS-3 type repository
post-closure. This work is based on the assumption of a certain number
of canisters (400 and 4000 respectively) that make up the total repository
inventory. However, information is not provided and modelling has not been
carried out on the likely temperature rise during the operational phases of
the work.
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5 Repository backfilling and sealing

The backfilling and sealing of a repository will be a progressive exercise as
discussed above. The purpose of this section is to examine the processes
that are directly associated with backfilling and sealing (Figure 5.1).

The proposed KBS-3 type repository was initially envisaged to be backfilled
using both buffer and backfill materials. The buffer material was to consist
of a highly compacted bentonite that would be placed around the deposited
canisters with the deposition tunnels being backfilled with a sand and ben-
tonite mix (SKI, 1984). The bentonite around the canisters is intended to
swell as the repository resaturates and provide a mechanical and chemical
barrier. The backfill material in the deposition tunnels will provide mechan-
ical stability and help restore the regional groundwater flow patterns after
resaturation occurs. Since this initial work, additional investigations in the
use of a mixture of crushed rock from the excavations with bentonite as a
backfill material have also been carried out (Borgesson, 1997).

In addition to the 'standard' buffer and backfilling operations, additional use
of highly compacted bentonite is envisaged as a means of treating zones of
high hydraulic conductivity that the repository has intersected (e.g. Borges-
son and Pusch, 1989). These areas will not be used for the deposition of
waste and will have been sealed more rigorously.

The use of bentonite as a sealing material will also be accompanied by the use
of concrete bulk heads as deposition tunnels are filled and sealed (Borgesson,
1997). This is necessary for bentonite which, although able to produce a
low hydraulic conductivity seal, has insufficient strength without the use of
additional confinement. A similar combination of backfill and bulk heads is
proposed for the final sealing of the repository.

The review of SKB's KBS-3 type repository carried out by SKI (SKI, 1984)
discusses a number of issues related to the proposed buffer and backfill mate-
rials. The more recent testing and backfill experiments and those planned for
the future (Borgesson, 1997) have investigated, and will investigate in more
detail, the practicalities of placing both buffer material and tunnel back-
fill. The work described above identified a number of issues with respect to
compaction of the backfill material that require further investigation.

The difficulty in obtaining total uniformity within the backfill means that
areas of different hydraulic conductivity, and possibly, 'chemical micro en-
vironments' are likely to develop within it. Some modelling of the hetero-
geneity produced with different emplacement materials would be of interest
in identifying possible problems. The following sections deal with backfilling
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Figure 5.1: Interaction of the tunnel backfill and the host rock due to the
installation, of expandable beatonite clays as a component of the backfill

in more detail.

S.1 Mechanical effects

Backfilling the excavation has a number of effects on the mechanical envi-
ronment, as it provides support to the excavation, which changes as the the
backfill material resaturates and expands. In addition to the changes in the
stress conditions due to the material placed in the excavation, the recovery
of the groundwater pressure within the cavern will mean that the effective
normal stress on discontinuities will change as the water takes up some of
the load. The support provided by the backfill material and groundwater
pressure will reduce the likelihood of a collapse of the roof as rock bolts and
grout deteriorate with time.

Movement of the rock mass will occur as equilibrium with the new stress
conations is established, and the system is likely to continue to show small
movements for some considerable period of time (Hokmark and Israelsson
1991).
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5.2 Hydrogeological effects

Backfilling the repository has two main hydrogeological impacts: the hydro-
geological properties of the near-field rock mass will be altered by mechanical
movements along discontinuities; and the groundwater head distribution will
change as the hydrogeological regime gradually returns to a modified regional
flow system.

Changes to the hydrogeological properties due to mechanical movements
caused by swelling pressures and the recovery of groundwater head are likely
to be limited, as the rock mass will only recover elastic deformation. The
more significant issue with respect to the hydrogeology of the near-field and
backfill will be the variability of hydraulic conductivity that will control the
local flow patterns around the vaults and waste packages.

5.27 Resaturation

Once the repository has been sealed, a new transient state will exist as the
local groundwater regime re-equilibrates with the regional groundwater flow.
The possibility of the presence of large head differences within the excavation
will need to be considered when defining the strategy for the backfilling and
sealing. Consideration during the resaturation will have to be given to the:

A buffer material directly around the waste;

A bentonite plus aggregate used to backfill deposition tunnels.

Resaturation of the buffer material is likely to be a complex process, since
the heat produced by the waste will tend to dry out the material in the short
term. The way in which formation water enters deposition holes will also
be complex due to the heterogeneity of the near-field rock mass. Current
thinking (SKI, 1996) suggests that flowing features will only be present in
some of the deposition holes. The fact that a number of the deposition holes
will have discrete inflows will mean that resaturation of the material will
begin from discrete points, and differential stresses may be generated on the
waste packages.

Similar processes are likely to operate within the tunnel backfill, i. e. the ma-
terial will resaturate differentially and a thermal gradient will exist across
the deposition tunnels with distance from the wastes. The dominant ground-
water flow into the deposition tunnels will be via fractures that will set up
complex head gradients and flow patterns and it will be necessary to avoid

22



the development of preferential flow paths due to high head gradients that
could subsequently act as fast paths for the release of radionuclides.

The inclusion of concrete plugs in the repository sealing strategy (Borgesson,
1997) will enable the head gradients within the repository excavations to be
controlled. The design life of these seals will need to be sufficient to allow
for the duration of waste emplacement and the backfilling and resaturation
of the access roadways.

5.22 Equilibrium conditions

After the whole repository has been sealed and resaturation has occurred, a
new equilibrium condition will be established - subject to changes in recharge
with long term climate change. This will essentially be a return to conditions
similar to the pre-repository regional flow system. However, the presence
of the repository will produce local variations in the flow system. Recent
work by SKB (SKB, 1997) looking at the flow of groundwater in closed
tunnels has considered the effects of the SFL 3-5 repositories on the regional
groundwater flow system. The principles will be similar to those for the
KBS-3 type repository, although the geometry of the tunnels and deposition
holes will be more complex in the latter.

The work by SKB raises the idea of positive and negative flow barriers. A
barrier of material less permeable than the rock will form a negative flow
barrier, while one more permeable than the rock will create a positive flow
barrier. Consideration of the proposed sealing methods, the evolution of
the excavation damage zone over time and the heterogeneity of the backfill
material provides a means of assessing the most effective means of limiting
flow past the exposed waste.

5.3 Chemical effects

Chemical effects during repository backfilling and sealing are those due to:

A The use of crushed rock instead of sand in the tunnel backfill.

A Thermal effects.

A The use of cement and concrete as structural and grouting materials.

23



5.3.1 Effects of crushed rock in the backfill

Pusch (1995a) has evaluated the consequences of using crushed rock instead
of quartz particles in a repository backfill and concluded that the crushed
rock backfill should perform as well as that containing quartz, albeit with
slightly greater technical requirements for its emplacement. The hydraulic
conductivity of the rock-clay backfill is anticipated to be less than 1CT9 m
s"1, which is of the same order as low hydraulic conductivity rock (Pusch,
1995a). Pusch (1995a) envisaged any potential problem of its chemical sta-
bility to consist of slightly enhanced conversion of smectite in the clay to
illite, due to the increased reactivity of crushed rock mineral surfaces. He
concluded that the chemical stability of the backfill employing crushed rock
would be similar to that envisaged for the bentonite used in the disposal
holes themselves.

However, Pusch (1995a) did not consider alteration of the rock spoil under
sub-aerial storage conditions prior to use as backfill, so that his assessment
is somewhat inaccurate with regard to 'real' conditions. Nevertheless, dis-
cussion presented above (Section 3) concerning alteration of the rock spoil
suggests that the performance of the backfill will not be substantially hin-
dered by sub-aerial storage, although the mineralogical composition of the
rock is likely to be perturbed by oxidation of ferrous silicates, oxides and
sulphides and the presence of soluble oxidation products such as solid sul-
phates.

AECL intend to employ a vault backfill consisting of low-permeability clay
and crushed granite (25/75 %) and/or clay and sand (50/50 %) mixtures
in a possible geological repository for spent fuel in the crystalline basement
rocks of Canada (Johnson et al., 1994). Although effects of the excavation-
damaged zone upon water flow and bentonite re-saturation are discussed in
Johnson et al. (1994), there is no mention of chemical changes accompanying
excavation processes. Fresh, potable water would be used to mix the buffer
and backfill materials. Johnson et al. (1994) consider that predictions of
variations of pore water chemistry in these mixtures with time cannot be
made, but assume that equilibration with the bentonite will eventually be
attained. Johnson et al. (1994) calculate that oxidation of biotite in the
crushed granite in the backfill could, however, consume all the oxygen present
in the pores of the backfill in 320 years at 25°C (eight years at 80°C). There
is no discussion of the effects of the presence of pyrite and/or other sulphides
in the granite and bentonite upon groundwater pH and composition.
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5.32 Effects of cement/concrete grouts and plugs

Considerable amounts of cement and concrete will be used as grouting and
structural materials (plugs etc.) in the SKB repository. Depending upon
the tunnelling method eventually employed (Section 3), SKB envisage using
between 6 000 and 11 000 tonnes of cement (Table 3.1).

Pore fluids entrained within cement are hyperalkaline (pH 12.5-13.5) and
highly reactive with carbonate, silicate, and aluminosilicate minerals. Mi-
gration of these pore fluids into the clay buffer material has the potential to
(Savage, 1997):

A exchange calcium ions from the cement for sodium ions on smectite mineral surfaces,
potentially lowering the swelling capacity of the clay;

A dissolve the framework of the buffer clay, precipitating a variety of calcium silicate
hydrate minerals and zeolites, thus decreasing the porosity, plasticity, and swelling
capacity of the clay.

SKB recognises the significance of clay-cement interaction for PA and are
conducting the following research to help them understand and model the
processes concerned (SKB, 1995):

A column-type laboratory experiments in conjunction with Nagra, and Nirex, reacting
cement pore fluids with a variety of single minerals and rocks to investigate po-
tential changes to mineralogical composition, porosity and groundwater flow. The
experiments are being modelled by coupled groundwater flow and chemical reaction
codes.

A Participation in the internationally-supported (SKB, Nirex, Nagra, UK Environment
Agency) Jordan natural analogue project which uses hydrochemical, mineralogi-
cal and microbiological information from a naturally-occurring hyperalkaline rock-
groundwater system to investigate mineral-fluid reactions.

A Cement-bentonite interaction experiments funded jointly by SKB and Nagra.

The principal results of this research remain, as yet, unpublished.

The masses of cement envisaged for the Swedish deep repository have been
presented earlier in this report (Table 3.1). These masses may seem large,
but because they will be spread throughout the repository volume, the po-
tential impact of such materials may be relatively small. The median mass
of 8500 tonnes of cement quoted in Table 3.1 would have an approximate
volume of 2700 m3 (OPC has a density of 3.15 tonnes m~3 - Mindess and
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Young, 1981). This is only 0.3 % of the repository volume which will require
backfilling (1 Mm3).

The aggressive chemical components in cement with regard to mineral sta-
bility are Na, K, and Ca. Ordinary Portland cement contains approximately
0.3, 0.6. and 63 weight % Na2O, K2O, and CaO, respectively (Mindess and
Young. 1981). 8500 tonnes of cement will therefore contain 19, 42, and
3825 tonnes, or 8.3xlO5, l . lxlO6 , and 9.56xl07 moles of Na, K, and Ca,
respectively.

Reaction of Na, K and Ca with smectite clay is likely to dissolve the clay
and precipitate zeolites (Savage, 1996, 1997). Theoretically, the alkali metal
(Na + K) content has the capacity to generate a roughly equivalent amount
of analcite-type zeolite, according to the following mass balance:

3Nao.33Al2.33Si3.670io(OH)2 + 6Na+ + 3SiO2 + 7H2O =

7NaAlSi2O6.H2O + 6H+ (5.1)

Consequently, hypothetical reaction of all the alkali metal cations in the ce-
ment envisaged for a deep Swedish repository could produce 2.3 xlO6 moles,
or 219 m3 of analcite-like zeolite (analcime has a molar volume of 9.71 x 10~5

m3 mole"1). This potential volume of analcite is only 0.02 % of the total vol-
ume of backfill in the repository. Consequently, these changes are probably
irrelevant to the long-term performance of the repository.

Calcium leached from the cement will form a variety of calcium silicate hy-
drates (CSH), and possibly, zeolites by reaction with bentonite clay (Savage,
1997). Tobermorite (Ca5Si6Oi7.5.5H2O) is a common CSH product of the re-
action of Ca(OH)2 with silicates and aluminosilicates. Reaction of a sodium
montmorilloriite clay with Ca2+ to form tobermorite can be written as:

+ 10Ca2+ + SiO2 + 35H2O =

2Ca5Si6Oi7.5.5H2O + Na+ + 7A1(OH)7 + 26H+ (5.2)

From equation 5.2 it can be seen that conversion of three moles of montmoril-
lonite to two moles of tobermorite consumes 10 moles of Ca2 + . Consumption
of all the Ca2+ in the cement envisaged for the deep SKB repository could
thus generate 1.9xlO7 moles or 5510 m3 of tobermorite (tobermorite has a
molar volume of 2.9x 10~4 m3 mole"1). This potential volume of tobermorite
is roughly 0.6 % of the total backfill volume.

The combined volume of altered clay in the backfill is thus only 0.62 % of
the total backfilled volume. Acknowledging that there is roughly ten times
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more rock in the backfill than clay, increases the percentage of clay altered
to approximately 6 % (if all the alkali and calcium in the cement/concrete
is pessimistically assumed to be consumed by reaction with the clay, rather
than the rock).

Reaction of montmorillonite (molar volume = 1.3xlO~4 m3 mole"1) plus
quartz (molar volume = 2.27xlO~5 m3 mole"1) to either analcite (molar
volume = 9.71xlCT5 m3 mole"1) or tobermorite (molar volume = 2.9xlO"4

m3 mole"1) according to the stoichiometry of reactions 5.1 and 5.2 will result
in a net solid volume increase (AVmont_anai = + 48 %; AVmont_tob = + 46

Alkaline alteration of montmorillonite can affect only a small part of the
repository backfill. In addition, these interactions are likely to lead to pos-
itive solids volume changes. Although there may be detrimental effects to
plasticity and clay swelling properties where this alteration is most pro-
nounced, this may be counteracted by decreased porosity. Both clays and
zeolites have favourable ion exchange and sorption properties. Overall, these
observations suggest that the amounts of cement envisaged for grouting in
a deep Swedish repository for spent fuel will have a minor impact upon
long-term performance.

AECL have considered the effects of cement and concrete on clay barrier
properties (Johnson et a/., 1994). Envisaged mineralogical changes to the
buffer clay include conversion to zeolites such as analcite. However, be-
cause cement and concrete are not used in the vicinity of disposal holes in
the AECL concept (concrete bulkheads are 12 m away), these effects were
ignored for the purposes of PA.

In Kristallin-1, Nagra discuss the potential alteration of bentonite seals by
concrete plugs in their HLW repository, but conclude that alteration will
be relatively minor due to the small mass of concrete and rates of diffusive
transfer of hydroxyl ions (Nagra, 1994). Nagra consider alkaline alteration
associated with the presence of a TRU waste silo to be more extensive, but
believe that alteration will be isolated from the HLW repository because
of siting of the TRU silo in a different block of low-permeability basement
rock. Neither of these effects were incorporated into their PA calculations.
Nagra have carried out much more work (laboratory experiments, modelling,
analogues) relating to the effects of cement and concrete with regard to their
low- and short-lived intermediate level waste facility planned at Wellenberg,
but have yet to incorporate these effects into PA calculations (Nagra, 1993).
The Nagra programme on this subject is reviewed by Savage (1997).
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5.4 Thermal effects

The emission of thermal energy from the emplacement of spent fuel is due
to the process of radioactive decay. This thermal energy results in a rise
in temperature of the rock mass with the distribution of heat being a func-
tion of the source (spent fuel), time and distance from the source and the
thermal characteristics of the rock mass. The maximum temperature rise
is calculated to occur about 200 years after closure of the repository (SKI.
1996) and the heat will then start to dissipate, with the total time to return
to the geothermal equilibrium being measured in millenia. The governing
factor for the transfer of the thermal energy from the waste is the thermal
conductivity of the rock mass, with heat transfer via the groundwater flow
(convection) considered to be negligible. However, work carried out as part
of the DECOVALEX project suggests that it may not be correct to ignore
the effects of heat convection by the groundwater (Abdallah et al., 1995).

The thermal energy produced by the waste will be a function of waste type,
the length of time it has been stored prior to emplacement in the repository
and how long the repository has been open for disposal and hence how long
ventilation has been operating. The rise in temperature generated by the
waste will cause thermal expansion of the rock mass, and the differential rates
of expansion in rocks such as granite can lead to the formation of microcracks
within the rock matrix at high temperatures >150-200 °C. This expansion
of the matrix can in turn result in the closure of existing fractures and
discontinuities (Hokmark and Israelsson, 1991) and subsequent reduction in
the hydraulic conductivity of the rock mass. However, as the rock mass cools
slowly it will contract and the apertures of the fractures will recover.

The rise in temperature will also directly impact the groundwater which will
undergo density and viscosity changes giving rise to buoyancy effects. This
will tend to drive the groundwater from the repository to the surface more
quickly than would otherwise occur.

The impact of the temperature rise on the backfill material will also be of
concern. The use of materials such as bentonite which comprises clay miner-
als of the montmorillonite type will probably be thermodynamically stable
at temperatures of 200-300 °C. Smectite clays show progressive conversion
to illite with increasing temperature in natural systems, such that mixed-
layer clays may be as much as 90 % illite at 200 °C (Abercrombie et al.,
1994), whereas smectite may be preserved in laboratory systems of appro-
priate chemical composition at temperatures as high as 370 °C (Allen et
al., 1988). However, the bulk properties of these materials when heated will
need to be considered, since they could dry out and crack, thereby providing
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preferred transport pathways for radionuclides. Enhanced temperatures will
accelerate chemical reactions between the backfill and entrained pore fluids
and tend to increase the rate at which solid products form, as well as their
crystallinity.
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6 Co-disposal of different waste types

SKB intend to dispose of 'other radioactive waste' in a special part of their
deep repository during the so-called stage 2 of their waste management op-
erations (SKB, 1995). This part of the repository will be approximately one
kilometre away from that for spent fuel (SKB, 1996d). These other wastes
will resemble those currently being deposited in the Final Repository for Ra-
dioactive Operational Waste (SFR 1) in Forsmark, except that it will contain
more long-lived wastes. The total quantity of this waste is estimated at 25
000 m3, with perhaps one third to one half of this consisting of long-lived
waste. These other wastes will be located away from zones containing spent
nuclear fuel. Since there are different types of low- and intermediate-level
waste, three disposal caverns will be needed, named SFL 3-5 (Figure 6.1).
It is likely that these materials will be the last to be deposited in the deep
repository facility. These other waste types are:

1. SFL 3: long-lived waste materials from research, industry and medicine
currently stored at Studsvik will be deposited here. Operational waste
from CLAB and the encapsulation plant which opens after SFR has
been closed will also be deposited in SFL 3 (relatively short-lived
wastes). These types of waste will be lowered into separate compart-
ments in an underground concrete structure, with the remaining spaces
in the compartments being filled with concrete. The backfill between
the concrete structures and the rock may be sand, crushed rock, or
bentonite.

2. SFL 4: consists of core components and reactor internals from electricity-
generating reactors and is, for the most part, stainless steel. These
components will also be packaged in concrete containers and backfilled
with concrete. The containers will then be placed in rock caverns with
walls and floors of concrete. These rock caverns are likely to be back-
filled with sand or crushed rock. The vault for these two types of other
wastes will be 70 m long.

3. SFL 5: is decommissioning waste from CLAB and the encapsulation
plant, together with CLAB interim storage canisters, and transport
casks. The deposition chambers for these wastes will consist of the
transport tunnels and cavities left after closure and sealing of other
repository sections (Figure 6.1). These tunnels are approximately 130
m long.

The impacts upon the safety of the entire repository system from these other
waste types are likely to be due to:
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SFL 4

Figure 6.1: Schematic layout of SFL 3-5.

A the presence of potential radionuclide complexing agents;

A steel and other metals (less than 1 % of the total metal content) such as aluminium,
zircaloy and lead are potential generators of gas during anaerobic corrosion;

A the presence of potentially large amounts of cement and concrete concentrated into
a specific zone of the deep repository.

SKB recognise that despite the anticipated separation distance of one kilo-
metre, the presence of these materials may affect the behaviour of the deep
repository for spent fuel (SFL 2) and has recommended that SFL 3-5 be
placed 'downstream' of SFL 2 in terms of regional groundwater hydraulic
gradient (Wiborgh, 1995). However, during periods of glacial advance,
'downstream' may become 'upstream' due to relative changes of recharge
and discharge, so such assumptions may not be relevant for all times in the
future.

The principal issues concerning co-disposal of wastes are discussed in more
detail, below.

6.1 Radionuclide complexants

Relatively minor amounts of radionuclide complexants will be present in SFL
3-5, according to Wiborgh (1995), namely:

A 0.5 wt. % of concrete in SFL 3 will consist of cellulose {46 tonnes of 400 tonnes of
organics in total);
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Table 6.1: Rate of gas formation (m3 a"1) in SKB repositories SFL 3, SFL
4, and SFL 5. From Wiborgh (1995).

Radiolysis
Microbial degradation
cellulose
other organics

Corrosion of steel

waste
packaging

Corrosion of Al
Corrosion of Zircaloy
Total

SFL 3
-

7
4

1

4
390

-

406

SFL 4
-
-

20
4
-

-
24

SFL 5
0.1
-

3
5
-

0.003
8

A 0.04 wt. % of the concrete in SFL 3 will consist of cyanide precipitates (derived from
water purification activities at Studsvik).

Wiborgh (1995) calculates that a maximum organic content of the pore fluid
in SFL 3 would amount to 700 mg I"1. Given her overall conservative choice
of sorption data, Wiborgh (1995) decided to exclude the effects of organic
complexation upon sorption behaviour. She further concluded that the ef-
fects of organics should be excluded from assessing the solubility behaviour
of radionuclides. Wiborgh (1995) also recognised that concentration of these
materials in certain waste packages could cause a problem for safety assess-
ment.

6.2 Gas

Wiborgh (1995) has reviewed the amounts of gas likely to be generated in
SFL 3, SFL 4 and SFL 5 by processes such as radiolysis, microbial degra-
dation and metal corrosion. These estimates are presented in Table 6.1. It
may be seen from Table 6.1 that the total amount of gas predicted to be
generated is 438 m3 a"1, with the bulk of this (90 %) being derived from
corrosion of aluminium in SFL 3. Because of the high rate of aluminium
corrosion in a cementitious environment, Wiborgh estimates that all of this
gas may be generated within 3 years after disposal and may thus impact
upon operational and closure procedures. The effects of gas formation upon
repository safety assessment were intentionally ignored by Wiborgh (1995),
but were highlighted for future attention in SKB assessments.
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It is likely that if aluminium corrodes as SKB estimates (Table 6.1), then it
may affect the resaturation of the SFL 3 component of the deep repository,
and could also disrupt the backfilling in tunnels linking this area to the rest
of the deep repository. The separation distance and relative positions vis-a-
vis the regional hydraulic gradient between SFL 3-5 and the rest of the deep
repository will govern whether this gas release will impact upon repository
behaviour elsewhere.

Wiborgh (1995) did not include the impacts of gas upon her assessment of
the performance of SFL 3-5, but recognised the need for incorporation of
these effects in future assessments.

6.3 Cement and concrete

Wiborgh (1995) estimates that approximately 26 400 tonnes of cement and
concrete will be present in SFL 3-5 packaging and backfill. This mass is
not only a factor of three greater than that envisaged for the rest of the
deep repository (Table 3.1), but is concentrated into localised zones rather
than being spread throughout the entire repository. SFL 3 and SFL 5 will
contain large amounts of cement and concrete, whereas SFL 4 will contain
only a small proportion. Cement and concrete have the potential to react
chemically with other backfill materials (bentonite, sand, or crushed rock)
and the geosphere with possibly deleterious consequences (Savage, 1997).
There is thus considerable scope for chemical reactions of the type described
in Section 5.3.2 and equations 5.1-5.2. These reactions will contribute to the
reduction of porosity in the backfill surrounding the repository, but the solid
volume increases may be accompanied by a loss of plasticity in bentonite
in the backfill due to conversion of smectite clay to non-swelling zeolites
and calcium silicate hydrate minerals. It is difficult to assess the potential
for a hyperalkaline pore fluids to migrate from SFL 3-5 to the rest of the
deep repository without quantitative calculations of groundwater Row and
chemical reaction.

Nirex envisages using upwards of 105 tonnes of cementitious material in
their ILW/LLW repository, in comparison with the 104 tonnes planned for
the Swedish version. The research carried out by Nirex, principally relating
to the disposal of wastes at Sellafield, dates back to 1986, but much remains
unpublished. Nirex activities on this topic are summarised in the review car-
ried out by Savage (1997). Although much of the details of potential porosity
change due to alkali-rock reaction remain uncertain (particularly the influ-
ence of Na, K-rich, so-called early cement pore fluids), Nirex has concluded
that the alkaline disturbed zone will be a volume of lower permeability than
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the surrounding unperturbed rocks and thus potentially advantageous with
regard to repository safety.

Experimental sorption studies carried out by Nirex suggest also that the al-
kaline disturbed zone will have a greater retention capacity for radionuclides
than the unaltered rock. Reductions in porosity, permeability and matrix
diffusion in the alkaline disturbed zone are predicted by Nirex. Nirex con-
cludes that the alkaline disturbed zone will be of limited extent around their
repository, although the precise reasons for this conclusion are unclear. Nirex
has yet to include alkaline disturbed zone effects into their PA calculations,
but is currently working towards that end (Baker et al., 1996).
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7 Quality Assurance

The processes of construction, operation and backfilling and sealing a repos-
itory involve a large number of operations that need to be carried out to
a specified standard to ensure that the required long-term performance of
the repository meets regulatory criteria. The developments of methods and
procedures for the three phases of the repository will be essential to pro-
vide confidence in the quality of the workmanship. SKB have developed a
quality system for the manufacture of canisters to contain the waste up to
delivery at the encapsulation plant. Included in this system are methods to
check compliance of the product with the required standard. Consideration
of such issues with respect to the less controllable natural geological envi-
ronment will need to be addressed. Some work has looked at the acceptance
or rejection of an emplacement hole position which is acknowledged by SKB
(SKB, 1996e) as an issue to be addressed. The practical outcome of any cri-
teria that are developed for such a decision to be taken will be to document
the issues and establish procedures that need to be carried out including any
testing that is required prior to acceptance. The continued experimentation
programme at Aspo allows for the development of such quality systems and
any testing techniques that are deemed necessary. The systems will have to
be flexible enough to deal with the less precise system that is present when
dealing with the geological environment as opposed to the more controllable
environment of manufacturing. The proposed backfill and plug test to be
carried out by SKB at Aspo over the next few years allows for evaluation
and documentation of tested procedures for the emplacement of backfill.
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8 Conclusions

Repository construction operation and backfilling and sealing will take place
in concert and may occur over a period of tens of years. Considerable scope
exists for the future performance of a repository to be affected by these
initial stages. Additionally, the thermally induced stresses due to the heat
produced by radioactive decay of the waste will impact the near-field until
the peak temperature is reach, estimated to be some 200 years after em-
placement of the waste. This report has reviewed the processes associated
with construction, operation and backfilling and sealing and discussed the
current state of knowledge related to the different areas. The following con-
clusions concentrate on those areas of investigation that it is considered have
not been sufficiently quantified to establish that their influence on the final
repository performance can be ignored. In particular, consideration to the
coupling of processes that modifies the behaviour of the near-field or the
engineered barrier system has been highlighted.

Repository construction

Repository construction causes a major disruption to the natural system by
introducing a new set of boundary conditions that will disrupt the stress,
hydraulics and chemistry of the undisturbed system. The mechanical effects
are dominant at this stage with major changes to the stress field due to
the removal of rock material, the consequence of which is to modify the
properties of the near-field. The characterisation of these property changes
and their quantification has been achieved to some extent and consideration
of these changes has been included in SITE-94 as a possible path from the
repository to a fracture zone. The excavation also results in hydrogeological
and chemical transients, with the introduction of an atmospheric boundary
condition at depth. The response of the hydrogeological system will be
faster than that of the chemical system but both will act with time further
to modify the near-field properties of the system. The long-term effects of
these processes will be linked with the operational history of the repository
discussed below. It seems unlikely that the use of shotcrete, iron and steel
reinforcement in the repository will produce effects which are detrimental
to its performance, although the use of these materials will encourage the
development of chemically reducing, alkaline pore fluid conditions.

There will be minor effects associated with ventilation of the repository
underground workings, which will enhance vapour and gaseous exchange be-
tween the hydraulic system and the excavations and induce rock and ground-
water oxidation. These are unlikely to be significant in the long-term. The
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use of rock spoil is unlikely to have a deleterious influence on the performance
of the repository when re-introduced as backfill material.

Repository operation

The complex groundwater flow conditions associated with the progressive
construction and waste emplacement will continue throughout the period of
repository operation. It is unlikely that the near-field rock mass properties
will be affected to any great extent, except in the event of accidental damage.
The period of time that the access and ventilation systems are open (<100
a) could mean that some chemical processes such as precipitation or disso-
lution could locally modify properties of the rock mass controlling inflow of
groundwater to the excavation. It is unlikely that these changes would have
any long-term impact on the performance of the near-field system.

Backfilling and Sealing

The engineered barrier plays a major part in the performance of the reposi-
tory system for spent fuel disposal by controlling the release of radionuclides
to the geosphere via diffusion processes. The backfilling and subsequent
resaturation of a repository is therefore of importance in ensuring the per-
formance of the buffer material meets this function. Further quantitative
modelling of the resaturation of the buffer material will be required to es-
tablish that adequate performance criteria can be achieved.

Hyperalkaline pore fluids from cement and concrete used as shotcrete and
reinforcement in the deep repository have the potential to affect bentonite
swelling capacity, porosity and mineralogical composition. The quantities of
cement envisaged for the spent fuel repository are unlikely to cause problems
for performance, but this may not be the case for intermediate- and low-level
waste (see below).

Co-Disposal

Co-disposal of low- and intermediate-level waste in SFL 3-5 of the deep
repository project has the potential to influence the long-term performance
of the repository. The following factors are considered to be of greatest
significance:

A The presence of organic and cyanide complexing agents has the potential to increase
radionuclide solubilities and decrease sorption. However, contents of these materials

37



in SFL 3-5 are likely to be low.

A Corrosion of metals will provide considerable volumes of gas which may disrupt
backfills and impact upon groundwater flow.

A There are substantial quantities of cement and concrete (upwards of 104 tonnes)
concentrated in SFL 3-5 which could react chemically with the backfill and host rock
to perturb porosity, permeability, and mineralogical composition.

These potential problems concerning co-disposal will be minimised by in-
creasing the separation of SFL 2 (spent fuel repository) and SFL 3-5. The
currently envisaged separation of one kilometre may be sufficient to render
these effects of negligible importance. However, experimental work, mod-
elling and assessment is recommended since these issues are currently poorly
understood.

Coupled Systems

It is clear from the above that the evolution of the near-field will be a func-
tion of the three stages of construction, operation and backfilling. The effect
of modifying the geosphere immediately adjacent to the EBS is understood
to some degree and consideration of such an effect is currently made in per-
formance calculations. More importantly, the incorporation in the analysis
of the indirect impact of coupled processes on the long-term performance
of a repository will be to improve the understanding of how the near-field
evolution controls the way in which the engineered barrier changes during
the process of resaturation. The modelling of the evolution of the near-field
and the resaturation of the system should therefore be examined in more
detail. This will require the use of transient modelling of the buffer/backfill
system to represent changes to hydrogeological properties caused by ther-
mal, mechanical and chemical effects. Differential resaturation of the buffer
and the property changes that could occur to the buffer material due to
thermal and chemical effects could result in waste canisters being subjected
to heterogeneous stresses. These processes could also result in the develop-
ment of a buffer with heterogeneous transport and sorption properties. It is
important that these processes are investigated, since assumptions regarding
the long-term performance of the buffer play a significant role in estimates
of the long-term safety of the repository.

In addition to the resaturation of the buffer material, the head gradients
within the backfill need to be investigated to ensure that piping does not
occur, producing fast paths that will have a deleterious impact upon the
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performance of the system. This issue is further complicated when consider-
ation of a two-phase system with entrapped air is considered. The possible
influence of two-phase flow on the performance of the backfill needs to be
investigated. This subject needs to be studied by modelling two-phase flow
within a transient system.

Potential 'fast pathways' for groundwater in the EDZ should also be consid-
ered for further modelling.

Other Issues

The possibility of an accident that causes collapse of part of a potential
repository has been discussed, although with proper investigation and con-
trols during construction and operation this is an unlikely event. Some
consideration of the consequences of such an event and its impact on long
term performance should be considered. Some simple modelling of possible
failure modes that could occur while the excavation is open and their impact
on the near-field properties should be evaluated. The evaluation of such an
event may indicate that part of the rock mass is no longer suitable to meet
the criteria for long term safety and if waste has already been placed within
this region, problems of recovery and re-deposition would be encountered.
Scoping modelling of the impact and any remedial action would be valuable
in providing the basis for action if such a low risk event did occur.
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