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1 INTRODUCTION

The concepts proposed for isolation of nuclear fuel waste materials in Finland, Sweden
and Canada, call for the construction of repositories at depth in ancient granitic rocks
found within each of these nations. These disposal vaults would be located well below
the water table at depths of approximately 500m in all of these concepts.

Disposal of used nuclear fuel would be accomplished by placing the used fuel into
mechanically robust and corrosion-resistant waste containers which would be placed in
the disposal vault. The disposal containers would then be isolated from the surrounding
rock mass in the nearfield by a thickness of densely compacted buffer material. This
buffer is a bentonite clay-based material that has been compacted to a density sufficient
to provide the desired thermal, mechanical, hydraulic and mass transport properties.
This material will assist in maintaining the long-term isolation of the waste containers
and retard any contaminant migration away from the disposal vault. The tunnels, drifts
and rooms excavated in the process of constructing a disposal vault will also need to be
effectively filled and sealed once emplacement of the waste containers has occurred.
The materials installed in the tunnels, drifts and rooms are commonly referred to
backfill. As the backfill materials will be farther removed from the waste container
than the buffer, they will experience somewhat less severe thermal conditions, but are
still required to fulfill a sealing and isolating function.

Bentonite clay has been adopted as a key material in the production of buffer and
backfill materials by most international nuclear waste isolation concepts involving non-
salt geological environments. Bentonite itself is actually a specific type of smectite
(swelling clay) with its own particular mineralogical structure. However, the term
bentonite is commonly used to describe a smectite-rich natural clay product which is
sold commercially under the generic label of bentonite. This product actually contains
minerals other than smectite/bentonite but for the purposes of this report the term
bentonite will, unless specifically noted, be used to describe the commercial product
known as bentonite. Various national programs have examined differing contents of
bentonite and compacted densities for their buffer and backfilling materials but in all
cases the buffer material contains 50% (Canada) or more (70% Japan, 100% Finland,
Sweden, Switzerland), of this clay product. The backfill material proposed in the
various national concepts vary considerably in the bentonite content and overall
composition. In most concepts the bentonite content of the majority of this backfill is
15% or less by dry weight proportion (Sweden and Finland), and in some cases is less
than 10% (Canada). Special backfill components targeted for use in the uppermost
regions of the rooms and tunnels may have higher bentonite contents (30% Sweden and
Finland, 50% Canada) than are used in the materials that will be used to fill the
majority of the tunnel and room volumes. The reasons for these different backfilling
components will be discussed in detail in this report.

Bentonite clay has been the material of choice in development of buffer and backfill
development for one primary reason - its ability to take up free water. This ability
causes it to swell and seal any gaps, cracks or fissures that may be present. Bentonite at



elevated densities also has such a low mass transport ability that contaminant
movement would be predominantly by diffusion.

The swelling capacity of smectite/bentonite-based materials result from the mineral
structure of smectite clay. Smectite is composed of very thin platelets, each of which
has a high surface charge on its faces. In the presence of free water, the clay platelets
try to move apart to reduce the repulsion between the platelets. Given a sufficient
supply of water and room to expand the clays will expand to fill any available void
space. In expanding into available void space, the smectite particles will develop
strongly (close to platelet surface), to weakly (farther from the surface), structured water
and hydrated cation complexes between the plates. Under certain conditions, the
presence of saline water can limit the potential of the smectite particles to expand, hi
so doing, saline porewater can potentially compromise the ability of a bentonite-based
material to fulfill its role as a swelling and self-sealing barrier.

The influence of salinity on the swelling capacity of bentonite materials is of particular
importance where the groundwater present in granitic rock is saline and can potentially
result in development of saline porewater within buffer and backfilling materials.
Saline groundwaters have been encountered at depth in extensive regions of the
Precambrian-aged granitic rocks of the Fennoscandian and Canadian Shields. It is
therefore important to assess the potential for these saline groundwaters to influence the
composition of the porewater of bentonite-based buffer and backfilling materials.

This report provides a review of the state-of-knowledge regarding the influence on
swelling pressure of porewater salinity in bentonite-based buffer and backfill materials
proposed for use in nuclear fuel waste disposal repository.



2 DEFINITION OF SWELLING PRESSURE AND ASSOCIATED
PARAMETERS

One of the primary features desired of a buffer material is an ability to take on free
water and swell if unconfmed. Under conditions where expansion is possible, the
material is expected to swell and fill any voids. Should the bentonite-containing
material be provided with a supply of free water but prevented from physically
expanding, the bentonite material will generate a mechanical force on its confinement.
This mechanical force per unit area is defined as the swelling pressure (p/). For the
purposes of this report, the term bentonite is used to describe the montmorillonite-rich
smectite which is commonly sold under the commercial name of bentonite.

At depth, in a water-saturated rock mass, there are two separate components to the load
acting on the surface of a waste container. These are the hydraulic pressure (u), (height
of water overlying the container x density of water), and the mechanical stress
generated by the bentonite (ps"), as it attempts to expand in a fully confined
environment. The total pressure (ptot), exerted on the container surface would be as
defined by the effective stress concept for soil mechanics (equation 2.1). The effective
stress concept states that when the area of contact between particles is small, the total
stress, ptot at a point in a saturated particulate mass can be considered to be the tensor
sum of the effective stress between the particles (ps0 and the porewater pressure (u).

Ptot = Ps/ + u (2-1)

The pressure exerted on a rigid rock surface would be equal to the swelling pressure
(ps0 of the bentonite component as the rock already has the groundwater pressure
present within its interconnected pores which is contiguous with the porewater of the
earthen material. A similar situation would be encountered in a stiff-rigid walled
testing cell containing saturated bentonite material and has water pressure applied at
one end with no means of drainage, or where the pressure was applied equally from
both ends. The applicability of this concept for bentonite-based materials was
demonstrated by Gray et al. (1986) and Graham et al. (1992), for conditions of both
fresh and saline (58 g/1 (Na/Ca - Cl) porewaters.

There exist in the literature a number of alternative predictive models and explanations
for the repulsive forces between the clay platelets which are the ultimate source of
swelling pressure. These models attempt to deal with the various physical, chemical
and thermodynamic parameters which interact to ultimately determine the swelling
pressure of bentonitic clays. The more commonly used models have been discussed by
Warkentin et al. (1957), Sposito (1992), Viani et al. (1983), Yong et al. (1992), Komine
and Ogata (1994, 1999a,b) and Karnland (1998). All recognize the difficulties and
some of the limitations in attempting to develop predictive models for swelling
pressure. These limitations become especially important when dealing with densely
compacted clays where there is little or no space between adjacent clay platelets.



One commonly referenced theory which is used to predict swelling pressure is the
diffuse double layer (DDL) which was developed to describe colloidal systems (Yong
and Warkentin 1975). A comprehensive discussion of the DDL theory is found in a
later book by Yong et al. (1992), but it basically describes the structuring of water in
close proximity to the highly charged surfaces of the clay platelets. This theory
provides a good conceptual framework for describing the processes active in bentonite-
based materials. Using this framework Gray et al. (1984) determined that for effective
clay dry densities (ECDD) less than approximately 1.4 Mg/m3, low/no salinity systems
at 298 K can have their swelling pressures described by Equation 2-2. In this equation
the repulsive forces calculated between parallel plates were divided by three to
accommodate isotropic (randomly oriented) overall particle arrangements within a
compacted mass of bentonitic material rather than a theoretical anisotropic structure of
perfectly parallel plates.

p / = 80.3 / [(104/S) ((l/yc) - 0.364)]2 (2-2)

Here, S is the specific surface of the clay and yc is the parameter known as the Effective
Clay Dry Density (ECDD).

The parameter ECDD was developed to permit the inert filler materials (sand, rock,
non-swelling clay), to be eliminated from calculation of bentonite dry density. It was
determined by Gray et al. (1984) that for bentonite-sand materials containing in excess
of approximately 25% by dry weight bentonite, the swelling and hydraulic properties
were controlled by the density of the clay component only. Hence the parameter ECDD
was defined as shown in Equation 2-3. The ECDD parameter has proven to be
extremely effective in allowing comparison of the performance of various blends of
bentonite clay and aggregate materials (where various bentonite products have similar
mineralogical composition), (Dixon et al. 1996).

ECDD = dry mass of clay / (volume occupied by clay + volume of voids) (2-3)

Discussions about mechanisms involved in causing swelling pressure and the
parameters that affect it have been ongoing for more than half a century. It is unlikely
that it will be conclusively settled in the near future. Given this level of mechanistic
uncertainty, it is perhaps best to look to developing a database of physical
measurements. These measurements allow a pragmatic approach to be taken mat uses
empirical relationships and relatively simple structural models to describe the swelling
pressure of bentonite-based materials. With the development of a reliable tool-set to
predict swelling pressure and influences of the environment, it will be possible to work
towards sealing system design without reliance on a particular physics-based modeling
approach.



3 ROLE OF SALINITY IN SWELLING PRESSURE DEVELOPMENT

3.1 Buffer materials

Perhaps the easiest way to assess the role of porewater salinity in swelling pressure
development is to look to the DDL theory. The DDL theory (or model) for prediction
of repulsive forces between clay platelets predicts that an increase in cation
concentration between clay platelets should result in a decrease in the swelling pressure
generated by the system. The validity of this prediction in very low density systems has
been demonstrated by a large number of researchers including Warkentin and
Schofield (1962), Yong et al. (1992), Studds et al. (1998) and Karnland (1998).

There are fundamental limitations to the use of DDL-based theories for predicting
swelling pressure in dense rather than colloidal bentonite systems. These limitations
are primarily associated with the determination of the cation concentrations at the
midpoint between clay platelets. In dense bentonite there can be little or no
development of a DDL associated with the clay particles since there is little water
present between adjacent clay platelets. Table 3-1 provides a brief summary of the
predicted average distances between parallel clay platelets at various densities in a
completely isotropic material where water distribution is equal throughout the clay.
Equation 3-1 illustrates how these calculations are conducted. Ideally, a pure bentonite
material would have a specific surface S, of approximately 800 m2/gram of dry clay.
This value of S is commonly quoted for the high purity Wyoming bentonite products
sold under a variety of tradenames. For comparison purposes, Table 3-1 also contains
water thickness calculations when S = 600 m2/gram (an impure bentonite product such
as that produced in Canada or Wyoming).

Water Layer thickness (t) on the surface of clay particles is defined as:

t = Vw / (S*y c) (3-1)

where S is specific surface area of clay (m2/g), yc is the effective clay dry density (g/m3),
Vw is the volume of water (m3), present in a saturated sample at the defined yc.

Literature on the structure of water associated with bentonite clay particles is quite
consistent in terms of defining the thickness of tightly bonded water layers close to the
mineral surfaces. The thickness of this tightly bonded region is estimated to be
approximately 0.5 nm (2 water layers on each clay surface, the Stern water layers).
Hence for a specimen consisting of parallel platelets, there would need to be 4 water
layers present (1.0 nm particle spacing), between the mineral particles before the diffuse
double layer (DDL) could even begin to form (Guven 1992; Pashley and
Isreaelachivili 1984a,b). The distance over which the DDL forces are active are
estimated to be between 0.5 nm and 2.5 nm (2 to 10 water layers) outwards from the
particle surfaces (Pashley and Isreaelachivili 1984a,b). Dixon (1995) discussed the
role of water structure in controlling water flow and the development of structured
water assemblages. Based on the likely degree of influence of surface charge on the
surrounding water, once the distance from each mineral surface exceeds approximately



10 water layers, the surrounding solution is essentially unaffected by the surface charge
on clay platelets. Changes in porewater ionic concentration or composition should
therefore be most noticeable in systems containing from 3 to 10 water layers on each
mineral surface (an ECDD of less than 0.75 Mg/m3).

Table 3-1. Distance between clay platelets and number of water layers associated with
bentonite clays of differing specific surface and various effective clay dry densities.

Effective Clay
Dry Density

Yc

(Mg/m3)
0.5

0.75
1.0

1.25+

1.5
1.6"
1.75

Calculated water
layer thickness

present on platelet*
(where S= 800m2/g)

(nm)
2.05
1.21
0.80
0.55
0.38

0.327
0.26

#of
Water

Layers"

8
4
3
2

1.5
1.3
1

Calculated water
layer thickness

present on platelet*
(where S=600m2/g)

(nm)
1.73
1.62
1.06
0.73
0.51
0.43
0.35

#of
Water

Layers**

7
6
4

<3
2

1.7
1.5

mineral particle density assumed to be 2.75 Mg/m .
on the surface of each particle, based on assumed water layer thickness of 0.25 nm
(Guven 1992). Distance between particles is 2 times this distance.
ECDD of Canadian Reference Buffer
Density of Finnish Reference Buffer

The bentonite-based buffer material proposed by Finland has an ECDD of
approximately 1.6 Mg/m3, and so is not sufficiently hydrated (see Table 3-2), to have
completely developed the tightly bonded surface water layers (Stern water layers). At
full saturation this material has an average of 3 water layers between parallel platelets
(Table 3-1). It is therefore unlikely that this system would be discernibly influenced by
changes in external water chemistry (present in the surrounding rock mass or within the
few macro-pores or flow channels that might exist in a compacted buffer material).
This due to the lack of a DDL (beyond a basic Stern water layer). Similarly, the
Canadian reference buffer with its ECDD of 1.25 Mg/m3 will have only 5 to 6 water
layers between parallel mineral surfaces, once again insufficient for the development of
an extensive or salinity-sensitive DDL.

At values of S of either 600 m2 or 800 m2, there is insufficient average distance
between the clay platelets in either the Finnish or Canadian reference buffer materials to
permit the bulk porewater chemistry to greatly influence the repulsion between the
parallel particles. It might therefore be expected that the swelling pressure of relatively
dense bentonites would be largely unaffected by external water chemistry. The test of



this expectation of limited influence of salinity at high ECDD is presented in
Section 5.2.2 of this report.

Theoretical considerations of parallel plate repulsion in mineral - water systems must
also be viewed in relation to the conditions actually encountered naturally. Bentonite
clay products used in the manufacture of buffer materials naturally contain a high level
of soluble salts and minerals. The presence of dissolved minerals in a water saturated
buffer material will therefore affect the spacing of the clay particles. Table 3-2 presents
the size of a number of common hydrated cation complexes that might be found within
a buffer material. The cations known to be present at detectable levels in bentonites or
the groundwater present at depth in crystalline rock masses are potassium, sodium,
calcium and magnesium.

Table 3-2. Dimension of hydrated cation complexes.

Ion

Sodium (Na)
Potassium (K)
Calcium (Ca)
Magnesium (Mg)

Ion-Solvent
Distance*

(nm)
0.235
0.273
0.239
0.205

Hydrated
Ion

Diameter**
(nm)

0.56-0.79
0.38-0.53
0.96
1.08

Platelet spacing
ofl.6Mg/m3

Bentonite
(nm)

0.65 - 0.86
0.65 - 0.86
0.65 - 0.86
0.65 - 0.86

Platelet spacing
ofl.25Mg/m3

Bentonite
(nm)

1.10-1.46
1.10-1.46
1.10-1.46
1.10-1.46

(from Guven 1992)
"(from Mitchell 1976)

Table 3-2 presents the average platelet spacing present in the Finnish reference buffer
and the size of a variety of hydration cations which could well exist in the local
groundwater. The Finnish buffer has an ECDD of approximately 1.6 Mg/m2 and would
only have a platelet spacing sufficient to contain a hydrated sodium ion if the water
molecules associated were also a portion of the structural water layer (Stern water
layer). There is insufficient space between the mineral particles to permit anything but
a partial Stern water complex to develop, hence salinity should not discernibly
influence the swelling pressure exhibited by such a system.

In lower density materials such as the Canadian buffer material (ECDD of 1.25 Mg/m3)
the distance between platelets is greater. Even so, the average platelet spacing of
1.1 nm to 1.46 nm present in the Canadian buffer, allows only for the formation of
either a 4 water layer thick complex (2 layers on each face), or some intermediate
structure where a mixed Stern water - single thickness hydrated cation complex forms
to occupy any additional volume. In the Canadian reference buffer there would also be
the potential for a hydrated calcium or magnesium layer to occupy the space between
parallel platelets provided that the hydration layer is shared with the innermost of the
two Stern water layers present on the mineral surfaces. The spacing present in the
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Canadian RBM is still small enough that it should not be sensitive to changes in the
external porewater chemistry

It is clear from Tables 3-1 and 3-2 that a considerably lower ECDD than is present in
either the Finnish or Canadian buffer concepts, is required before the diffuse double
layer is sufficiently large to be discernibly influenced by changes in external chemistry.
In a bentonite where complete formation of the Stern water layers has occurred (2 water
layers on each mineral surface), a distance of 1.0 run would be present between parallel
clay platelets. This spacing would be consistent with a clay density of approximately
1.25 Mg/m3 (the ECDD of the Canadian reference buffer). For spacing beyond that of
two adjacent Stern water layers, or a single shared hydrated cation sequence (mineral -
1 Stern - 1 hydrated cation - 1 Stern-mineral), there must be considerable reduction of
the ECDD. A completely developed Stern layer consisting of two water layers on each
surface, together with a single hydrated cation complex would result in a particle
spacing of approximately 1.6 nm - 1.8 nm for sodium systems to approximately 2 rim
for a calcium one. These particle spacings are associated with an ECDD of
approximately 1.0 Mg/m3. It might therefore be expected that the role of changes in
ionic concentration within bentonite-based buffer materials would not be discernible
until the ECDD was less than 1.0 Mg/m3. The role of cation size and number of
hydrated layers will become more influential in controlling particle spacing and hence
swelling pressure and mass transport below that density as this is when a more fully
developed DDL will exist within the clay-water system.

The preceding discussion is based on clay-water systems containing parallel
arrangements of clay platelets in simple ionic solutions. In an actual buffer material it
might be expected that development of an extensive hydration layer between clay
particles will be limited to locations where the individual "packets" of bentonite clay
that are adjacent to small voids or passages. In these regions liquid water is available
for uptake and some of the clay platelets can physically expand. It is possible that the
clay platelets adjacent to these voids could expand preferentially into these spaces and
initially at least, develop sufficiently thick DDL's for changes in chemistry to influence
the localized characteristics of the buffer. There may therefore be a small influence of
porewater salinity on the swelling pressure developed by the buffer but it will not be an
influence which is likely to dominate the performance of the buffer. Similarly, this
same mechanism may lead to changes in the pore space available to conduct water
through the clay. The volume of unstructured water in the lower density bentonites
associated with void locations may be subject to change as porewater salinity changes.
In such a case the hydraulic conductivity (k) of the bentonite-based material will change
with changes in porewater salinity. Such changes in material porosity would not be
evident as large changes in k but may be seen as marginal increases in k with increasing
porewater salinity. The significance of this will be discussed further in Section 5.2.2 of
this report.

The presence of small macro-pores within compacted buffer materials may also lead to
localized development of mixed sodium-calcium-magnesium bentonite clays
(depending on the ionic composition of the porewater and the buffer density on
swelling). This might be reflected in small decreases in the swelling pressure of the
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buffer as the proportion of sodium bentonite is gradually/slightly reduced. This process
is likely to cease once the volume available for expansion into is occupied by locally
hydrated bentonite and the bentonite further away from the mass begins to compress the
lower density region in an effort to come to pressure equilibrium.

For buffers to alter significantly from their initial sodium-calcium dominated states
there would need to be very significant reductions in the density of the reference
buffers. Volumetric expansion would be required to permit the increase in interparticle
spacing necessary for the formation of extensive hydrated-ion interlayer complexes (see
Table 3-2). Density decreases of the type required to induce large-scale buffer
alteration would have to be the result of excessive buffer expansion following
emplacement, a mechanism which is unlikely given the rigid restraint of the buffer and
backfill by the surrounding rock mass. Hence the swelling pressure of either the
Finnish, Canadian or Swedish buffer materials are unlikely to experience any
discernible alterations as the result of salts entering the vault from the local
groundwater.

3.2 Backfill materials

The backfill materials that have been proposed for use in used fuel repositories are
expected to contain lower bentonite clay contents and lower ECDD's than buffer and so
are more likely to be influenced by porewater composition. There are basic similarities
in the backfilling concepts of Finland, Canada and Sweden and so it is important to all
these programs that the potential role of porewater chemistry on swelling pressure
development and backfill performance be assessed.

The concepts for vault backfilling provided by Finland, Sweden and Canada all call for
the use of two different backfills in the vault. A lower (dense), backfill placed in the
lowermost regions of the rooms and tunnels and would be compacted using relatively
conventional compaction equipment. Above this material, an upper (light), backfill
would be placed in regions where compaction equipment could not reach, such in the
uppermost levels in the rooms and tunnels.

3.2.1 Finnish backfill materials

The backfills proposed for use in the Finnish concept for tunnel filling are based on the
Swedish KBS-3 concept. This concept calls for in situ compaction of the dense backfill
in the lowermost portions of the rooms and tunnels and above this material, a lower
density, higher bentonite-content upper backfill would be installed (Pusch 1995). The
dense backfill (DBF), of the KBS-3 type dense backfill is proposed to contain between
10% to 15%, by dry mass of sodium bentonite with the remainder being composed of
crushed rock or sand-sized aggregate (Pusch 1995). The upper backfill (UBF) in the
KBS-3 concept would likely be placed pneumatically and may contain 20 to 30% by
dry mass of sodium bentonite clay with the remainder consisting of aggregate
(Pusch 1995).
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Using the ECDD relationship developed to allow comparison of the performance of
various bentonite-aggregate ratios, it is possible to examine the potential role of
bentonite content and porewater chemistry on the performance of the tunnel backfills
proposed for use in the KBS-3 concept.

3.2.2 Canadian backfill materials

The dense backfill (DBF), proposed in the Canadian disposal concept contains a much
lower bentonite content (approximately 6% by dry mass), than that of current Finnish or
Swedish concepts. This dense backfill has a dry density of approximately 2.1 Mg/m3

and would occupy the bulk of the tunnels and rooms (~ 80% of the room and tunnel
volume would be dense backfill in the in-floor disposal concept). Based on an
approximate bentonite content of 6% by dry mass, the ECDD of the dense backfill is
approximately 0.46 Mg/m3. The remainder of the approximately 25 % by mass of clay-
sized material in the Canadian dense backfill is a natural proglacial lake clay which
itself contains a discernible smectite content.

At an ECDD of 0.46 Mg/m3, the spacing between adjacent bentonite platelets in the
DBF would be in the order of 14 to 16 water layers (if all the porewater was associated
with the bentonite clay). However, the non-swelling clay minerals component of the
proglacial lake clay will itself hold a large portion of the water in the backfill. This will
limit the size of the water layers associated with the bentonite clay component. The
non-swelling clay component also helps to limit the sensitivity of the backfill to drying
shrinkage or volume change related to porewater chemistry conditions, while
maintaining a low hydraulic conductivity (<10'10 m/s), (Johnson et al. 1994). The DBF
is so dense and the bentonite content so low and well distributed within the clay sized
component that the backfill is volumetrically stable under a wide variety of vault
conditions.

The DBF of the Canadian concept is not expected to exhibit any significant swelling
pressure and is intended to have only a minimal swelling capacity. Its primary function
is as a stiff, low permeability filler, which will not shrink should local groundwater
composition cause changes in the porewater salinity. It is also to maintain a mass
transport rate that is diffusion- dominated. In the Canadian concept the sealing of the
backfill - rock interface is to be achieved using the upper backfill (UBF), material.

The Canadian concept for nuclear fuel waste disposal calls for the dense backfill to be
emplaced in one of two basic manners (Johnson et al. 1994);

• by direct compaction in layers in all those regions of the tunnels and rooms where in
situ compaction equipment can be used or,

• by placement of large blocks (~1 m3), of precompacted material into the rooms and
tunnels.

The upper backfill would occupy approximately 20% of the room and tunnel volume in
the Canadian in-floor disposal concept. It is proposed to consist of approximately 50%
by dry weight of bentonite and the remainder would be aggregate. As with the upper
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backfill in the KBS-3 concept, it would be installed using pneumatic or other means of
remote placement. It would be placed at a dry density of approximately 1.4 Mg/m3

(currently demonstrated (saturated density of approximately 1.9 Mg/m3)). The
Canadian upper backfill would have an ECDD of approximately 0.95 Mg/m3 which
means that this material should maintain a substantial swelling pressure under
porewater salinities as high as 100 g/1 (Section 5 of this report).
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4 GROUNDWATER SALINITY IN GRANITIC ROCKS OF CANADA AND
FINLAND

The rocks of the Fennoscandian and Canadian Shields are similar in many ways. They
both date from the Pre-Cambrian and contain considerable volumes of granitic rock.
Both of these regions have also undergone repeated alterations, metamorphic episodes,
and glaciation. The result of the rock composition and geological history has been the
production of complex rock formations and highly variable subsurface hydrogeological
conditions. For both the Scandinavian and Canadian rock masses, the most recent
glacial episode ended some 10,000 years ago, after which large regions were under or
adjacent to large fresh or slightly saline bodies of water (Pitkanen et al. 1999;
Davisonet al. 1994). The recent deglaciations of both these regions have resulted in
regional crustal rebound, further complicating groundwater flow conditions.

The complex geology and hydrogeology of both the Fennoscandian and Canadian
Shields means that it is likely that groundwater conditions will vary considerably from
one region to another within each of these geological features. It will therefore be
important to determine the local groundwater conditions present at any site considered
for potential use as a disposal vault. The following sections discuss some of the
groundwater salinity conditions encountered in both the Canadian and Fennoscandian
Shield regions. This summary provides a basis for evaluating the potential for the
regional groundwater salinity to influence performance of buffer and backfill materials.

4.1 Groundwater conditions encountered in the Canadian Shield

The groundwater conditions vary considerably within the Canadian Shield. The salinity
of a site will vary not only with location but with depth. It can be generally assumed
that salinity will increase with depth and be saline at depths below approximately
300 m in the Canadian Shield (Gascoyne et al. 1987). Table 4-1 provides a brief
description of some of the groundwater conditions that have been recorded within the
Canadian Shield. The very high Total Dissolved Solids (TDS) levels recorded in both
Northern Manitoba (N MB), and Northern Ontario (N ON) were in regions of base
metals deposits which likely influenced the groundwater chemistry. Perhaps one of the
best documented sites with regards to groundwater chemistry in granitic rock is the
Canadian Underground Research Laboratory (URL). This site has been extensively
drilled, sampled and mapped both geologically and hydrogeologically. It can be
divided into two general zones based on the groundwater conditions. The first zone
overlies an extensive fresh water bearing fracture zone (Fracture Zone 2), which
intersects the URL at a depth of approximately 260 m below the surface. The second
zone is below this fracture zone and extends to the full depth of the currently developed
site (to >420 m below ground surface).

The upper of the two lithological regions at the Canadian URL site has essentially been
flushed of salts and contains only trace amounts of soluble salts in its porewater or
within the fracture zone that separates it from the underlying zone. The groundwater in
the uppermost region has been estimated to contain less than 1 g/1 TDS (Gascoyne et al.
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1987), (Table 4-1), and so any buffer or backfill installed in this region could be
expected to behave as if it were in a fresh water environment.

Below Fracture Zone 2 at the URL, the groundwater contains high contents of salt and
other soluble materials (Table 4-1). Early in the development of the Canadian disposal
concept it had been assumed that the "average" highly saline groundwaters of the
Canadian Shield were in the order of 55 g/1 TDS for the depths contemplated for a
disposal vault. As a result much of the investigation conducted in Canada on the
impact of groundwater salinity on buffer and backfill performance used a highly saline
solution containing approximately 58 g/1 TDS. More recent investigations have found
levels has high as 89 g/1 TDS for groundwater seeping into boreholes penetrating intact
rock regions of the 420 Level of the URL. At this salinity the influence of groundwater
(and hence porewater), on the swelling performance of both buffer and backfill
materials becomes potentially significant and will be discussed in Section 6.2.2 of this
report.

Table 4-1. Soluble salts naturally present in granitic rock in Canada (expressed as
mg/l of groundwater), (after Gascoyne et al. 1987).

Depth (m)
Na
Ca
Mg
K
Cl
SO4
C03
TDS (g/1)
Ca+Mg+Na/K

URL
FZ-2
240
309
16.1
1.2
1.6
263
169
70
-0.8
204

WL
mixed
500
2300
1800
30
10
6000
1000
50
11.2
413

URL
rock
240

-0.8

URL
rock
420
1520
28400
0.2
19
55000
1200
25
83.7
1575

URL
rock
420
1500
31000
0.3
17
56000
270
25
88.6
1912

N W
ON
900
1180
1120
62.5
9.6
5540
2
55
8
236

N
MB
1300
10100
28600
2490
59.9
74600
6
19
117
687

N
ON*
>1200
16880
65000
12
122
156000
138
30.6
241
670

: Sudbury Basin

4.2 Groundwater conditions encountered in the Fennoscandian Shield

A number of studies have assessed the salinity levels in the various regions of
Scandinavia considered for construction of repositories for used fuel isolation. These
sites in Sweden (Pusch 1998), and in Finland (Vieno and Nordman 1999) can contain
saline groundwater. Reports by Vuorinen and Snellman (1998) and Pitkanen et al.
(1999) provide extensive information on groundwater conditions at a number of
potential repository sites in Finland. In these reports groundwater salinities of 70 g/1 to
80 g/1 have been encountered at 800m depth at one of the Finnish research sites. The
magnitude of salinity varies greatly from one location to another but generally is
observed to increase with depth, especially at the coastal sites.
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Studies of the groundwater composition at various sites in Finland have resulted in the
definition of four reference groundwater types which reflect basic hydrochemical
conditions observed. The composition of the groundwaters detected in Finland are
presented in Table 4-2 and represent the range of conditions which may be encountered
and which may impact on buffer and backfill materials.

Table 4-2. Far - Field reference groundwater types for granitic sites in Finland
(concentration in mg/l), (after Vuorinen and Snellman 1998).

Ion

Na
Ca
Mg
K
Cl

so4
PH
HCO3

TDS (mg/l)

Fresh
(Allard-modified)
Reducing
Conditions
52
5.1
42.8
3.9
52
9.6
8.8
65
185

Brackish

Reducing
Conditions
2600
680
340
26
5290
710
7.7
98
9778

Saline

Reducing
Conditions
4800
4000
56
21
14800
0.84
8.2
18
24,000

OL - "Brine"

Reducing
Conditions
9750
15700
110
22
43000
<1
-7.8
12
70,000

In general, conditions of high salinity such as are observed in the Olkiluoto site (OL-
"brine") are found at locations below the reference depth for the Finnish disposal vault.
At the Olkiluoto site, saline conditions of 15 g/1 to 25 g/1 TDS, appear to dominate at
depths of 400-700m (the depth proposed for construction of a vault). Below the
proposed vault depth, groundwater salinities of 30 g/1 to 75 g/1 TDS have been observed
with a TDS concentration of 70 to 75 g/1 TDS at 850 m (Vuorinen and Snellman 1998;
Ruotsalainen et al. 2000).

Salinity definitions for groundwaters in geological media are generally based on those
of Davis (1964) who established the following 4 categories for groundwater salinity.

1. FreshWater
2. Brackish Water
3. Saline Water
4. Brine Water

- having a TDS of less than 1 g/1.
- having a TDS of 1 g/1 to 10 g/1
- having a TDS of 10 g/1 to 100 g/1
- having a TDS of greater than 100 g/1.

However, based on the occurrence of groundwaters with different salinity at different
depths in Olkiluoto and their potential importance in defining swelling pressure in
bentonite-based buffer and backfill materials, the groundwaters in this report are
grouped into 5 categories as defined in Table 4-3. The saline and brine groundwater
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classifications of Davis (1964) has been divided into three categories. The first group,
10-35 g/1, represents the reference groundwater salinity at proposed repository depth at
Olkiluoto. The second saline category, having between 35 g/1 and 75 g/1 TDS, is
representative of the range of salinity that has been observed below the depth of the
reference repository at Olkiluoto. Any material having a salinity greater than 75 g/1 is
considered to be a "brine"-type water, although no brine waters according to the
classification by Davis (1964) have yet been observed at Olkiluoto.

Table 4-3. Definition of groundwater salinity categories as based on Olkiluoto data.

1.
2.
3.
4.
5.

Fresh Water
Brackish Water
Saline Water
Saline Water
"Brine" Water

- having a TDS of less than 1 g/1
- having a TDS of 1 g/1 to 10 g/1
- having a TDS of 10 g/1 to 35 g/1
- having a TDS of 35 g/1 to 75 g/1
- having a TDS of greater than 75 g/1

4.3 Bentonite-groundwater systems

As mentioned previously in this report, bentonite clays can contribute a considerable
soluble minerals component to the porewater of bentonite - groundwater systems.
Therefore it is necessary to consider the influence that equilibrium salinity will have on
swelling and hydraulic properties of buffer and backfill materials. A 35 g/1 bentonite-
porewater salinity is expected to be developed in the near-field of the Olkiluoto site at
the reference depth of the repository. This is the result of the interaction between
bentonite clay and groundwater (Vuorinen and Snellman 1998). A study by Muurinen
and Lehikoinen (1999) found that if bentonite was reacted with a 24 g/1 saline solution
of the type found at the reference vault location at the Olkiluoto site (Table 4-2), the
ultimate TDS level in the external water outside the clay would reach approximately
35 g/1, when the bentonite-to-water ratio was 1.5 g/ml. Similarly, if reacted with a fresh
(Allard-type, Table 4-2) water the ultimate TDS level in the external water outside the
clay would reach approximately 15 g/1 at the same bentonite-to-water ratio. In all these
cases the TDS in the external water outside bentonite usually increased due to the
dissolving components in bentonite. In the squeezed porewater samples the
concentrations were usually lower than in the external water and even lower than in the
initial saline water, eg. in the case of the reaction with the 24 g/1 saline reference water
from Olkiluoto.

Similar influences of soluble salts in bentonite clay was reported by Dixon (1995)
where ongoing flushing of soluble minerals from the Canadian reference buffer was
studied. Reports by Oscarson and Dixon (1989), Dixon (1995), Vuorinen and Snellman
(1998) and Muurinen and Lehikoinen (1999) all attribute the increased content of
soluble "salts" to minerals such as gypsum in the bentonite clay product. They do not
tend to be materials having a high-chloride content, although there is a discernible
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chloride content present in North American bentonites (Oscarson and Dixon 1989;
Dixon 1995). Such a chloride content in the bentonitic clay component will generate
approximately 1.1 g NaCl / kg clay (or 4 g/1 at an ECDD of 1.55 Mg/m3). It might
therefore be reasonably to assume that under no conditions will the buffer materials
present in a disposal vault be functioning in a fresh water environment. Conditions
within the buffer and backfill will be at best moderately saline (15 g/1 or 1.5% TDS,
(Muurinen and Lehikoinen (1999)) to 18 g/1 or 1.8% TDS (Dixon 1995)), and at worst a
"brine" (>75 g/1), if a very highly saline groundwater region was to be encountered in
the vault.
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5 LABORATORY MEASUREMENTS OF SWELLING PRESSURE AND
INFLUENCE OF POREWATER SALINITY

5.1 Techniques used to measure swelling pressure

As defined in Section 2 of this report, the swelling pressure developed by a buffer or
backfill is the mechanical pressure component of the total pressure developed on a
confining medium by a bentonitic material which has been allowed access to free water.

A large number of researchers have attempted to measure the swelling pressure
developed by bentonitic clay materials. These measurement methods can generally be
divided into three basic techniques:

• Uniaxial consolidation or confined swelling of samples using conventional
techniques or backpressured sample cells.

• Triaxial consolidation or swelling monitoring by use of a confining pressure on a
cylindrical specimen.

• Monitoring of pressure on the walls of a fixed volume swelling pressure oedometer
cell.

Other techniques have been used to measure swelling pressures in swelling clays but
they have generally been a hybrid of the uniaxial consolidation and the fixed-volume,
rigid-walled devices. Many of these hybrid devices added features such as:

• allowing limited straining of the specimens to eliminate locked in stresses,
• the ability to apply back pressure to the specimens or,
• the ability to percolate the specimens using saline permeants under controlled

gradient conditions.

In papers by Graham et al. (1986, 1989, 1992) and Dixon et al. (1986, 1991), the results
of conventional consolidation tests were compared to those obtained using both triaxial
compression and fixed volume swelling pressure testing. All three techniques produced
comparable results and the general means of conducting these tests are described below.

5.1.1 Uniaxial consolidation test

Uniaxial consolidation (also known as oedometer or consolidometer) testing was
perhaps the earliest means used to determine the swelling pressure of bentonitic
materials. It involved use of the conventional uniaxial consolidation device developed
for soil mechanics. Examples of its use in testing bentonite-based materials can be
found in Warkentin and Schofield (1962), Graham et al. (1986), Dixon et al. (1986) and
Yan et al. (1996). These tests generally require simple instrumentation and load control
mechanisms. Testing consists of installing a cylindrical sample in a rigid walled and
fixed base cell which allows drainage, or water ingress from the top and bottom of the
sample. A confining load is applied to the top surface of the sample, often by use of a
lever-arm and the volume change of the bentonite sample is monitored under a constant
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applied load. When the sample has ceased to change volume it is assumed to have
come into swelling pressure-density equilibrium. The same specimen can be
subsequently loaded and/or unloaded to achieve a number of density-swelling pressure
values for the same specimen. A schematic of this measurement device is provided in
Figure 5-1. As the specimens tested using this technique are not rigidly confined during
testing but are allowed to strain the pressure-volume equilibrium measured by this
technique is not in the strictest sense a swelling pressure, rather it a swelling
equilibrium pressure. Comparisons of the results of determining the swelling
equilibrium condition using this technique have been compared by Graham et al. (1986,
1989, 1992), to other swelling-equilibrium type tests (Triaxial) and rigid-volume
swelling pressure tests and were found to be of similar magnitude. Care should also be
taken when comparing the results of samples where very large volume expansion or
compression has occurred in the course of testing. It is possible that under such
conditions the specimens may undergo changes in their microstructure and move from
isotropic (homogeneous) structure to a more anisotropic (oriented particle) structure,
especially if testing begins on very low density specimens. This could induce changes
in the volume strain - confining pressure relationship for that specimen and provide
higher than anticipated "swelling" pressures for a given density.

Externally Applied
Confining Pressure

Perforated Loading
Plate

Water-filled
Chamber

O-ring Seals

Thick-walled
Stainless Steel
Sleeve

Filter Stones

Drainage/Saturation
Lines

Sleeve Restraint
Bolts

Figure 5-1. Uniaxial consolidation Cell.

This technique has the advantage of being extremely simple to operate and the straining
of the specimen ensures that any stresses locked in during the specimen construction
process are allowed to dissipate through straining of the specimen. This technique does
however have the disadvantages of being extremely slow to come to pressure-volume
equilibrium. This slow equilibration rate is the result of the time required for water to
enter or leave the core of the specimen following load changes. It is also potentially
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difficult to achieve sufficiently high confining loads to achieve desired specimen
consolidation. Finally there is the difficulty in changing or controlling the porewater
chemistry. This test typically uses a large reservoir of water which surrounds the
specimen, entering or exiting the top and base of the specimen. Ion movement into or
out of the specimen is therefore accomplished by natural movement as a component of
existing porewater or through diffusive transport. It is possible to construct
consolidation devices that are able to apply elevated porewater pressures or gradients
across specimens but such systems are prone to leakage and are much more complex in
their operation.

5.1.2 Triaxialfest

Swelling pressure testing of bentonite materials can also be accomplished by use of
conventional or high pressure triaxial testing techniques to determine the swelling
equilibrium of fully drained samples under lateral confining pressure. In this technique
tests are conducted using conventional cylindrical specimens that are placed in a triaxial
compression testing cell and locked in place vertically. The specimen is then isolated
from the external environment by means of an impermeable yet flexible rubber
membrane. A schematic of this test technique is provided in Figure 5-2.

Loading Ram (Locked)

Rubber Membranes

Cell Base

Cell Pressure Supply
and Volume Change Gauge

• Rigid-walled
Pressure Vessel

Filter Stones

Filterstone
Flushing Lines

Specimen Volume
Change Monitoring

Figure 5-2. Triaxial Compression Cell.
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The flexible membrane surrounding the specimen will allow it to expand or contract
radially as it takes on or loses water via drains on the ends of the specimen (Figure 5-2),
while a constant stress is applied on the walls via the pressurized confining fluid within
the test chamber. Once the sample has come to volumetric equilibrium with the
external confining pressure, the confining pressure required to induce constant
specimen volume can be determined by measuring the pressure required to maintain the
specimen at constant volume. It is possible to apply an internal porewater pressure to
the bentonite sample and monitor the influence of this on the total pressure required to
maintain constant specimen volume. It has been determined that the effective stress
concept is valid for dense bentonite-water systems (Dixon et al. 1986) and so the
swelling (equilibrium) pressure is defined as being the difference between the external
cell pressure and any porewater pressure present within the specimen.

A considerable number of confining pressure - volume strain determinations have been
conducted using this technique as part of the testing program to determine the stress-
strain properties of the Canadian reference buffer. The volume strain - confining
pressure relationship determined using triaxial testing have been found to be
comparable to those generated using uniaxial consolidation or rigid wall swelling
pressure tests (Graham et al. 1986, 1989, 1992). Hence for purposes of data collection
purposes the effective confining pressure required to maintain a given specimen volume
(density), is referred to a swelling pressure.

The use of triaxial testing techniques to determine swelling pressure is comparable with
other techniques and allows for any locked in stresses induced by sample preparation to
be released through limited sample straining. It is also possible to change the internal
porewater chemistry of the specimens by percolation through the top and/or base of the
specimen. These tests require a considerable time to achieve sample saturation (large
samples of 50 mm diameter by 150 mm overall length are typically used) and can
experience membrane leakage over the long term or in the presence of aggressive
(highly saline) percolating fluids. The equipment required to carry out this type of test
can also be very expensive as special, high pressure cells are required to provide
sufficient confinement to densely compacted materials and for monitoring of volume
changes around and within the specimens.

5.1.3 Rigid - walled, fixed - volume swelling pressure test

This type of testing is the most commonly reported and accepted means for
measurement of the swelling pressure developed by bentonite-based materials. It
involves the use of a rigid-walled, fixed-volume swelling pressure cell. These cells are
often referred to as swelling pressure oedometers and have been used by Pusch,
(1980b), Bucher et al. (1986), Dixon et al. (1986, 1993, 1996), Pfeifle and Brodsky
(1991), Komine and Ogata (1999) and others.

These cells consist of rigid walled sample sleeves (typically thick-walled stainless
steel), into which specimens can be installed (Figure 5-3). The specimens can either be
compacted directly into the cylinder or can be placed as precompacted samples. The
rigid walls and fixed volume of this device ensures that sample strain can be prevented.
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The samples can be wet from one or both ends using any fluid composition and
porewater pressure desired. The pressure developed by the bentonite material is
monitored by use of a load cell which measures the upwards force generated on a piston
installed on the upper surface of the specimen.

Load-transferring
Stainless Steel Piston

O-ring Seals

Thick-walled Stainless
Steel Cylinder

Load Cell
Water Outflow Line

Restraint Frame

Filter Stones

Water Inlet Line

Figure 5-3. Rigid-walled, fixed-volume swelling pressure cell.

This technique has the advantage of requiring little maintenance and is simple to
operate. Care should, however, be taken when using this technique to ensure that
stresses induced by compaction of buffer into the cell are not mistaken for swelling
pressure (Allison et al. 1990). This can be avoided by allowing for a small amount
(1-2%) volume strain in the early stages of testing, or by installing precompacted
specimens into the cell. A further advantage of this technique is the ability to percolate
a variety of fluids through the same specimen without experiencing the uncertainties of
volume changes or other sample disturbances in the testing process. The swelling
pressure cell can readily be connected to highly accurate inflow and outflow monitoring
gauges to permit the hydraulic conductivity of the specimen to be monitored at the same
time as swelling pressure. Such studies have allowed simultaneous study of the
influence of permeant composition (salinity) on both swelling pressure and hydraulic
conductivity (Dixon et al. 1996,1999).
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5.2 Swelling pressure measured in bentonite-based materials

Section 5.1 presented the three basic techniques used to measure the swelling pressure
of bentonite-based materials. On comparison of the results of each technique it was
determined that in all but a few cases (where the locked in stresses may not have been
allowed to dissipate (Allison 1990)), the swelling pressures measured are comparable
provided that excessive volume strains were avoided.

5.2.1 Swelling pressure measured in bentonite - fresh water systems

A large body of literature exists on the swelling pressures developed by literally dozens
of different bentonites, bentonite products and bentonite-aggregate ratios under fresh
water conditions. A summary of this data was presented by Dixon et al. (1996).

A review by Dixon (1995) and Dixon et al. (1996) assessed various bentonite materials
from North America, including the source materials for the MX-80 bentonite reference
used in the Posiva, SKB and early Nagra disposal concepts. This review established
that the swelling pressure developed by most of the bentonite products produced in the
United States and Canada were comparable in terms of their swelling pressure and
hydraulic properties under conditions of fresh water permeants.

A similar review of bentonite materials was conducted by Allison et al. (1990) for the
UK Department of the Environment. Allison et al. (1990) found that swelling pressures
reported by a variety of researchers were comparable where the ECDD's were less than
approximately 1.6 Mg/m3. At higher densities they observed that the data reported by
Pusch (1980b) were significantly higher than obtained by other authors and attributed
this to testing technique. Gray et al. (1986), Allison et al. (1990) and Dixon et al.
(1996, 1998) have all presented empirical relationships for use in predicting swelling
pressure in 100 % bentonite clay under fresh water conditions. They all describe
approximately the same swelling pressure versus ECDD relationship. The differences
between the equations generated is likely a function of the number of data points
available for conduct of the regression analyses.

The relationship between the ECDD and swelling pressure for various North American
bentonite materials is presented in Figure 5-4. This figure illustrates the variability in
the magnitude of the swelling pressures reported in literature, and shows that with
increasing ECDD there is increasing swelling pressure under fresh water percolation.
The ECDD - Swelling Pressure relationship can therefore be used as a means of
estimating the range of swelling pressure that is likely to be generated by a particular
bentonite-based material.

It should also be noted when examining the data presented in Figures 5-4 and 5-5 that
materials described as having "fresh" water porewater are actually brackish to
moderately saline, see discussions in Section 4.3. Commercial bentonite products all
contain a considerable soluble minerals content (largely gypsum) as well as a notable
soluble salt content. These salts are present as dry mineral components in the processed
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bentonite product and when fresh water is added they can dissolve, resulting in a
porewater containing a very high total dissolved solids (TDS) content and chloride
levels which are far above fresh water limits. Studies have also been conducted by
Dixon (1995) which examined the rate at which these soluble materials would be
removed by fresh water percolation. It was determined that several porewater volume
changes are required before the TDS of the effluent shows discernible reduction. It
could therefore be expected that even under fresh groundwater conditions that a
bentonite-based material would maintain a considerable "natural" porewater salinity for
a considerable time after installation in a disposal vault.
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Porefluid Composition
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Figure 5-4. Swelling pressure in fresh water environments.

The data presented in Figure 5-4 is from/after Warkentin & Schofield 1962;
Pusch 1980a,b; Peterson and Kelkar 1982; Bucher et all986; Gray et al. 1984, 1986;
Dixon et al. 1986, 1991, 1993, 1998, 1999; Graham et al. 1986; Stormont & Howard
1987; Oscarson et al. 1990; Allison et al. 1990; Pfeifle & Brodsky 1991; Ouyang &
Daeman 1992; Karnland 1998; Yan et al. 1999 and others.

It should be noted that the data of Yan et al. (1996) included in Figure 5-4 was for a
well washed and purified Wyoming bentonite tested by uniaxial consolidation in a
deionized water environment. Hence this data might be appropriate to consider as the
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ideal "fresh" water swelling pressure reference curve for ECDD's from 0 to
1.04 Mg/m3. It should also be noted that the very low density materials tested by
Yan et al. (1996) are likely to have a largely anisotropic (parallel plate) structure. As
discussed previously for uniaxial consolidation testing of low density systems
(Section 5.1.1), this could lead to higher than anticipated swelling pressures being
measured. Yan et al. (1996) also observed that when the density of the sample
exceeded an ECDD of approximately 0.16 Mg/m3 a change in density - swelling
pressure relationship occurred. This change was attributed to the structure of the water
associated with the clay surfaces. The ECDD of 0.16 Mg/m3 corresponds to a particle
spacing of approximately 14.7 nm or 37 water layers between mineral surfaces which is
in the order of the range of hydration effects reported by Anderson and Low (1958).

5.2.2 Swelling pressure and hydraulic conductivity measured in bentonite -
saline water systems

Salinity and Swelling Pressure
While a very large body of data exists on the swelling pressure generated under
conditions of fresh water uptake, a much smaller body of data exists on the influence of
salinity on the swelling pressure developed by the same materials. This is of particular
importance as highly saline groundwaters can exist in the geological media that both
Finland and Canada propose for hosting a repository. The conditions that may be
encountered at depth in granitic rocks of Finland and Canada have been discussed in
Section 4 of this report. Salinity levels approaching 80 g/1 (TDS) have been
encountered at potential vault depths in Canada. This could have an influence on the
swelling pressure and hydraulic conductivity properties of bentonite-based sealing
materials. The materials most likely to be affected by high salinity are those having low
ECDD's. They have the greatest distance between particles and hence the largest
thickness of DDL or otherwise structured water and so are most susceptible to changes
in ionic concentration, as was described in Section 3.1 of this report.

A number of assessments have been conducted on the influence of salinity on swelling
pressure in very low density bentonite-systems. The literature contains numerous
references volume reduction in bentonite slurries exposed to high salinity conditions
(Di Maio 1998; Studds et al. 1998). However, the extrapolation of the data for very
low density materials to higher density is not necessarily appropriate for the reasons
outlined in Section 3.1 of this report and demonstrated by Studds et al. (1998). As
discussed earlier in this report, change in the sensitivity of bentonites to porewater
salinity with change in ECDD can be attributed to an extensive diffuse double layer
(DDL). At low ECDD's the DDL can readily be influenced by changes in the
porewater composition. At higher densities this influence is not discernible as there is
insufficient space between clay platelets for development of extensive ion-water
complexes. Hence, the chemistry of the external fluid may not influence the swelling
pressure developed by dense bentonites.

Figure 5-5 provides an informative set of data for equilibrium volume versus pressure
as it relates to porewater salinity at low to intermediate densities (ECDD of 0.2 to
1.38 Mg/m3). As discussed in Section 5.1.1 the swelling equilibrium volume versus
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confining load can be related to swelling pressure and ECDD. These data, presented by
Studds et al. (1998) include a range of ECDD that extends beyond that at which salinity
is a dominating factor. Based on these results, the influence of porewater salinity is not
discernible in Wyoming bentonite materials having a void ratio (volume of
voids/volume of solid particles), of less than approximately 1.7 to 2.0 (equivalent to an
ECDD of between 0.9 and 1.0 Mg/m3 ). This maximum density for salinity to be a
discernible influence on swelling pressure is consistent with the results of swelling
pressure tests presented by Dixon et al. (1996).

The range of porewater salinity (0 g/1, 0.59 g/1, 5.85 g/1 and 58.5 g/1 of NaCl), examined
by Studds (1998) is also important to the understanding of the likely behaviour of
bentonite-based barriers in a nuclear fuel waste repository. This range covers the
groundwater conditions expected to be encountered at the Olkiluoto site in Finland
were the present highest TDS level at the proposed repository depth of 500 m is
approximately 35 g/1 (Vuorinen and Snellman 1998). Based on the results presented in
Figure 5-5 an ECDD of approximately 1.0 Mg/m3 would be required to ensure that a
swelling pressure of at least 100 kPa is maintained under the saline groundwater
conditions present at the reference depth at Olkiluoto.
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Figure 5-5. Influence of salinity (NaCl), on swelling pressure of Wyoming bentonite
(After Studds 1998).

An extensive review and compilation of the swelling pressure data available on
bentonite-based materials exposed to various permeant salinities was conducted as part
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of this report. The data include those generated in bentonite - aggregate mixtures, pure
bentonite clay, and where bentonite clay was dry mixed with natural salt, compacted
and then percolated with saturated salt brines.

A number of researchers have studied the influence of various concentrations of saline
solution on the swelling and hydraulic properties of densely to moderately highly
compacted bentonitic materials. These data provide a range of densities, salinities and
materials and so some scatter in the values might be expected. All of the swelling
pressure data collected from literature is presented in Figure 5-6. The swelling pressure
data presented in Figure 5-6 is summarized empirically in equation form in Table 5-L

The swelling pressure developed in bentonite-based materials under conditions of fresh
water percolation has been extensively researched and provides an extremely consistent
density-swelling pressure relationship as shown in Figure 5-4. In all, almost 300
separate measurements of swelling pressure in fresh water systems have been combined
to develop the ECDD-swelling pressure relationship presented in Table 5-1. These data
are also presented in Figure 5-5 as a regression line to show the relative swelling
pressures developed under differing salinity levels. Based on the regression analyses
provided in Figures 5-4 and 5-6 it would initially seem that under fresh water
conditions the swelling pressure developed in bentonites having a high ECDD, is
slightly higher than is observed under brackish, saline or "brine" conditions. This
higher swelling pressure may however be the result of the experimental technique (zero
strain and locked in stresses), used to obtain these values, as observed by Allison et al.
(1990). They may also be the result of macropores within the compacted materials, or
simply a function of the much smaller database for saline and "brine" tests. For the
purposes of this report no attempt has been made to separate out the results of the
various researchers. The swelling pressures at high ECDD remain high and
comparable, regardless of the source of the values.

Table 5-1. Relationships between ECDD and swelling pressure at various
groundwater salinities and the expected bentonite porewater salinities in these
bentonite-groundwater systems.

Ground
water
Type

Fresh
Brackish
Saline
Saline
"brine"

Ground-
water

Salinity
Range

(R/l TDS)
<1

1 - 10
10-35
35-75

>75

Estimated
bentonite

Porewater salinity
range

(fi/1 TDS)
10- 15
10-25
25-45
45-85
>85

Swelling Pressure
Equation

P = 0.O022e5 O 3 3 1*E C D D

P = 0.0065e4-2 2*E C D D

no data
P = 0.0015e

5-2044'ECDD

P = 0.0008e5I503*ECDD

Correlation
Coefficient

(R2)

0.7355
0.8688
no data
0.7964
0.7765

Data
Points

(n)

294
21
0
19
15
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There is some data available for materials tested under brackish permeating water
conditions, largely the results collected as part of underground simulation tests
conducted at the Canadian URL where brackish groundwater was allowed to percolate
into full-scale simulations of the in-floor disposal boreholes. A few data points have
also been provided by the work of Karnland (1998). These data, presented in
Figure 5-6 show no discernible difference between the swelling pressure developed
under fresh water percolation or with a fluid having a relatively low salinity (<10 g/1).
This is likely the result of the effect of the high TDS content of the bentonite clay which
will have altered the porewater chemistry of the compacted bentonite to somewhere in
the order of 10 g/1 to 15 g/I (a brackish (1 g/1 to 10 g/1), to a saline (10 g/1 to 35 g/1)),
material.

At present there is no published data on the influence of saline groundwaters of
category 3 in Tables 4-3 and 5-1, (10 g/1 to 35 g/1 TDS), on the swelling pressure
developed by bentonite-based materials. At the Olkiluoto site in Finland it is expected
that the porewater generated at the depth of the proposed vault would be in the order of
35 g/1. For the purposes of estimating swelling pressure likely to be developed under
such groundwater conditions a value median to those of brackish water and saline
groundwater of category 4 in Table 4-3, (TDS 35-75 g/1), should produce an adequate
estimate. In fact, data presented in Figure 5-6 indicates that where the ECDD exceeds
approximately 0.9 Mg/m3, there is no discernible difference in the swelling pressure
developed under these two groundwater salinities. The behaviour of bentonite-based
materials at lower ECDD's is not currently established.

There are a number of swelling pressure measurements available for bentonite materials
percolated with fluids of 35 g/1 to 75 g/1 TDS, most being for materials at
approximately 50 g/1 to 58 g/1 permeant salinity. These saline data are well within the
expected range of groundwater concentrations currently being reported at depth in the
granitic rocks of Finland and Canada. Groundwater salinities in the order of 50 g/1 to
60 g/1 are higher than are expected a the depth of the proposed repository at Olkiluoto,
where a groundwater having a maximum of approximately 35 g/1 TDS is expected. The
data presented in Figure 5-6 shows that where ECDD exceeds approximately
0.9 Mg/m3, there is no consistent reduction of the swelling pressure of bentonite-based
materials tested under highly saline conditions relative to those observed under fresh
water percolation. At densities less than 0.9 Mg/m3, the role of salinity in swelling
pressure development becomes less certain and what data exists shows considerable
scatter. This is consistent with Studds (1998) (Figure 5-5), which shows salinity
becoming an important influence on swelling pressure developed once the ECDD
decreases to less than approximately 0.9 Mg/m3. It should be noted that an effect of
permeant salinity on the swelling pressure developed does not necessarily mean that
there will be no swelling capacity or swelling pressure under saline conditions, only that
it may be lower than would be expected in a less saline environment.

An example of the role of salinity on the ECDD required to maintain a desired swelling
pressure can be generated using the data presented in Figure 5-6. Under fresh water
conditions, in order to generate a swelling pressure of at least 100 kPa an ECDD of
about 0.7 Mg/m3 would be required. However, in the presence of porewater salinities
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in the order of 10 g/1 to 75 g/1 it would appear that the ECDD required to ensure that the
same swelling pressure is achieved may be as high as 0.9 Mg/m3. At ECDD's greater
than approximately 0.9 Mg/m3 swelling pressures in excess of 100 kPa could be
expected. This density range to generate 100 kPa of swelling pressure is generally
consistent with the data of Studds (1998), shown in Figure 5-5. In order to more clearly
establish minimum ECDD specifications it will be necessary to better establish the
ECDD - swelling pressure relationship at densities less than 1.0 Mg/m3.

100

I
OX)

1

1 r

0.1 "

0.01

Permeant
Fresh Water

o Brackish Water (1 -10 g/1 TDS)

• Saline Water (35 - 75 g/I TDS)

A Brine (>75 g/1 TDS)

0.5 1.5
Effective Clay Dry Density (Mg/m3)

Figure 5-6. Relationship between salinity and swelling pressure in bentonite.

The data presented in Figure 5-6 was from/after Warkentin & Schofield 1962; Pusch
1980a,b; Peterson and Kelkar 1982; Bucher 1986; Gray et al. 1986; Dixon et al. 1986,
1991,1993,1998,1999; Graham et al. 1986; Stormont & Howard 1987; Oscarson et al.
1990; Allison et al. 1990; Pfeifle & Brodsky 1991; Ouyang & Daeman 1992; Karnland
1998; Wittke et al. 1998; Yan et al. 1999 and others.

Very little data exists for the swelling pressure developed by bentonite-based materials
under "brine" porewater conditions. Much of the data presented in Figure 5-6 is drawn
from studies on salt - bentonite interactions studies conducted in Germany and the USA
as part of the salt dome emplacement studies for nuclear fuel waste. With the exception
of the data reported by Karnland (1998) for pure bentonite percolated with 100 g/1
brine, the only other brine data comes from the salt-bentonite mixtures of Wittke et al.
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(1998), and a few similar measurements by Peterson and Kelkar (1982) and Stormont
and Howard (1987) where the TDS of the brines were in the order of 350 g/1. Lacking a
comprehensive database on the behaviour of bentonite-"brine" systems, interpretation
of the swelling pressure data is difficult. There is an almost complete lack of data
(2 conflicting data points), on the effects of "brine" permeants at bentonite ECDD's less
than 1.5 Mg/m3. If for example, the single lowest-lying data point for swelling pressure
under "brine" conditions were removed, the regression analysis for the remaining
18 data points would follow almost exactly the regressions obtained for fresh, brackish
and saline conditions indicating no effect of "brine" on the swelling pressure developed.
Given the nature of saline porewater - bentonite interaction at low densities it is
unlikely that the swelling pressure will remain unaffected by salinity at densities much
below 0.9 Mg/m3, but there is not data available to establish when "brine" conditions
become important to swelling pressure development. It is therefore necessary to
develop a larger database on swelling pressure under "brine" conditions before any
conclusions can be drawn on the effect of "brine" on swelling pressure in materials
having an ECDD of less than 1.5 Mg/m3.

While the lack of data on the effects of "brine" conditions makes interpretation of the
influence of these environmental conditions difficult, there is still the issue of relevance
of this environmental condition to the performance of buffer and backfilling materials.
A mechanism has yet to be identified that would lead to the generation of "brine"
porewater at proposed repository depths of the Olkiluoto site where a maximum
groundwater salinity of approximately 35 g/1 is expected.

A convincing database exists on the performance of buffer and backfilling materials
under fresh and brackish porewater conditions and was presented in Figure 5-4. A
much less extensive database on the role of saline porewater exists for bentonite-based
materials but there is little evidence of a discernible degradation of swelling pressure
where the ECDD exceeds approximately 0.9 Mg/m3. At lower densities, such as would
be encountered in densely compacted backfill or lightly compacted upper backfill the
impact of saline conditions is less clear and might be significant.

Salinity and Hydraulic Conductivity
Associated with the issue of salinity and swelling pressure, is that of the influence of
salinity on the hydraulic conductivity of bentonite-based materials. Should salinity
reduce the proportion of tightly bonded water associated with the mineral surfaces, then
an effect on hydraulic conductivity might also be expected. The potential for salinity to
affect hydraulic conductivity is based on the assumption that the highly structured and
surface-bonded porewater is essentially unavailable for participation in the advective
flow process. Hence, under fresh water conditions there would be a certain proportion
of the water that is tightly adsorbed to the clay particles and not available to participate
in hydraulic processes. Under saline or "brine" conditions it might be expected that the
quantity of adsorbed water would be lower and so the porosity available for
participation in mass transport would be higher. The result would be a higher measured
hydraulic conductivity.
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Figure 5-7 presents the results of studies by Dixon et al. (1987, 1998, 1999) and
Dixon(1995) on the influence of percolation of bentonite by saline (~58 g/1)
groundwater. The data show that at ECDD's exceeding approximately 0.9 Mg/m3 the
hydraulic conductivity of bentonite-based materials are not discernibly affected by the
presence of a saline permeant or porewater. These data are consistent with the
assumption that at densities at or above approximately 1.0 Mg/m3 there is insufficient
porespace available for development of a complete diffuse double layer (DDL) in
bentonite clay. As a result, the water between clay platelets is essentially unavailable
for flow and hence is also unaffected by changes in salinity. At densities lower than the
1.0 Mg/m3 level the DDL becomes sufficient large to begin to be influenced by the
local salinity and this is reflected in Figure 5-7 with an apparently higher hydraulic
conductivity under saline conditions. Direct measurements of the hydraulic
conductivity of backfilling materials having a low ECDD are limited, especially under
saline conditions and so most performance estimates are based on extrapolation of
existing data.
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Figure 5-7. Influence of salinity on the hydraulic conductivity of bentonite materials
(after Dixon et al. 1988, 1999; Dixon 1995)

It should be noted that Figure 5-7 shows that the hydraulic conductivity of bentonite-
based materials is apparently independent of permeant salinity at ECDD greater than
approximately 0.9 Mg/m3. There is little data on the role of permeant salinity on the
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hydraulic conductivity of bentonitic materials where the ECDD exceeds approximately
1.5 Mg/m3 but it might be expected that it will be similar to that observed under fresh
water percolation.

5.3 Swelling pressure developed by and measured in backfill materials

Backfill materials such as are proposed for use in Finnish, Canadian and Swedish waste
repositories contain the lowest bentonite contents and ECDD's of any of the clay-based
barrier materials in the disposal vault. They therefore have the highest potential for
being affected by groundwater salinity.

As discussed in Section 3.2 of this report, the function of the two components of the
Canadian and Finnish backfill are somewhat different. The Canadian concept calls for
two backfill types, one which is essentially non-swelling and the other that exhibits
considerable swelling capacity. The KBS-3 type backfills proposed for use in the
Finnish concept call for backfilling materials composed of a mixture of bentonite clay
and aggregate. All of the backfill of the KBS-3 concept is to have the potential to swell
to some extent, on contact with free water, hi the report by Vieno and Nordman (1999),
the potential limitations to use of the KBS-3 type backfill under conditions of high
porewater salinity was discussed and an alternative backfilling clay suggested. The
alternative backfill formulation for a KBS-3 type repository proposed in a report by
Pusch (1998), was much the same as that proposed for the dense backfill material of the
Canadian reference design (Johnson et al. 1994), where a naturally occurring smectite-
containing clay is used as the primary clay component.

The glacial lake clay used in the dense backfill of the Canadian concept has a natural
smectite content and a 6% bentonite clay content is assumed to exist within this
backfill. This dense backfill is significantly different than the bentonite-aggregate
materials proposed in the KBS-3 backfilling concept or for the Canadian upper backfill
material. The difference lies in the presence of a large proportion of non-swelling clay
in its matrix. These non-smectitic materials are essentially unaffected by porewater
salinity and so provide a volumetrically and hydraulically stable fill material. Tests
conducted to evaluate the influence of saline groundwater percolation found that the
dense backfill of the Canadian concept maintained a hydraulic conductivity of less than
10*10 m/s when percolated with a 58 g/1 saline solution. Similar performance might be
achieved in the revised backfilling material proposed by Pusch (1998) and referenced in
Vieno and Nordman (1999) for possible application in a Finnish repository.

The upper backfill materials proposed for use in Finnish, Swedish and Canadian
repositories are currently to be composed of bentonite clay and aggregate which is
pneumatically placed in those regions of the vault where dense backfill is not, or cannot
be placed. The Canadian upper backfill is proposed to be the same composition as the
Canadian reference buffer material (50% bentonite and 50 % aggregate). The high
bentonite content will ensure that a sufficiently high ECDD is present to overcome
potential influences of porewater salinity. In order to ensure this material maintains a
swelling pressure in the order of 100 kPa under saline porewater conditions the ECDD
would need to be in the order of 0.9 Mg/m3. A similar ECDD will be required in an
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upper backfill material for a Finnish repository. A better database might provide
enough confidence in the swelling capacity of the upper backfill under saline conditions
to permit a slight reduction in the ECDD required.
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6 DISCUSSION ON THE ROLE OF POREWATER SALINITY IN
DEVELOPMENT OF SWELLING PRESSURES

6.1 Buffer materials of the Finnish and Canadian concepts

The buffer materials proposed for use in the Finnish, Canadian and Swedish concepts
for nuclear waste isolation were designed to perform similar functions. The buffer
should have a sufficiently high swelling capacity to ensure that the waste containers
would be surrounded by a mechanically stable material. Additionally, they should have
self-sealing capacity and mass transport characteristics that would ensure that diffusion
would be the dominant process in contaminant migration. Provided that the ECDD of
the buffer is maintained above approximately 0.9 Mg/m3 then saline (TDS >10 g/1 and
<75 g/1) groundwater, should have no discernible influence on the ability of the buffer
material to perform the functions for which is it was designed.

6.2 Backfilling materials of the Finnish and Canadian concepts

The backfill materials are much more vulnerable to changes in their porewater
chemistry than buffer. Backfill has a much lower bentonite content than buffer and
cannot be placed at the same ECDD as the buffer. The result of this lower bentonite
content and ECDD is a material whose swelling and hydraulic properties can potentially
be compromised by the presence of high porewater salinity.

There is a much smaller database available from which to draw conclusions on the role
of porewater salinity on the performance of the backfill than there is for buffer
materials. However, based on available data it would appear that the backfilling
materials are more vulnerable to the influence of porewater salinity. The backfilling
concepts developed by Finland, Sweden and Canada have all attempted to avoid the
potential influence of groundwater salinity and emplacement engineering issues by
developing two-stage backfilling processes consisting of a dense lower backfill and a
less dense upper backfill.

The dense and upper backfills have different swelling requirements. The majority of
the room and tunnel backfill would consist of densely compacted mixture of aggregate
and either;

i. a natural lake clay with a small component of bentonite added (Canadian conceptual
design) or,

ii. bentonite clay (KBS-3 concept).

The bentonite in the dense backfill is there to facilitate compaction and mechanical
durability as well as to provide a limited capability to swell under fresh water
conditions. The dense backfill is not expected to exhibit much in the way of swelling
capacity, although under fresh water conditions it could generate a nominal swelling
pressure. The main purpose of the dense backfill is to act as a low permeability fill
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which is volumetrically stable and will take up the majority of the volume present in the
tunnels, rooms and drifts.

In contrast to the volumetrically inert dense backfill, the upper backfill component is
expected to be able to swell in contact with free water and provide a self-sealing
capacity to the backfill. The upper backfill materials proposed by both the KBS-3 and
Canadian reference concepts are similar and may contain as much as 50% bentonite by
dry mass proportion and the remainder would be aggregate. This backfill would be
placed in the uppermost crown regions of the rooms and tunnels and potentially in other
areas where installation of dense backfill is impractical. Its higher bentonite content is
to ensure that it has a sufficiently high ECDD to maintain a small positive volumetric
change capacity under saline porewater conditions. This upper backfill is also to be
capable of maintaining the low hydraulic conductivity necessary for maintaining
diffusion-dominated solute transport within the backfilled regions of a disposal vault.

Based on currently available data, in order to maintain at least a nominal swelling
pressure of 100 kPa under saline (10 g/1 to 75 g/1), groundwater conditions the upper
backfill would need to maintain a minimum ECDD of approximately 0.9 Mg/m3 to
perform its required functions.
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7 SUMMARY

A review has been conducted on the role of salinity in the development of swelling
pressure in buffer and backfill materials proposed for use in Finland and Canada.
Recent work in both of these countries has identified saline groundwater conditions at
depth in the types of granitic rock masses considered for construction of nuclear fuel
waste disposal vaults. As porewater salinity may affect the ability of bentonite-based
materials to swell on contact with free water and so this is an important aspect in buffer
and backfill design.

Saline groundwater or porewater conditions should not discernibly affect the swelling
pressure developed by densely compacted bentonite-based materials such as are
proposed for buffer materials in Finland and Canada. Provided that the effective clay
dry density remains above approximately 0.9 Mg/m3 the swelling pressure developed at
a particular ECDD is essentially unaffected by porewater salinity. The Finnish buffer
calls for an ECDD of approximately 1.6 Mg/m3 and the Canadian approximately
1.25 Mg/m3. Both of these reference design have ECDD's that are higher than the
density at which porewater salinity becomes an issue in swelling pressure development.

In contrast, backfilling materials proposed for use in a disposal vault are far more
vulnerable to the influences of high porewater salinity than buffer. Under saline
groundwater (and hence porewater), conditions, it is possible that many potential
backfilling materials would not be able to swell enough to generate a nominal swelling
pressure on their confinement. It would appear that an ECDD of at least 0.9 Mg/m3

will be necessary to ensure that a swelling pressure of 100 kPa can be maintained under
conditions of 10 to 75 g/1 porewater salinity (TDS).

The above observations are based on data available at the time of preparing this report.
As observed in the text, there is a very limited body of data available on the role of
"brine" groundwater (TDS >75 g/1), on the development of swelling pressure or
hydraulic conductivity in backfilling materials. More importantly, there is a limited
amount of data on the role of saline conditions (TDS 10 to 75 g/1), on swelling pressure
and hydraulic conductivity of backfill materials consisting of bentonite-aggregate
mixtures. A sufficiently large database needs to be developed in order to conclusively
assess the role of saline (10 to 75 g/1 TDS) and "brine" (>75 g/1) groundwater on
swelling capacity and hydraulic conductivity. With a more complete assessment of the
role of saline porewater on buffer and especially backfilling materials it may be possible
to better define minimum acceptable ECDD's for bentonite-based backfilling materials.
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