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Summary

Research carried out by SKB on the use and behaviour of bentonite as a buffer and

backfill material in a radioactive waste repository has been reviewed. The following

research areas have been evaluated:

• mechanical properties;

• hydraulic and other transport properties;

• geochemical properties;

• thermal properties and resaturation;

• gas migration;

• manufacturing and emplacement procedures.

This review has shown that SKB has carried out much pioneering and world-leading

research on bentonite, particularly with regard to analogue studies, microtextural work

and practical manufacturing and emplacement procedures. However, there are a

number of subject areas which appear less well addressed than others which require

further attention:

1. The extrapolation of experimental results of the mechanical properites of bentonite

to repository timescales and repository conditions should be investigated further.

2. There is a need for detailed microstructural analysis of materials as part of

experimental programmes. This would enable SKB to build confidence in the

interpretations of results and reveal whether the mechanical processes occurring

during experimentation truly reflect expectations of the performance of the

repository.

3. The large amount of experimental, theoretical, empirical datasets and computer

models of the mechanical properties of bentonite need to be collated to form a

database which is assessable and relevant to those involved in performance

assessment calculations. At present, the valuable results of many excellent research

projects on mechanical properties of bentonite buffer are not readily available.

4. There seems to be a relatively poor understanding of the mechanisms of

radionuclide diffusion through compacted bentonite. Other international work

suggests that diffusion coefficients are much lower than those applied by SKB in its

PA work. The importance of surface diffusion to describe diffusion in bentonite for

certain chemical species ascribed by SKB is not reflected in similar studies

elsewhere and is therefore contentious and open to debate.



5. There seems to be a general lack of integration of analogue studies with modelling

and experimental work in terms of a model of the evolution of the chemistry of

bentonite pore fluids with time (i.e. analogue evidence demonstrates the importance

of mineral dissolution and precipitation, but this is not incorporated into the

chemical modelling approach). Some rationalisation of approaches is required for a

credible model of bentonite pore water evolution to be created.

6. There is little apparent use of modelled bentonite pore water chemistry for the

calculation of radionuclide solubility, sorption and speciation in PA (c.f. approaches

used by Nagra, JNC, TVO). Although recent work in part redresses this

imbalance, SKB is alone amongst disposal agencies in this approach.

7. There is little published work by SKB on the interaction of bentonite with cement.

There is now a growing literature elsewhere on this subject which does not seem to

be reflected in studies carried out by SKB. Collaboration with other waste disposal

authorities interested in this topic (e.g. Japanese organisations) is recommended.

8. It may be necessary to incorporate chemical processes into the current SKB

conceptual model of gas transport in buffer and backfill materials. Dissolved or

gaseous H2is generated by Fe corrosion under anaerobic conditions, and this gas

may be reactive with several minerals in bentonite, including smectite.

9. Although field tests carried out by SKB suggest that the emplacement of compacted

bentonite will not be a problem from the perspective of buffer performance,

borehole, shaft and vault sealing, there are apparent problems for block

manufacture. The introduction of oil as a lubricant in block manufacture, for

example may pose problems for long-term behaviour of the near-field due to the

presence of these organic materials. Better manufacturing methods (developed in

collaboration with other national agencies?) are therefore required.
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1 . Introduction

The Swedish concept for the geological disposal of high-level radioactive waste is, like

most other national concepts for radioactive waste disposal, based upon the multibarrier

principle, i.e. safety must not be solely dependent on the satisfactory performance of a

single barrier. In order to achieve long-term safety, the disposal system is designed

primarily to isolate spent nuclear fuel from the biosphere. This isolation is achieved by

encapsulating the spent nuclear fuel in sealed canisters which are deposited deep in the

bedrock at a repository site. Additionally, the repository has the function of retaining

and retarding radionuclides if isolation cannot be maintained.

According to the 'KBS-3 concept' (SKB, 1983), isolation will be achieved by

encapsulating spent fuel in leak-tight containers, which are emplaced in deposition holes

in a system of tunnels in the bedrock at a depth of 400-700 m, and surrounded with a

plastic clay material with a low permeability to groundwater (Figure 1.1). If isolation

cannot be maintained, radionuclides released from failure of a canister and released to

the groundwater by fuel dissolution can be transported through the bedrock to the

biosphere. Consequently, conditions in the geosphere and in the man-made engineered

barriers should be chosen such that radionuclide mobility is minimised.

According to SKB (1995a):

'the buffer should give the canister a favourable environment for maintaining the

isolation, comprise a protective layer between the canister and the rock with respect to

mechanical and chemical forces, and, if the isolation of the canister is broken, limit and

retard the escape of radionuclides from the repository'.

The requirements of the buffer are split into two functions, those required for

'isolation', and those required for 'retardation'. The isolation functions are as follows:

• completely envelop the canister for a long period of time - 'remain in the deposition

cavity';

• bear the canister centred in the deposition hole;

• prevent groundwater flow and thereby retard the inward transport of corrodants;

• dissipate heat from the canister;

• resist chemical transformation for a long time;

• not jeopardise the abilities of the canister and the rock to fulfil their functional

requirements;



5 m

5m

8m

2.7 m

4.8 m

0.5 mT

crushed rock-bentonite

canister for spent fuel

50 mm gap

10 mm gap

•blocks of highly compacted
bentonite

•base pad

Figure 1.1 Schematic diagram of the KBS-3 disposal concept. From Lonnerberg

and Petterson (1998).

• protect the canister by comprising a plastic protection against rock movements.

SKB do not define what they mean by a 'long time' with regard to the above functions.

Retardation functions are seen as secondary and these are:

• prevent flow of groundwater and thereby retard transport of radionuclides;



• resist chemical alteration for a long time;

• completely envelop the canister for a long time - 'remain in the deposition cavity';

• permit generated gas to escape;

• filter colloids.

It may be seen that some functions are duplicated between 'isolation' and 'retardation',

i.e. the need to resist chemical alteration, the maintenance of diffusive rather than

advective groundwater transport, and the need to remain surrounding the canister for a

long period of time. The last point is an important issue, but it should also be

recognised that bentonite may also generate colloids.

In order to achieve these functions, there are necessary requirements in terms of

physical and chemical properties for the bentonite. The types of properties which are

important are as follows (SKB, 1995a):

• water content;

• hydraulic conductivity;

• swelling pressure;

• swelling capacity;

• shear strength;

• Theological properties;

• pore volume;

• diffusion and sorption properties;

• thermal conductivity;

• chemical composition.

Consequently, we can consider a matrix of functions and properties (Table 1.1).

In addition to 'functional requirements', SKB also consider that the buffer and backfill

should have a number of so-called 'favourable properties', such as:

• limitation of transport of corrodants to the canister surface (diffusive transport);

• sorption of radionuclides;

• only diffusive transport of radionuclides from a defect canister to the rock in the

near-field;

• drying-out and filtering of microorganisms;



Table 1.1 Relationship between function and properties of bentonite for the KBS-3

concept.

Function Properties

'Isolation' functions

canister envelopment

bear canister in central position

prevent groundwater flow

heat dissipation

resist chemical transformation

non-compromisation of canister

and rock functions

protect canister from rock

movements

swelling pressure; shear strength; rheological

properties; resistance to alteration

swelling pressure; shear strength; rheological

properties

hydraulic conductivity; porosity

thermal conductivity

chemical composition; hydraulic conductivity

chemical composition; swelling capacity; hydraulic

conductivity

swelling capacity; rheological properties; shear

strength

'Retardation' functions

prevent groundwater flow

resist chemical transformation

canister envelopment

allow gas escape

filter colloids

hydraulic conductivity; porosity

chemical composition; hydraulic conductivity

swelling pressure; shear strength; rheological

properties; resistance to alteration

water content; hydraulic conductivity; porosity;

diffusion properties

pore volume

• stabilisation of the walls of the deposition hole;

• stabilisation of the chemical environment (Eh, pH).

Within this overall concept, considerable reliance is placed upon the performance of the

clay buffer and backfill within the waste deposition holes and tunnel network. Not

surprisingly, SKB has carried out an extensive research programme over the last 20

years to characterise suitable clays and to determine the properties of these materials to

ensure waste isolation and retardation. SKB pioneered the concept of using swelling



clays in a radioactive waste disposal concept and their researches have placed them as

world-leaders in this regard.

In general terms, the role of the buffer and backfill in the KBS-3 concept can therefore

be seen as physical and hydraulic stabilisation of the waste packages witihin the overall

stable geological conditions of the Swedish bedrock. Little emphasis is placed upon

chemical conditioning of groundwater, for example, which has a much greater role in

HLW disposal concepts elsewhere (e.g. Canada, Finland, Switzerland).

The rest of this report has been sub-divided according to the properties of bentonite

required to achieve the desired functions as follows:

• mechanical properties such as plasticity, swelling and rheology;

• hydraulic and other transport properties such as hydaulic conductivity, porosity,

and diffusivity;

• geochemical properties such as porewater chemistry, chemical buffering, resistance

to alteration, and sorption;

• thermal and saturation properties such as thermal conductivity and resaturation

capacity in a thermal gradient;

• gas migration behaviour;

• manufacturing and emplacement procedures.

SKB research on the above topics is reviewed with two primary objectives:

• to assist SKI in its evaluation of SKB's proposed programme as it pertains to buffer

and backfill behaviour, and

• to identify possible performance assessment issues related to engineered bentonite

barriers that are not currently addressed by SKB's proposed research.



2 . Mechanical properties

The requirements of a buffer (Section 4.3.4, SKB 1995a), include providing a

favourable environment for maintaining the isolation of the waste canister and the

provision of a protective layer between the canister and rock with respect to the

mechanical and chemical forces.

This section details and describes the mechanical forces which have been considered by

SKB to affect the performance of the bentonite buffer. SKB consider that the buffer

should meet the following mechanical criteria:

• Prevent the canister from sinking.

• Protect the canister from shear deformation.

• Resist fracture under expected repository conditions.

• Enable fractures which may form to heal rapidly.

• Flow and swell to infill gaps remaining after emplacement.

• Generate a microstructure which will limit the permeability of the system.

Experiments and theoretical and computational modelling of bentonite behaviour have

progressed simultaneously. They broadly approach the subject of mechanical

behaviour of bentonite by investigating re-saturation, swelling, elasticity, plasticity,

failure and friction. Many of the processes which control the mechanical properties of

the bentonite buffer act in combination and are thus coupled processes. Research on the

coupling of processes will be referred to in passing in this section, but is is also

presented in depth in Section 5.

2.1 Saturation

Manufacturing and engineering constraints require that the bentonite buffer is emplaced

in the repository in a compacted, unsaturated state, and it is only when the buffer

becomes saturated that the rheological properties of the bentonite provide an effective

buffer. Borgesson and Johannesson (1995) indicate that it would take between 10 and

100 years before the bentonite buffer would become fully saturated in a KBS-3 type

repository. This is the period when temperatures reach a maximum, and may lead to

processes which may affect the performance of the buffer long after saturation (e.g.

cementation of the bentonite - see Section 4). It is therefore important to understand



and model the entire evolution of the bentonite buffer from the unsaturated stage

through to saturation and beyond.

A series of experiments has been undertaken to assess the rates at which the bentonite

buffer will saturate. The results of these experiments yield data concerning the rates of

saturation and have been used to formulate empirical laws, which can be used to predict

resaturation in a repository. Such experiments give insights into the mechanisms of

saturation.

Experiments concerning bentonite saturation are presented in SKB reports by

Borgesson and Pusch (1987), Pusch et al. (1989), Borgesson et al. (1995) and

SKB(1995b). Borgesson and Pusch (1987) show that a 1 cm block of bentonite with a

density of 2. lt/m3 becomes saturated with water from one end of a 1 cm block in about

a week. Calculations (Borgesson and Pusch, 1987) indicate that in clays with a low

hydraulic conductivity this would require an external water pressure of 100 MPa to

make the water penetrate at such a rate. The process of saturation was interpreted as

being controlled by the chemical suction potential, which results in saturation

proceeding at a rate related to diffusion of water in the clay material. The rates of

saturation have been shown to decrease with increasing initial degrees of saturation

(SKB, 1995b). The same report investigated the homogenisation of the bentonite

buffer as a result of saturation. The results indicated that initially inhomogeneous

unsaturated samples became homogenised; however, this increase in homogenisation

was less marked in the more compacted samples.

2.2 Swelling capacity and swelling pressure

As bentonite absorbs water during the saturation process it will swell. Swelling of the

buffer in a repository serves various purposes, including:

• the sealing of fractures;

• the filling up of voids in the bentonite;

• the healing of cracks in the bentonite which were created during its manufacture and

emplacement;

• the homogenisation of the bentonite;

• to counter volume changes during the cooling phase.

The long-term performance of the buffer is, therefore, critically influenced by the

degree and speed at which bentonite will swell.



The volume of a KBS-3 deposition hole is, effectively, fixed and therefore the bentonite

(with a predetermined swelling capacity) mass which is needed to give the desired

swelling can be predicted (SKB, 1983). This, coupled with low hydraulic conductivity

is one of the basic reasons for using bentonite clay as a buffer material in a repository.

The ability and time for the clay buffer to swell have been measured by SKB using an

oedometer (Borgesson and Pusch, 1987). The apparatus was constructed to take

saturated samples with a height of 2 cm. A free water level above the sample and a

water inlet from below ensured that the sample was kept saturated. The weight of the

devices on top of the sample corresponded to an external pressure of 1 kPa, and as the

clay swelled, the gauge measured the amount of deformation. Borgesson and Pusch

(1987) have measured the swelling capacity and pressure of Ca-smectite and a Na-

bentonite mixture. The main conclusions were that the degree of swelling was

correlated with the initial density of the bentonite clay, the higher initial density the more

they tended to swell. Furthermore, the composition of the clay affected the degree to

which it swelled. For example, Na-bentonite has been shown to possess a greater

swelling capacity than Ca-bentonite.

Triaxial tests (Borgesson and Pusch, 1987) have also been used to investigate the

swelling pressure of bentonite. Triaxial testing involved surrounding a sample with a

rubber membrane and injecting fluids at various confining pressures. Experiments

were undertaken on both drained and undrained samples. A drained sample could

change its volume by taking up or pressing out fluid while an undrained sample could

not change its volume. A tendency to change volume in an undrained sample is instead

reflected by a change in pore water pressure. Figure 2.1 shows the correlation between

swelling and the initial density of the sample found using both triaxial tests and shear

tests. Further experiments also revealed the variation in swelling pressures with

chemical composition of the bentonite buffer.

Swelling of clays as a result of temperature variation has been investigated using triaxial

testing in Borgesson et al. (1995). Not surprisingly, both density and the composition

of the clays were highlighted as major influences on the swelling pressure.

Karnland (1997a) examined the effects of salinity on bentonite swelling capacity and

predicted substantial swelling pressures would also occur in saturated sodium chloride

solution, if the density of bentonite in the system were high enough.
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Figure 2.1 Swelling pressure as a function of density at saturation at 22 °C. Circles

refer to data measured in a triaxial cell; crosses refer to those measured in a shear

apparatus. From Borgesson and Pusch (1987).

2.3 Stress-strain Behaviour

SKB has investigated the elastic and visco-plastic behaviour of both saturated and

unsaturated bentonite (see Borgesson and Pusch, 1987; Borgesson, 1992; Pusch,

1986; Borgesson, 1986, Pusch et al., 1989; and Borgesson, 1990). Investigations

have been undertaken to quantify the stress-strain properties of bentonite in order to

assess:

• the bearing load of the bentonite and hence the rate at which a canister will settle

through the buffer to the base of the deposition hole;

• the stress magnitude of failure at repository conditions.

• the Mohr-Coulomb failure curves as a result of shear stress;

• the evolution of microstructures and hydraulic properties of the bentonite as a result

of the deformation;

• the influence of geochemical processes on the deformation behaviour of bentonite.

Experiments undertaken have investigated the yield strength, fracture failure and the

creep behaviour of bentonite. The yield strength of bentonite refers to the stress at



which deformation changes from elastic to a non-recoverable visco-plastic deformation.

Failure may occur during the elastic or visco-plastic phase.

A series of experiments, detailed in Borgesson (1986), involved the shearing of a

model of a deposition hole, scaled 1:10 to a real KBS-3 deposition hole. Highly

compacted MX-80 bentonite, was used as deposition hole infill. During the shearing,

the pressure and strain were measured at 18 points and the rate of shearing was varied

during the test. Two important conclusions were reached, firstly that the shear strength

of bentonite increased with increasing rate of shear and secondly, that the density of the

buffer suggested for a KBS-3 type repository (2.05 t/m3) creates a high swelling

pressure, making the bentonite relatively stiff. Bentonite with a lower density would be

softer and therefore protect the canister more effectively from deformation, but SKB

recognise the need to rationalise this with other requirements of the buffer, such as the

need to resist canister sinking.

Borgesson and Pusch (1987) describe a series of experiments undertaken to determine

the yield strength and failure envelopes for bentonite. Two categories of tests were

performed; triaxial and shear tests. The influence of temperature, pore pressure and

strain rate on the stress at failure were examined using the triaxial apparatus. The shear

test results gave similar results to the triaxial tests and again indicated the relationship

between strain rate and the strength of bentonite.

The visco-plastic (or creep) behaviour of bentonite has serious implications with respect

to the settling of canisters in the deposition holes, the rate at which fractures heal and

the hydraulic properties of the bentonite. Pusch (1986) considered the creep of

bentonite as a result of the stress generated by the weight of the 20-ton canister, which

in time may lead to canisters settling to the base of the deposition holes. The report

summarises the theoretical and experimental work undertaken by SKB on the subject of

canister settlement. Two processes were identified which control the settlement of

canisters, namely compression and visco-plastic flow.

Settlement due to compression was shown to occur by pore water dissipation, the

diffusion of pore fluids being the rate controlling process. Small-scale tests were

conducted on a scaled model of a deposition hole, and the settlement of the canister was

measured in microns. Empirical laws calculated from these experiments were a good

approximation over the timescales of the experiment itself, however extrapolation of the

results from these experiments to the conditions and timescales of a repository could be

misleading.

10



A larger scale test is reported in Borgesson and Pusch (1989). The test was undertaken

in a 40 cm diameter borehole at Stripa. By inference from a combination of

experimental results and ABAQUS modelling (see Section 5) it was concluded that

settlement of the canister as a result of creep was negligible.

Pressure solution is the deformation of a material via dissolution of chemical species

from zones of high stress, their transport by diffusion and their re-precipitation in zones

of low stress. Experiments described in Erlstrom (1986) examined pressure solution in

quartz and bentonite. They confirmed that at temperatures expected within a repository,

pressure solution will not be a dominant deformation mechanism within the bentonite

buffer.

Borgesson (1990) presented a series of tests, which have been used to characterise

mechanical properties of buffer materials. The various tests have been interpreted using

a variety of mechanical models, including:

• porous elasticity;

• metal plasticity;

• Drucker-Prager plasticity;

• critical state plasticity;

• linear plasticity.

The models were empirically derived as a means of mathematically describing the

relationships between stress, strain, strain rate, yield strength and failure. The different

plasticity models merely characterise visco-plastic mechanical behaviour of buffer

materials under different experimental conditions. For example, metal plasticity can

only be used to model the undrained experiments where there are no volume changes.

The results of the creep experiments are used to develop computer models to predict the

evolution of mechanical properties of the buffer and canister during the lifetime of the

repository.

The majority of the stress/strain tests undertaken by SKB has involved the use of

saturated bentonite and other clays. The mechanical properties of unsaturated buffer

material have been researched (Borgesson and Johannesson, 1995). These tests are the

most difficult to perform, and consequently the mechanical processes of unsaturated

bentonite are the least understood. Borgesson and Johannesson (1995) suggest that

more laboratory tests are required for improving the knowledge of the processes and

testing the validity of theoretical concepts.

11



Pusch et al. (1989) investigated the effects of Na, Cu and U on the microstructures and

rheological properties of bentonite buffer. The effects of these elements were limited in

experiments performed at room temperatures, however, at elevated temperatures (90°C)

the bentonite increased in stiffness due to cementation effects.

2.3.1 Friction

A necessary parameter for modelling mechanical behaviour of bentonite buffer in

deposition holes is the friction between the clay buffer and the surrounding materials.

Two types of behaviour have been identified (Borgesson, 1990):

• slip at the interface between the bentonite and the rock, and the bentonite and the

canister;

• slip within the clay because friction at the interface is so high.

Experiments, detailed in Borgesson (1990), showed that there was slip between the

clay and the surface of most smooth materials, including cement, stainless steel, copper

and granite. Therefore, the contact areas can be represented within computer models as

elements which allow slip when the shear stress, acting on the contact, surpasses the

experimentally measured friction values.

2.4 Summary and discussion

The work undertaken by SKB to understand how the bentonite buffer will respond

mechanically in a repository has been outlined. The mechanical properties have been

discussed in isolation, without considering the influence of hydraulic, thermal and

geochemical processes. However, the mechanical properties of rocks, especially clays,

can only be understood by consideration of mechanical, hydraulic, thermal and

chemical processes in a coupled manner, using experiments in conjunction with

computer modelling (Horseman et al., 1996). SKB have investigated the coupling

using a computer model, ABAQUS and is discussed further in Section 5.

SKB have pursued a comprehensive research programme in order to understand the

mechanical properties of the bentonite buffer. They have developed models which can

be used as a basis for coupled THM and geochemical modelling. However, further

work on the following issues is recommended:

12



1. Investigating the extrapolation of experimental results to repository timescales and

repository conditions.

2. Detailed microstructural analysis of materials as part of experimental programmes.

This would enable SKB to build confidence in the interpretations of results and

reveal whether the mechanical processes occurring during experimentation truly

reflect expectations of the performance of the repository.

3. The large amount of experimental, theoretical, empirical datasets and computer

models need to be collated to form a database which is assessable and relevant to

those involved in performance assessment calculations. At present, the valuable

results of many excellent research projects on mechanical properties of bentonite

buffer are not readily available.

13



3 . Hydraulic and other transport properties

The ability of bentonite to prevent groundwater flow and thereby retard the inward

transport of corrodants, and the outward transport of radionuclides, is a critical isolation

and retardation function of the buffer. The ability to prevent or limit groundwater flow

in tunnels is also an important favourable property of the backfill and prevention of

groundwater flow can be achieved using buffer and backfill materials containing a

suitable amount of swelling smectite clay (Pusch, 1995). Intensive research by SKB

and other international R&D programmes over many years leaves little doubt that the

hydraulic conductivity of saturated, compacted bentonite is sufficiently low to severely

limit groundwater flow through the engineered barrier system.

The very low hydraulic conductivity of bentonite has been verified through various

laboratory investigations in Sweden and elsewhere. Pusch (1983) shows the general

relationships between hydraulic conductivity and density for Na-smectite, Ca bentonite

and Na bentonite (Figures 3.1 and 3.2). The hydraulic conductivity of MX-80

commercial bentonite was shown to be an order of magnitude higher than Ca-bentonite.

This report indicates that at the low hydraulic gradients expected in a repository,

Darcy's law is not valid and it was proposed that the hydraulic conductivity of bentonite

was governed by its physico-chemical properties.

Reports that include consideration of the hydraulic properties of buffer and backfill

materials are Pusch (1983), Karnland and Pusch (1990), Pusch et al. (1990), and

Borgesson (1994). The issue of smectite-to-illite conversion is closely related to this

subject, because the formation of illite from smectite could increase the hydraulic

conductivity of the buffer (see Section 4).

3.1 Diffusion

Diffusion provides none of the isolation and retardation functions of the buffer or

backfill (SKB, 1995a). However, this process is considered by SKB to be a

favourable property of the buffer to limit transport of corrodants to the canister and

radionuclides diffusing from a breached canister to the host rock. A considerable

amount of research has been conducted on this topic by SKB (e.g. Eriksen et al., 1981;

Eriksen and Jacobsson, 1981; Neretnieks, 1982; Albinsson and Engkvist, 1989;

Eriksen, 1989; Albinsson et al., 1990; Eriksen and Jansson, 1996).

14



Figure 3.1 Hydraulic conductivity versus bulk density for Na-smectite. From

Pusch (1983).
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Figure 3.2 Bulk density versus hydraulic conductivity for commercial bentonites

with different characteristic liquid limits. From Pusch (1983).
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For the SR 91 safety assessment, diffusion data (together with sorption data) for

radionuclides in compacted bentonite were reviewed by Brandberg and Skagius (1991).

This review has recently been updated by Yu and Neretnieks (1997) for the SR 97

assessment. Yu and Neretnieks define a pore diffusion coefficient (Dp):

d C
P

J = —LJ £ :
p d x

where J is the diffusive flux, e is the porosity, and Cp is the concentration of the

diffusing species and x is the spatial coordinate. Dp is less than the diffusion coefficient

in an open pore solution:

D = D —
p v/^2

where 8 is the constrictivity and T2 is the tortuosity of the pores.

For sorbing species, relationships between an effective diffusion coefficient (De), a

surface diffusion coefficient (Ds) and an apparent diffusion coefficient (Da) can be

defined as:

De = £ D p + K d P D s

and

_ De

a ~~ C±K" n

where p is the dry bulk density of the bentonite.

Surface diffusion in compacted bentonite is considered to be important by SKB (Yu and

Neretnieks, ibid.). Although normally considered as a process relevant to diffusion in

metals, a number of authors have considered this process to explain higher than

expected diffusivities of certain radionuclides in compacted bentonite (Neretnieks,

1982; Rasmuson and Neretnieks, 1983; Pusch et al., 1989; Lehikoinen et al., 1996).

These authors explain surface diffusion by cationic diffusion in the electrical double
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layer of the clay-pore water system. Whereas in aqueous solution, diffusion is slowed

by interaction between ions, in the electrical double layer the lack of anions diminishes

these effects and accelerates diffusion. A high Kd will also enhance these effects.

An alternative explanation for the excess diffusion of cations is that the K^ in compacted

bentonite is less than that obtained from batch experiments with dispersed bentonite

(Muurinen and Lehikoinen, 1995). For example, not all the surfaces of the clay in

compacted bentonite could be accessible to the aqueous cations and thus Kd decreases.

The transport of radionuclides through compacted bentonite is influenced by the degreee

of compaction. It is not known whether this is due to variations in porosity or sorption

(Wanner et al., 1994).

Ion exclusion is important for anionic species and results from the repulsive electrostatic

forces between the negatively-charged bentonite surface and the anion. This ion

exclusion process effectively reduces the porosity available for diffusion. Ion exclusion

decreases with increasing salinity of the pore solution due to a thinning of the electrical

double layer.

The interlamellar space in bentonite varies with the exchangeable cations. Sodium

montmorillonite flakes may be completely separated, whereas Ca-montmorillonite exists

in stacks of 3-9 lamellae. Ca-montmorillonite does not have the swelling ability of the

sodium form. Diffusion coefficients of I", Sr^ and 3H were higher in Ca-

montmorillonite than Na-montmorillonite (Choi and Oscarson, 1996).

Different species of the same chemical element may have different diffusion

coefficients. For example, Christiansen and Torstenfelt (1988) measured different

coefficients for Ni(OH)2 and Ni2+. This is also evident for different redox states of the

same element (e.g. Albinsson et al., 1990).

Yu and Neretnieks conclude that pore diffusion and surface diffusion coefficients are

not well-defined. Although they discuss the measurement of effective diffusion

coefficients, they recommend the use of an apparent diffusion coefficient (Da) and a

total concentration gradient in safety assessment calculations. These Da values must be

taken together with the recommended values of sorption Kd's. They also recommend

the incorporation of precipitation reactions to account for radionuclide migration

through bentonite, since some species may not be mobile (e.g. only part of Ni present

in the aqueous phase may be mobile due to the precipitation of Ni(OH)2 - Christiansen

and Torstenfelt, 1988). As 'realistic' or 'best estimates' they suggest that in high ionic
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strength groundwaters, all cationic species be given an effective diffusion coefficient,

De, of 1010 m2 s1. Similarly, in low ionic strength groundwaters, neutral and cationic

species that sorb by mechanisms other than ion exchange have a realistic effective

diffusion coefficient of 10"'° m2 s'1. Anions have diffusivities a factor of 50 less than

this due to anion exclusion processes. The cations Cs, Pa, Ra and Sr have diffusivities

two orders of magnitude greater. Uncertainties in these data are considered to be plus

or minus one order of magnitude. As 'conservative' values, De for all species is

increased to 10'9 m2 s1, with Ni, Pb, Cs, Pa, Ra and Sr having diffusivities of 10~8 m2

s"1.

3.2 Summary and Discussion

The hydraulic behaviour of bentonite is well understood and there are few, if any,

uncertainties associated with this property. It is considered unlikely that further

research is needed in this area.

An extensive database of diffusion coefficients for radionuclides in bentonite is

presented by Yu and Neretnieks (1997), but as the authors readily acknowledge,

diffusion coefficients are 'not well-defined'. The data presented by Yu and Neretenieks

are clearly stated to be technique-specific, but it is not clear how diffusion coefficients

can be predicted for different bentonite water contents (saturation states) etc. However,

it could be argued that an assumption of unsaturation is conservative in this regard.

In general, the approach taken by SKB to model radionuclide diffusion through

bentonite is similar to that in other national disposal programmes. Table 3.1

summarises bentonite porosity, density and diffusion data used in different performance

assessments. These data are comparable, although precise models and terminology to

describe transport through bentonite differ from one assessment to another. The SKB

91, SR 97 and AECL 94 studies all have diffusion coefficients for anionic species

which are 2-3 orders of magnitude less than those used in Kristallin-1, TVO 92 and

PNC H-3.
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Table 3.1 Bentonite porosity, density, and intrinsic diffusion coefficient data used in

different HLW performance assessments. The term 'effective diffusion coefficient' is

used in SKB 91, SR 97, TVO 92 and Kristallin-1. Table in part from Safety

Assessment Management (1996).

SKB 91

SR 97

TVO 92

Kristallin-1

PNC H-3

AECL 94

buffer

AECL

backfill

Porosity

e

0.25

0.43

0.38

0.33

0.40

Dry Bulk Density

Yd kg m3

1750

1600-2000

1570

1710

1800

1660

Intrinsic Diffusion Coefficient

D m2 s 1

(D/Da = e + K^)

10"10 for most elements

3xl01 2forI,ClandTco x

3xlO8 for Sr and Cs

'realistic': 10"10 for all cations except

Cs, Pa, Ra and Sr which have

diffusivities of 10"8

'realistic': 2xlO"12 for anions

'conservative': 10"9 for all cations

except Ni, Pb, Cs, Pa, Ra and Sr

which have diffusivities of 10'8

10"10 for most elements

6xl0"9forCsandRa

2xlO"10 for all elements

3xl010 for all elements

6-20x10" for ion exchanged species,

e.g. Cs, Pd, Ra

3xlO"13 for actinides and Tc

6xl01 3 for I, C, Se

6-20xl0"H for ion exchanged species,

e.g. Cs, Pd, Ra

3xlO13 for actinides and Tc

6xl0 1 3 forI ,C, Se

There is greater discrepancy between assessments concerning mechanisms of diffusion.

Although transport data in SR 97 will rely on an apparent diffusion coefficient and a

corresponding concentration gradient (Yu and Neretnieks, 1997), the concept of surface

diffusion is relied upon to interpret data for Cs, Pa and Sr (and Ra) in low ionic
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strength groundwaters. Surface diffusion was specifically excluded as a relevant

phenomenon by Nagra in their Kristallin-1 study. Conca et al. (1993) have also

dismissed the relevance of this hypothesis as a significant mechanism for radionuclide

diffusion in geological materials. Further effort to understand transport phenomena in

bentonite is warranted therefore, particularly with regard to the use of alternative models

in safety assessment for an evaluation of uncertainity.
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4 . Geochemical properties

The geochemical requirements of the buffer in a KBS-3 type repository are the

following (SKB, 1995a):

• to achieve isolation and retardation of radionuclides, it should resist chemical

alteration for a long time;

• to achieve retardation of radionuclides it should filter colloids.

Again, SKB do not specify what they consider to be 'a long time'.

Other favourable properties of the buffer are defined as (SKB, 1995a):

• limiting the diffusive transport of corrodants to the canister;
• sorbing radionuclides;

• limiting transport of radionuclides from a breached canister to the rock in the near-

field by diffusion;

• desiccating and filtering micro-organisms;

• stabilising the chemical environment (Eh, pH).

The backfill has no isolation or retardation functions, but from a geochemical

perspective it is required to (SKB, 1995a):

• resist chemical transformation for long periods of time, and

• minimise chemical transformation of the buffer.

The results of SKB research on the geochemical aspects of buffer and backfill

behaviour have been reviewed relatively recently by Arthur (1996). The following

sections borrow from this review, but update the conclusions where relevant.

4.1 Bentonite longevity

The issue of conversion of smectite clays to illite is taken up in Pusch (1993), which

includes a useful summary of work carried out on this topic over the past two decades.

Formation of illite from smectite could adversely affect the function of the buffer

through associated effects on physical properties such as the hydraulic conductivity. A

working model of smectite-to-illite conversion is proposed, which assumes that heat-

induced dissolution of accessory minerals is the rate-controlling factor if K+ is available

in unlimited amounts, and that the availability of K+ is rate-controlling if the release of
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silica and aluminium from dissolving silicates is not a limiting process. The model

further assumes that illite precipitates from solution as a discrete phase, or possibly as a

component of illite-smectite mixed-layer clays, as a result of dissolution of silicate

minerals. Model results suggest that only small amounts of smectite in the buffer and

backfill would be converted to illite over times that are relevant to repository

performance if the near-field temperature does not rise above about 80 °C during this

time interval. Associated cementation effects resulting from precipitation of silica and

alumina released during the smectite-to-illite conversion reaction are shown to be

unimportant under isothermal conditions. Following on from this, the finite-difference

code FLAC has been used to model the smectite-to-illite conversion reaction according

to the concepts described above (Hokmark, 1995). Model calculations and

conservative assumptions suggest at least 50 % of the buffer will remain unconverted

100,000 years after waste emplacement (see Pusch, 1995, also). The long-term

experiment and modelling to investigate bentonite cementation ('LOT experiment')

reported in SKB (1998) should help understand these processes.

An alternative kinetic model of the smectite-to-illite conversion reaction (Huang et al.,

1993) is evaluated for KBS-3 conditions in Karnland et al. (1995). An Arrhenius-type

expression is assumed, and the reaction rate is therefore considered as an exponential

function of the activation energy and temperature. An important observation is that the

precision of high-temperature measurements necessary to evaluate the frequency factor

and activation energy must be very precise, and that considerable uncertainty in these

parameters exists when the currently available data are extrapolated to lower

temperatures that are relevant to buffer and backfill materials. It is also concluded that

dehydration (of the buffer), very high pH, and dissolved silica activity could affect the

rate, but these parameters are not currently accounted for in the model. On the basis of

kinetic calculations using the PROFILE code (Sverdrup and Warfvinge, 1993) and

published kinetic data, it is suggested that if crushed rock extracted from a repository is

used as ballast material in backfill, and if the rock contains primary K-bearing minerals,

that dissolution of these minerals and the resultant supply of K+ could cause significant

conversion of smectite in the buffer to illite.

Considerable efforts have been placed to provide geological evidence for bentonite

longevity. Studies of naturally-heated bentonites in Sardinia and Gotland of Miocene

and Ordovician age, respectively, demonstrated that considerable proportions of the

original smectite contents of bentonite clays could be preserved, despite heating to 100-

200 °C, and in the Gotland case, for several hundred million years (Pusch and

Karnland, 1988). Natural examples of bentonite reaction products (clays with 0-25 %
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smectite content) were found to have adequate hydraulic properties for waste isolation,

but little swelling capacity (Pusch et al., 1987a).

Liu and Neretnieks (1997) considered modification of bentonite composition by ion

exchange reactions with groundwater, rather than by dissolution-precipitation

processes. Not surprisingly, they concluded that passage of Ca-rich groundwaters

would convert Na-montmorillonite to non-swelling Ca-montmorillonite. Although

oxidation of pyrite was also considered in some of their calculation^ variants,

dissolution and precipitation reactions for montmorillonite were not considered. Since

the evidence from natural systems shows that in the long-term (thousands to millions of

years) dissolution-precipitation mechanisms dominate mass transfer in bentonite, this

approach seems unrealistic.

4.2 Chemical buffering

As pointed out by Arthur (1996) in his review of geochemical aspects of SKB's

research into buffer and backfill behaviour, chemical buffering is important for the

isolation function of the buffer to 'resist chemical transformation...', and the buffer's

retardation function to 'resist chemical alteration for long periods of time'. Chemical

buffering is also important for the favourable property of the buffer to 'stabilize the

chemical environment', as well as the backfill's ability to 'resist chemical

transformation for long periods of time', and 'minimize chemical transformation of the

buffer'.

SKB's chemical model of bentonite-water interaction is based on the smectite clay

within the bentonite acting as a relatively 'inert' ion exchange material which does not

incur transformations to other clay mineral types with time (Wanner, 1987, Wanner et

al., 1992; Wieland et al., 1994). The model of Wanner et al. (1992) is refined in

Wieland et al. (1994) based on potentiometric titrations of Na-montmorillonite derived

from a pre-treated Wyoming MX-80 bentonite. Experimental data are interpreted in

terms of a two-site model with structural-charge surface sites and variable-charge

surface sites (OH groups) on the clay as reactive surface 'functionalities'. Ion-

exchange of H+ for Na+ is assumed to occur on external surfaces of montmorillonite,

whereas protonation/de-protonation reactions are assumed to occur only on edge faces.

Long-term predictions of near-field chemistry are made using the developed model

assuming the near field can be approximated as a 'mixing tank' whereby pore solutions

in the bentonite buffer are periodically completely replaced by groundwater.

Consequently, these ion exchange reactions serve to 'condition' incoming groundwater,
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but the clay itself undergoes no transformation other than the progressive substitution of

exchange sites containing Na+ for those containing Ca2+. The modelling work of

Wersin et al. (1993,1994a, 1994b) addresses interactions between the canister,

bentonite and groundwater, and also adopts the chemical model of bentonite-solution

interactions developed in Wieland et al. (1994).

Somewhat surprisingly, SKB made no use of their extensive bentonite pore fluid

modelling work in the consideration of radionuclide solubilities for the SKB 91 safety

assessment (Bruno and Sellin, 1992; SKB, 1992; McKinley and Savage, 1996). SKB

calculated solubilities using pure radionuclide-bearing solids equilibrated with 'fresh'

and 'saline' groundwater compositions (McKinley and Savage, 1996). This was in

contrast with other safety assessments for HLW disposal in fractured hard rock

conducted in Canada (AECL 94), Finland (TVO-92), Japan (H-3), Switzerland

(Kristallin-1) where radionuclide solubilities were calculated for a reference bentonite

pore water composition (McKinley and Savage, 1996). Differences in pH, assumed

redox conditions and P ^ can contribute to consequent differences in calculated

solubilities. For SR 97, Bruno et al. (1997) have calculated radionuclide solubilities in

both groundwater and a groundwater equilibrated with bentonite. According to Arcos

et al. (1998) the composition of bentonite pore fluid was calculated using the ion

exchange model of Wanner et al. (1992). Since equilibrium with calcite is the pH-

controlling reaction in this model, the calculated pH is critically dependent upon the

assumed ambient PCQ2 at depth. Wanner et al. (ibid.) assume that this is atmospheric

(log PCO2 = -3.5 bars), but it is much more likely to be 2-3 orders of magnitude less

than this in deep groundwaters in fractured hard rocks (Savage et al., in press).

Therefore the pH of bentonite pore waters is likely to be greater (probably pH 10-10.5)

than the values of 7.8-9.6 calculated by Arcos et al. (ibid.).

4.3 Sorption

Sorption provides none of the isolation and retardation functions of the buffer (SKB,

1995), but will influence the favourable properties of the buffer to limit transport of

corrodants to the canister and to sorb radionuclides diffusing from a breached canister

to the host rock. Sorption is not relevant to the favourable properties of the backfill in

the SKB concept.

In comparison with the amount of research conducted on diffusion by SKB, relatively

little has been focused on sorption per se. The review of sorption (and diffusion) data

by Yu and Neretnieks (1997) refers to relatively few SKB-sourced publications, but
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principally consist of data derived via batch experiments (Allard et al., 1982), via batch

experiments together with diffusion experiments (Torstenfelt et al., 1982; Torstenfelt

1986a, b; Torstenfelt and Allard, 1986; Torstenfelt et al., 1983; Eriksen and Jansson,

1996), or as an indirect product of diffusion experiments (e.g. Eriksen and Jacobsson,

1981; Eriksen et al., 1981; Eriksen, 1989; Albinsson and Engkvist, 1989).

Yu and Neretnieks (ibid.) consider various sorption mechanisms for radionuclides in

bentonite:

• ion exchange (e.g. Abou-Jamous, 1992);

• sorption by surface functional groups (e.g. Muurinen et al., 1994);

• physical adsorption by van der Waal's forces.

Other factors influencing sorption are thought to be:

• competition between ions (e.g. Horyna and Dlouhy, 1988);

• changes in the ionic strength of the pore solution due to dissolution of easily soluble

solids present in the bentonite (e.g. Lehikonen et al., 1996);

• the surface charge of the bentonite which varies with the exchangeable cation

content;

• edge surface charge in comparison with layer charge (e.g. Wanner et al., 1992);

• radiation effects, which may decrease the sorption of Cs+ (e.g. Nikiforov et al.,

1991).

• density of the bentonite. Kd values for Cs+ decreased with increasing density

(Oscarson et al., 1994).

Models to apply sorption data generally rely on linear Kd functions, although attempts

have been made to apply non-linear models such as isotherms (e.g. Freundlich,

Langmuir and Dubinin-Radushkevich used by Khan et al. (1994) for Cs). Diffusion

experiments are considered by Yu and Neretnieks (ibid.) not to provide reliable Kd

values because of the uncertainty of parameters such as Dp (diffusion coefficient in the

pore solution) and £ (porosity of the bentonite) [Wanner et al., 1994]. In general, they

consider that sorption data should be applied with care to compacted bentonite systems

since most of the water in compacted bentonite is 'internal' so that no distinct solution

and sorbed phases exist. However, where experimental procedures have been very

rigorous, no differences have been identified between Kd's determined in batch

experiments with compacted bentonite and those with dispersed bentonite particles (e.g.
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Eriksen and Jansson, 1996). Despite this, Yu and Neretnieks conclude that sorption in

compacted bentonite is 'not well-defined'.

SKI (1996) noted that batch Kd values may differ markedly from those measured on

intact samples, resulting principally from conceptual uncertainties concerning the

interpretation of diffusion experiments (e.g. whether surface diffusion occurs or not).

In some instances, batch Kd's may be a hundred times greater than those measured on

intact samples. SKI thus urged that conservatism should be adopted when selecting

sorption data for bentonite.

4.4 Reaction with cement/concrete

Cementitious materials are planned to be present in a Swedish repository, and cement

pore fluids are known to be hyperalkaline for possibly very long periods of time, so it

is important to have an understanding of the interactions between cement/concrete and

bentonite from a perspective of repository safety. SKB has been participating in the

international Maqarin Analogue Programme (e.g. Smellie, in press) and carrying out

laboratory experiments to address this problem.

The Maqarin natural analogue programme has been in progress for more than 8 years to

study the origins and interactions of naturally-occurring hyperalkaline spring waters in

northern Jordan. Phase in included an attempt to characterise smectite clay minerals

affected by interactions with the spring waters. However, this study has not been

successful at identifying clays similar to smectites which have experienced contact with

the naturally-occurring hyperalkaline spring waters (Smellie, ibid.). These studies have

so far produced no information which can be used to assess the reactivity of smectites

with cement and concrete.

Karnland (1997b) carried out 16 month hydrothermal cell, percolation, and diffusion

experiments in the laboratory to attempt to characterise the reactions between bentonite

and cement/concrete. The temperature was 40 °C in all tests. Karnland (ibid.) found

that:

• ion exchange equilibrium between the bentonite and the cement pore waters was

reached;

• there was an increase in cation exchange capacity;

• there was dissolution of cristobalite, precipitation of quartz, and minor growth of

illite and chlorite;
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• calcium silicate hydrate was formed and there was 'wash away' of CSH gel into the

surrounding fluid;

• there was a large decrease in swelling pressure and a moderate increase in hydraulic

conductivity in samples percolated by SULFACEM pore water solution.

There was only a small portion of the bentonite affected by mineralogical alteration

during the tests and most of the change in properties is attributed to change in the cation

content of exchange sites in the bentonite.

4.5 Stability of microorganisms

There are no isolation or retardation functions identified by SKB for the buffer or

backfill with regard to microbial activity, but it is a 'favourable property' of the buffer

that it should 'filter and desiccate microorganisms' (SKB, 1995a).

The occurrence and viability of microorganisms in buffer and backfill materials have

been investigated by Pedersen et al. (1995) and Stroes-Gascoyne et al. (1996). These

studies document results from a full-scale buffer test at the Underground Research

Laboratory in Canada and laboratory tests at 30 °C designed to investigate the viability

of microorganisms introduced into buffer materials. In the full-scale test, it was found

that there was a disappearance of viable microorganisms in samples of buffer taken

from near the heater surface, where the moisture content was low (< 15 %) and the

temperature high (60 °C). It was concluded that the water content was the most

important variable for bacterial viability, and virtually no bacteria were found where the

water content was < 15 %. Similar results were obtained from the laboratory

experiments, where the best survival was observed in bentonite samples with the

highest water content (1.5 g cm3). However, only 10 % of the bacterial populations

survived 60 days under these conditions.

Pedersen et al. (ibid.) note that the fine pore size of compacted bentonite would make it

impossible for microorganisms to migrate into the buffer from the ambient

groundwater, so that the only way by which bacteria could be introduced would be

during the preparation of the bentonite before emplacement. Pedersen et al. simulated

this process and deliberately introduced high levels of sulphate-reducing bacteria into

bentonite blocks and discovered that the bacteria were desiccated at compaction

densities greater than 2 g cm'3. They concluded that the non-viability of
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microorganisms in the bentonite in a repository will be maintained if compaction

densities of this order are used to prepare the bentonite blocks for the buffer.

The results of these studies indicate that the water content of the buffer has the most

impact upon the viability of bacteria within it and a water content of 15 % (activity of

water -0.96) is the limit at which bacteria may survive.

4.6 Discussion and Summary

Research carried out by SKB on the chemical buffering properties and longevity of

bentonite are of high quality and extensive experience has been gained over the last

twenty years. This work has included laboratory experimental, modelling, and

analogue studies and is thus well-founded in terms of utilising all sources of

information available. However, there are two aspects of their research which require

better definition.

Firstly, the type of studies conducted by Pusch and co-workers on bentonite longevity

and smectite clay reaction mechanisms is poorly integrated with that concerning

chemical buffering of bentonite pore waters conducted by Wanner and co-workers. In

terms of bentonite longevity, the most significant clay reactions are identified to be the

time-dependent dissolution-precipitation reactions ultimately converting smectite to

illite, driven by increasing temperature and availability of potassium, whereas for

chemical buffering, key reactions are envisaged to be equilibrium ion exchange with no

long-term clay transformations. Clearly, both these hypotheses cannot be correct and

SKB need to rationalise these very different approaches.

Secondly, there has been very little utilisation of the chemical buffering model of

bentonite to calculate radionuclide solubilities for use in safety assessment. This is in

direct contrast to other major assessments of the disposal of HLW carried out elsewhere

in the world. However, there is some evidence that these data are now being

incorporated into modelling of radionuclide solubilities for safety assessment (Bruno et

al., 1997). Nevertheless, the results of pH calculations using the model of Wanner et

al. (1992) are critically dependent upon an assumed ambient PCQ2 in deep

groundwaters. Values of PCO2 used thus far are more typical of atmospheric values than

those in deep geological systems. Therefore it is not clear from work reported by SKB

that near-field solubility calculations are realistically linked to ambient geological

conditions at depth in Sweden. Again, the model of near-field chemical buffering

utilised by SKB seems to be divorced from geological and mineralogical reallity.
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SKB has acquired much of the fundamental data for sorption of radionuclides on

bentonite through the work of Allard, Torstenfelt and co-workers. These data are

recognised as being of high quality and are referenced extensively by other international

agencies, e.g. by Nagra in their Kristallin-1 assessment of disposal of HLW in

crystalline rock (quoted by Stenhouse, 1993). Further data acquisition in this area is

probably not warranted, although the impact of sorption upon diffusion of

radionuclides through bentonite requires further effort (see Section 3, 'Transport

Properties', above).

Sorption 'capacity factors' (e + Kdp) from a number of international performance

assessment studies for HLW are compared in Table 4.1. As pointed out by Safety

Assessment Management (1996), some caution is necessary in comparing these data

directly due to differences in model assumptions concerning transport of radionuclides

through bentonite. In general, the SKB data are not dramatically different from data

used in other assessments.

It is clear that SKB's understanding of the interaction of bentonite with cement and

concrete is at an early stage. Although the results of SKB's studies published so far

suggest relatively trivial amounts of reaction with hyperalkaline pore fluids, other

international studies have suggested considerable reaction of smectite clay with

cement/concrete. For example, Eberl et al. (1993) found that illite may be formed from

smectite under hyperalkaline conditions at temperatures as low as 35 °C and reaction

times less than 270 days. Also, there is considerable evidence from research from the

oil industry related to so-called 'alkaline flooding' of oil reservoirs (e.g. Bunge and

Radke, 1982), from research into aggregates used for concrete (e.g. Choquette et al.,

1991) and from radioactive waste disposal (e.g. research by JNC and JGC in Japan,

reported in Savage, 1997), that montmorillonite is extremely reactive at the elevated pH

conditions associated with cement and concrete. It is suggested that SKB should seek

to learn from these advances elsewhere, rather than repeat experiments themselves.

Collaborative agreements and greater interaction with Japanese research organisations

may help in this regard.

SKB's microbiological research is generally consistent with that in other national

programmes. For example, Nagra in their Kristallin-1 assessment concluded that

microbial activity in the buffer is likely to be very low due to the low rates of supply of

key nutrients and the low availability of usable energy for microbial growth.
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Table 4.1 Comparison of 'retardation factors', r, which account for sorption

processes in the buffer and backfill used in different HLW performance assessments.

The TVO-92 data were based on conservatively selected Kd's for non-saline reducing

conditions. The Kristallin-1 data are based on reference case (ref) and conservative

(con) values. The SR 97 data were calculated from quoted Da and Da(£ +kdp) values in

Yu and Neretnieks (1997). Table in part from Safety Assessment Management (1996).

r = e+Kdp

Carbon

Selenium

Niobium

Technetium

Palladium

Iodine

Caesium

Uranium

Plutonium

SKB

91

0.25

6

350

^OOjeduc

0.25oxid

20

0.05

90

Kd not

given

90 000

SR

97

0.2

7

500

250re(luc

0.05oxid

20

0.06

1200fres

h

120 s a l i n

e

iooo x i d

2500^

6000

TVO

92

0.43

0.43

0.43

16

0.43

0.43

310

80

470

Kristallin-1

Kd not given

9 (ref)

2 (con)

Kd not given

170 (ref)

90 (con)

1700 (ref)

170 (con)

Kd not given

17 (ref)

2 (con)

8600 (ref)

860 (con)

8600 (ref)

860 (con)

PNC

H-3

Kdnot

given

2

Kdnot

given

2

2

Kdnot

given

18

180

18 000

AECL 94

buffer

0.0063

0.0001-0.4

0.0063

0.0001-0.4

53

0.17-17000

53

0.004-17000

4.5

1.0-8.0

0.0063

0.0001-0.4

18

2.0-33

53

0.17-17000

53

0.17-17000

AECL

94

backfill

0.25

0.2-0.3

0.25

0.2-0.3

2000

200-

20000

2000
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5 . Thermal properties and resaturation

5.1 Thermal Properties of Bentonite

During the period up to 1000 years after closure of a repository, the temperature field

will be elevated, as a result of heat production, as short-lived radionuclides decay

(SKB, 1983). The perturbation of the temperature field in a repository will affect both

the rates of processes and the types of processes which may be operating in the buffer.

SKB has reported a number of experiments and models which approach the subject of

thermal processes. Processes and repository environmental conditions influenced or

driven by temperature perturbation have been identified by SKB (Borgesson et al.,

1994; Rosengren and Christianson, 1995) as:

• resaturation;

• geochemical processes;

• stress field;

• mechanical properties;

• hydraulic properties and fluid pressures.

Firstly, the reports which deal with the thermal properties will be discussed, followed

by a review of the theoretical, experimental and modelling work undertaken by SKB to

understand temperature influence on other processes which affect the performance of

the bentonite buffer.

5.2 Thermal Conductivity

Borgesson et al. (1994) is a comprehensive report detailing the current understanding of

the thermal conductivity of buffer material. The report summarises previous

investigations and some theoretical aspects of thermal conductivity. Three empirical

laws were developed to describe the thermal conductivity as a function of temperature,

pressure, degree of saturation and porosity (Kahr and Muller-von Moos, 1982;

Knutsson, 1983; Bexiat et al., 1988). A series of experiments was undertaken to test

the validity of the three empirical laws. It was concluded that the results of the

experiments agreed very well when the buffer material was almost water saturated.

However, the influence of the degree of saturation was not well predicted by theoretical

methods. Generally, the thermal conductivity of buffer material with a low degree of

water saturation was lower than expected. The experimental results presented in this

31



report are collated from numerous sources, including laboratory tests and field tests in

the Stripa mine. The Stripa mine tests included:

• the buffer mass test undertaken on a half scale model of a deposition hole;

• the five-year canister settlement test in a 40 cm borehole;

• SKB/CEA test on French clay.

The influence of the experimental methods for determining thermal conductivity was

thoroughly examined using a two-dimensional explicit finite difference code called

FLAG

5.3 Thermal gradients in unsaturated clays

The thermo-hydro-mechanical (THM) behaviour of clays, unsaturated with water is

complicated. The temperature gradient within a deposition hole will re-distribute water

from areas of high temperature to areas with low temperatures (Borgesson et al., 1994;

Rosengren and Christianson, 1995). This process has been shown to affect the

bentonite buffer in the following manner:

• increase the heat flow away from the canisters;

• alter the rate of resaturation of the bentonite buffer;

• cause cracking in the bentonite;

• redistribute chemical species.

The redistribution of chemical species in compacted bentonite exposed to a thermal

gradient is also reported in Rosengren and Christianson (1995). A series of

experiments was performed (Rosengren and Christianson, ibid.) in which various clay

samples were exposed to a relatively high thermal gradient and various water solutions

for between 45 and 120 days. The water ratio distribution and the distribution of easily

extracted ions in the samples were investigated after the termination of the test. The

tests concentrated on the effects of clay density, degree of saturation, duration time,

external water pressure and the water chemistry of the aqueous solution. The results

indicated that evaporation and condensation is a possible mechanism which could cause

major changes in the clay pore space and thereby affect the properties of the clay.

However, the precipitation of minerals which have decreasing solubilities at increasing

temperature may also cause similar changes in properties. Either process would enrich

the pore waters with solutes from both clay accessory minerals and the surrounding

ground waters. It was shown that solutions in high density clays were less enriched
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than those in lower density clays. A high external water pressure was shown to prevent

the evaporation/condensation process, as did a high degree of initial water saturation.

In conclusion, the enrichment of pore water in contact with compressed bentonite may

be avoided or minimised by ensuring the following conditions in the buffer and near

field:

• high buffer density (2.0 t/m3);

• fast restoration of hydrostatic groundwater pressure;

• low groundwater salinity, especially with substances with 'reversed' solubility;

• low content of unwanted accessory minerals in the buffer (e.g. pyrite, calcite and

gypsum);

• high degree of water saturation in the buffer at emplacement.

5.4 Thermo-Hydro-Mechanical Modelling

Previous sections have concentrated upon the experimental and theoretical

understanding of the bentonite buffer in repositories. In order to predict the

performance of a buffer in a repository over a long timescale (relative to experiments)

and under conditions that cannot be perfectly replicated by experiments, it is necessary

to construct computer models. This section reviews the work undertaken by SKB on

modelling the thermal, mechanical and hydrogeological properties of bentonite over

timescales relevant to repository performance. Particular attention is paid to the

progress which has been made in developing investigations that model the coupling of

thermal, hydraulic and mechanical processes.

A general material model that describes Thermo-Hydro-Mechanical (THM) properties

requires knowledge of a large number of parameters which must be determined using a

variety of laboratory tests. Such properties include (Borgesson et al., 1995):

1. The volume change at increased and decreased average stress.

2. The strain and volume change at increased or decreased deviatoric stress.

3. The shear strength.

4. The relationship between the plastic non-recoverable strain and the elastic

recoverable strain.

5. The hydraulic conductivity.
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6. The thermal conductivity.

7. The compressibility of the pore water and particles.

8. The thermal expansion of the pore waters and the particles.

9. The volumetric and deviatoric creep properties.

The dependency of a number of factors also needs to be investigated, including:

• temperature;

• average effective stress;

• pore water composition;

• initial void ratio.

The properties are different for different types of buffer materials, hence there is a need

for a large number of laboratory tests in order to develop a complete model of the

physical behaviour of buffers.

The material behaviour of water saturated clays was modelled in Borgesson et al.

(1995). This work involved the definition of a number of sub-models of the individual

processes and buffer properties using laboratory results from the SKB programme of

research. A tentative model (called CLAYTECH/S/T) was formulated describing each

of the relevant processes individually. These process were then completed and adjusted

for implementation in a THM finite element model called ABAQUS. The ABAQUS

model was used to simulate four laboratory tests in order that it could be validated. It

was shown that ABAQUS did indeed successfully simulate the laboratory tests.

Furthermore, it was concluded that the model could be used for modelling the

behaviour of bentonite-based buffer materials.

Borgesson and Johannesson (1995) investigated coupled THM processes in water

unsaturated buffer materials using numerical modelling techniques. This is especially

relevant during the early development of a repository when the groundwaters gradually

resaturate the repository and temperatures are increasing as a consequence of the decay

of short-lived radionuclides. The model was shown to apply to certain situations, but it

was concluded that it was not acceptable for complete predictions and evaluations of the

processes during the unsaturated stage of the bentonite buffer.
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The ABAQUS code was used to investigate various buffer/canister/rock scenarios

within a repository (Borgesson, 1992). These included:

• the effect of water and swelling pressure.

• the effect of a rock shear displacement perpendicular to the canister axis;

• the effect of creep in the copper after a rock shear displacement;

• the thermomechanical effects when an initially saturated buffer is used.

The calculations indicated:

• water and swelling pressure will close up the gap between the copper and steel in

composite canisters within a repository;

• a rock displacement of 10 cm across the deposition hole will cause some plastic

strain in the canister, the maximum strain being 4 % when high density bentonite

was used;

• a saturated buffer would only be acceptable where host rocks are permeable enough

to prevent porewater overpressure in the bentonite.

In recent years research into THM modelling has concentrated on involvement in the

international DECOVALEX programme. DECOVALEX stands for DEvelopment of

COupled THM models and their VALidation against Experiments. It is a co-operative

research project involving nine countries under the management of SKI.

DECOVALEX is designed to research the THM properties of the whole repository

system from the canister, buffer, near field, far field and biosphere (Ling et al., 1994,

1995, 1996, 1998a, b). A schematic approach was developed to categorise all the

mechanisms potentially relevant to a repository design using Rock Engineering Systems

(RES) methodology and influence diagrams. Influence diagrams are representations of

the connections between relevant features, events and processes.

As part of DECOVALEX, the THM behaviour of water-unsaturated buffer material in a

simulated deposition hole was investigated in the so-called 'TC3' experiment using the

'Big-Ben' (Big Bentonite) facility at Tokai Works, JNC, Japan. The aim of the TC3

test was to test and compare the capabilities of different numerical models and codes for

simulating one of the disposal holes based on current designs. The test facility
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consisted of an electrical heater, a carbon steel overpack, buffer material and cylindrical

man-made rock with a borehole. The buffer consisted of 70 % bentonite and 30 %

quartz sand. The heater was operated at 0.8 kW and water was injected from the

circumference of the borehole at a pressure of 0.05 MPa. For comparison of results,

the temperature, water content, vertical and horizontal stresses were calculated at nine

points after one and five months. The simulations were performed by three research

teams:

• 'CLAY', sponsored by SKB used the ABAQUS finite element computer code;

• 'CNWRA', sponsored by the Nuclear Regulatory Commission, USA also used the

ABAQUS code;

• 'KPH', sponsored by JNC, Japan used the finite element code THAMES.

The results of this intercomparison showed that the calculated temperature gradient

measured by the three teams was in good agreement with the measured data, but there

were non-negligible differences between the different calculational methods. The

calculated and measured water contents agreed quite well, apart from values at the

bottom of the test pit which were affected by convective water flow. However, there

was considerable disagreement among the three numerical methods for the calculation

of stresses. This was believed to result from inadequacies of classical solid elasticity

and elasto-plasticity theories concerning the mechanical behaviour of the buffer

material.

At present, it seems THM modelling can relatively accurately predict the thermal and

hydraulic behaviour of saturated and unsaturated bentonite buffer. Mechanical

properties of saturated bentonite are also well defined. However, this is not the case for

unsaturated bentonite. Recent developments as part of the international DECOVALEX

programme have used the results in such a way that they are integrated into the KBS-3

repository system, linking to the near field and far field. Hence, the THM modelling of

the buffer can be used to assess the performance of the buffer itself in the framework of

a performance assessment of a repository system as a whole.
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6. Gas migration

In a KBS-3 repository hydrogen gas will be generated as a consequence of Fe

corrosion under anaerobic conditions, spent fuel radiolysis and irradiation of pore water

in the highly compacted bentonite (Pusch and Forsberg, 1983; Eriksen et al., 1986;

Pusch et al., 1992). In order to prevent over-pressuring of the buffer and its potential

fracture, the gas must be able to escape. Indeed, a functional requirement for a buffer

in a KBS-3 repository is to permit gas to escape (SKB, 1983).

The behaviour of gas in bentonite has been investigated in a series of experiments

(Pusch and Forsberg, 1983; Eriksen et al., 1986; Pusch et al., 1987b; Pusch et al.,

1992). In turn, the results have been related to a general microstructural model

(GMM). In addition, mathematical models have been developed to describe gas

transport in the bentonite buffer (Pusch et al., 1987b; Wikramaratna, 1993).

Experiments and microstructural investigations indicate that if gas pressure is higher

than the groundwater pressure the gas will escape. A physical model has been

suggested, in which gas may penetrate wider 'capillary' passages that exist in dense

clays, although these are microscopic in size (Pusch and Forsberg, 1983). In the large

majority of clay voids, capillary pressures are high enough to resist gas penetration.

Therefore, gas migration proceeds in a 'finger-like' pattern. The critical gas pressure in

order for gas to flow was found to be dependent on the bulk density of the bentonite

buffer (Pusch et al., 1987b), higher density clays having a higher critical gas pressure.

Pusch and Forsberg (1983) calculate gas conductivity in MX-80 Na bentonite in the

range of 1.2xlO13 to 1.6xlO13 m2.

Pusch (1994) gives a general description of gas passages in the microstructure of

initially water-saturated bentonite, based on experiments and the General

Microstructural Model (GMM: Pusch et al., 1990). As in Wikramaratna et al. (1993), it

is concluded that the gas generation rate is likely to be greater than the diffusional

transport rate of dissolved gas in buffer porewaters and that a gas phase will, therefore,

form. The pressure at which a gas (nitrogen in this case) will penetrate the buffer or

backfill is found to be the sum of the 'critical' pressure and the piezometric pressure.

The critical pressure is approximately constant on cyclic pressurization and equals about

60-90 % of the swelling pressure for medium to very dense bentonite. The critical

pressure is very low for soft bentonite and bentonite-poor mixtures such as backfill.

The amount of water expelled by gas-phase flow is in the order of 0.01 to 1 % of the

total pore water mass. It is also concluded that the long-term performance of the buffer

and backfill with respect to gas transport is not well known, and that chemical effects
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are expected to cause changes in the critical pressure and self-healing ability of these

materials.

Mathematical models of gas flow in capillary-like pathways in bentonite are used to

assess the possibility of a discrete gas phase forming in the buffer by corrosion of the

inner steel portion of the canister, and, if so, the transport behaviour of this gas through

the buffer into the host rock (Wikramaratna et al., 1993). Models for a single capillary

and for a distribution of capillaries are developed. It is concluded that the amount of

gas that could escape through the bentonite by dissolving in the groundwater and

diffusing away from the canister is small compared to the gas generation rate by

anaerobic corrosion. Thus a gas phase will form. No conclusions regarding the

transport behaviour of this gas are given, however, because experimental data relating

to the mechanisms controlling gas-phase flow in compacted bentonite are unavailable.

A detailed study of gas migration in the plastic Boom Clay of Belgium has been

undertaken as part of the MEGAS Project (EC PEGASUS Programme) which revealed

the main characteristics of gas transport in plastic clay (Volckaert et al., 1993, 1995;

Horseman and Harrington, 1994; Worgan and Impey, 1992). Although Boom Clay is

not directly comparable to bentonite, the MEGAS programme provided some insights to

gas migration in plastic clay. These experimental and modelling studies revealed that

the narrowness of pore channels in clays leads to exceptionally high capillary entry

pressures which theoretically can exceed the total stress. Normal two-phase flow is

therefore exceedingly difficult in compact clays. If the pore size distribution of the

medium is such that excessively high gas pressures are necessary to overcome

capillarity, then the gas will simply force the clay minerals apart. There was a strong

tendency in the experiments for gas pathways to follow a direction which coincides

with the maximum stress gradient, with the gas moving down gradient. Gas flow was

intermittent in the experiments, with 'bursts' occurring at periodic intervals.

6.1 Summary and Discussion

SKB's research in this area appears to be very sound. The approach taken by Pusch

(1994) of relating gas-transport behaviour to the microstructure, and changes in this

structure, of buffer and backfill materials seems critical to any explanation of this

process. In this regard its unclear why gas penetrability is considered by Pusch (1994)

to be a permanent material property. Rather it would seem that the apertures of

interconnected external voids comprising gas-transport pathways would enlarge and
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shrink according to the internal gas pressure. In this sense gas penetrability would thus

be a variable quantity that depended in part on the gas-generation rate.

As pointed out by Pusch (1994), it may be necessary to incorporate chemical processes

into the current conceptual model of gas transport in buffer and backfill materials.

Dissolved or gaseous H2is generated by Fe corrosion under anaerobic conditions, and

this gas may be reactive with several minerals in bentonite, including smectite, even at

relatively low temperatures. Variations in the oxidation state of Fe in smectite gels are

known to be related to changes in gel microstracture. Stucki and Tessier (1991), for

example, found that reduction of structural Fe(III) to Fe(II) in aqueous smectite gels

caused a consolidation of smectite particles from an extensive network of small crystals

to distinct particles 20 to 40 interlamellar layers thick.
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7. Consequences of emplacement procedures for long-term performance

In the KBS-3 concept, bentonite is used around waste packages as a 'clay overpack'

(Pusch, 1983), in tunnels as a backfill, and in tunnels, boreholes and shafts as 'plugs'.

Bentonite used in disposal holes as an overpack will be emplaced in disposal holes as

compacted bentonite blocks. It is this latter emplacement technique/methodology which

has been questioned recently (e.g. Toyota and McKinley, 1998, in consideration of the

application of the technique to the Japanese and Swiss programmes). For example, it is

likely that compacted bentonite blocks may start to swell in the humid underground

environment, before emplacement, thus hindering the emplacement technique. Also, it

may be difficult to achieve perfect fits between different blocks so that undesirably large

gaps may appear in places. Techniques for manufacturing and emplacing compacted

bentonite blocks need to be evaluated very carefully if such methods are not to impact

upon the long-term safety behaviour of the repository.

SKB investigated the practicalities of borehole, shaft and tunnel sealing as part of the

International Stripa Project (Pusch et al., 1987c, d, e). The borehole plugging

experiment consisted of three field tests using Na-bentonite as a sealant. The

emplacement technique utilised compacted blocks of bentonite contained in a perforated

copper sheath. The plugging of a 100 m long, 56 mm diameter borehole demonstrated

the practicality of the technique and the plugs 'matured' quickly enough that piping or

distortion by high hydraulic gradients did not occur after one week. After 2.5 years, it

was discovered that the clay was completely saturated.

The shaft plugging test consisted of a comparison of the sealing effect of bentonite with

that of concrete. The test was conducted in a 14 x 1.3 m diameter shaft with alternately

two concrete plugs or two bentonite plugs separated by a sand-filled injection chamber.

This test concluded that the bentonite blocks were almost non-permeable, blocked flow

passages along the rock/plug interface, the clay swelling pressure compressed fractures

in the rock, and the clay expanded into fractures and shallow openings. The practical

application of the bentonite blocks was deemed to be a simple and straightforward

process and that the filling of gaps between the blocks and the rock with bentonite

powder did not have to be especially precise.

The tunnel plugging test was aimed at determining whether the use of compacted

bentonite would be a practical technique at the large scale. The test arrangement

consisted of a 9 m long and 1.5 m diameter steel tube surrounded by sand cast in

concrete plugs at each end. These plugs hosted bentonite blocks arranged in the form

of O-ring seals at the rock-concrete interface which simulated the temporary sealing of a
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water-bearing rock zone penetrated by a tunnel in a repository, allowing for transports

through the plug construction whilst minimising the water inflow into the tunnel. The

measured water leakage through the structure was similar to that predicted from

modelling (about 75 I/hour at a pressure of 3 MPa). Again, it was considered that the

emplacement of the bentonite blocks was practical and that the sealing power was

substantial despite strong local variations in block density.

7.1 Manufacture of compacted bentonite blocks

SKB has investigated the feasibility of producing compacted bentonite blocks on the

industrial scale (Johannesson et al., 1995). These blocks were of 10-15 kg in weight.

Tests for producing blocks of this size were carried out by Hoganas Bjuf AB. Tests

showed that it was possible to make good quality compacted blocks, particularly with

coarse ground bentonite with a water content of 20 %. Initially a number of problems

were encountered, namely:

• cracks due to friction between the mold and the bentonite;

• cracks caused by air that was entrapped in the blocks during compaction;

• cracks due to the elastic swelling at unloading and removal of the block from the

mold;

• cracks caused by brittle edges of the blocks;

• damage due to the sticking of the bentonite to the mold and pistons;

• desiccation of the blocks during storage;

• appearance of mould on the blocks during storage.

These problems were eliminated during the tests by:

• using coarsely ground bentonite;

• using stepwise compaction;

• using fairly large gaps between the pistons and the mold;

• making blocks with a height/diameter ratio not larger than 0.4;

• lubricating the mold with oil;

• making sure that water saturation was of the order of 20 %;

• wrapping the bentonite blocks in plastic sheeting to prevent desiccation;

• making sure the water content did not exceed 20 % to eliminate the formation of

mould on the blocks.
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Even after designing a technique to produce high quality bentonite blocks, the edges of

the blocks were prone to fall off, even though the rest of the block remained intact.

Johannesson et al. (ibid.) recommend more work to address this problem.

ENRESA (1998) also reports activities concerning the manufacture of bentonite blocks

for the FEBEX experiment at the Grimsel underground research laboratory in

Switzerland (see below for a description of FEBEX). For the FEBEX project, about

300 tons of Spanish bentonite were selected, homogenised and treated. At the factory,

the bentonite was disaggregated and dried to a water content of 14 %, and material with

particle size > 5 mm was rejected. The processed material was used to fabricate blocks

both for the in situ and mock-up tests. The bentonite was characterised mineralogically

by Ciemat and was found to have > 90 % montmorillonite, with roughly 40 % of the

exchange sites occupied by calcium. Blocks for both the in situ and mock-up tests were

manufactured using a 'crown' technique, in order to minimise void volumes.

Compaction took place at 40-50 MPa, with the resulting dry density being 1.77 g cm"3

for the mock-up test and 1.70 g cm"3 for the in situ test. ENRESA report no major

problems during block fabrication, although some crumbling was observed in blocks

made from bentonite with a higher water content. The optimum water content was

determined to be 16 %, which is similar to that recommended by SKB (above). Some

fracturing during storage of the blocks was observed, which was attributed to those

blocks pressed with a water content higher than 16 %. Characterisation of the physical

properties of the blocks revealed no dramatic differences between blocks or within

block samples. ENRESA report no use of lubricating oil to ensure better removal of

blocks from molds. Blocks were packaged in cardboard boxes placed on wooden

pallets prior to emplacement. There was a plastic lining and plastic 'sponge' within the

box. ENRESA (1998) does not refer to any problems during storage such as water

absorption or growth of mould.

7.2 Emplacement of compacted bentonite blocks

ENRESA, the Spanish equivalent of SKB, has investigated the feasibility of

emplacement techniques for compacted bentonite blocks via the 'FEBEX' project, an

experiment in the underground research laboratory at Grimsel, Switzerland, designed to

investigate coupling between thermal, hydraulic and mechanical processes (Huertas and

Santiago, 1998; Gens et al., 1998). The FEBEX project involves both a full-scale in

situ test underground in Switzerland and an almost full-scale 'mock-up' in a laboratory

in Madrid.
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For the in situ test, a drift 70 x 2.28 m was excavated using a tunnel boring machine. A

summary of the FEBEX layout and conditions is presented in Figure 7.1 and Table 7.1.

5531 blocks of compacted Ca-bentonite, manufactured with a dry density of 17 g cm"3

were emplaced. The average dry density of the buffer was 1.60 g cm"3 (assuming a 3-7

% voidage). The blocks were emplaced in 136 vertical segments. To ensure

alignment, a liner was emplaced parallel with the drift axis prior to emplacing the

bentonite blocks (Figure 7.1). The whole system was enclosed with a 2.70 m long

concrete plug, designed and constructed to withstand the swelling pressures developed

by the bentonite when fully saturated (5 MPa in this configuration).

The FEBEX test is on-going, so full results are currently unavailable. However,

ENRESA believe that the first stage of the test, namely the fabrication, construction and

handling of the dummy EBS was achieved successfully (Huertas and Santiago, 1998).

SKB plan a 'Backfill and Plug' test and a 'mini-repository' system to be constructed at

the Hard Rock Laboratory at Aspo (SKB, 1995a). The objectives for the Backfill and

Plug test (Figure 7.2) are to (SKB, 1995a):

• test different tunnel backfill materials;

• develop and test technology for backfilling of tunnels;

• develop and test technology for retrieval of tunnel backfill;

• test the interaction of the backfill and the near-field rock in a blasted tunnel;

• gather data as a basis for the choice of backfill material in the prototype repository

test;

• develop and test technology for the emplacement and design of tunnel plugs;

• test the mechanical and hydraulic functions of a type of tunnel plug;

• improve knowledge of the hydraulic properties of the excavation disturbed zone.

43



1. Granite
2. Bentonite blocks (backfill)
3. Liner
4. Steel canister with heater

Figure 7.1 Schematic drawing of the FEBEX experiment. From Nagra (1996).

Table 7.1 Components of the FEBEX in situ experiment.

Drift diameter

Total backfilled length

Total backfilled volume

Emplaced bentonite mass

Number of bentonite slices

Number of bentonite blocks

Concrete plug length

Concrete plug volume

2.28 m

17.39 m

70.24 m3

115 716 kg

136

5331

2.70 m

16.7 m3
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Figure 7.2 Overview of the test configuration of the backfill and plug test to be

conducted at Aspo Hard Rock Laboratory. From SKB (1995a).

ASPO HARD ROCK LABORATORY - BACKFILL AND PLUG TEST IN ZEDEX DRIFT
Overview and processes

Bentonite
0-ring

Rock fill
Inclined comp.

Rock fill
Vertical comp.

10-30m 10-25m

Scientific
processes

Engineering
processes

HM
Interaction backfill/rock
EOZ

Backfill emplacement
Backfill compaction
Quality control

•Filter

2000

Figure 7.3 Preliminary design of SKB's planned 'mini-repository' experiment at

Aspo. From SKB (1995a).

ASPO HARD ROCK LABORATORY - PROTOTYPE REPOSITORY

Overview A B C
6000 ,. .2000. Plugs 2000. Steel tube 2000
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Backfill / rock inter.
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Pm=2.0t/m3

Sri =90%

T=80°C
Pm=2.0t/m3

Sn=40%

T=80°C
Pm=2.0t/m3

Si. =40%

T=80°C
Pm=2.0t/m3

Sn =90%

Legend:

Pm = density at water saturation

Sn = initial degree of water saturation
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The mini-repository experiment will involve a full-scale EBS using heaters as waste

package simulators (Figure 7.3). With regard to buffer and backfill performance, this

test will be used to demonstrate methods for emplacement and monitoring and a chance

to evaluate the use of different backfill materials.

Another in situ test planned by SKB is an evaluation of buffer performance (SKB,

1995a). This test follows on from a test carried out at the Stripa mine where salt

enrichment, dissolution of quartz and bentonite cementation were observed in bentonite

emplaced next to a heater over a 6-year time period at 80 °C. Various possible

processes to account for these effects have been investigated in the laboratory and have

shown that such effects should not be possible if bentonite densities of 2 g cm'3 are

maintained after saturation by groundwater. This work will be extended with further

modelling studies and a long-term (20 years) in situ test to rule out the possibility of

these undesirable effects.

7.3 Summary and Discussion

SKB has carried out much high quality research to investigate the practicalities of buffer

and backfill emplacement and is probably the world-leader in this technology. No other

organisation has as much experience as SKB in this area. Research carried out thus far

and that planned for the future is at the 'cutting edge' of the technology.

Interestingly, ENRESA has investigated the technology and methodology to

manufacture and emplace blocks of compacted bentonite underground in parallel with

work carried out by SKB, but there appears to be no documented interaction on this

topic between the two companies. SKB are not involved with the FEBEX test at

Grimsel, and available reports from ENRESA make no reference to studies by SKB

concerning bentonite block manufacture. This seems counter-productive from the

perspective of both companies. Clearly, each company could learn form the other's

experience on this topic and could even co-fund research.

SKB's research into manufacture of compacted bentonite blocks points to more

potential problems for long-term behaviour than does that of ENRESA. Water

absorption, use of lubricating oil in block production, together with growth of mould

on stored blocks reported by SKB (Johanneson et al., 1995) suggest potential

significant problems for long-term performance.
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8. Conclusions

It is very clear from this review that SKB has carried out much pioneering and world-

leading research on bentonite. This is particularly the case with regard to analogue

studies, microtextural work and practical manufacturing and emplacement procedures.

Planned activities detailed in SKB (1995a) indicates that future research to be conducted

by SKB will remain at the forefront of researches on bentonite behaviour. However,

there are a number of subject areas which appear less well addressed than others which

require further attention. These subject areas are covered below:

1. The extrapolation of experimental results of the mechanical properites of bentonite

to repository timescales and repository conditions should be investigated further.

2. There is a need for detailed microstructural analysis of materials as part of

experimental programmes. This would enable SKB to build confidence in the

interpretations of results and reveal whether the mechanical processes occurring

during experimentation truly reflect expectations of the performance of the

repository.

3. The large amount of experimental, theoretical, empirical datasets and computer

models of the mechanical properties of bentonite need to be collated to form a

database which is assessable and relevant to those involved in performance

assessment calculations. At present, the valuable results of many excellent research

projects on mechanical properties of bentonite buffer are not readily available.

4. There seems to be a relatively poor understanding of the mechanisms of

radionuclide diffusion through compacted bentonite. Other international work

suggests that diffusion coefficients are much lower than that applied by SKB in its

PA work. The importance of surface diffusion to describe diffusion in bentonite for

certain chemical species ascribed by SKB is not reflected in similar studies

elsewhere and is therefore contentious and open to debate.

5. There seems to be a general lack of integration of analogue studies with modelling

and experimental work in terms of a model of the evolution of the chemistry of

bentonite pore fluids (i.e. analogue evidence demonstrates the importance of mineral

dissolution and precipitation, but this is not incorporated into the chemical

modelling approach). Some rationalisation of approaches is required for a credible

picture of bentonite pore water evolution to be created.

6. There is little apparent use of modelled bentonite pore water chemistry for the

calculation of radionuclide solubility, sorption and speciation in PA (c.f. approaches

used by Nagra, JNC, TVO). Although recent work by Bruno et al. (1998) in part

redresses this imbalance, SKB is alone amongst disposal agencies in this approach.
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7. There is little published work by SKB on the interaction of bentonite with cement.

There is now a growing literature elsewhere on this subject which doe not seem to

be reflected in studies carried out by SKB. Collaboration with other waste disposal

authorities interested in this topic (e.g. Japanese organisations) is recommended.

8. It may be necessary to incorporate chemical processes into the current SKB

conceptual model of gas transport in buffer and backfill materials. Dissolved or

gaseous H2 is generated by Fe corrosion under anaerobic conditions, and this gas

may be reactive with several minerals in bentonite, including smectite.

9. Although field tests carried out by SKB suggest that the emplacement of compacted

bentonite will not be a problem from the perspective of buffer performance,

borehole, shaft and vault sealing, there are apparent problems for block

manufacture. The introduction of oil as a lubricant in block manufacture, for

example may pose problems for long-term behaviour of the near-field due to the

presence of these organic materials. Better manufacturing methods (developed in

collaboration with other national agencies?) are therefore required.
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