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RÉSUME

Un y décrit une étude en laboratoire des pressions de gonflement
verticales et latérales produites dans des échantillons secs â l'air de
mélanges sodium (Na)-bentonite: sable quartzeux, lorsqu'ils sont saturés
dans des conditions de confinement, l'eau désionisée étant doublement dis-
tillée. On interprète les résultats à l'aide d'observations de structures
de sol agglomérées au microscope électronique â balayage.

Il est établi que le sable joue le rôle de matière de remplissage
inerte et que les pressions de gonflement verticales sont régies par un
paramètre appelé la densité effective â sec de l'argile (yc)" H existe une
valeur limite de y au-dessous de laquelle les pressions de gonflement ver-
ticales et latérales ne diffèrent pas et peuvent fitre prédites thêorique-
menti Au-dessus de cette valeur, les pressions verticales sont supérieures
aux pressions latérales. Ceci est lié au passage d'une structure de sol
isotropique à une structure de sol anisotropique à mesure qu'on augment yc
d'une valeur supérieure à la valeur limite.

11 est également établi que la diffusibilité" de l'eau du sol est
régie par et liée directement à la porosité effective du sol. On peut pré-
parer des mélanges sable: Na-bentonlte qui ont une porosité de sol effec-
tive aussi faible que celle des mélanges IJa-bentonite purs fortement agglo-
mérés. On en conclut donc que les mélanges sable: Ka-bentonite peuvent
empêcher le mouvement de l'eau et la migration associée des radionuclides
aussi efficacement que les mélanges Na-bentonite purs.
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ABSTRACT

A laboratory investigation of the vertical and lateral swelling
pressures developed in statically compacted, air-dry specimens of sodium
(Na)-bentonite:silica sand mixtures as they are saturated in confined con-
ditions with double-distilled, deionised water is described. The results
are interpreted with the aid of observations of the compacted soil struc-
tures made in a scanning electron microscope.

It is shown that the sand acts as an inert filler material and
vertical swelling pressures are controlled by a parameter termed the
effective clay dry density (q ). A limiting value of q exists below which
vertical and lateral swelling pressures do not differ and are theoretically
predictable. Above this value, vertical pressures exceed lateral ones.
This is related to a change from an isotropic to an anisotropic soil fabric
as q is increased above the limiting value.

It is also shown that soil water diffusivity is controlled by and
directly related to the effective soil porosity. Sand:Na-bentonite mix-
tures can be prepared possessing effective soil porosities which are as low
as those in highly compacted pure Na-bentonite. It is therefore concluded
that sand:Na-bentonite mixtures can impede watsr movement and associated
radionuclide migration as effectively as pure Na-bentonite.
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1. BACKGROUND

The disposal of nuclear fuel waste is now the subject of consid-
erable research throughout the world. In Canada, as In other countries,
one of the means being considered is disposal of the materials deep within
stable geological formations [1]. The plutonic rocks of the Canadian Pre-
cambrian Shield are being examined for their ability to satisfy the impor-
tant criteria for a disposal vault [2].

While the host rocks alone may provide a sufficient barrier
against the migration of hazardous materials to the biosphere, in Canada
they are seen as only one component of a series of engineered barriers [1]*
The nature of these barriers is now the subject of an intensive research
program that is expected to provide an acceptable concept for disposal of
nuclear fuel waste [3].

In Canada, the primary barrier against radionuclide release will
likely be a metallic container with a design life of about 500 years, after
which the toxicity of the waste will have decayed to a very low level
[3,4]. The containers will be placed in a vault, 500 m to 1000 m below the
ground surface, where they will be separated from the rock by a buffer mat-
erial that will have the ability to retard radionuclide migration. After
container emplacement, the vault will be backfilled with material possess-
ing properties similar to those of the host rock [5].

For effective retardation of radionuclide migration, a buffer
material with low hydraulic conductivity and low effective diffusion
coefficient for chemical species is required. Clay minerals appear to
possess most of the desirable properties and, for this reason, have re-
ceived considerable attention as potential buffer and backfill materials
[6]. A smectite-rich clay, sodium bentonite (Na-bentonite), was chosen as
the buffer material studied at the International Stripa Project in Sweden
[7]. Moreover, the Swedish Nuclear Fuel Supply Company has recommended
highly compacted, Na-bentonite (specifically MX-80, Wyoming bentonite) as
the buffer material for the final disposal of used-fuel waste in Sweden [8].

In confined conditions, highly compacted Na-bentonite is capable
of developing swelling pressures of up to 50 MPa [9]. For used fuel con-
tainer designs currently being evaluated for the Canadian disposal concept
it has been assumed that the maximum applied stress on the container will
not exceed 10 MPa, i.e. that due to the hydrostatic pressure in a flooded
vault at a depth of 1000 m [3]. For this reason, as well as the fact that
creep (long-term deformation under constant stress) of pure bentonite can-
not be excluded under the high stresses placed on it by the container,
alternative buffer materials are also being studied in Canada.

The current research program is evaluating the clay minerals ben-
tonite and illite, and also mixtures of sand and either illlte or bentonite
[10]. In this respect it is important to recognize that, while very high
swelling pressures may be undesirable, one of the attractive features of
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bentonite is its ability to heal autogenously on exposure to free water.
This ability is directly related to the swelling pressure developed in the
buffer when it is totally confined and exposed to a free water source.

It is generally considered that compacted sand/Na-bentonite mix-
tures will possess higher structural integrity, and hence higher creep re-
sistance, than 100% Na-bentonlte. Sand can also be expected to reduce the
swelling potential of the mixture. It should thus be possible to produce a
buffer material which neither stresses the container significantly nor suf-
fers excessive creep deformation while retaining a self-healing capability.
The work described here Involves the identification of such an ideal
mixture.

The report describes a study of the influence of silica sand
content on the relationship between density and swelling pressure for Na-
bentonlte- sand mixtures. An attempt is made to establish relationships to
predict the swelling pressure in any ratio of clay to sand, and some of the
implications of the results on buffer-mix specifications are discussed.

2. MATERIALS

The clay used for this study was the reference Na-bentonite de-
scribed by Dixon and Woodcock [10]. Its basic physical properties and
mineralogy have been determined by other workers [11,12]. Mean values of
the physical classification parameters are given in Table 1 [10-12]. The
specific gravity figures shown in Table 1 are from more recent tests than
those reported by Dixon and Woodcock [10], and were determined using the
procedures laid down by the British Standards Institution [13].

Table 1 also presents the basic physical properties of the silica
sand used in the study. This is a graded sand designed in accordance with
the Talbot-Richart equation to yield a maximum compacted density [14]. The
theoretical grading is compared with the measured particle size distribu-
tion in Figure 1.

3. EXPERIMENTAL PROCEDURE

3.1 SWELLING PRESSURES

Swelling pressures were measured in a rear-loading lever arm
oedometer in which the load hanger was replaced by a load cell fixed to a
rigid support. Pressures were measured axially in cylindrical specimens
20 mm in diameter and 19 mm long, previously statically compacted from
initially air-dry sand-clay mixtures. The small specimen size was neces-
sary to facilitate measurement of the high swelling pressures and to mini-
mise axial strain. Figure 2 is a schematic diagram of the fixed-ring con-
solidation cell used for the tests. Lateral strain in the specimen during
the development of swelling pressure was negligible. A DECLAB-MINC 11/23
microcomputer was used to monitor the development of load with time.
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The apparatus shown in Figure 3 was used to compact statically
known masses of the air-dry mixtures unlaxially Into the specimen ring.
Seven specimens of 100% Na-bentonlte, four specimens of 50% sand:50%
Na-bentonite and one specimen of 25% sand: 75% Na-bentonite were compacted
to different dry densities and tested. It was expected that the method of
specimen preparation might induce anisotropy in material properties. To
investigate the influence of this on swelling pressures, four cylindrical
samples of the 100% clay system, 70 mm in diameter and 50 mm long were pre-
pared, each with a different dry density, using a split-cylinder static-
compaction mould. On removal from the mould, 20 mm diameter, 19 mm long
specimens were pared from the compacted samples with their axes perpendic-
ular to the axis of compaction. Specimens were then fitted into the
specimen ring for testing.

Pressures of up to 175 MPa were required to compact the speci-
mens. On removal of the pressure all the specimens suffered elastic re-
bound. Excess material was removed, where necessary, by filing the end
faces of the specimens flush with the ends of the specimen ring prior to
their emplacement in the test cell. The specimens were weighed prior to
emplacement in the test cell and the masses obtained were used to calculate
basic soil properties, such as dry density and porosity. The hygroscopic
moisture contents of the mixtures were determined throughout the duration
of the testing program by oven drying at 105^C. The measured moisture con-
tents for the clay ranged from 6.1 to 6.4%, with a mean value of 6.3%. The
hygroscopic moisture content of the sand was less than 0.5%. The moisture
contents of the mixtures were directly proportional to the clay contents.

After the test cell was mounted in the testing apparatus, each
specimen was subjected to a bedding preload of 50 kPa. The test was then
started by filling the cell with double-distilled, deionized water. At
selected time intervals, the load was recorded. The tests were stopped
when the pressure growth curve attained a maximum value. The final mois-
ture contents of the specimens were determined by oven drying at 105"C.

3.2 FABRIC STUDIES

The fabric of the compacted mixtures was studied with a Cambridge
Mark IIA scanning electron microscope (SEM). Cylindrical samples of the
mixtures, prepared as for the axial swelling pressure tests, were oven
dried and axially split across a diameter using the principles =f the
Brazilian "split tension" test [15]. This produced tensile fracture iaces
at 90* to the axis of compaction. The samples were trimmed to fit on the
SEM specimen stud and attached using Araldlte Rapid adhesive. The surfaces
to be studied were stripped using transparent, adhesive tape, and the spec-
imen was rendered electrically conductive by sputtering on a thin layer of
gold.

Specimens of the 100%-Na-bentonite were prepared with dry den-
sities between 1.5 and 1.8 Mg/m .

Sand/Na-bentonite specimens containing 50, 35 and 25% Na-ben-
tonlte were also prepared for observation. Compaction stresses greater
than 200 MPa were employed in specimen preparation. These specimens are
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considered to have been compacted to virtual refusal, i.e., to the highest
dry density that is attainable within practical limits.

4. RESULTS AND ANALYSIS

Swelling pressure versus time curves for the 100% Na-bentonite
and the 50% Na-bentonite/sand mixture are presented in Figures 4(a) and
4(b), respectively. The data show that for each mixture the maximum swel-
ling pressure increased with dry density. Moreover, the time required to
attain maximum pressure also tended to increase with dry density. Several
of the swelling pressure tests were continued for up to ten days. None of
these exhibited the double-peaked pressure/time relationship observed for
Na-bentonite by Pusch [9]. At present no explanation, other than differ-
ences in material properties and/or test technique, can be given for this
difference! in swelling response.

4.1 '̂ WELLING PRESSURES

l\'igure 5 shows the relationship between the maximum swelling
pressure rekched by each specimen and its dry density. For each soil, as
noted earlier and also by Pusch [16,17], swelling pressure increases with
compacted diW density. However, to achieve a given maximum swelling pres-
sure, much higher compacted densities were required for the sand/bentonite
mixture than',for pure Na-bentonite. In general, with increasing sand con-
tent up to 50\%, the dry density required to attain the same swelling pres-
sure increased. The measured swelling pressure, Sw , for the 50% Na-
bentonite/ sand system exhibited a continuous increase with dry density,
whereas that for 100% Na-bentonite initially increased linearly and
relatively slowly with dry .density, y,, in accordance with the empirical
equation:

Sw = 23«v. - 30 .
m 'd

At values of yd greater than 1.68 Mg/m , the swelling pressure increased
more rapidly, also virtually linearly, in accordance with the empirical
equation:

Sw = 130^v, - 210 .
m "d

The point of in te r sec t ion of these two functions ( y . w 1.68 Mg/m )
coincides with a s ignif icant change in the so i l s t r u c t u r e , as observed by
scanning e lec t ron microscopy. Figures 6(a) , 6(b) and 6(c) are typical
micrographs of the 100% clay system fabric at dens i t i e s below, at and above
the point of devia t ion , respec t ive ly . Figure 6(a) shows that at low den-
s i t i e s the ma te r i a l consists of randomly arranged micropeds. These.have a
maximum dimension of about 25 ym and, at a dry densi ty of 1.60 Mg/m , are
separated by microvoids with a maximum projected dimension of approximately
10-15 iiu. At a dry density of 1.68 Mg/m , the micropeds were s t i l l v i s i -
ble , but interped voids could no longer be c lear ly dist inguished (Figure
6(b ) ) . At s t i l l higher dry d e n s i t i e s , the individual micropeds became
fused, and the topography was r e l a t i v e l y uniform and smooth (Figure 6 ( c ) ) .
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Assuming total anisotropy In the clay fabric ( I . e . , total paral-
le l particle orientation), Yong and Warkentin [18] suggest that swelling
pressure can be predicted from clay colloid theory. Swelling pressure, Ps,
i s given in MPa by:

P = 0.0981«RT(Cc - 2CQ) (1)

where R is the universal gas constant, T the absolute temperature (K), C Q

the salt concentration (mol/L) in the water source (zero in the experiments
described hgre) and C the cation concentration (mol/L) at the half dis-
tance, d(S) , between0two clay platelets. C Is given by the expression:

Cc = n
2/[z2B(d + xo)

210'16] (2)

where, z is the ionic valence, x is a correction factor of 1 to 4 A de-
pending on the nature of the exchangeable cation on the clay and the clay* s
charge density, and B is generally ascribed a value of 10 cm/mol [18].

For saturated clay, d can be determined from the relationship

w = S'd/100 (3)

where w is the moisture content of the soil by mass, expressed as mass per-
cent, and S is the specific surface area of the clay.

For the 100% Na-bentonite systems examined here, recognizing that
w = (l/yd - l/Gc).100, where G is the specific gravity of the clay, and
C = O.-z = 1, x = 0 in accordance with the Gouy-Chapman Theory [18] and
B = 10 , equations (1) to (3) can be rewritten to yield equation (4) which
relates theoretical swelling pressure, Sw , in MPa, to y, and S.

Swt = 241/|ij[- { - - 0.376 I . (4)

The assumptions used should lead to an overestimate of the Theoretical
swelling pressure, Sw [18].

The theoretical equations for swelling pressure art based on the
assumption that clay plates are arranged in a totally parallel orientation.
In an ideal system, with the major crystal axes aligned horizontally, the
vertical swelling pressure will be equal to the theoretical valu^; the
horizontal swelling pressure will be zero. The octahedral, or spherical,
stress confining the system is one-third of the predicted swelling pres-
sure. In a totally isotropic system, where particles are arranged random-
ly, without alignment, it is suggested here that the orthogonal components
of the confining stress will all be equal to one-third of the theoretically
predicted value. The octahedral stress will still be one-third of the

1 A = 0.1 nm. Angstrom units have been used in this report to permit
the use of equations developed previously by others.
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predicted value. In subsequent discussion, a value of one-third of the
predicted swelling pressure will be termed the mean swelling pressure.

The theoretical curves for the swelling pressure, Sw , and the
mean swelling pressure, Sw /3, using a specific surface area of 600 m /g,
are compared with the measured swelling pressure for Na-bentonite in
Figure 7. The measured swelling pressures were c*-":ained from both vertical
and lateral swelling pressure tests. Figure 6 shows that, at dry densities
below 1.68 Mg/m , lateral and vertical swelling pressures are virtually the
same. Above 1.68 Mg/m , the lateral pressures tend to be less than the
vertical ones. The theoretical mean swelling pressure is in close agree-
ment with the experimental results until densities exceed 1.68 Mg/m • The
scanning electron microscopy results indicate.that a change in the soil
fabric also occurred at a densitv * 1.68 Mg/m . Below this densi-.y, inter-
microped voids could be distinguished; above it they were no longer visi-
ble. It is suggested that, under these particular test conditions, the
marked changes in the physical behaviour of the material with density
charts can be attributed to a transition from a system that is isotropic,
at " ast at the microped level, to one that.becomes increasingly oriented
as the density is increased above 1.68 Mg/m . The measured differences
between the vertical and lateral swelling pressures are consistent with
this argument.. However, it can be argued that at dry densities greater
than 1.68 Mg/m , due to increasingly horizontal particle orientation, lat-
eral pressures should decrease with increasing dry density. The reason
that they continue to increase, albeit slowly, is uncertain. The more
significant factors that may contribute to this behaviour are imperfections
in the test system, which may allow small amounts of strain, and particle
rearrangement on specimen saturation, which may reduce the degree of
anisotropy.

To achieve swelling pressures in sand/clay mixes similar to those
in 100% clay systems, it was necessary to compact the former to signifi-
cantly higher dry densities (see Figure 5). This can be explained if the
sand is considered to be solely an inert filler material. A general analy-
sis of a saturated soil-water system, in which the soil phase can be sub-
divided into clay and sand components in ~ known mass ratio, is presented
in Figure 8. For the sake of later discussion, the water in the system is
subdivided into surface, or adsorbed, water and free, or interstitial,
water. Assuming that the sand serves only to limit the space available for
clay compaction, the effective clay dry density, y , will determine the
swelling pressure of the system.

Figure 9 relates the vertical swelling pressures for all the
tested specimens to the parameter y . It is clear that this parameter nor-
malizes the data, and confirms the suggestion that the sand merely limits
the free volume into which the clay can be compacted. It is significant
for design purposes to note that the swelling pressure of the 50% Na-
bentonite/sand system did not exceed 10 MPa, even at high compaction
energies and densities. All the data for the 50% Na-bentonite/sand mix lie
on that portion of the curve corresponding to 100% clay systems with dry
densities less than 1.68 Hg/m . It was noted earlier that below this dry
density the mateiials are isotropic with regard to swelling pressure.
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Evidence from scanning electron microscopy Is consistent with the
suggestion that the presence of Band restricts the degree of compaction of
the clay fraction. Figures 10<a) and 10(b) show the mlcrostructures of the
25% and 50% Na-bentonlte/sand systems respectively, when compacted to re-
fusal. In both these systems the mlcropeds are still visible although, as
expected, the lnterped voids are smaller In the 50% sand system. This sup-
ports the argument that bridges formed by sand particle Interlock restrict
clay compaction.

4.2 THE RATE OF WATER UPTAKE

Moisture content determinations indicated that, for all practical
purposes, the specimens were fully saturated on completion of the swelling
pressure tests. It is assumed that maximum swelling pressures were
attained at full saturation of the specimens, and that the time to develop
maximum swelling pressure is related to the rate of water uptake and hence
soil-water diffuslvity. Thus, in principle, the time to develop maximum
swelling pressure provides a simple means of comparing the rate of water
uptake by the different soil systems studied. However, the error in defin-
ing the time at which maximum pressure is developed is high; as the maximum
swelling pressure is approached, the rate of increase in swelling pressure
decreases to become asymptotic to a zero gradient. The time intercept on
the swelling pressure-time relationship at which the pressure attains 95%
of the maximum value (tgc) can be evaluated with greater precision. tg<r is
thus used for comparing the rates of water uptake of the different systems.

Figure 11(a) shows the relationship between tg~ and effective
clay density (Y )• The relationship between t_- and soil dry density (Y.)
is shown in Figure ll(b). Linear regression analyses of the data reveal
that the rate of water uptake is more closely related to the dry density of
a system than to its effective clay density. This is in agreement with the
Kozeny-Carmen equation for fluid flow through porous media [IB]. This sug-
gests that the hydraulic conductivity of a porous medium is a direct func-
tion of its porosity, n, which is related to Y, by the expression:

where G is the specific gravity of the solid phase.

Oscarson and Cheung [6] suggest a more general parameter termed
"effective porosity" to explain diffusion through smectite clay systems.
In a saturated soil system they distinguish between the volume fraction of
"surface" water, n , (i.e. water that is tightly bonded to the clay sur-
faces and can be considered immobile) and the volume fraction of free
water, n-n . In the systems examined here, n can be evaluated from the
expression:

where a is the thickness of the surface water layer In A, S , is the
specific surface area of the smectite-.sand mixture in m /g.and G is the
specific gravity of the surface water (here ascribed a value of 1).
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The relationship between t»c and effective porosity (n ., » n-n )
is presented in Figure 12. n was evaluated assunlng a equal to 2 A. ft
was also assumed that S . =• § i *p/(l+p), where p is the ratio of the
mass of clay to the mass of sand In the mixture. Linear regression analy-
sis revealed the expected inverse relationship between tg. and n ... The
relatively high coefficient of determination (|r| - 0.82) for thl regres-
sion confirms that effective porosity, and not dry density (|r| -0*70), is
the major factor determining the rate of water uptake.

It can be seen from Figure 12 that the range of effective porosi-
ties of the sand/clay mixtures was similar to that of the 100% Na-bentonite
systems. This suggests that compacted sand/bentonite mixtures can be as
effective as 100% clay systems in retarding moisture movement and radionu-
clide migration. It is known that, for the same compaction energy, the
maximum dry density at optimum moisture content of sand:clay mixtures de-
creases with increasing clay content [19]. This strongly suggests that the
effective porosity of sand/Na-bentonite systems can be engineered to be at
least as low as that in 100% Na-bentonite.

5. SUMMARY AND CONCLUSIONS

The work reported here has established three important relation-
ships for statically compacted, air-dry mixtures of Na-bentonite and silica
sand.

It has been demonstrated that the sand acts as an inert filler
material, and that swelling pressure along the axis of compaction is con-
trolled by the effective clay dry density ( Y C ) , i.e., the dry mass of
Na-bentonite in the sand/clay system divided by the effective clay volume
(the total system volume less the sand volume). The empirically derived
relationships between swelling pressure and y can be used to predict axial
swelling pressures in any clay/sand mixture with clay contents ranging from
100 to 50%. At lower Na-bentonite contents, it is likely that axial (i.e.
vertical) swelling pressures can be estimated (in MPa) from the theoretical
equation:

It has also been shown for the Na-bentonite tested, that there
exists a limiting value of y below which axial and lateral swelling pres-
sures do not differ significantly. The limiting value corresponds to a
transition in clay fabric as y Is increased, from one containing distinct
interped microvoids to one where these no longer exist. Above this limit-
ing y value, axial swelling pressures are greater than lateral swelling
pressures, and the theoretical equation underestimates axial pressure.
This effect should be considered In the design of buffer/backfill material
since differences between vertical and lateral swelling pressures may in-
fluence the nature of the loading on fuel waste containers.
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Soil water diffusivity, and presumeably hydraulic conductivity,
is primarily controlled by the effective porosity of the mixture. For the
statically compacted, high-density mixtures studied, it proved possible to
prepare sand:clay mixtures with similar effective porosities to that of the
densest 100% Na-bentonite system examined. It is thus concluded that
sand:bentonite mixtures can be prepared that will impede water and associ-
ated radionuclide migration at least as effectively as highly compacted
Na-bentonite.

The results presented here are from tests conducted solely on
statically compacted, air-dry specimens of Na-bentonite/sand mixtures. The
physical behaviour of these systems is strongly related to soil fabric.
This will likely differ in systems compacted dynamically, with different
moisture contents or with varying soil-water chemistry. The influence of
these variables on swelling pressures, water and radionuclide diffusivity,
soil stress-strain and creep properties requires further clarification.
However, the relative importance of sand/clay ratio and effective clay dry
density on the physical properties of buffer/backfill materials has been
clearly identified. This knowledge will be used to assist future research
in the development of buffer and backfill. These studies will be directed
not only towards the determination of the mechanical properties of poten-
tial buffers but will consider also variations in physico-chemical charac-
teristics, such as radionuclide sorption.

ACKNOWLEDGEMENT

The laboratory work described here was carried out by M.N. Gray
in the Faculty of Applied Science, University College, Cardiff, United
Kingdom before he joined AECL. Particular thanks are due to Mr. P.
Reddicliffe, and Mr. R. Jones for their technical assistance.

REFERENCES

1. D.J. Cameron, "Introduction to the Canadian Nuclear Fuel Waste
Management Research Program," Canadian Metallurgical Quarterly,
22:1. 67-72 (1983).

2. Simmons, G.R. (Ed.) "The Underground Research Laboratory Con-
struction Phase Experimental Program," Atomic Energy of Canada
Limited Technical Record*, TR-225, 1984.

3. D.J. Cameron, "Fuel Isolation Research for the Canadian Nuclear
Fuel Waste Management Program," Atomic Energy of Canada Limited
Report, AECL-6834 (1982).

4. D.J. Cameron, J.L. Crosthwaite and K. Nuttall, "The Development
of Durable Man-Made Containment Systems for Fuel Isolation,"
Canadian Metallurgical Quarterly, 22:1. 87-101 (1983).



- 10 -

5. G.W. Bird and D.J. Cameron, "Vault Sealing Research for the Can-
adian Nuclear Fuel Waste Management Program," Atomic Energy of
Canada Limited Technical Record*, TR-145 (1982).

6. D.W. Oscarson and S.C.H. Cheung, "Evaluation of Phyllo Silicates
as a Buffer Component in the Disposal of Nuclear Waste," Atomic
Energy of Canada Limited Report, in preparation.

7. R. Pusch and L. Borgesson, "Preliminary Results from the Buffer
Mass Test of Phase I: Stripa Project," Proceedings of the Nuc-
lear Energy Agency (NEA) on Geological Disposal of Radioactive
Waste: In Situ Experiments in Granite, Stockholm, OECD, 1982.

8. Swedish Nuclear Fuel Supply Company, "Final Storage of Spent
Nuclear Fuel (Ill-Barriers)," KBS-3, SKBF/KBS, Stockholm, Sweden,
1983.

9. R. Pusch, "Swelling Pressures of Highly Compacted Bentonite,"
KBS Technical Report 80-13 (1980).

10. D.A. Dixon and D.R. Woodcock, "Physical Properties and Standards
for Testing Reference Buffer Materials," Atomic Energy of Canada
Limited Technical Record*, in preparation.

11. McGill University, Geotechnical Research Center, "Study of the
Suitability of Various Candidate Backfill and Buffer Materials
for a Deep Underground Nuclear Waste Disposal Vault," Final
Report to AECL, Fuel Waste Technology Branch (1982).

12. S.K. Singh, "Chemical, Physical and Engineering Characterization
of Candidate Backfill Clays and Clay Admixtures for a Nuclear
Waste Repository," _in the Scientific Basis for Nuclear Waste
Management, (Ed. Topp, S.V.) 1982, pp. 413-432.

13. British Standards Institution, Methods of Test for Soils for
Civil Engineering Purposes, B.S.1377, London, 1975.

14. McGill University, Geotechnical Research Centre, "Study of Dev-
elopment of Backfill Formulations for a Nuclear Waste Disposal
Vault," Progress Report //I to AECL, Fuel Waste Technology Branch,
(1982).

15. A.M. Neville, "Properties of Concrete," Pitman Publishing Ltd.,
London, 1981.

16. R. Pusch, "Highly Compacted Bentonite as Buffer Substance," KBS
Technical Record-74 (1978).

17. R. Pusch, "Highly Compacted Sodium Bentonite for Isolating Rock
Deposited Radioactive Waste Products," Nuclear Technology 45,
153-157 (1979).



IS. R.N. Yong and B.P. Warkentln, "Soil Properties and Behaviour,"
Elsevier Scientific Publishing Co., Amsterdam, 1975.

19. Transport and Road Research Laboratory, "Soil Mechanics for Road
Engineeers," H.M.S.O. London, 1964.

* Unrestricted, unpublished report available from SDDO, Atomic Energy of
Canada Limited Research Company, Chalk River, Ontario KQJ 1J0.



- 12 -

TABLE 1

PHYSICAL PROPERTIES AND CLASSIFICATION OF THE Na-BENTONITE.

SILICA SAND AND THE 50% Na-BENTONITE: 50% SILICA SAND MIXTURE

Physical
Property

Particle size

Sand (>0.06 nnn)%
Silt (0.06 - 0.002 mm)%
Clay «0.002 nun)%

Consistency limits

Liquid limit (%)
Plastic limit (%)
Plasticity index

Specific gravity

2
Specific surface m /g

Dominant clay mineral

Cation exchange
capacity (meq./lOO g)

Organic content (%) dry
weight (K-dichromate)

Classification System

Unified
Highway Research Board
Textural

Soil Type

Na-bentonite
(NaM)

0.5
37.0
62.5

260
50
210

2.66

519 to 615
mean = 567

smectite

68.6

2.5

CH
A-7(2O)
clay

Silica Sand
(SiS)

99.8
0.2
0

N.P.**
N.P.
N.P.

2.61

N.A."1"1"

N.A.++

N.A. + +

N.A.

SW
A-3
sand

50/50 Mix
NaM/SiS

50.2*
18.6*
31.2*

98
19
79

2.635*

284 +

smectite

34.3*

0.1*

CH
A-7(12)
sandy-clay

* Calculated values

Assuming the specific surface of sand to be negligible
** Non plastic

Not applicable
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ring-stainless steel. All dimensions in m m.

FIGURE 2: Schematic Diagram of the Swelling Pressure Test Cell
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2Or 100% Na-bentonite

0

d =1-774 Mg/m 3

= 1-729 MS /ma
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50% Na-bentonite
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Time. h

^-2 004 Mg/m3

= l-927Mg/m3

d = 1-856 Mg/m1

60 80

FIGURE 4: The Development of Swelling Pressure with Time for (a) Compacted
100% Na-bentonite and (b) Compacted 50% Na-bentonite:50% Silica
Sand Mixtures-.
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(a)

3 3
FIGURE 6: The Microfabric of 100% Na-bentonite Systems Compacted to (a) 1.61 Mg/m ; (b) 1.70 Mg/ra

and (c) 1.82 Mg/m^. Typical micropeds and interped voids are marked MP and IV, respectively,
on Figure 11(a).
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CA

VOLUME

Free
water

Surface
water

Clay

Sand

I
IA

MASS

Equations assume
density of surface
water = density of
free water.

Mix ratio,

Dry density

Bulk density

Water content

Void ratio

Specific gravities:

clay

sand

mixture

P =M C /M S

V d =(MC+MS)/V

V b = M/V

w = Mw/Msolids
e = Vvoids7 vsolids

Gc =(MC /VC ) /G

Gc =(MQ/Ve)/G

mix

Effective clay dry density yc = Mc /{Vc + Vvoj,js )

Effective porosity neff = V f w / V

FIGURE 8: A Formulary for Compacted Sand-Clay Mixtures
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(a) (b)

FIGURE 10: The Microfabric of Silica SandrNa-bentonite Mixtures Containing
(a) 25% Na-bentonite and (b) 50% Na-bentonite. Both systems
were compacted to refusal.
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