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by

D.W. Oscarson, D.A. Dixon and M. Onofrei

ABSTRACT

In the Canadian concept for nuclear fuel waste management, both clay-based materials and
concrete are proposed for use as barriers, seals or supporting structures. The main concern when
clays and concrete are in proximity is the generation of a high-pH environment by concrete since
clay minerals are relatively unstable at high pH. In such environments, clay minerals tend to alter
to framework silicates like zeolites and feldspars. These minerals have no swelling potential and
their formation from clay minerals could adversely affect the desirable swelling and transport
properties of compacted clay-based barriers. Here we examine the OH'-generating capacity of
two high-performance concretes when in contact with several solutions. We also investigate
various aspects of clay/concrete interactions. They are: (1) the alkalimetric titration of clay
suspensions, (2) the effect of Ca(OH)2 (portlandite) on the swelling and hydraulic properties of
compacted bentonite, and (3) the influence of cement grout on a backfill clay retrieved from the
900-d Buffer/Container Experiment at the Underground Research Laboratory of AECL. The
results indicate that although high-performance concretes establish significantly lower pore-
solution pH (9 to 10) than does ordinary portland cement, the pH is still somewhat higher than
that of clay/groundwater systems of about pH 8. Hence, even if high-performance concrete is
used in a disposal vault, the potential still exists for clay minerals to alter over long periods of
time if in contact with this concrete. The data show, however, that clays have a substantial
buffering capacity, and clay-based barriers can thus neutralize much of the OH potentially
released from concrete in a vault. Moreover, even after reacting for 120 d at 85°C with up to
5 wt.% Ca(OH)2, compacted bentonite (dry density = 1.2 Mg/m3) retains much of its swelling
capacity and has a permeability low enough (hydraulic conductivity <10"n m/s) to ensure that
molecular diffusion will be the main transport mechanism through compacted clay-based
barriers. Furthermore, according to X-ray diffractometry, the clay mineral component of backfill
was not altered by contact with a cement grout for 900 d in the Buffer/Container Experiment.
The results of this study suggest that the performance of compacted clay-based barriers in a
disposal vault will not be markedly affected by contact with low-pH high-performance concrete.
This conclusion is, by and large, supported by the literature on clay/concrete interactions.
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RESUME

Dans le concept canadien de gestion des dechets de combustible nucleaire, on propose d'utiliser du beton et
des materiaux a base d'argile pour constituer les barrieres, les systemes de scellement ou les structures de
soutien. Lorsque des argiles et du beton sont voisins, il faut surtout prSter attention au milieu a pH eleve
cree par le beton, etant donne que les mineraux d'argile sont relativement instables a un pH eleve. Dans de
tels milieux, les mineraux d'argile ont tendance a alterer les tectosilicates comme les zeolites et les
feldspaths. Ces mineraux n'ont pas de capacite de gonflement et leur formation a partir de mineraux
argileux pourrait compromettre les proprietes de gonflement et de transport que Ton recherche pour les
barrieres tassees a base d'argile. Dans la presente communication, les auteurs examinent la capacite de
produire des ions OH" de deux betons a hautes performances quand ils se trouvent en contact avec plusieurs
solutions. Ds y etudient aussi les divers aspects des interactions beton-argile. Ce sont: 1) le titrage par
alcalimetrie des suspensions d'argile; 2) l'effet de la Ca(OH)2 (portlandite) sur les proprietes hydrauliques et
les proprietes de gonflement de la bentonite tassee; et 3) 1'influence du coulis de beton sur une argile de
remblai recuperee de l'Essai tampon-conteneurs de 900 j effectue au Laboratoire de recherches souterrain
d'EACL. Les resultats montrent que, meme si les betons a hautes performances produisent un pH de
solution interstitielle considerablement plus bas (9 a 10) que le ciment Portland ordinaire, le pH est encore
quelque peu plus eleve que celui des regimes eaux souterraines-argile qui se situe a environ 8. Par
consequent, meme si on utilise un beton a hautes performances dans une installation de stockage permanent,
il est encore possible que les mineraux d'argile se deteriorent a la longue au contact de ce beton. Toutefois,
les donnees indiquent que les argiles possedent un pouvoir tampon appreciable, et les barrieres a base
d'argile peuvent ainsi neutraliser la majeure partie des ions OH' pouvant etre Iib6res par le beton dans un
stockage. En outre, meme apres une reaction pendant 120 j a 85 °C avec de la Ca(OH)2 jusqu'a 5 % en
poids, la bentonite tassee (masse volumique seche = 1,2 Mg/m3) conserve la plus grande part de sa capacite
de gonflement et possede une permeabilite suffisamment faible (conductivity hydraulique < 10"" m/s) pour
garantir que la diffusion moleculaire constituera le principal mecanisme de transport dans les barrieres
tassees a base d'argile. De plus, d'apres la diffractometrie a rayons X, le composant mineral argileux du
remblai n'a pas ete modifie au contact d'un coulis de ciment pendant 900 j dans l'Essai tampon-conteneurs.
Les resultats de cette etude laissent prevoir que le comportement des barrieres tassees a base d'argile dans
une installation de stockage permanent ne sera pas sensiblement modifie au contact du beton a hautes
performances a pH bas. La documentation scientifique traitant des interactions beton-argile corrobore dans
l'ensemble cette conclusion.
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LIST OF ABBREVIATIONS

BCX — buffer/container experiment

CEC — cation exchange capacity

CSH — calcium silicate hydrate

DDW — distilled-deionized water

DCB — dithionite-citrate-bicarbonate

LHHPC — low-heat high-performance concrete

SCSSS — standard Canadian Shield saline solution

SHPC — standard high-performance concrete

XRD — X-ray diffraction



1. INTRODUCTION

In the in-room assessment case study for the disposal of used nuclear fuel in Canada, both
clay-based materials and concrete are proposed for use as barriers, seals or supporting
structures (Figure 1) (Johnson et al. 1996). Bentonite'-based buffer immediately
surrounds the waste containers, and clay-based light and dense backfills largely fill the
remainder of the disposal rooms and access shafts. Table 1 gives some properties of the
buffer and backfills. A low-heat, high-performance concrete pad would lie atop the floors
of the disposal rooms and would be in direct contact with dense backfill (Figure 1).

Buffer * Containers

Light Backfill - ^ ° C * ~\ / \ /— Sand/Bentonlte

Excavation

Buffer
Plugs

Dense Backfill
Blocks

HIgh-Performance
Concrete

FIGURE 1: Layout of a Disposal Vault.

The main concern in the interaction of concrete with clay-based materials is the creation
of a high pH environment, since clay minerals are relatively unstable at high pH
(Helgeson et al. 1969).

After reviews of the composition and chemistry of concretes, and the stability of clay
minerals in high pH environments, we report here the results of several experiments
designed to examine various aspects of clay/concrete interactions. These experiments
are: (1) the pH evolution of various concrete/solution systems, (2) the alkalimetric
titration of clay suspensions, (3) the effect of Ca(OH)2 on the swelling and hydraulic
properties of compacted bentonite, and (4) the influence of cement grout on a backfill
clay retrieved from the 900-d Buffer/Container Experiment.

1 Bentonite is the name of natural smectite-rich clays; montmorillonite is the most common smectite
mineral and the predominant component of bentonite. Here the terms bentonite, smectite and
montmorillonite are used more or less interchangeably.
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TABLE

COMPOSITION AND PROPERTIES OF BUFFER AND BACKFILL MATERIALS

Clay type
Content (wt.%)

Aggregate type
Content (wt.%)

Dry bulk density (Mg/m3)

Potential swelling pressure (kPa)

Free swell (%)

Drying shrinkage (%)

Degree of saturation when placed (%)

Thermal conductivity (W/m°C)

Buffer

Bentonite
50

Silica sand
50

1.67

800 - 2000

80 - 175

<2

80

1.7

Dense Backfill

Lake Clay/
bentonite

25/5

Crushed granite
70

2.1

<50

<10

2 - 5

80

2.0

Light Backfill

Bentonite
50

Crushed granite
50

1.2

100-200

20-50

<5

33

0.7

2. CONCRETE COMPOSITION AND CHEMISTRY - BACKGROUND

Cementitious materials are complex mixes of materials based on portland cement2.
Portland cement is, in turn, a multi-phase material consisting of four major constituents:
tricalcium silicate (C3S)3, dicalcium silicate (C2S), tricalcium aluminate (C3A), and
tetracalcium aluminoferrite (C4AF). The various grades of commonly used portland
cements contain varying amounts of these phases (Table 2). Upon contact with water,
cement components react to form hydration products. It is the hydration reaction that
causes cement to harden into a free-standing material. As cement cures, free water in the
cement mixture is chemically bound until essentially all the water is incorporated into the
hardened matrix.

2 Cement is the generic term used for inorganic materials that are used to bind together sand, stones, or
other materials in order to make an artificial rock-like material. Concrete consists of larger aggregates
with or without fine materials, bound together by cement.

3 The following nomenclature is commonly used in cement chemistry: C = CaO, S = SiO2, A = AI2O3,
F = Fe2O3, H = H2O.
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TABLE 2

CHEMICAL COMPOSITION OF PORTLAND CEMENT

ASTM
Type

I

n

m
rv
V

Description

General purpose

General purpose with
moderate heat of hydration

High early strength

Low heat of hydration

Sulphate resistant

C3S
(wt.%)

45-55

40-50

50-65

20-25

40-50

C2S
(wt.%)

20-30

25-35

15-25

45-55

25-35

C3A
(wt.%)

8- 12

5-7

8-14

4 - 6

0 - 4

C4AF
(wt.%)

6- 10

6- 10

6- 10

10- 14

10-20

The important reactions of the main cement constituents with water are:

C3S + xH = C2S + CH + (x-l)H

C2S + 4H = C3S2H3 + CH

C3A + 6H = C3AH6

C3A + 3CS + 32H = C3A3CSH32

C4AF+19H = C4AH19 + F.

Table 3 gives a general distribution of phases in hydrated cement. The major phases
formed in a mature hydrated portland cement are those in the CaO-SiO2-H2O system:
portlandite (Ca(OH)2) and calcium silicate hydrate (CSH) of variable stoichiometry. It is
generally accepted that this system dominates the composition of the pore fluid, including
pH, of hardened cement.

TABLE 3

DISTRIBUTION OF PHASES IN HYDRATED CEMENTS

Hydrated Phases

Calcium silicate hydrate (CSH)

Portlandite (Ca(OH)2)

AFm, AFt-type phasesa

Pore solution

NaOH, KOH, Mg(OH)2

wt.%

40-60

20-25

10-20

10-20

0 - 5

' Hydrated aluminate, ferrite and sulphate phases.
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The pore-water pH of hardened cement evolves in several stages. Initially, it is largely
controlled by leached alkali. Because of their high solubility, NaOH and KOH can
significantly influence pH, even though they are present in low concentrations. Studies
where pore fluids have been extracted from cement pastes indicate that pH ranges from
13.0 to 13.5, and is due mainly to NaOH and KOH (Lea 1970). However, since Na and K
are present in small quantities, they have little buffering capacity, and the longer term pH
of the system — about 12.5 — is that in equilibrium with Ca(OH)2. The pH is buffered at
12.5 until all free Ca(OH)2 has been dissolved and removed. During this stage, the
concentration of Ca in solution is greater than that of Si, so leaching preferentially
removes Ca from the cement and the overall Ca/Si ratio of the solids gradually decreases.
When the Ca/Si ratio declines to about 1.8, essentially all Ca(OH)2 has been leached from
the cement; incongruent dissolution of CSH then controls pH. During this stage, Ca is
still preferentially leached, and pH gradually decreases from 12.5 until congruent
dissolution of CSH is achieved. When the Ca/Si ratio drops to about 0.85, pH is buffered
at 10.5 until all CSH is dissolved (Atkinson and Hearne 1984); this can be a long process.

To meet the physical and chemical requirements for a particular application, a concrete
mix is typically optimized by evaluating the effects on material properties of variations in
cement type, W/CM (waterxementious materials) ratio, and type and amount of
additives.

In a repository environment, concrete will be exposed to groundwaters with near-neutral
pH. In hard rock formations like the Canadian Shield, relatively high Ca levels (between
2000 and 15 000 mg/L) are common in groundwaters (Frape et al. 1984). Both pH and
Ca concentration will change on prolonged contact with cement-based materials.

3. CLAY MINERAL TRANSFORMATIONS AT HIGH pH

Equilibrium thermodynamic calculations can be applied to clay mineral systems, but the
thermodynamic data for clay minerals are still somewhat unreliable (Rai and Kittrick
1989). Nevertheless, thermodynamic stability diagrams are useful for predicting broad
patterns of relative mineral stability and reaction trends under varying conditions. For
instance, the mineral stability diagrams of Helgeson et al. (1969) for the system SiO2-
Al2O3-CaO-Na2O-HCl (Figure 2) show that increasing pH; silica, Na or Ca activity; or
temperature move a given system out of the domain of clay mineral stability towards that
of zeolites or feldspars. The diagrams are calculated for equilibrium with respect to either
quartz or amorphous silica. They are not sufficiently accurate to predict stable mineral
assemblages, but they do reinforce the argument that zeolites and feldspars become
increasingly stable in low-temperature systems as pH, silica activity or temperature
increases, particularly in the presence of highly saline solution.

The experimental evidence tends to support the theoretical arguments. Inoue (1983)
reported the formation of Ca-zeolites — wairakite and heulandite — from the reaction of
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FIGURE 2: Theoretical Stability Fields for the System SiO2-Al2O3-CaO-Na2O-HCl;
Qz = quartz saturation, Si = amorphous silica saturation (after Helgeson et
al. 1969). Leonhardite is a Ca zeolite, Ca2Al4Si8O24»7H2O, and albite is a
feldspar, NaAlSisOg, in the plagioclase series.



- 6 -

Ca-montmorillonite with KOH solution at 300°C. Aiello and Franco (1968) synthesized
a variety of zeolites from montmorillonite at 80°C, using NaOH and KOH solutions of
0.25 to 2 mol/L. Franco and Aiello (1969) produced analcime and phillipsite from
halloysite at temperatures between 200 and 340°C. The formation of Sr-feldspar,
Sr-wairakite and Sr-akermanite from the interaction of Sr(OH)2 solution with a variety of
clays and shales at 200 and 300°C was observed by Komarneni and White (1983).
Earlier, Komarneni and White (1981) found that pollucite (an anhydrous Cs analogue of
wairakite) and CsAlSiO4 (a Cs analogue of nepheline) were produced from the same
clays using CsOH solution at 100 to 300°C. In a study of the effect of pH on the stability
of Na- and Ca-montmorillonite, Johnston and Miller (1984) found that zeolites formed at
275°C from Ca-montmorillonite at pH as low as 8.5 and from Na-montmorillonite at
pH 10. At 200°C, zeolites were produced only in the most alkaline systems, pH > 12.
Analcime formed in bicarbonate systems and phillipsite in hydroxide systems.

Indeed, the formation of zeolites from clay minerals at T > 200°C in alkaline systems is to
be expected, since these are conditions commonly used in the synthesis of zeolites for
commercial purposes (Barrer 1982). The laboratory synthesis of zeolites usually involves
very alkaline systems, since increasing alkalinity greatly increases the nucleation rates
and crystal growth of zeolites.

Neither high temperatures nor extremes of alkalinity, however, are required to produce
zeolites in geological systems where much longer times are available. Zeolites occur in a
variety of low-temperature environments, including marine and fresh-water sediments
and many soils (Ming and Mumpton 1989, Barrer 1982).

The formation of feldspars under hydrothermal conditions requires similar alkaline
conditions to those needed to produce zeolites. However, their crystallization fields
extend to higher temperatures than those of zeolites, in accordance with the general
tendency that anhydrous or less hydrated species appear increasingly from hydrothermal
reaction the higher the temperature.

Johnston and Miller (1984) noted that besides zeolites, feldspar (sanidine) was a common
reaction product from Na- and Ca-montmorillonite at 200 and 275°C in neutral to alkaline
solutions. Eberl and Hower (1977) and Eberl (1978) observed feldspars among the
reaction products in hydrothermal tests on Na- and K-montmorillonite between 260 and
400°C. Barrer (1982) summarizes several other studies in which feldspars formed from
clay minerals in hydrothermal systems.

Feldspars are commonly considered to be high-temperature minerals, but the alkali
feldspars are stable over a wide range of conditions, and their presence in low-
temperature hydrothermal systems is not unusual (Huang 1989). Both clays and zeolites
transform to feldspars with increasing temperature, and highly saline solutions stabilize
feldspars. They are comparatively dense minerals — density =2.6 Mg/m3 (Huang 1989),
similar to that of clay minerals — open enough to contain cations but not water, in
contrast to zeolites.
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Framework silicates do not swell. In high-pH environments their formation from
bentonite, for instance, could lead to a reduction in plasticity and loss of swelling
capacity. Hence, the low permeability of compacted clay-based barriers could be
adversely affected when in contact with concrete.

On the other hand, zeolites are open, low-density minerals — the density of natural
zeolites ranges from about 1.9 to 2.2 Mg/m3 (Ming and Mumpton 1989) — so their
formation from clay minerals would not result in large volume decreases. Moreover,
zeolites can have higher cation exchange capacities (CEC) than clay minerals, commonly
200 to 300 cmol(+)/kg (Ming and Mumpton 1989). Thus, their formation is unlikely to
decrease the CEC of buffer and backfill. However, the exchange properties of zeolites
depend strongly on cation size and, hence, ion selectivities of buffer and backfill could
change markedly.

Good reviews of the nature, properties and geological occurrences of zeolites are given by
Ming and Mumpton (1989) and Barrer (1982), and that of feldspars by Huang (1989).

4. MATERIALS AND METHODS

4.1 CLAYS

We used two bentonites, Avonlea and Wyoming bentonite, and a glacial lake clay, Lake
Agassiz clay.

The Avonlea bentonite is from the Bearpaw formation (of Upper Cretaceous age) in
southern Saskatchewan, Canada. The clay contains approximately 80 wt.% dioctahedral
smectite, 10% illite, 5% quartz, and minor amounts (<5%) of gypsum, feldspar and
carbonate (Oscarson and Dixon 1989). It has a CEC of about 60 cmol(+)/kg, a specific
surface area of 480 x 103 m2/kg (ethylene glycol), and Na+ is the main exchangeable
cation (Oscarson 1994). This clay is a major component of buffer and light backfill and a
minor component of dense backfill (Figure 1, Table 1).

The Wyoming bentonite is from the Newcastle formation in Crook County, Wyoming. In
addition to dioctahedral smectite, the clay contains about 8% feldspar and minor amounts
of quartz, mica, calcite and kaolinite (van Olphen and Fripiat 1979). It has a CEC of
76 cmol(+)/kg, a specific surface area of 660 x 103 m2/kg (glycerol), and Na+ is the
predominant exchangeable cation (van Olphen and Fripiat 1979).

The Lake Agassiz clay originates from Pleistocene freshwater lake sediments of glacial
Lake Agassiz in southern Manitoba, Canada. It contains approximately 35% smectite,
20% illite, 15% quartz, 10% kaolinite, 10% calcite and minor amounts of feldspar and
dolomite (Oscarson and Dixon 1989). It has a CEC of 50 cmol(+)/kg, a specific surface
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area of 300 x 103 m2/kg (ethylene glycol), and Ca2+ is main exchangeable cation
(Oscarson 1994). This clay is a component of dense backfill (Figure 1, Table 1).

4.2 SOLUTIONS

We used distilled-deionized water (DDW) and two synthetic granitic groundwaters:
WN-1 groundwater and Standard Canadian Shield Saline Solution (SCSSS) (Table 4).
The synthetic groundwaters represent a range of groundwater compositions commonly
encountered at depths of 500 to 1000 m in plutonic rock of the Canadian Shield (Frape et
al. 1984). They were prepared from reagent grade chemicals and DDW.

TABLE 4

NOMINAL COMPOSITION OF THE SYNTHETIC GROUNDWATERS

Na
K
Mg
Ca
Sr
Fe
Si
HCO3

Cl
SO4

NO3

pH
Ionic strength (mol/L)

WN-1
(mg/L)

1910
14
61

2130
24

0.56
-

68
6460
1040

33

7.0 ±0.5
0.26

SCSSS
(mg/L)

5050
50

200
15 000

20
-

15
10

34 260
790

50

7.0 ±0.5
1.37

4.3 P H EVOLUTION OF CONCRETE/SOLUTION SYSTEMS

The formulations of the high performance concretes — the Standard High-Performance
Concrete (SHPC) and Low-Heat, High-Performance Concrete (LHHPC) — investigated
in this study were developed as part of the Canadian Nuclear Fuel Waste Management
Program. The LHHPC was specifically developed for high-mass structures proposed for
use in the geological isolation of radioactive wastes. Both silica fume and
superplasticizer were added to all mixes. Table 5 gives some properties of the reference
concrete mixes adopted for use in laboratory studies.
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TABLE 5

SELECTED PROPERTIES OF REFERENCE CONCRETES

Cement content (kg/m3)

Ca(OH)2 content (kg/m3)

Water content (kg/m3)

Minerals content (kg/m3)

Density (Mg/m3)

Compressive strength (MPa)

Ca(OH)2 potentially transferred to
equal volume of clay (wt.%)

SHPC

497

22-25

124

1800

2.5

130

1.8-2.0

LHHPC

97

2

92

2130

2.4

100

<0.5

Ordinary

300-400

45-60

2.2

3.6-4.8

TABLE 6

EXPERIMENTAL PARAMETERS FOR CONCRETE/SOLUTION SYSTEMS

Material

Crushed

Hardened monolith

Leachant

DDW, WN-1
SCSSS, 10%
Avonlea
bentonitea

DDW, WN-1

Temperature
(°C)

25, 100

10,25, 100

Leaching time
(d)

Until constant
pH was obtained

14 - 240

1:10 clayxrushed concrete ratio on dry mass basis.

Two types of leaching tests were used to examine the pH evolution of concrete/solution
systems. Table 6 gives the experimental parameters. The concrete specimens were cured
for 7, 28 or 90 d. First, leach tests were performed on monolithic hardened concrete
specimens with geometric surface areas of 40 cm2. In a second test, after curing for the
various times, hardened concrete specimens were mechanically crushed. The crushed
concrete was mixed with the leachants (DDW, WN-1, or SCSSS) in 1:1 and 2:1 ratios. In
some tests where WN-1 and SCSSS were used, Avonlea bentonite was added such that
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the dry mass ratio of clayxrushed concrete was 1:10. The pH of the supernatant solution
was measured with a Beckman 170 pH meter with a glass electrode calibrated against
standard buffers. The Ca(OH)2 content of LHHPC after various aging periods was
determined by thermo-gravimetric analysis.

4.4 ALKALIMETRIC TITRATIQN OF CLAY SUSPENSIONS

The potential for the clay components of buffer and backfill to neutralize OH" released
from concrete was examined by alkalimetric titration. The clay "titrations" were
conducted by suspending 1 g (dry mass basis) of Avonlea bentonite or Lake Agassiz clay
in 25 mL of WN-1 solution; the suspensions were allowed to equilibrate for about a
week. Solid Ca(OH)2 was then added to the suspensions in amounts ranging from
approximately 5 to 80 mg. The suspensions were mixed thoroughly initially and allowed
to react for two weeks with periodic mixing. After the reaction period, the pH of the
solutions above the sedimented clays was measured. The concentrations of dissolved
solutes in selected samples were also determined: Na and K by atomic absorption
spectrometry and Ca, Mg, Fe, S, Si, and Al by inductively coupled plasma mass
spectrometry.

4.5 BENTONITE/Caf OH)Z INTERACTIONS

These experiments examined the influence of Ca(OH>2 on the swelling and hydraulic
properties of Wyoming bentonite. There is considerable literature available on how
Ca(OH)2 reacts with clay soils to ultimately cement clay particles together (Oldfield 1974,
Gray 1972). This "pozzolanic" reaction has the potential to compromise the effectiveness
of buffer and backfill.

The total amount of Ca(OH)2 available for leaching from concrete materials depends
largely on their cement content. Table 5 gives the Ca(OH)2 contents of several concretes,
and the amounts of Ca(OH)2 we added to the clays experimentally were based on these
data. The range of Ca(OH)2 contents investigated was that which would result if all the
Ca(OH)2 in various concretes (a dry density of 2.2 Mg/m3 was assumed) was removed
and uniformly deposited in an equal volume of buffer (dry density = 1.7 Mg/m3).

We examined the effect of several variables on the swelling and hydraulic properties of
bentonite plugs:

• Ca(OH)2 content of bentonite plugs: 0.25, 0.75, 1.5, 2.5 and 5 wt.%
• Reaction temperature: 25, 50 and 85°C
• Reaction time: 1, 7, 28, 56, 90 and 120 d

No consideration was given to Ca(OH)2 solubility (1.85 kg/m3 in water at 0°C and 0.77
kg/m3 at 100°C) when added to the clay. In fact, the low solubility of Ca(OH)2 limits its
concentration in solution to a maximum of 0.035 to 0.084%. In a disposal vault this
would retard the movement of Ca(OH)2 through clay-based barriers because many pore
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volumes of water would have to flow through concrete and clay in order for all Ca(OH)2

to leach into a clay barrier. Given that the hydraulic conductivity, K, of compacted
bentonite is <1012 m/s (Oscarson et al. 1996) and that of concrete, much lower —
<10"15 m/s for the high performance concretes listed in Table 4 — the mass transport time
is very long. The boundary conditions for this experiment are, therefore, conservative.

After mechanically mixing bentonite and Ca(OH)2, DDW was added to the mixture such
that when compacted the clay plugs had an initial degree of saturation4 of about 85%.
This is about the same degree of saturation as that of buffer when emplaced in a vault.
The moist bentonite/Ca(OH)2 mixtures were compacted to an effective clay dry density5

of about 1.2 Mg/m3 — the approximate effective clay dry density of reference buffer.

The bentonite plugs were allowed to react at the temperatures and for the times given
above. To limit moisture loss during the reaction periods, the plugs were double bagged
and each bag was separately sealed. All experiments were duplicated. One of the
duplicate plugs for a given set of variables was used for the free swell test, and the second
plug was used for swelling pressure, Ps, and K measurements.

For the free swell measurements, after the reaction periods, a 6-g portion of a plug was
placed in a volumetric cylinder and dispersed in 25 mL of DDW. The rest of the plug
was oven-dried to determine the moisture content so that the dry mass of the plug could
be determined. The volume occupied by clay in a cylinder, here termed the specific
volume, was visually monitored until it became constant. For comparison with the
treated samples, the free swell capacity of several untreated bentonite samples was
determined.

After the free swell tests, the clays were recovered and a 0.5-g sample of oven-dried clay
was treated with dithionite-citrate-bicarbonate (DCB) to extract poorly-ordered Al and Si
materials (Mehra and Jackson 1960); this treatment was conducted to provide a measure
of the influence of Ca(OH)2 on the extractability of these potential cementing agents in
buffer and backfill. Although originally designed to remove 'free' poorly ordered and
crystalline Fe oxides from soils, the DCB treatment also effectively removes poorly
ordered Si and Al materials (Mitchell et al. 1971). The DCB extracts were analyzed for
Al and Si by inductively coupled plasma mass spectrometry.

After the reaction periods, the Ps and K values were also measured by placing the 32-mm
diameter clay plugs in a rigid-walled permeameter. Dixon (1995) describes the

4 The degree of saturation is the volume of water to the volume of voids per unit volume of porous material
expressed as a percentage.

5 Effective clay dry density is the ratio of the mass of clay to the combined volume of clay and voids; it
normalizes the dry density of clay/aggregate mixtures to the clay component of the mix. Although 100%
bentonite was used in these experiments, and thus dry density and effective clay dry density are the same,
later we compare the results of this experiment with those obtained on bentonite/sand mixtures; hence the
use of effective clay dry density.
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permeameter, the associated volumetric burette system, and the experimental procedure.
The plug diameters were slightly smaller than the cell rings so they could be placed
directly into the rings. The plugs were then rigidly confined with a steel piston, above
which a load cell was placed to monitor the vertical jacking force (swelling pressure)
generated by the plugs. The water flow rate into the base of the cell was also monitored,
thereby providing a measure of K of the saturated bentonite plugs as described by Dixon
(1995).

4.6 BUFFER/CONTAINER EXPERIMENT

In the Buffer/Container Experiment (BCX) the upper surface of a clay-based backfill was
in contact with a cement grout for about 900 d. Figure 3 is a schematic of the BCX and
shows the location of the backfill and cement grout. The backfill in this case was a 1:3

5750

4600

Concrete
slab

5000

1240

s Cement grout

-Sand

FIGURE 3: Schematic of the Buffer/Container Experiment. Dimensions are in
millimetres.
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mixture of clay and crushed granite. The clay component of this material was in turn a
1:3 mixture of Avonlea bentonite and Sealbond illite. Oscarson and Dixon (1989) give
the mineralogical and elemental composition of Sealbond illite.

Before the clay was analyzed, it was separated from the crushed granite by ultrasonically
dispersing a sample of backfill in DDW. The granite particles were allowed to settle out
of the suspension before decanting the clay particles. The clay was then freeze-dried.

Oriented aggregates of the clay were prepared on glass slides with and without ethylene
glycol solvation (Moore and Reynolds 1989). The clays were examined by X-ray
diffractometry (XRD) from 2 to 65 °28 using Ni-filtered, Cu-Ka radiation. To compare
with the clay retrieved from the BCX, a 1:3 mixture of Avonlea bentonite and Sealbond
illite was prepared and examined by XRD.

The CEC and the basic exchangeable cation composition of the clays were determined by
the ammonium acetate method (Hendershot et al. 1993).

The pH of a 1:1 suspension of the BCX clay and of the 1:3 bentonite/illite mixture in
DDW and WN-1 was also measured. The suspensions were allowed to react for two
weeks with periodic mixing before measuring the pH of the solution above the
sedimented clays.

5. RESULTS AND DISCUSSION

5.1 pH EVOLUTION OF CONCRETE/SOLUTION SYSTEMS

The effects of Ieachant composition, and curing time and temperature on the pH evolution
of LHHPC/solution and SHPC/solution systems are shown in Tables 7 to 11. Clearly, pH
depends on the concrete composition. The extent to which a given concrete increases
solution pH also depends on its surface area (monolithic or crushed specimens), and the
buffering capacity of the contacting solution. Other factors being equal, crushed concrete
gives higher solution pH values than hardened monoliths, presumably because of the
greater exposed surface area of crushed material. An increase in temperature and the
presence of clay decreases pH. Increasing curing time, from 7 to 90 d, tends to decrease
pH slightly (Tables 7 to 9), probably because longer curing times produce LHHPC with
lower starting Ca(OH)2 contents (Table 12).

The pH values of concrete/groundwater systems were lower than those of concrete/DDW
systems (Tables 7 to 11). This could be due to at least two factors: (1) the presence of
Mg in the groundwaters (Table 4), which could cause the precipitation of Mg(OH)2(s)
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TABLE 7

EVOLUTION OF pH IN THE CONCRETE/DDW SYSTEM

Material

Crushed
LHHPC

Crushed
SHPC

Leachant

DDW

DDW + 10% clay

DDW

DDW + 10% clay

Curing time
(d)
7

28
90
7

28
90
7

28
90
7

28
90

PH
25°C
11.4
11.0
10.5
10.9
10.6
10.3
12.6
12.6
12.7
11.9
11.9
11.8

100°C
8.8
8.8
8.5
8.8
8.8
8.6
11.2
11.0
10.7
10.3
10.4
9.7

TABLE 8

EVOLUTION OF pH IN THE CONCRETEAVN-1 SYSTEM

Material

Crushed
LHHPC

Crushed
SHPC

Leachant

WN-1

WN-1 + 10% clay

WN-1

WN-1 + 10% clay

Curing time
(d)
7

28
90
7

28
90
7
28
90
7

28
90

PH
25°C
10.6
10.4
9.8
10.3
10.0
9.7
12.4
12.4
12.4
11.6
11.7
11.0

100°C
8.4
8.5
8.1
8.5
8.5
8.3
10.7
10.8
10.4
9.8
10.0
9.6
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TABLE 9

EVOLUTION OF pH IN THE CONCRETE/SCSSS SYSTEM

Material

Crushed
LHHPC

Crushed
SHPC

Leachant

SCSSS

SCSSS + 10% clay

SCSSS

SCSSS + 10% clay

Curing time
(d)
7

28
90
7

28
90
7
28
90
7

28
90

PH
25°C
10.0
9.7
9.3
9.7
9.5
9.3
11.9
12.0
12.0
11.3
11.2
10.7

100°C
8.2
8.0
7.8
8.1
8.0
7.9
10.5
10.4
10.3
9.2
9.2
9.5

TABLE 10

EFFECT OF LEACHING TIME ON pH EVOLUTION FOR LHHPC

(HARDENED MONOLITHS) UNDER STATIC CONDITIONS

Leachant

DDW

WN-1

Leaching
Time (d)

14
28
56
112
240
14
28
56
112
240

PH
10°C
10.5
10.0
10.1
10.5
10.1
8.7
8.7
8.7
8.5
9.2

25°C
10.6
9.4
9.8
10.7
10.0
9.2
9.0
9.3
9.2
9.1

100°C
9.8
9.7
9.7
9.5
9.4
8.7
8.4
9.2
8.6
8.7
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TABLE 11

EFFECT OF LEACHING TIME ON pH EVOLUTION FOR SHPC

(HARDENED MONOLITHS) UNDER STATIC CONDITIONS

Leachant

DDW

WN-1

Leaching
Time (d)

14
28
56
112
240
14
28
56
112
240

pH
10°C
11.6
11.4
11.4
11.7
11.6
10.8
10.8
10.8
11.3
11.3

25°C
11.6
11.5
11.6
11.7
11.7
10.7
10.8
11.1
11.3
11.3

100°C
11.5
11.5
11.6
11.5
11.4
10.9
11.3
11.2
11.3
11.3

TABLE 12

Ca(OH)? CONTENT OF LHHPC AT VARIOUS CURING TIMES

Curing time
(d)

14

365

700

Ca(OH)2

(wt.%)

1.2

0.5

0.2

(brucite), and (2) the relatively high levels of carbonate in the groundwaters (Table 4),
which could result in the precipitation of CaCO.s(s) (calcite). The precipitation of brucite
would suppress high pH excursions, and the removal of Ca from solution by precipitation
of calcite would cause the remaining CSH to have a lower Ca/Si ratio, which would result
in a lower solution pH.

The LHHPC establishes significantly lower solution pH than does SHPC. The pH rise
observed in LHHPC/solution systems is small, with a value as low as 7.8 in the case of
crushed concrete and SCSSS (Table 9). The lower pH in the LHHPC/solution systems
can be attributed to several factors, including LHHPC's relatively low cement content
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(Table 5). Its proportion of cement was also reduced by the addition of inert silica flours
and silica fume (a pozzolan). Silica fume reacts with Ca(OH)2, which is liberated in the
hydration reactions of calcium silicate phases, to form additional or secondary
cementitious products within the framework of hardened cement; consequently, there is
less Ca(0H>2 in the concrete then there would have been without the presence of silica
fume in the starting material. Thermo-gravimetric analysis supports the conclusion that
LHHPC has comparatively small amounts of free Ca(OH)2 (Table 12). In contrast, fully
hydrated, ordinary portland cement can contain 20 to 25 wt.% Ca(OH)2. The Ca(OH)2

content of LHHPC also decreases with curing time (Table 12). Hence, the pozzolanic
reaction between silica fume and free Ca(OH)2 continues with time, and would likely
proceed until all Ca(OH)2 is consumed.

The comparatively low pH in LHHPC/solution systems may also be due to LHHPC's low
initial Ca/Si ratio. Considering the silica in portland cement and that introduced by the
addition of silica fume, a Ca/Si value of 0.5 is obtained. Because of the large amounts of
silica fume in LHHPC, it is unlikely that free Ca(OH)2 exists for long periods of time: the
reaction rate between amorphous silica and Ca(OH)2 exceeds the formation rate of
Ca(OH)2 by hydration of portland cement (Atkinson and Hearne 1984). Therefore, CSH
mainly controls pH. The Ca/Si ratio of CSH decreases markedly as the silica content
increases (Taylor 1990). According to Atkinson et al. (1991), a Ca/Si ratio of 0.9 gives a
pore solution pH of about 10.8. Under these conditions, the solution and solid Ca/Si
ratios are about equal, CSH is congruently leached and pH buffered at 10.8. Given this,
and the measured solution pH of the LHHPC/DDW system (Table 7), we can surmise that
LHHPC's Ca/Si ratio is about 0.9. The results show that replacing some cement by silica
fume and inert silica flours reduces the cement's ability to generate relatively high
solution pH values.

It is important to note that the tests reported here were performed under static conditions.
In a disposal vault, pH will also be influenced by the rate at which flowing groundwater
removes soluble species from the vault.

Even though the solution pH of LHHPC/groundwater systems is relatively low, generally
in the range of 9 to 10 (Tables 7 to 10), it is still higher than the value of about 8
established by clay/groundwater systems (Oscarson and Dixon 1989). Hence, even if the
low-pH LHHPC is used in a disposal vault in proximity to clay-based material, the
potential for clay alteration exists.

5.2 ALKALIMETRIC TITRATION OF CLAY SUSPENSIONS

Figure 4 shows the titration curves for Lake Agassiz clay and Avonlea bentonite. The
results indicate that the ability of the clays to neutralize OH" released from concrete is
substantial. For example, both clays consumed about 0.2 mol of OH" per kg of clay
before the solution pH increased by one unit, from about 8 to 9. The pH buffering
capacity of Avonlea bentonite is also evident from the data in Tables 7 to 9. Jefferies et
al. (1988) reported similar buffering capacities for smectites and a London clay.
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Both Avonlea bentonite and Lake Agassiz clay exhibit a buffering region around pH 8.5
to 9 (Figure 4). The buffering reactions are likely due to the exchange of Ca for
polyvalent cations on the clays. Such cations could include Mg, Fe, or Al, all of which
form hydroxides that have smaller dissociation constants than Ca(OH)2 (Baes and
Mesmer 1976), and thus produce lower solution pH. The most likely cation, though, is
Mg. This is supported by the data in Table 13 that show the marked decrease in Mg
solution concentration with increasing pH. Solution Fe and Al are present at low levels
under all pH conditions (Table 13), and hence they likely have a minor influence.

The important role of Mg in neutralizing the pH of clay/groundwater systems indicates
that pH excursions that may occur in the pore solution of buffer and backfill could be
minimized by using a Mg-clay as a component of these barriers. Jefferies et al. (1988)
showed that Mg-smectite has a significantly greater buffering capacity than other
smectites.

0.5 1.0 1.5
mol OH"/ kg clay

2.0

0.5 1.0 1.5

mol OH"/kg clay

2.0

FIGURE 4: Titration Curves for Lake Agassiz Clay and Avonlea Bentonite
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TABLE 13

SOLUTION COMPOSITION AFTER TITRATING WITH Ca(OH)7

Ca(OH)2

added3

(mg)

0

4.7

10.1

15.4

20.7

0

5.7

9.3

15.4

19.3

pH

7.8

8.8

9.0

9.7

10.8

8.3

8.5

9.1

9.7

10.1

Ca

1890

2110

2200

2210

2230

1890

1950

2040

1790

1890

Mg

123

99.8

50.1

2.22

0.070

84.8

39.0

8.65

0.228

0.087

Na K

(mg/L)

Lake Agassiz

1860

1880

1890

1870

1860

30.0

29.8

29.9

28.6

27.6

Avonlea

2220

2230

2240

2200

2220

21.8

22.1

22.0

21.8

21.7

Fe

<0.010

<0.010

<0.010

<0.010

<0.010

0.012

0.011

<0.010

<0.010

0.011

S

384

420

423

415

414

473

470

466

474

413

Si

13.0

9.24

10.6

9.64

22.5

26.0

23.9

26.0

38.9

43.0

Al

0.12

<0.10

<0.10

<0.10

<0.10

<0.10

0.14

<0.10

0.12

<0.10

a Amount of solid Ca(OH)2 added to 1 g clay and 25 mL WN-1

The Ca solution concentration does not increase significantly with increasing additions of
Ca, particularly for the Avonlea bentonite system (Table 13); this supports the existence
of an exchange reaction.

Given that the total mass of Lake Agassiz clay in the dense backfill in a disposal room
with a nominal length of 230 m is 506 Mg (Baumgartner 1995), dense backfill can
potentially consume about 0.1 Mmol of OH", assuming a uniform distribution of OH"
throughout dense backfill, before the pore water pH exceeds 9. This can be compared
with the total amount of OH" that can potentially be released from LHHPC. The total
mass of LHHPC proposed for use in a disposal room is 1094 Mg (Baumgartner 1995),
and this material has a maximum Ca(OH)2 content of 0.5 wt.% at curing times >1 a
(Table 12). From this, the total amount of OH" that can potentially be released from
LHHPC in a disposal room is 0.15 Mmol. Hence, Lake Agassiz clay in dense backfill
can neutralize the bulk of the OH" that LHHPC can potentially produce in a vault.
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Moreover, dense backfill also contains 5 wt.% Avonlea bentonite (Table 1), and, as
noted, this clay has about the same buffering capacity as Lake Agassiz clay. Thus, the pH
neutralizing capacity of dense backfill is even greater than that given above. This further
ensures that the clay in dense backfill will not be markedly altered by contact with
LHHPC.

The concrete pad is relatively far from the heat-generating waste containers (Figure 1).
Therefore, the temperature at the dense backfill/concrete interface will be comparatively
low, and clay transformations that are known to occur in high-temperature environments
would not occur to a significant extent in a disposal vault. Nevertheless, over long
periods of time (>1000 a) some clay alteration at the dense backfill/concrete interface can
be expected. This potential alteration zone, however, will likely be relatively thin
(<1 cm) — only a small fraction of the 1-m thick dense backfill. This thin alteration zone
will not significantly affect the dense backfill's overall mass transport and swelling
properties.

In a disposal vault, buffer and light backfill are relatively far from the concrete pad
(Figure 1). This, combined with the fact that dense backfill (and the surrounding rock
mass) will neutralize much of the OH" generated by concrete, means the concrete's
influence on buffer and light backfill will be insignificant.

5.3 BENTONITE/Ca(OH)9 INTERACTIONS

5.3.1 Free Swell Tests

The specific volume of untreated Wyoming bentonite in DDW is about 10 to 15 cm3/g.
Figures 5 and 6 present the results of free swell tests on Wyoming bentonite after addition
of Ca(OH)2. There is no strong relationship between specific volume and the amount of
Ca(OH)2 added until it exceeds about 1.5 wt.%; this is about the amount of Ca needed to
saturate the exchange sites of the bentonite with this cation. As the Ca(OH)2 content is
increased beyond 1.5 wt.%, a decrease in specific volume is observed. At 5 wt.%, the
specific volume is 25 to 50% less than that of untreated bentonite. This lower volume is,
though, still greater than that occupied by equal masses of non-swelling clays like illite or
kaolinite. Therefore, even at 5 wt.% Ca(OH)2, bentonite has some swelling capacity.

The fact that the clay's free swell capacity is not adversely affected at Ca(OH)2 contents
<1.5 wt.% may also be at least partially attributed to the clay's buffering capacity. Hence,
there is no marked increase in pore solution pH at these relatively low Ca(OH)2 levels.

We also examined the effect of reaction temperature (Figure 5) and reaction time
(Figure 6) between bentonite and Ca(OH)2 on the specific volume of bentonite. There is
no discernible relationship between either reaction temperature or time on the specific
volume of bentonite with Ca(OH)2 additions. If a relatively rapid pozzolanic reaction
occurred within the plugs, reaction time should not affect the clay's free swell capacity.
The absence of a relationship between reaction time and specific volume suggests that if a
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pozzolanic reaction occurred, it was complete within a day under the conditions
examined. This suggests the reduction in specific volume at Ca(OH)2 contents >1.5 wt.%
is largely due to exchange of Ca for Na and other cations on the clay.

Table 14 gives the basic exchangeable cation composition of Wyoming bentonite after
additions of Ca(OH>2 as determined by the ammonium acetate method. Since ammonium
acetate also dissolves certain minerals that may be present in clay, notably calcite and
gypsum (Hendershot et al. 1993), the data in Table 14 are more properly interpreted as
"extractable cations." This is also supported by the fact that the sum of the basic
exchangeable cations exceeds the CEC of this clay of 76 cmol(+)/kg at all levels of added
Ca(OH)2. As expected, the amount of extractable Ca increases and that of Mg decreases
with increasing additions of Ca(OH)2. Apparently, Ca replaces Mg on the clay and Mg
precipitates as an unextractable solid. Extractable Na and K are relatively unaffected by
the addition of Ca(OH)2.

TABLE 14

BASIC EXCHANGEABLE CATION COMPOSITION AND CEC OF WYOMING

BENTONITE AFTER THE ADDITION OF CafOH),

Ca(OH)2

added (wt.%)

0

0.25

0.75

1.5

2.5

5.0

Ca

26.4

31.3

39.3

69.7

68.4

100.7

Mg

5.47

3.53

1.55

0.74

0.48

0.56

Na
(cmol(+)/kg

50.8

49.5

52.1

51.0

50.2

49.8

K

3.12

3.05

3.34

3.52

3.45

3.49

CEC

82.2

85.6

92.9

116

115

156

5.3.2 Swelling Pressure

The Ps generated by bentonite plugs with various Ca(OH)2 levels is shown in Figure 7.
Clearly, even the addition of 5 wt.% Ca(OH)2 does not markedly reduce the Ps values
developed by compacted bentonite. A significant Ps, even at 5 wt.% Ca(OH)2, suggests
an incomplete exchange of Ca for Na on the clay. The complete conversion of compacted
bentonite to a Ca-bentonite requires more than high levels of Ca(OH)2 — it also requires
time. Although cation exchange reactions are virtually instantaneous (Malcolm and
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0.50 0.75 1.00 1.25

Effective clay dry density (Mg/m3)

1.50

FIGURE 7: Swelling Pressure Generated by Untreated and Ca(OH)2-treated
Compacted Wyoming Bentonite Versus Effective Clay Dry Density. Solid
and dashed lines are the 95% confidence intervals for the values obtained
for the untreated and Ca(OH)2-treated bentonite, respectively.

Kennedy 1969), Ca must first diffuse uniformly throughout the entire clay mass for
complete exchange to occur, this is a slow process and the rate limiting step. For the
unconfined bentonite in the free swell tests, the uniform distribution of Ca is more rapid,
and the complete exchange requires much less time. This is likely the reason for the
different behaviour observed at higher Ca(OH)2 levels in the free swell tests with
unconfined clay versus the Ps developed by compacted clay plugs.

In Figure 8 we compare the Ps generated by Ca(OH)2-treated plugs at all Ca(OH)2 levels
to that developed by bentonite plugs permeated with SCSSS, and to that generated by
slotted or cracked plugs, or plugs retrieved from the BCX. (Oscarson et al. (1996)
describe the slotted, cracked and BCX treatments and experiments.) The data show that
the Ps developed by bentonite plugs is relatively insensitive to the initial environment.
Oscarson et al. (1996) reported that the K and molecular diffusivity of bentonite plugs are
also not markedly affected by the initial treatment.

Bucher et al. (1993) conducted swelling pressure tests on compacted bentonite mixed
with up to 20 wt.% crushed cement. The reaction time varied from 4 to 16 weeks at room
temperature or 50°C. They reported that adding crushed cement increased the Ps

generated by compacted bentonite. The swelling strain capacity of the mixtures was
reduced, however. The reason for the higher Ps developed by compacted bentonite/
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FIGURE 8: Swelling Pressure Generated by Compacted Bentonite Versus Effective
Clay Dry Density for Various Permeants and Treatments. Solid lines are
the 95% confidence interval for the values obtained for untreated bentonite
(data points shown in Figure 7).

cement mixtures compared to that of untreated bentonite is not known. The authors
found no evidence that new crystalline phases, such as feldspars or zeolites, formed in the
mixtures. The only change in the mixtures observed by XRD was the disappearance of
portlandite after longer reaction periods. The CEC of the bentonite with added cement
increased slightly, though, and Ca was the main exchangeable cation. Exchangeable Ca
on bentonite would, however, tend to decrease Ps (as noted elsewhere) rather than
increase it, as was reported.

5.3.3 Hydraulic Conductivity

The influence of Ca(OH)2 on the permeability of bentonite plugs is another important
factor in assessing the performance of bentonitic barriers and seals in contact with
concrete.

The presence of Ca(OH)2 in the plugs could potentially affect K by either (1) creating a
high-pH environment and thereby altering the mineralogical composition of the clay or
(2) converting the clay from a Na to a Ca form. The partial dissolution of the clay matrix
could result in a greater porosity and hence a higher flow rate through the clay. Likewise,
the suppression of the diffuse double layer caused by the exchange of Ca for Na would
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likely increase the effective porosity (Choi and Oscarson 1996), i.e., that portion of the
total porosity through which water flows.

On the other hand, Ca(0H)2 could also cause a decrease in the flow rate. The high pH
conditions could result in the partial dissolution of the clay matrix. The subsequent
transport and precipitation of the dissolved constituents within the pores could reduce the
effective porosity and, thus, decrease K.

Figure 9 shows the results of K measurements on Ca(OH)2-treated plugs. As was the
case for Ps, reaction temperature and time — up to 120 d at 85°C — did not have a
significant influence on K. These data also indicate that Ca(OH)2 at levels <5 wt.% has
little, or no, effect on K of compacted bentonite. Only at 5 wt.%, did Ca(OH)2 have an

V 1 2 toeffect on K: in some cases, K increased by about an order of magnitude — from 10
10"11 m/s — relative to that of untreated bentonite or bentonite with lower levels of
Ca(OH)2. However, even at 5 wt.% Ca(OH)2, K is still low enough (10"" m/s) to ensure
that molecular diffusion controls mass transport though this compacted clay. Generally,
mass transport through earthen materials is diffusion controlled when K is <10"10 m/s or
so (Rowe 1987, Gillham and Cherry 1982).
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Na-bentonite (data points shown in Figure 10).
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The conversion of a compacted Na-bentonite to a Ca form would increase K somewhat,
but only at relatively low clay densities, <1.2 Mg/m3 (Figure 10). This is largely
attributed to a thinner diffuse double layer for Ca- compared to Na-bentonite (Yong and
Warkentin 1970). This results in a greater effective porosity for water flow and, thus, a
higher K. At higher clay densities — >1.2 Mg/m3 or so — the total porosity is so small
that most of the pore water is associated with the clay surface and is unavailable for
advective flow, regardless of the nature of the exchangeable cation.

-15

0.0 0.5 1.0 1.5 2.0

Effective clay dry density (Mg/m1)

2.5

FIGURE 10: Hydraulic Conductivity of Compacted Na- and Ca-Bentonite Versus
Effective Clay Dry Density. Solid lines are the 95% confidence interval for
the values obtained for Na-bentonite. The data for the Ca-bentonite were
obtained from Radhakrisha and Chan (1985) and Pusch (1980); these
authors give details on the clay's nature and properties.

Complete Ca for Na exchange can increase the permeability and diffusivity of compacted
bentonite (at 1.2 to 1.3 Mg/m3) by two to five times (Choi and Oscarson 1996, Pusch
1981). (This relatively small increase cannot be resolved in Figure 10.) This increase is
relatively small and it would not markedly affect the performance of buffer and backfill
(Johnson et al. 1994). Furthermore, in a vault environment complete exchange is
impossible, since both Ca and Na (as well as other exchangeable cations like Mg and K)
will be present in the saturating groundwater (Frape et al. 1984, Table 4), i.e., bentonite
will always contain a mixture of several exchangeable cations. Hence, the increase in
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permeability and diffusivity will be proportionately less than that for complete Ca
exchange.

On the other hand, Ca on the exchange complex of bentonite retards the illitization
reaction more effectively than does Na (Oscarson and Hume 1993, Roberson and Lahann
1981). Moreover, Ca-bentonite produces a lower pH than does Na-bentonite when in
contact with alkaline solutions (Johnston and Miller 1984). In these respects, the
exchange of Ca for Na on bentonite is beneficial. Moreover, Choi and Oscarson (1996)
hypothesized that the exchange of Ca for Na on compacted bentonite may not
significantly alter its fabric (hence its transport properties would not change markedly)
because clay particles likely have limited mobility in a compacted state, and thus they
cannot reorient as the proportion of Ca and Na on the clay changes. This requires further
study, but the results of Whitworth and Fritz (1994) on the permeability of compacted
smectite membranes tend to support this argument. If the hypothesis is correct, it means
that after some exchange of Ca for Na on bentonite has occurred in a vault, the bentonitic
barriers would maintain the desirable fabric and transport properties of Na-bentonite, and
also have the enhanced stability of Ca-bentonite.

5.3.4 Extractable Si and Al

The effect of Ca(OH)2 on DCB-extractable Al from the clays as influenced by reaction
time and temperature is shown in Figures 11 and 12, respectively. The corresponding
data for Si are presented in Figures 13 and 14.

The addition of Ca(0H)2 to the clays had little influence on extractable Al levels.
Moreover, extractable Al was not significantly affected by either reaction time or
temperature (Figures 11 and 12).

In contrast, extractable Si increased with increasing additions of Ca(OH)2. However, as
was the case for Al, neither reaction time nor temperature had a measurable influence on
extractable Si (Figures 13 and 14). The absence of a relationship between DCB-
extractable Si and Al and reaction time suggests that any pozzolanic reactions occurring
in these systems were complete within a day.

Since reaction time and temperature are not important variables for extractable Al and Si,
the data points for the various reaction times shown in Figures 11 and 13 are average
values of those obtained at all reaction temperatures. Similarly, the data points for the
three temperatures in Figures 12 and 14 are average values of those obtained at all
reaction times.

The solubility of Si increases rapidly above pH 9 due to the ionization of monosilicic
acid, and Al solubility increases above pH 8 where the Al(0H)4 ion predominates
(Stumm and Morgan 1981). The greater amounts of extractable Si with increasing
additions of Ca(OH)2 (Figures 13 and 14) is undoubtedly due to higher pH and the
increase in solubility of a Si phase present in the bentonite, likely quartz.
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The solubility of Si phases increases with temperature (Marshall 1980). Greater amounts
of extractable Si would, therefore, be expected at higher reaction temperatures. This is
generally the case (Figure 14), although the difference in the amounts extracted at the
various temperatures is relatively small. This likely reflects the fact that for the range of
temperatures examined here, the difference in Si solubility is less than a factor of two
(Marshall 1980). Moreover, after the reaction periods, all samples were cooled to room
temperature before conducting the DCB extractions. This would tend to mask
temperature effects if present.

We can postulate then that with increasing Ca(OH)2 additions to the clay plugs, the
amount of Si in solution increases. Some of this Si subsequently precipitates — due to
cooling, for instance — as a DCB-extractable phase. This material, if precipitated at
contact points between clay particles, could bond or cement clay particles together. This,
along with the Ca for Na exchange reaction discussed earlier, could cause a decrease in
the clay's free swell capacity with increasing Ca(OH)2 additions (Figures 5 and 6). (This
cementation reaction would also tend to impart strength and brittleness to compacted
clays.) However, the absence of a marked temperature effect on both extractable Si
(Figure 14) and the clay's free swell capacity (Figure 5), suggests that Ca for Na exchange
is the main factor in the decrease in specific volume with increasing Ca(OH)2 levels.

The reason for the relative insensitivity of DCB-extractable Al to increasing levels of
Ca(OH)2 is not known. There are, however, only small amounts of poorly-ordered Al
phases present in this clay (van Olphen and Fripiat 1979). Also, the DCB-extractable Al
phases initially present in the clay may not differ substantially from those that may
precipitate from the clay pore solution when the samples are cooled after the reaction
period. This does not mean, however, that precipitated Al phases could not cement or
bond clay particles together and thus contribute to the decrease in the clay's free swell
capacity with increasing Ca(OH)2 additions (Figures 5 and 6). Hallmark and Smeck
(1979) concluded that amorphous Al oxides were the most important amorphous
materials in effecting bonding between soil particles of fragipans.

5.4 BUFFER/CONTAINER EXPERIMENT

Figures 15 and 16 show the X-ray diffractograms of the backfill clay from the BCX and
the 1:3 mixture of Avonlea bentonite and Sealbond illite. The diffractograms are
essentially the same for the two clays. Thus, contact with cement grout for 900 d in the
BCX did not alter the backfill clay. The smectite component of the clay also expands to
1.72 nm when solvated with ethylene glycol (Figure 16), and this suggests the swelling
capacity of the clay was not adversely affected by contact with cement grout.

The CEC and exchangeable cation composition of the clays are given in Table 15. The
differences in the exchangeable cation composition between the two clays are due to
changes in the BCX clay caused by dissolved cations from the grout — notably
Ca — and/or the nature of the groundwater at the URL.
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FIGURE 15: X-ray Diffractograms of (A) Backfill Clay from the Buffer/Container
Experiment and (B) a 1:3 Mix of Avonlea BentoniterSealbond Illite.
Numbers in the figure are d-spacings in nm.

Table 16 gives the pH of the clay suspensions. Due to its proximity to the cement grout,
the clay retrieved from the BCX gives a higher pH in both solutions than the 1:3 mix.
The pH of clay/groundwater systems is lower than that of clay/DDW. This agrees with
the pH data presented earlier for various concrete/solution systems, and reflects the
buffering capacity of WN-1 groundwater.

TABLE 15

EXCHANGEABLE CATION COMPOSITION AND CEC OF THE BCX CLAY

AND A 1:3 MIX OF AVONLEA BENTONITE:SEALBOND ILLITE

Clay

BCX

1:3 mix

Ca

43.1

34.5

Mg

1.75

3.36

Na

(cmol(+)/kg)

14.5

13.0

K

4.47

1.71

Fe

0.177

0.452

CEC

49.1

42.1
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FIGURE 16: X-ray diffractograms of Ethylene Glycol Solvated (A) Backfill Clay from
the Buffer/Container Experiment and (B) a 1:3 Mix of Avonlea
Bentonite:Sealbond Illite. Numbers in the figure are d-spacings in nm.

TABLE 16

pH OF THE SOLUTION ABOVE SEDIMENTED BCX CLAY

AND A 1:3 MIX OF AVONLEA BENTONrrE:SEALBOND ILLITE

Clay

BCX

1:3 mix

Solution

DDW

WN-1

DDW

WN-1

pH

9.01

7.71

8.58

7.68
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Anderson et al. (1982) reported that after 70 a of contact between bentonite and concrete,
mineralogical changes had occurred in the bentonite to a depth of only about 50 |im from
the clay/concrete interface. The main mineralogical change observed in this thin layer
was the formation of analcime. In contrast, Pusch (1982) found no evidence of zeolite
formation in clay in contact with a 70-year-old concrete foundation, nor in laboratory
experiments with Na-bentonite plugs reacted with NaOH solution (0.1 M, pH 13) — to
simulate a concrete solution — for one year. Pusch (1982) also notes that for compacted
bentonite there is no direct evidence that lattice destruction of smectite clays by OH"
occurs at lower temperatures. Nonetheless, following conservative estimates by
Neretnieks et al. (1978) that about a million years are required to convert a 1.5-m-thick
bentonite layer to analcime, Pusch (1982) concluded that a maximum of 1 cm of
bentonite in contact with cement in an underground repository will undergo zeolitization
in 500 to 1000 a.

Eikenberg (1992) postulated that concrete-generated alkaline solutions would only alter a
thin layer of bentonite next to the bentonite/concrete interface, and that this altered layer
would hinder further penetration of the alkaline solution into the bentonite. This, though,
assumes that the clay mineral alteration rate is faster than the migration rate of the
alkaline solution into the compacted bentonite — an unlikely situation.

In a related study, Jefferies et al. (1988) performed a through-diffusion experiment under
a N2 atmosphere in which a Ca(OH)2 solution was allowed to flow over one end of a
London clay plug and a "clay groundwater" over the other end. They found that as the
experiment progressed, the plug's diffusivity decreased by about an order of magnitude.
After the experiment, they observed a region of alteration in the plug. This was evident
as a "front" that advanced across the plug from the alkaline side. The altered clay had
hardened and become lighter in colour, largely due to calcite precipitation. Presumably
some clay pores were filled with calcite and this decreased the clay plug's overall
diffusivity. This study suggests that Eikenberg's postulate could have merit if the
alteration zone is due to precipitation reactions rather than to the mineralogical
transformation of clay minerals.

6. SUMMARY AND CONCLUSIONS

Clay and concrete materials are important barriers and seals in many waste
disposal strategies. The main concern when the two materials are in proximity is
the generation of a high pH environment by Ca(OH)2 (portlandite) present in
concrete, since clays are comparatively unstable in such environments.

Relatively low-pH, high-performance concretes have been developed as part of
the Canadian Nuclear Fuel Waste Management Program. Even though the pore
solution pH of these concretes is low (9 to 10) compared to ordinary portland
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cement, it is still high enough to potentially affect the stability of clay minerals
over long periods of time.

In high-pH environments, framework silicates, like zeolites and feldspars, form
from clay minerals. These minerals have no swelling capacity, and hence the
desirable swelling and transport properties of compacted clay-based barriers could
be adversely affected if significant amounts of framework silicates are produced.

Several experiments were conducted to examine various aspects of clay/concrete
interactions. These include (1) the alkalimetric titration of clay suspensions, (2)
the effect of Ca(0H>2 on the swelling and hydraulic properties of compacted
bentonite, and (3) the influence of cement grout on a backfill clay retrieved from
the 900-d Buffer/Container Experiment.

Alkalimetric titrations indicate that both Avonlea bentonite and Lake Agassiz clay
— important components of buffer and backfill — have substantial capacities to
neutralize OH" generated by concrete. This buffering capacity will maintain the
clay's pore-solution pH at relatively low levels, and minimizes the potential for
alteration of the clay minerals in buffer and backfill.

Although additions of up to 5 wt.% Ca(OH)2 to compacted bentonite plugs
decreases the swelling pressure and increases the hydraulic conductivity of the
plugs compared to those of untreated bentonite, the plugs still have a hydraulic
conductivity that is low enough to ensure that molecular diffusion will be the
principle transport mechanism through the clay plugs.

In the Buffer/Container Experiment, backfill clay — a 1:3 mix of Avonlea
bentonite and Sealbond illite — was not altered, as indicated by XRD, by contact
with a cement grout for 900 d.

The results indicate that concrete is not likely to have a marked adverse effect on
the swelling and transport properties of clay barriers proposed for use in a nuclear
fuel waste disposal vault. This is particularly true if low-pH high-performance
concretes are used. This conclusion is largely supported by the available literature
on clay/concrete interactions.
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