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COMPOSITIONS DE REMBLAI POUR UNE ENCEINTE D'EVACUATION

DE DÉCHETS DE COMBUSTIBLE NUCLEAIRE

R.N. Yong, P. Boonsinsuk, G. Wong, X.D. Ming, F. Caporuscic et P. Lytle

RESUME

L'Energie Atomique de Canada, Limitée et l'Ontario Hydro étudient
le concept d'évacuation des déchets de combustible nucléaire en enceinte
construite dans le bouclier canadien. Après avoir stocké les conteneurs de
déchets dans l'enceinte, il faudra remblayer celle-ci d'une façon perma-
nente. Un remblai convenable devrait avoir une faible conductivité hydrau-
lique et une haute capacité de sorption de radionuclldes. On a effectué les
travaux de recherche dans le but de recommander une prescription pour compo-
sition du remblai-

Dans le présent rapport, on suggère que le remblai soit un mélange
d'agrégats grossiers et d'argile gonflante. On a préparé les mélanges réels
d'essai de granite concassé et d'argile naturelle du Lac Aggasiz. Divers
mélanges d'essai ont subi des essais de perméabilité sous pression
constante. Les résultats obtenus indiquent que la conductivité hydraulique
des mélanges d'agrégats et d'argile pourrait être voisine de celle de
l'argile seule lorsque la teneur en argile est à peu près de 25% ou plus.
On considère que la conductivité hydraulique consécutive d'environ 10~^° m/s
est faible d'autant plus que la taille maximale des grains est de 19,1 nm.
On a évalué les mélanges choisis quant au gonflement libre et à la pression
de gonflement, lesquels ont augmenté quand la teneur en argile a augmenté.
Pour une teneur en argile de 25%, le gonflement libre a été d'environ 4% par
rapport à 6% pour une teneur en argile de 100%. La pression de gonflement
correspondante a été d'environ 16 kPa par rapport à 48 kPa pour une teneur
en argile de 100%.

Ces résultats indiquent que le remblai proposé devrait contenir
environ 25% d'argile, la taille maximale des grains devant être de 19,1 mm.
En outre, on a éprouvé le mélange choisi pour évaluer les effets des tech-
niques de mélange, de la capacité de charge et des techniques de tassement
convenant aux conditions qu'on devrait rencontrer dans l'enceinte souter-
raine. Le remblai proposé a semblé se comporter d'une façon satisfaisante
suivant les critères requis.

On a continué d'éprouver le remblai quant à son comportement lors
de l'absorption d'eau. On a constaté que la conductivité hydraulique à
l'état non saturé était à peu près 10~10 m/s et la pression de gonflement
environ 3 kPa - ce qui a confirmé la faible perméabilité et la capacité de
gonflement voulues.

Travaux effectués par Geotechnical Research Centre, McGill University

L'Énergie Atomique du Canada, Limitée
Établissement de recherches nucléaires de Whiteshell

PInawa, Manitoba ROE 1L0
1987
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BACKFILL FORMULATIONS FOR A NUCLEAR FUEL WASTE DISPOSAL VAULT

by

R.N. Yong, P. Boonsinsuk, G. Wong, X.D. Ming, F. Caporuscio and P. Lytle

ABSTRACT

Atomic Energy of Canada Limited and Ontario Hydro are studying the
concept of disposing of nuclear fuel wastes in a vault within the Canadian
Shield. After nuclear waste containers have been emplaced in a vault, the
vault will have to be backfilled permanently. A suitable backfill material
should have low hydraulic conductivity and high radionuclide sorption capa-
city. The research was done with a goal of recommending a specification for
formulating this backfill material.

This report suggests that such a backfill material should be a
mixture of coarse aggregates and swelling clay. Actual trial mixtures were
prepared using crushed granite and natural Lake Agassiz clay. Various trial
mixtures were subjected to constant-head permeability tests. The results
indicate that the hydraulic conductivity of the aggregate-clay mixtures
could be close to those of the clay (by itself) when the clay content was in
the range of 25% or more. The resulting hydraulic conductivity of about
10-1 ra/s is considered to be low, especially since the maximum grain size
is 19.1 mm. Selected mixtures were evaluated for free swell and swelling
pressure, both of which increased with increasing clay content. When the
clay content was 25%, the free swell was about 4%, compared with 6% for the
100% clay. The corresponding swelling pressure was about 16 kPa - in
comparison to 48 kPa for the 100% clay.

These results indicate that the proposed backfill material should
contain about 25% clay, with a maximum grain size of 19.1 mm. The selected
mixture was also tested to evaluate the effects of mixing methods, load-
carrying capacity and compaction techniques suitable for the underground
vault conditions. The proposed backfill material appeared to perform satis-
factorily according to the criteria demanded.

The backfill material proposed was further tested for its beha-
viour during water intake. The unsaturated hydraulic conductivity was found
to be approximately 10~10 m/s and the swelling pressure was about 3 kPa,
confirming low permeability with swelling capability, as required.

Work done by Geotechnical Research Centre, McGill University

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba ROE 1L0
1987

AECL-9071
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1. INTRODUCTION

The research program on the development of a suitable backfill
material for a nuclear fuel waste disposal vault was initiated by Atomic
Energy of Canada Limited (AECL) and undertaken by the Geotechnical
Research Centre (GRC) of McGill University in 1982 January. The
investigation lasted 3.5 years, and all the results are accumulated in
this final report in a condensed form to highlight the findings.

1.1 PROBLEM DEVELOPMENT

The primary concept being investigated by Atomic Energy of
Canada Limited (AECL) and Ontario Hydro in the Canadian nuclear waste
management program is the permanent disposal of the waste in an
underground vault which would be excavated in plutonic rock of the
Canadian Shield at a depth of 500 to 1000 m below the ground surface
(Lopez , 1984) . The nuclear fuel waste would be encapsulated in
corrosion-resistant containers surrounded directly by a buffer material,
while the rest of the vault space could be backfilled (FIGURE 1) . Due to
the substantial volume of backfill material required - between 5 and 10
million cubic metres - the use of easily acquired materials (such as
aggregate and clay) as components of the backfill is highly desirable.

backfill

buffer

wasto container

backfill

buffer

wasio containor

In-room Emplacomonl Borehole Emplacement

FIGURE 1: Waste Container Emplacement Configuration (After Lopez, 1984)
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For safe and reliable permanent isolation of the nuclear fuel waste in
the underground vault, the disposal concept presently being studied
requires the composition of the backfill to be such that its properties
and response performance meet certain stringent requirements (especially
on a long-term basis) in consideration of the vault environment. In view
of the preceding, this study seeks to determine the composition of an
aggregate-clay mixture that would constitute the appropriate backfill
material.

1.2 REQUIREMENTS ET)R BACKFILL PROPERTIES

Basic requirements in the development of a suitable backfill
material include the following considerations:

(1) Because: of the large quantities of material required, it
should be available locally and easily processable.

(2) It should possess the necessary engineering properties
(described below) suitable for the immediate local
environment of the underground disposal vault.

To be specific, this study is aimed at formulating a candidate
backfill material to satisfy the physical and mechanical property
requirements, i.e., composition, hydraulic conductivity, strength, etc.
Other relevant properties, e.g., thermal conductivity, mineralogical
transformation and radionuclide retardation, are beyond the scope of this
study. In essence, the following physical and mechanical properties of
the backfill material are required:

(1) Low hydraulic conductivity - Since hydrogeologic transport
is the primary mechanism for potential transfer of
radionuclides, the backfill material should have low
hydraulic conductivity in order to restrict and control
water movement within the disposal vault.

(2) Efficient compactability - Due to the confinement of the
underground disposal vault, the candidate backfill
material should be relatively easy to process, handle, and
transport. It should then be compacted without
necessarily requiring sophisticated machinery and/or
procedures (FIGURE 1 ) , particularly near the crown of the
vault.

(3) Low shrinkage upon drying - Due to the high initial
temperature of the nuclear waste, the backfill material
might be subjected to high thermal gradients. Thus,
drying the backfill material should not result in
excessive shrinkage; otherwise an undesirable network of
cracks/voids will occur, hampering the desired functions
of the backfill.

(4) High swelling potential - During the lifespan of the
underground disposal vault, it is likely that groundwater
might reach the backfill material. The backfill material
should swell upon wetting, thereby restricting any



potential radionuclide movement and/or migration of fines,
and closing any cracks/voids.

(5) Low swelling pressure - When the backfill material becomes
wetted, without external volume change, it should not
generate excessive swelling pressures since it is not
desirable to increase the containment pressures
experienced by the waste con'jiners.

(6) Low segregation tendency - The backfill material, once
placed, should possess uniform composition and properties
to ensure satisfactory performance. In the underground
disposal vault conditions, the backfill might: be processed
at the surface and transported vertically (500 to 1000 m
down) and horizontally along the tunnel. The material
should not, tnerefore, be susceptible to severe
segregation either in the transportation process or in
compaction.

(7) Adequate compressibility - Since the buffer material that
immediately surrounds the nuclear waste container (FIGURE
1) will likely be composed of a mixture of sand and
swelling clay (Lopez, 1984; Gray et al. , 19^5), the
swelling pressures generated by the buffer material will
be substantially high, especially when acting against
rigid unyielding boundaries. Should such a rigic boundary
be undesirable, the backfill material that reacts against
the buffer material should bo compressible at high
pressures, so as to relieve the developed swelling
pressure of the buffer nviteri.il. In contrast, the
backfill should not be compress ibi< • it nr. voh^r change in
the buffer material is allows!. TSiu.s, ll.o compressibility
of the backfill material has to be just if io-:.

The primary goal of this study is, therefore, to formulate a
candidate backfill material conforming to the r^;nr^.n':s. The nnin
components of the backfill material, selected on tht,- basis of ability and
feasibility, consist of aggregates crushed from t.xcav,:; ..u granitic rock and
a natural swelling clay. Given the preceding constraint:,, t!x problem at
hand is to develop the proper composition of the mixtures between the
crushed-rock aggregates and the natural swelling clay, such that the
resultant behaviour can be evaluated in terms of the- material property
criteria given above.

1.3 OBJECTIVES

In this investigation, the specific objectives ."ir̂

(1) To formulate a candidate backfill material, based on a
selectee] granite aggregate and a natural cl.vy, such that
its physical and mechanical properties satisfy the
stringent criteria listed in Section 1.2.

(2) To predict the long-term performance of the candidate
backfill material with respect to its hydraulic flow



behaviour and the resultant swelling pressure
developnent.

(3) To provide guidelines (or specifications) for
formulating a suitable backfill material if other types
of aggregates and/or clay, which are different from those
used in this study, are selected.

1.4 OVERALL RESEARCH PROGRAM

The scope of investigation, the test nrogram and the results
of this study are summarized in FIGURE 2. Baseu on the crushed granite
aggregate and a natural clay selected by AECL, the first phase of the
research dealt with the characterization of each individual component.
Subsequently, the aggregate and clay were mixed at specified proportions,
the properties of which were then evaluated. The major engineering
behaviour determined for the mixtures included hydraulic conductivity,
swelling potential, load-carrying capacity, etc. Once the mixture
properties are known, a candidate backfill material could be specified in
terms of the maximum grain size, grain size distribution and clay content.
The candidate backfill material was further subjected to a large-scale
test, using a steel cylinder 406.40 mm in diameter by 1371.60 mm in length,
so as to verify the backfill material's responses to hydraulic flow
anticipated in the underground disposal vault. The results were used to
calibrate an analytical model to simulate the behaviour of the candidate
backfill material under the vault conditions to ensure its satisfactory
performance.

From the outcome of the research, it is possible to provide a
preliminary specification of the appropriate backfill material. The
findings of this study will culminate in a candidate backfill material that
should perform satisfactorily in the vault environment. Should the
components of the backfill material be different from those used in the
study, the methodology adopted should serve as a guideline for acquiring
the appropriate composition.

2. CHARACTERIZATION OF INDIVIDUAL COMPONENTS

In preparing the aggregate-clay mixtures, the three components,
all of which were selected by AECL, were as follows:

(1) Lake Agassiz clay from Kildonan Concrete Pit, St.
Boniface, Manitoba*,

(2) Crushed granite aggregate from Cold Springs Quarry, Lac
du Bonnet, Manitoba*,

(3) Solutions - 3 types: distilled water, granitic
groundvater (GGW) and Standard Canadian Shield Saline
solution (SCSSS).

* Additional information can be obtained in the report prepared by Quigley
(1984).
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The properties of each component, which are relevant to the
behaviour of the mixture, are presented in the following sections.

2.1 LAKE AGASSIZ CLAY

The fines component of the mixture was a natural clay from
Lake Agassiz in Manitoba. The dark gray clay was delivered to GRC in dry
stiff lumps of various sizes with approximately 10% moisture content. For
all laboratory tests, the 'as received1 clay was pulverized in several
stages until it was in a uniform powdered form, having approximately 98%
passing No. 200 sieve.

The following properties were determined for the Lake Agassiz
clay.

2.1.1 Mineralogy

Using X-ray diffraction analysis, the predominant minerals in
the Lake Agassiz clay were found to be, in decreasing order of abundance,
montmorillonite, illite/muscovite, quartz, kaolinite, feldspar, and
dolomite.

2.1.2 Chemical Analysis

Based on the saturation extract analysis, the main water-soluble
ions for the Lake Agassiz clay were Na , Ca and_ HCO~, as listed in
Table 1. The predominant extractable ion was Ca , while the cation
exchange capacity (CEC) was 71.4 meq/100 g.

2.1.3 Physical Properties

From the grain size analysis, the clay-size fraction (<2 urn) of
the Lake Agassiz clay was found to be 61% by weight - (Table 2) . The
liquid limit (ASTM D423-66), using distilled water with 24-hour
equilibration period, was 111.5% and the plastic limit (ASTM D424-59) was
27.7%. These values were slightly changed when the granitic groundwater
(GGW) was used, evidently due to low salt contents in GGW (Section 2.3).
Significant decrease in the liquid limit resulted when Standard Canadian
Shield Saline Solution (SCSSS) was employed. The presence of high salt
contents in SCSSS obviously suppressed the double layer thickness and
thereby reduced the activity of the clay particles. Increasing the
curing time from 26 to 240 hours slightly affected the liquid and plastic
limits. Since GGW was the primary solution used in the experiment, the
normal curing time was kept at a minimum of 24 hours.

2.1.4 Organic Concent

The amount of organic content in the Lake Agassiz clay was
determined by three different methods, oxidation with hydrogen peroxide
(H_O?) , oxidation with potassium dichromate (K2Cr20.,) and ignition at 600 C.
All the methods used the same specimen dry weight or 2 g.

The three methods of organic determination produced three
different results, as shown in Table 3 (at zero ozonation time). Two
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TABLE 1

RESULTS OF CHEMICAL ANALYSIS ON LAKE AGASSIZ CLAY

SOLUBLE IONS
(saturation extract)

Na+

Ca 2 +

K+

Mg 2 +

3

HCO3

Cl"

so2-

pH

Surface Area (m /g)

F.XTRACTABI.E CATIONS

Na+

Ca2+

K+

Mg 2 +

Cr.i I i on Exchange
Capacity (mcq/100 g)

meq/L

5.20

3.90

0.57

—

0

1.33

0.08

0.30

7.90

239

nieq/1.00 g

4.57

62.12

2.33

-

Total 69.02

71.4



TABLE 2

PHYSICAL AND MECHANICAL PROPERTIES OF LAKE AGASSIZ CLAY

Grain Size Distribution

Sand

Silt (20-2 ym)

Clay (<2 pro)

Specific Gravity

Consistency Limits

24-hour Curing :

distilled water

GGW

SCSSS

0%

39%

61%

2.79

liquid Limit

111.5

111.5

92.9

Plastic Limit

27.7

30.8

31.3

Average values between 26-240 hours curing time

Liquid Limit I

distilled water

GGW

SCSSS

112.0

111.5

98.3

3lastic Limit

27.1

27.9

27.4

*ASTM D427-61

Shrinkage Limit*

22.2

23.5

20.8



TABLE 3

EFFECT OF ORGANIC CONTENT ON THE CONSISTENCY LIMITS

Sample

A

A

A

B

B

B

Ozonation
Time
(hrs)

0

6.5

9.5

0

2

6

H2°2
8.97

2.20

4.69

8.75

6.80

6.54

ORGANIC CONTENT
( o }

K2Cr20?

1.38

1.10

1.02

1.89

1.64

1.40

Ignition

5.45

9.94

9.54

6.22

9.01

8.97

Pore Fluid
Type

DW
GGW
SCSSS

DW
GGW
SCSSS

DW
GGW
SCSSS

DW
GGW
SCSSS

DW
GGW
SCSSS

DW
GGW
SCSSS

L.L.

(%)

113.2
114.5
102.0

96.3
96.2
85.9

102.8
101.0
94.3

105.4
103.8
92.5

96.5
96.5
88.5

105.5
105.2
87.0

P.L .

(%)

30.9
29.9
31.0

28.7
29.7
30.3

26.9
27.2
30.4

29.9
30.2
32.7

29.3
29.8
33.0

34.1
35.4
39.7

L.L. = liquid limit
DW = distilled water

P.L. = plastic limit
GGW = granitic groundwater

i

I

SCSSS = saline solution
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different samples of the Lake Agassiz clay (Samples A and B) exhibited
small variation in organic content. Due to the presence of organics, the
feasibility of reducing the organic content by ozonation and its
subsequent influence on the behaviour of the clay were studied. The
latter was investigated through the changes in consistency limits using
the three different solutions. The ozonation of the clay was induced by
an Ozotec ozonator (by Canozone), using the soil-to-water ratio of 1 to 10
(by weight). The soil solution was ozonated for a designated period after
which the supernatant was pipetted off to remove the dissolved organics.
The soil was air-dried and subsequently tested for organic content and
consistency limits.

The effects of ozonation time in removing organic content shown
in Table 3 indicate a decrease in organics with increasing ozonation time
using K^C^Cu as the reagent. The other two methods, however, show
inconclusive results. It should be noted that reaction with hydrogen
peroxide tends to also remove carbonate from the soil, and ignition at 600 C
tends to also remove inorganic matter as well as orjanics, especially
through dehydroxylation of aluminosilicates. Similarly, the consistency
limits (i.e., liquid and plastic limits) reveal no definite influence of
changes in organic contents present in the soil.

2.2 CRUSHED GRANITE AGGREGATE

The aggregate selected by AECL for this study was crushed
granite (granodiorite) from the Cold Spring Quarry in Lac du Bonnet,
Manitoba. When received from AECL, the aggregate had been screened into
eight different gradations as listed in the first column of Table 4. In
order to satisfy the test requirements, certain sizes of the aggregate were
further sieved into more refined sizes, as indicated in the second column
of Table 4. The crushed granite aggregate was multi-coloured, the
predominant colour being pink. The degree of roundness was between angular
and subangular for large grains, while smaller grains were between
subangular and subrounded. Prior to usage, all aggregates were flushed
with distilled water to wash away fine granite powder. The crushed granite
was used as coarse aggregate, i.e., the component of the aggregate-clay
mixture that had its grain size larger than sieve No. 200 (0.074 mm).

2.2.1 Mineralogy

The mineralogical composition of the crushed granite was
determined by two techniques: X-ray diffraction analysis on granite powder
and petrographic analysis on thin sections. The results obtained for both
techniques were in good agreement. The amount of each mineral estimated
from the petrographic analysis presented in Table 5 indicated that the
crushed granite was composed primarily of quartz, feldspar plagioclase and
microcline.

2.2.2 Specific Gravity and Absorption

Three different sizes of the coarse granite aggregate were
tested for specific gravity and fluid absorption, in accordance with ASTM
test method C127-80. The specific gravity of the crushed granite was
determined in terms of "bulk" and "apparent" specific gravity (ASTM
C127-80) and specific gravity of solids (ASTM D854-58) - as shown in Table
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TABLE 4

GRADATION OF CRUSHED GRANITE AGGREGATE EMPLOYED IN TEST PROGRAM

GRANITE AGGREGATE
GRADATION SUPPLIED

BY AECL

-2 1/2 + 1 1/2*

-1 1/2 + 1

-1 + 3/4

-3/4 + No. 8

-No. 8 + No. 16

-No. 16 -s- No. 50

-No. 50 + No. 100

-No. 100

* -2 1/2 denotes

+1 1/2 denotes

GRANITE AGGREGATE
GRADATION USED

BY GRC

-2 1/2 + 1 1/2

-1 1/2 + 1

-1 + 3/4

-3/4 + 1/2

-1/2 + 3/8

-3/8 + No. 4

-No. 4 + No. 8

- No. 8 + No. 16

-No. 16 + No. 50

-No. 50 + No. 100

-No. 100 + No. 200

passing sieve size of 2 1/2

retaining on sieve size of

, .

EQUIVALENTMESH
(mr

-63.5

-38.1

-25.4

-19.1

-12.7

-9.53

-4.75

-2.38

-1.19

-0.297

-0.149

inches

1 1/2

SIZE
)

-t 38.1

+ 25.4

+ 19.1

+ 12.7

+ 9.53

+ 4.75

+ 2.38

+ 1.19

+ 0.297

+ 0.149

+ 0.074

inches
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TABLE 5

RESULTS OF PETROGRAPHIC ANALYSIS

ON THE CRUSHED AGGREGATE (GRANODIORITE)

MINERAL COMPOSITION

Quartz

Feldspar Plagioclase

Microcline

Biotite

Chlorite

Muscovite

Zircon

Calcite

Kaolin

Epidote

Apatite

Limonite

Magnetite

AMOUNT (%)

28

35

20

4

3

1

traces

2

2

3

traces

1

1
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6. The percent absorption increased as the grain size decreased, due
obviously to the increase in surface area.

2.3 SOLUTION

Three types of solution were used both to mix soil samples and
as "flow" solution (e.g., in the permeability test), without interchange:

(1) Deionized dis;illed water (DW) - used as a reference since
solution ions were negligible and the pH value was close to
7.0.

(2) Granitic Groundwater (GGW) - used as the main solution in
the experiment since it is likely to represent the
groundwater in the vault. Its composition is listed in Table
7, following that given by Abry et al. (1982).

(3) Standard Canadian Shield Saline Solution (SCSSS) - used on
selected tests where the effects of high salt content (Table
7) were of interest.

3. MOISTURE-DENSITY RELATIONSHIPS

The initial step taken to acquire the proper gradation of the
candidate backfill material was to determine the gradation of the
aggregate-clay mixture that would maximize its density. It was reasoned
that when the dry density is at its maximum (using the same compaction
effort), the hydraulic conductivity of the aggregate-clay mixture should be
at, or near, its lowest value. This would satisfy one of the primary
requirements of the backfill material listed in Section 1.2. Thus,
different trial mixtures were prepared - based on various gradations - and
were compacted, after which the dry density and hydraulic conductivity
were measured.

In order to systematically prepare the trial mixtures, the
theory of proportioning developed by Fuller and Thompson (1907) for densest
concrete mixes and the relationship proposed by Talbot and Richart (1923)
for an ideal gradation curve were followed. Such a relationship can be
expressed in a simplified form as

p = 100 ( ~^~ ) n (3.1)

where p is the percentage of material by weight that passes a given sieve
having openings of width d,

D is the maximum particle size of the given aggregate,
n is a variable exponent.

The gradations of the trial mixtures were based on Equation
(3.1) from which the moisture content-dry density relationships were
established through the Modified Proctor compaction requirements (American
Society for Testing and Materials Standard D1557-78). Six maximum particle



TABLE 6

SPECIFIC GRAVITY AND ABSORPTION OF COARSE GRANITE AGGREGATE

MESH SIZE (mm)

Passing

9.52

25.4

63.5

1

2

Retaining

4.75

19.1

38.1

Bulk Specific

Gravity

2.53

2.61

2.62

Bulk specific gravity includes
of the aggregate.

Apparent specific
impermeable voids

Apparent Specific

Gravity

2.60

2.62

2.63

the volume of

gravity includes the volume
of the aggregate.

Specific Gravity
of Solids

(average)

2.68

impermeable and permeable ]

Absorption
by weight

(%)

1.05

0.25

0.10

Dores

of permeable voids, without
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TABLE 7

TARGET ION CONCENTRATION FOR SYNTHETIC SOLUTIONS

(EXTRACTED FROM TABLE 1 OF ABRY ET AL. (1982))

ION

Na

K

Mg

Ca

Sr

Fe

Si

H C 03
Cl

S04
NO

F

PH

AECL Target Concentration

(mg/litre)

GGW*

8.3

3.5

3.9

13.0

—

—

—

(not determined)

5.0

8.6

0.62

0.19

6.5 + 0.5

*GGW - Granitic Groundwater

SCSSS*

5050

50

200

15000

20

-

15

10

34260

790

50

-

7.0 + 0.5

SCSSS- Standard Canadian Shield Saline Solution
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sizes (D) were investigated: 38.1 nrr, 25.4 ram, 19.1 mm, 12.7 mm, 9.53 mm
and 4.74 mm. The values of the exponent 'n' were varied, in general,
between 0.25 and 0.50 to correspond to the clay contents from 4 to 35% (by
weight).

The results of the Modified Proctor compaction tests on various
trial mixtures are summarized in Table 8, and a family of typical
compaction curves, using the same maximum size of 19.1 mm with various clay
contents, is presented in FIGURE 3. The corrected clay content values
shown in column 4 of Table 8 have been calculated according to ASTM
requirements for replacement or removal of large-sized aggregates, as noted
in the table. The variation of dry density with clay content is shown in
FIGURE 4. Although the primary set of mixtures considered in the
experiments focused on the 19.1-mm maximum particle size, the other maximum
particle sizes were used (as shown in FIGURE 4) over a limited range to
examine their resultant dry densities in relation to the 19.1-mm maximum
particle size mixture. Based on the test results obtained, the following
observations can be made:

1. The maximum dry density of the crushed granite aggregate-
clay mixtures (including all different maximum particle-size
mixtures) ranges from 2.07 Mg/m to 2.22 Mg/m (at clay
contents between 4.4 and 25.1%), which is much higher than
that of the clay itself (i.e., 1.38 Mg/m ). The maximum dry
density (at the optimum moisture content) starts to decrease
significantly when the clay content exceeds 30% (FIGURE 4) •

2. Between clay contents of 10 to 30%, the highest dry density
is attained when the maximum aggregate size is 19.1 mm
(FIGURE 4) . The corresponding value of dry density varies
slightly around 2.14 Mg/m . It would appear that the
maximum dry density of the aggregate-clay mixture remains
relatively unchanged when the clay content is between 10 and
30%, thereby allowing quite a broad range of clay content to
be used without substantially affecting the weight-volume
relationships.

3. The optimum moisture content of the compacted mixture varies
over a narrow range of 5.4% and 7.0% for clay content between
4.4% and 25.1% (Table 8, GGW) . Since the absorption of water
by the coarse aggregates is comparatively small, the majority
of moisture in the mixture is absorbed by the clay component.
The optimum moisture content, when evaluated with respect to
the clay portion only (shown in FIGURE 5), exhibits a
significant decrease, from 120% to about 30%, when the clay
content is increased from 4.4% to about 24.0%, after which it
changes slightly around 24.0% (close to its plastic limit of
30.8% - Table 2). For very low clay contents (-5%), the
optimum moisture content within the clay portions could
exceed the liquid limit of the clay (111.5% - Table 2). The
use of different solutions (distilled water (DW) , GGW, SCSSS)
produces slight changes in the values for the optimum
moisture content (Table 8) .



TABLE 8

RESULTS OF MODIFIED COMPACTION TEST

Maximum
Aggregate

Size

(mm)

38.1*
25.4*
19.1
12.7
9.53

25.4*
19.1
4.74
12.7
25.4*
19.1
12.7
25.4**
19.1
—
19.1
25.4**
19.1
25.4**
19.1

SAMPLE DESCRIPTION

Exponential
Value

n

0.5
0.5
0.5
0.5
0.5
0.4
0.4
0.5
0.4
0.3
0.3
C.3
0.25
0.25
—
0.5
0.25
0.25
0.25
0.25

Designed
Clay

Content

(%)

4.41
4.40
6.23
7.63
8.81
9.68
10.7
12.5
12.8
17.4
19.1
21.4
23.3
25.1
100.0
6.23
23.3
25.1
23.3
25.1

Corrected
Clay

Content

(%)

4.41
5.40

9.68

18.9

25.1

25.1

25.1

1
Pore Fluid

Type

GGW
GGW
GGW
GGW
GGW
GGW
GGW
GGW
GGW
GGW
GGW
GGW
GGW
GGW
GGW
SCSSS
SCSSS
SCSSS
DW
DW

Specific
Gravity

G
s

2.68
2.68
2.68
2.68
2.68
2.68
2.68
2.68
2.69
2.69
2.69
2.70
2.70
2.70
2.79
2.68
2.70
2.70
2.70
2.70

VALUES AT OPTIMUM MOISTURE
CONTENT

Mois ture
Content

(%)

5.35
5.52
6.35
6.51
6.40
6.20
2.70
7.00
7.75
8.41
6.23
8.95
6.68
7.00
34.4
6.85
7.70
8.10
8.80
9.00

Dry Density

(Mg/m3)

2.21
2.22
2.20
2.18
2.15
2.22
2.15
2.11
2.10
2.07
2.15
2.09
2.10
2.14
1.39
2.19
2.08
2.13
2.13
2.13

*Replacement of large size aggregate required (ASTM D1557)
**Removal of large size aggregate (ASTM D1557); clay content
is increased.

GGW - Granitic Groundwater, SCSSS - Standard Canadian Shield Saline Solution,
DW - Distilled Water
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Based on the above characteristics of compacted aggregate-clay
mixtures, it would appear that the most prominent candidate backfill should
consist of a clay content between 20 and 30% since the resultant maximum
dry densities obtained do not appear to vary significantly. The maximum
particle size should be 19.1 mm, since the resultant mixture yields the
highest dry density within the 20-30% clay content range (using the
Modified Proctor compaction effort). The segregation tendency of the
19.1-mm maximum size mixture should be less than other larger maximum
sizes. The density of the backfill should be maintained as close to the
intact parent rock density (2.65 Mg/m ) as possible in order to prevent any
excessive volume change/deformation of the rock formation in the vicinity
of the disposal vault.
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4. HYDRAULIC CONDUCTIVITY

One of the primary requirements in formulating the backfill
material is low hydraulic conductivity in order to restrict the movement of
water to and/or from the nuclear fuel waste container and the buffer
material (FIGURE 1). Ideally, the hydraulic conductivity of the candidate
backfill should be as close as possible to that of the clay by itself
since this is the lowest value a mixture of coarse aggregates and clay can
achieve.

Constant-head hydraulic conductivity test procedures were used
in testing various mixtures of aggregates and clay. Each aggregate-clay
mixture was prepared in the proportions governed by Equation (3.1), and the
synthetic granitic groundwater (GGW) was added to reach the previously
determined optimum moisture content (Section 3) . After a 24-hour
equilibration time, the mixture was compacted using the Modified Proctor
procedure (ASTM D1557-78). A reservoir of GGW was connected to the top of
the sample, allowing the GGW to flow downwards through the sample to the
outlet at the bottom of the sample. Additional hydraulic head (apart from
the gravity head) was generated by applying a constant air pressure on top
of the GGW in the reservoir. The constant-head permeability* test was
first conducted with a low hydraulic head, and the rate of outflow was
monitored until a steady state was reached. The hydraulic head was then
increased and the permeability test procedure was repeated. The experiment
was terminated when a sufficient number of tests conducted with different
hydraulic heads had been investigated.

Typical flow characteristics of the aggregate-clay mixture are
shown in FIGURES 6 and 7. When beginning the test with the lowest
hydraulic gradient (24.1), the outflow is highest after a short period of
time reflecting the relatively high porosity of the aggregate-clay mixture
when unsaturated (FIGURE 6a). Once the peak outflow rate is reached, the
amount of flow starts to decrease substantially until a steady state is
attained. The gradual decrease in outflow is likely to be due to the
effect of the time-dependent swelling of Lake Agassiz clay, which will
restrict flow because of the development of interparticle swelling.
Similar behaviour can be observed in tests with the other low gradients
(<72.3). The initial increase in flow rate upon application of a new
hydraulic head probably indicates that complete swelling of the clay
component has not been achieved at the time intervals given in the test,
and also that full saturation has not been reached. At higher gradients
(>72.3) the flow appears to reach a steady-state condition, thus suggesting
that equilibrium swelling of the clay component has been reached, and that
"optimum" saturation has been used in preference to "full" saturation
because it is unlikely that 100% saturation can be reached in this
particular test set-up. Increasing the clay content from 18.9% (FIGURE
6a) to 25.1% (FIGURE 6b) produces basically similar flow behaviour.

Throughout the flow period, monitoring of the outflow indicated
no noticeable presence of fine particles. Using the flow rate at steady
state, the relationship between the flow velocity (v) and the hydraulic

* The terms "hydraulic conductivity" and "permeability" are used
interchangeably.
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gradient (i) can be depicted graphically as shown in FIGURE 7. The
existence of an apparent threshold gradient (Yong and Warkentin, 1975;
Hansbo, 1960) can be noted in the figure. The presence of active surfaces
such as those in the clay used would produce particle interaction in the
presence of water and hence would tend to restrict flow at hydraulic
gradients below the apparent threshold gradient (Yong and Warkentin, 1975).
At higher hydraulic gradients the test results indicate that a linear
relationship between flow velocity (v) and hydraulic gradient (i) can
normally be attained. The coefficient of permeability k* is thus computed
from the linear relationship, as demonstrated in FIGURE 7.

The coefficient of permeability (k) in relation to the clay
content in the mixture can be obtained from the results of permeability
tests performed on various aggregate-clay mixtures compacted to maximum dry
density, as shown in FIGURE 8. It should be stressed that the respective
hydraulic conductivities are compared on the basis of similar compaction
effort (i.e., Modified Proctor). The results displayed in FIGURE 8
indicate that the hydraulic conductivity of the aggregate-clay mixture
begins to approximate that of the clay (by itself) when the clay content
exceeds 20% by weight. As observed in the figure, the resultant hydraulic
conductivities for the clay contents in excess of 20% are less than 2 x
10~ m/s. It is reasoned that the high swelling potential of the clay (in
the mixture) contributes significantly to the development of low resultant
hydraulic conductivities, despite the apparent relatively low clay content
used.

In essence, a low hydraulic conductivity close to that of the
Lake Agassiz clay (by itself) can be attained by the aggregate-clay mixture
when the clay content is higher than 20% by weight compared on the basis of
similar compaction efforts. During initial water uptake, the flow rate
should be relatively fast because of the high suction potential of
unsaturated-compacted soil.

4.1 HORIZONTAL PERMEABILITY

The first part of Section 4 was based on the "vertical"
hydraulic conductivity characteristics of the compacted aggregate-clay
mixtures, where the hydraulic flow direction is vertical and coincides with
the direction of compaction. In the underground vault situation (FIGURE
1) , it is possible that horizontal hydraulic flow along the tunnel length
might be induced by the difference in hydraulic gradients. A series of
horizontal permeability tests was therefore conducted to study the
"horizontal" hydraulic conductivity where the hydraulic fJow direction was
horizontal and perpendicular to the direction of compaction.

Unlike the 152-mm diameter cylindrical mould used in the
vertical permeability test, a square mould (118 x 118 x 122 mm) was
fabricated for simplicity. Inlet and outlet of solution were provided
from top to bottom and from one wall to the opposite one (FIGURE 9). Soil
samples with the maximum particle size of 19.1 mm and clay contents ranging
from 10.5? to 40.1% were compacted to achieve the maximum dry density and

* k is also called the "hydraulic conductivity".
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optimum moisture content determined previously (Section 3 ) . Granitic
groundwater (GGW) was used in both mixing and constant-head permeability
tests.

Both vertical and horizontal hydraulic conductivities decrease
as the clay content increases (FIGURE 9) . The horizontal permeability (ky)
is normally higher than the vertical permeability (k ) , particularly at low
clay content. Such a difference appears to become less when the clay
content increases. In general, both flow directions would give rise to
different values of k due to soil fabric orientation (Yong and Warkentin,
1975), leading to higher values in k, . The reduction in the difference
between k and k, as the clay content increases could be the restriction in
volume change during water intake, which could lead to soil fabric
re-orientation without external volume change. The soil structure change
caused by the swelling pressure might counteract the initial structure
resulting from the compaction. Such an effect would be more pronounced
when the clay content is higher. All the k values obtained for the square
sample mould are higher than those measured by using the cylindrical one.
This should be due mainly to the difference in boundary conditions. In the
square mould, the hydraulic flow is unlikely to be uniform, particularly at
the corners.

It can be concluded that the horizontal permeability of the
aggregate-clay mixture is higher than the vertical one by as much as a
factor of 10. The difference decreases as the clay content increases and
becomes negligible when the clay content is approximately 40%.

5. SWELLING PRESSURE CHARACTERISTICS

In formulating the candidate backfill material, it is desirable
that the swelling pressure generated when water uptake takes place without
external volume change should be small. This is to ensure that while the
backfill material is capable of swelling (i.e., generating positive
swelling pressure), the pressure developed will not be high enough to cause
any detrimental effects to the disposal system. For purposes of
formulating the backfill, it is therefore necessary to establish the
relationship between swelling pressure and clay content.
Two different test conditions were imposed to evaluate the development of
swelling pressure of the aggregate-clay mixtures:

(1) Allowing water intake by the mixture under various
hydraulic gradients.

(2) Submerging the aggregate-clay mixture under water
(solution) and allowing water intake from both top and
bottom of the mixture.

Both test conditions were imposed on the selected aggregate-clay
mixtures in order to simulate the hydraulic flow characteristics
anticipated in the underground vault. The vertical hydraulic flow
represents, in general, water intake of the backfill from a particular
source where uni-directional flow is induced. The submersion of the
aggregate-clay mixture simulates the situation when the underground vault
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is "flooded", i.e., there are more than one water entry positions without
high hydraulic gradients.

5.1 SWELLING PRESSURE OF PURE CLAY

Prior to evaluating the swelling pressure of select aggregate-
clay mixtures, the swelling pressure of the Lake Agassiz clay was
established by itself to indicate the upper limit for swelling pressure.
Clay specimens compacted to the maximum dry density according to the
Modified Proctor requirements were used in the experiment. Each specimen
was trimmed to a size of 63 mm in diameter by 19 mm in height and installed
in a consolidation test set-up. The top cap resting on the specimen was
connected to a load cell, both of which were secured to restrict any
vertical movement. Granitic groundwater (GGW) was introduced to the bottom
of the clay sample under a constant hydraulic head. A low hydraulic head
(gradient = 20 and gradient = 35 in FIGURE 10) was first applied, during
which the swelling pressure developed by the test sample was monitored.
When the swelling pressure reached a steady-state value, a higher gradient
was imposed to check its effect on the swelling pressure.

The time-dependent swelling pressure relationships obtained for
the Lake Agassiz clay (compacted to maximum dry density) are depicted in
FIGURE 10 for two different samples. The value of swelling pressure shown
is obtained by subtracting the applied hydraulic pressure from the measured
swelling pressure, thereby indicating the 'effective' swelling pressure
exerted by the clay particles. The results indicate that when fluid (GGW)
entry occurs (under the initial gradient), the swelling pressure is
developed rapidly until it reaches its peak value in less than 2 days.
Subsequently, the swelling pressure starts to decline gradually to a
constant value - after going through another peak (FIGURE 10a) or without
one (FIGURE 10b). Upon increasing the hydraulic gradient, the swelling
pressure increases slightly without a prominent peak. The maximum swelling
pressure developed is 26 kPa (FIGURE 10) for the first sample ( v, = 1.39
Mg/m and w = 34.4%) and 48 kPa ( y d = 1-37 Mg/m and w = 31.8%) for the
second sample (FIGURE 10). The difference is attributed to the variation
in the dry density (y.), initial water content (w ) and hydraulic gradient.

5.2 SWELLING PRESSURE UNDER VARIOUS HYDRAULIC GRADIENTS

In investigating the swelling pressure development of the
aggregate-clay mixture, a different procedure had to be adopted because of
the much larger soil grain sizes involved (i.e., maximum 19.1 mm). The
selected mixture was compacted in a special 152-mm diameter mould,
following the Modified Proctor requirements, after which it was equipped
with two pressure transducers - one vertical and one horizontal, as
illustrated in FIGURE 11. Granitic groundwater (GGW) was supplied to the
bottom of the sample under applied air pressure. An outflow line was
provided at the top for drainage, when required. The outflow of GGW
remained closed at all times, except before a new hydraulic gradient was
imposed. Thus the hydraulic conductivity could be checked and any soil
loss in the fluid phase could be observed intermittently. The development
of swelling pressure under a constant hydraulic gradient was monitored
continuously through a data acquisition system.
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A typical swelling pressure behaviour of the aggregate-clay
mixture is shown in FIGURES 12 (a) and (b) for the sample mixture with a
maximum aggregate size (D) of 19.1 rrm and a clay content of 25.1% by weight
( n = 0.25, Equation (3.1)). Eoth vertical (FIGURE 12(a)) and horizontal
(FIGURE 12(b)) swelling pressures exhibited no significant peak drop-off
until the applied hydraulic gradient exceeded 40. Increasing the hydraulic
gradients resulted in higher measured total swelling pressures. However,
when the applied hydraulic pressure is subtracted from the corresponding
measured value as shown in FIGURES 13(a) and (b), the "effective" swelling
pressure exerted by the soil particles appears to be more or less constant
and independent of the applied hydraulic gradient - as shown by the
difference between the solid and dashed lines in FIGURE 13. At a clay
content of 25.1% (by weight) the vertical "effective" swelling pressure of
the soil is 16 kPa (FIGURE 13 (a)), whilst the horizontal value is 12 kPa
(FIGURE 13(b)^indicating the anisotropic nature of the mixtures. As the
source of the swelling of the aggregate-clay mixture is the clay component,
it is not unexpected that the swelling behaviour of the mixture will be
controlled by the clay by itself - as described earlier.
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The use of "effective" swelling pressure as shown in FIGURE 13
assumes that the aggregate-clay mixture is fully saturated by the inflow
of GGW. Since the mixture is initially unsaturated as a result of being
compacted at relatively low moisture content, the degree of saturation will
be gradually increased during water intake. This can be demonstrated by
the pore water pressure measured at the outlet located at the top of the
mixture (FIGURE 11) , the behaviour of which is presented in FIGURE 14 for
the fixture having a maximum particle size of 19.1 mm and a clay content of
10.7% (Table 8). Under low hydraulic pressures (<1].5 kPa), no positive
pore water pressure is measurable. At higher hydraulic pressures, positive
pore water pressure starts to develop after about 90 days of water intake,
although vertical and horizontal swelling pressures are not affected.
Applying high hydraulic pressures of 46.0 kPa (and above) causes the pore
water pressure to rise rapidly to a value that agrees reasonably well with
the applied pressure.

The behaviour of the positive pore water pressure indicates
that, at relatively low hydraulic pressures, unsaturated flov; governs the
water intake and swelling characteristics of the aggregate-clay mixtures.
Once the hydraulic pressure applied is sufficiently high, the mixture
becomes close to full saturation and develops a positive pore water
pressure whose value matches the applied pressure. Thus the "effective"
swelling pressure (FIGURE 13) is theoretically acceptable, although such an
approach will yield a low effective swelling pressure at low hydraulic
pressures when the pore water pressure is negative.

The resulting vertical and horizontal "effective" swelling
pressures are shown in FIGURE 15 as a function of clay content. All
aggregate-clay mixtures share the same maximum particle size of 19.1 mm and
the same compaction effort (Table 8) . It is evident that the swelling
pressure of the aggregate-clay mixture increases with clay content, as
anticipated. The degree of anisotropy in swelling pressure appears to be
low since most of the vertical and horizontal swelling pressures are in
good agreement. The swelling pressure generated by the aggregate-clay
particles is low when compared with the swelling pressure of the buffer
material (FIGURE 1), which is expected to be in the range of 2 MPa (Gray et
al., 1985) .

5.3 SWELLING PRESSURE DEVELOPED BY SUBMERSION

The California Bearing Ratio (CBR) test procedures (ASTM
D1833-73) were adopted to study the swelling pressure of the aggregate-clay
mixtures caused by flooding of the underground vault. Such a test technique
allows for the large particle sizes of the mixtures, and provides the
amount of free swell during submersion in water and the loss of bearing
capacity after submersion. Various clay contents were investigated while
the maximum particle size was kept constant at 19.1 mm, and the gradations
of the mixtures followed Equation (3.1). Granitic groundwater (GGW) was
used in both mixing and soaking (in the CBR test) , with the water level
being slightly above the top of the mixture. During water uptake through
the top and bottom of the sample, the swelling pressure generated by the
aggregate-clay mixture against a rigid unyielding support was continuously
monitored.
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The development of swelling pressure during water intake is
shown in FIGURE 16 with relation to the elapsed time of soaking. It is
noticeable that the mixtures with low clay content reach the maximum
swelling pressures in a few days, while those having high clay content take
a much longer time. The increase in the maximum swelling pressure with
increasing clay content is demonstrated in FIGURE 17. The swelling
pressure of the aggregate-cley mixture starts to develop only when the clay
content is higher than about 11%. The resulting swelling pressures for
this "soaking" test condition (FIGURE 17) agree well with the effective
swelling pressures obtained by applying various hydraulic gradients (FIGURE
15). It would appear that the swelling pressure of the aggregate-clay
particles - without any external pressure - is fully generated when the
mixture is at or close to full saturation, at which point the soil suction
should be negligible. The development of swelling pressure is primarily
governed by the clay content, initial moisture content and dry density.

CL
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FIGURE 17: Relationship Between Maximum Vertical Swelling
Pressure and Clay Content (Top and Bottom Water
Intakes)
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6. FREE-SWELL CHARACTERISTICS

The ability of the backfill material to swell while taking up
water is necessary to ensure that any separation between the backfill and
its adjacent contact (i.e., the host rock, the buffer material, etc. - see
FIGURE 1) , including the separation within the backfill itself, will be
sealed. Thus any hydraulic flow through the separation within the backfill
will be impeded, thereby preventing migration of radionuclides and/or
fines. Long-term settlement of the backfill material due to different
placement techniques and/or environmental changes within the disposal vault
could cause cracks/voids in the system. Self-sealing of the backfill
material is therefore desirable.

The different test conditions employed to study the free swell
characteristics of the aggregate-clay mixtures are described in this
section.

6.1 FREE SWELL OF PURE CLAY

Similar to the investigation on swelling pressure development,
the free swell characteristics of both Lake Agassiz clay (by itself) and
the aggregate-clay mixture were studied, using separate equipment because
of the difference in particle sizes. For the 100% (pure) clay, each
sample (63 mm in diameter by 19 mm in height) was contained in a
consolidation cell assembly. The top cap was allowed to move freely in
the vertical direction and the granitic groundwater (GGW) was introduced
at the bottom of the soil sample.

The resulting free swell results for three different Lake
Agassiz clay samples, compacted to the maximum density (Modified Proctor),
are shown in FIGURE 18. Under a constant hydraulic gradient, the maximum
free swell for each sample is reached after a few days of water uptake.
The values vary from 3.5% to 6.0%, depending on the initial soil properties
and applied hydraulic gradient.

6.2 EFFECT OF DIFFERENT SOLUTIONS ON FREE SWELL

Because of the large grain size, the free swell capacity of
the aggregate-clay mixture was determined using the California Bearing
Ratio (CBR) test system. Each select aggregate-clay mixture was
compacted (Modified Proctor) in a CBR mould (152 mm diameter by 177.8 mm
height), following the standard procedure (ASTM D1883-73). A surcharge
of 45 N was imposed and the sample was submerged in a select fluid during
which the amount of swell was monitored continuously. Three different
fluid types were used (Section 2.3) - granitic groundwater (GGW) , Standard
Canadian Shield Saline Solution (3CSSS) and distilled water (DW) - both for
mixing and soaking. The maximum particle size (D) of the mixture selected
for this investigation was 19.1 mm, with a clay content of 25.1% by weight
(i.e., n = 0.25 - Table 8). The moulding moisture content was varied such
that it was between the dry and wet sides of the optimum values, as shown
in Table 9.

The resulting free-swell characteristics of the aggregate-clay
mixtures presented in FIGURE 19 are given with respect to the initial
moulding moisture content. As expected, the dry-of-optimum sample exhibits
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TABLE 9

initial

initial

Q percent

§ bearing
CO

2.5
5.1
7.6
10.2
12.7

initial

initial

Q

8 bearing

O 2.5
§ 5.1

7.6
10.2
12.7

moisture content (%)

dry density (Mg/m )

free swell (%)

ratio ats

mm penetration
mm penetration
rrm penetration
mn penetration
mm penetration

moisture content (%)

dry density (Mg/m )

I ratio at:

mm penetration
mm penetration
mm penetration
mm penetration
mm penetration

TEST RESULTS OF CBR TES

GRANITIC GROUNDWATER

<CMC*

7.3

2.17

4.2

2.6
3.0
3.3
3.5
3.7

6.5

2.21

~100
81
71
63
60

-CMC

10.0

2.1"

0.7

5.7
7.2
7.8
8.3

* CMC = Optimum

>OMC

11.0

1 2.12

0.3

7.7
7.6
7.3
6.9
6.9

T

DISTILLED

<OMC

8.7

2.11

1.7

4.0
4.8
4.8
4.5
4.4

9.6

2.17

14
13
12
11
11

Moisture Content

-CMC

11.0

2.10

0.3

4.6
5.0
5.3
5.2
5.1

rtATER

>OMC

14.2

1.98

0.3

3.2
2.9
2.8
2.6
2.6

SALINE SOLUTION

<OMC

6.1

2.24

3.4

7.7
9.3
9.4
9.8
10.1

-CMC

7.6

2.26

0.5

12.8
15.5
14.7
14.1
14.0

7.9

2.19

35
44
47
45
43

>OMC

10.3

2.17

0.1

5.7
6.5
6.6
6.2
6.2
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the highest free swell (max. 4.2%) because of its higher suction potential,
apx! the wot-of-optimum sample produces the least fret? swell. At the same
moisture content, the saline solution (SCSSS) yields lower free swell due
to suppression of the diffuse double layers of the clay particles (Yong and
W.irkentin, 1975) . Both distilled water (DW) and granitic groundwater (GGW)
follow similar relationships, indicating that the presence of soluble ions
in GGW (Table 7) is insufficient to cause measurable effects on the double-
layer swelling of the clays in the mixture. It would appear that th<
candidate backfill material should be compacted dry-of-optimum for high
froe-swe11 capa c i ty.

6.3 EFFECT OF CLAY CONTENT ON FREE SWELL

For backfill formulation purposes, the amount of free swell
with respect to clay content needs to be established. The maximum
particle size of the aggregate-clay mixtures selected for this series was
19.1 mm while the clay content was varied and the gradation conformed to
Equation (3.1). The California Bearing Ratio (CBR) test procedures
outlined in Section 6.2 were followed. The free swell of each mixture
was measured by the amount of vertical heave during water intake from the
top and bottom of the mixture under a specified surcharge of 0.35 kPa.

Similar to the behaviour observed in the determination of
swelling pressure (Section 5.3), the free swell gradually increases with
time- during soaking. As the clay content increases, the duration to
re.vh the maximum free swell normally increases. The amount of maximum
free swell is shown in FIGURE 20 as a function of the clay content. It is
t.-vidont that the aggregate-clay mixture starts to swell only when the
clay content exceeds approximately 11%, which agrees with the
swell ing-pressure test results.

In essence, the candidate backfill material should contain a
clay content of more than 11% (by weight) when the maximum particle size
is 19.1 imu Otherwise, the aggregate-clay mixture will have very low
swei1iPK} potential upon water uptake. The free swell and the swelling
£..TL-snure depend primarily on clay content, initial properties and the
salinitv of solution.

7. LOAD-CARRYING CAPACITY

The California Bearing Ratio (CBR) tests performed (Section
6.2) provide an indication of the load-carrying capacity of the backfill
T.:;t'-ri .-;! . The loadings that have to be supported by the backfill are the
:-<•;• If weight of the backfill itself, together with any stresses
* ? ••;;-• starred from the surrounding medium (e.g., buffer, rock). The CBR
*-. .nr. rvjults are summarized in Table 9 for both unsoaked and soaked
conditions. The significant decrease in load-carrying capacity is well
demonstrated when the aggregate-clay mixture is soaked. For the soaked
condition, likely to be representative of the long-term condition in the
lifespan of the underground vault, compacting the backfill at its
respective optimum moisture content provides, in general, better load
resistance than compacting at dry or wet-of-optimum. The results shown
in Table 9 indicate that the second-lowest CBR values are obtained from



40

.cen
•H

?!

U-l

o

16

grain size 19.1 rrm

I I

20 40 60 80

Clay Content (%)

100

FIGURE 20: Relationship Between Maximum Vertical Free Swell and Clay
Content (Surcharge of 0.35 kPa)

samples compacted wet-of-optimum using granitic groundwater. This is not
unexpected since these samples demonstrate the highest free swell. For
samples prepared and soaked with distilled water, only slight changes in
CBR values can be noticed, despite the wide range of moisture contents
used (from 8.7% to 14.21). The lowest load-carrying capacity exhibited
by the wet-of-optimum compaction with distilled water is most likely due
to the use of the highest initial moisture content and lowest initial dry
density of the sample in comparison to the others.

In assessing the results of the CBR tests with respect to
settlement of the backfill when loaded, it is necessary to take into
account the effects of groundwater uptake, as-placed moisture content and
soluble ion species present in the groundwater.

8. SELF-SEALING CHARACTERISTICS

The backfill material within the underground vault might be
subjected to thermal gradients, as well as hydraulic gradients. The
subsequent changes in moisture distribution are likely to cause
volumetric shrinkage or expansion within the clay component of the
backfill material due to pore fluid movement. The aim of this
particular test program is, therefore, to evaluate the extent of
shrinkage caused by the loss of moisture, and subsequently the ability to
recover the shrinkage by water intake (i.e., sealing the cracks). The
backfill material should not shrink extensively and should be able to
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swell and seal the resulting crack network once water intake occurs. It
should be noted that the test technique to determine the self-sealing
capability of a soil is not readily available, particularly for soils
containing large particle sizes. The test method used here is aimed at
providing qualitative evaluation of the soil behaviour.

8.1 TEST PROCEDURES

The aggregate-clay mixtures at various gradations according
to Equation (3.1) were prepared with the granitic groundwater (GGW) to the
same moisture content of 30% (Table 10) . Such a moisture content was
selected since it is close to the plastic limit and the shrinkage limit of
the Lake Agassiz clay (Table 2) . Consequently, the volumetric changes
should reflect the changes in soil structure rather than moisture losses.
The samples were left for five days in air-tight containers and were
allowed to reach equilibrium; afterwards, the samples were mixed thoroughly
and were compacted manually into shallow 100-mL glass petri dishes to a
bulk density of 1.6 Mg/m , each being about 90 mm diameter by 16 irrr. high.
The test specimens were subsequently allowed to air-dry normally at room
temperature. Periodic weighings, observations and photographs were taken
so as to monitor the moisture loss and shrinkage characteristics. When
completely air-dried, the samples were gradually rewetted with GGW to the
original 30% moisture content without severe disturbance. Each moistened
sample was covered overnight to allow for equilibration and swelling under
sealed and confined conditions. After equilibrium, the covers were removed
and the air-drying process was repeated.

The use of the shallow petri dishes permits the volume-trie
changes of the samples to be observed visually. With the aid of
photographs and a grid system of known dimensions, the change
in cioss-sectional area can be recorded. Any separation between the
clay and the granite grains during shrinkage and subsequent swelling can
also be observed visually.

8.2 OBSERVATIONS

During the drying period, it was observed that the greater the
clay content, the greater the lateral shrinkage of the sample (as noticed
from the separation between the sample and the side wall of the petri
dish). This is normally expected since the clay content generally controls
the amount of shrinkage in soil. However, Sample No. 5 (Table 10), which
had the lowest clay content at 27.6%, showed no observable lateral
shrinkage during drying despite the fact that its moisture content, with
rf-spect to its clay content (108.6% in Table 10), was close to the liquid
limit (111.5% - Table 2).

The formation of deep cracks was particularly evident for the
100". clay sample (Sample No. 1) such that the sample was separated into
variou.s pieces. While Sample Nos. 2 and 5 remained intact upon drying,
there was a network of both superficial and deep cracks visible. Sample
Nos. 3 and 4, with moderate clay contents, showed no formation of cracks
at the exposed surfaces.

Each sample was relatively homogeneous in appearance at the
st-::rt of the test. After the second drying, Sample Nos. 3, 4 and 5 had
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TABLE 10

INITIAL SAMPLE CONDITIONS TOR THE DETERMINATION

OF SELF-HEALING CHARACTERISTICS

SAMPLE

MAKE-UP

mesh size (mm)

12.7
9.54
4.74
2.39
1.19
0.297
0.149
0.074
clay

moisture content
of sample (%)

moisture content
within clay
fraction (%)

initial bulk -.
density (Mg/m )

#1 *

D=0.074
n=0.25

0
0
0
0
0
0
0
0

100.0

30.0

30.0

1.60

•Equation

SAMPLE

#2

D=0.149
n=0.25

0
0
0
0
0
0
0
16.1
83.9

30.0

35.7

1.60

(3.1}

DESCRIPTION

#3

D=1.19
n=0.25

0
0
0
0
0
29.3
11.2
9.6
49.9

30.0

60.1

1.60

p = 100

#4

D=4.74
n=0.25

0
0
0
15.8
13.4
20.8
7.9
6.8
35.3

30.0

84.9

1.60

<4>n

#5

D=12.7
n=0.25

0
6.9
14.9
12.4
10.5
16.2
6.2
5.3
27.6

30.0

108.6

1.60
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clean granite grains clearly visible at the exposed surfaces. Upon
re-wetting, these granite grains appeared to be unattached to the soil
cake, the majority of which concentrated around the centre of the sample.
Local de-bonding of clay particles and granite grains due to the
repetitive drying and wetting would seem to be possible.

8.3 CHANGES IN CROSS-SECTIONAL AREA

In order to provide some quantitative information on the
extent of shrinkage, the changes in cross-sectional area during drying
wore monitored as a function of decreasing moisture content, as shown in
FIGURE 21. As anticipated, the cross-sectional area decreases as a
result of moisture evaporation. Since the shrinkage reflects the
presence of clay within the samples, it is not unexpected that the higher
clay content samples experience greater loss in cross-sectional area when
compared to the lower clay content samples.

The swelling due to wetting of the sampler: (at the end of the
first drying) back to the original moisture content closed all the cracks,
although this created uneven soil surfaces. In general, the second drying
led to higher lateral shrinkage than the first drying, probably due to the
redistribution of clay particles within the sample.

In essence, the self-sealing capability of the aggregate-clay
mixtures depends significantly on the clay content, moisture content and
drying-wetting cycles. After drying, rewetting of the mixture would seal
the crack network, although its original configuration might not be
maintained.

9. EFFECT OF MIXING METHOD ON AGGREGATE-CLAY ADHESION

In mixing a swelling clay (i.e., Lake Agassi z clay.) with coarse
gr^nitr. aggregates, the uniformity of the mixture and bonding established
bfrtvvvon the two components are factors that need to be evaluated.
Recognizing that a uniform moisture distribution in a swelling clay is not
easy to achieve (in the entire clay mass), it follows that when this kind
of clay is mixed with aggregates, the uniformity of the mixture in terms of
gradation and moisture distribution cannot be ensured. Such a problem
obviously exists in laboratory-prepared samples and is likely to become
-ore- serious in actual field scenarios. It should be i-otc<i that even if a
uniform mixture can be- obtained prior to fluid entry, segregation 3nd
migration of fines (clay) during water uptake car, occur if self detachment
ol the fines is not prevented. Thus, the bonding capability- between the
rlay rvjr tides and the aggregates becomes an important, consideration.

To evaluate the bonding capability between clay particles and
granite aggregates. two methods were used, namely:

(1) Rigorous dry sieving.
(2) Self detachment of clay particles when submerged.

The aggregate-clay mixture tested in this series of tests had
a maximum grain size (D) cf 19.1 mm and a clay content of 25.1% by weight
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(n = 0.25, Equation (3.1)). All samples were prepared at the optimum
moisture content using granitic groundwater (GGW) and were compacted
according to the Modified Proctor requirements. The pre-mixing
procedures, however, were different in treating the granite aggregates,
clay particles and mixing fluid. Four different mixing methods were
used:

(1) Dry aggregate-dry clay: Dry aggregates and dry clay were
proportioned to the required gradation and thoroughly
mixed. Granitic groundwater was added to bring the
moisture content of the mixture to its optimum value. An
equilibration period of 24 hours was allowed prior to
testing.

(2) Wet aggregate-dry clay: The graded clean aggregates were
first submerged in granitic groundwater for 24 hours, after
which they were surface dried with a clean towel. The
saturated, surface-dry aggregates were added to dry clay
and mixed. Additional granitic groundwater was added to
the mixture to bring its moisture content to the optimum.

(3) Wet aggregate-wet clay: The aggregates were saturated and
surface dried. The remaining amount of granitic
groundwater was added to the clay and an equilibrium period
of 24 hours was allowed. The two components were then
mixed thoroughly.

(4) Dry aggregate-wet clay: All the required amount of
granitic groundwater was directly added to the clay portion
and allowed to equilibrate for 24 hours. The dry
aggregates were subsequently added to the wetted clay.

Following the above mixing procedures, the compacted samples
were subjected to the following tests:

(1) Test 1. Rigorous dry sieving - Each compacted sample (152
mm in diameter by 116 mm in height) was split horizontally
into three layers (top, middle, bottom) and allowed to
air-dry. Once completely air-dried, each layer was placed
into a series of sieves and shaken continuously over three
separate intervals, with each shaking period lasting for ?0
minutes. The change in gradation wac subsequently
evaluated.

The results obtained are summarized in Table 11
in terms of the percentage of soil passing through the No.
200 sieve. Since all granite aggregates used were larger
than the No. 200 sieve size, and the clay powder used passed
the No. 200 sieve, the material passing sieve No. 200 in the
shaking tests should comprise primarily the clay particles
not strongly bonded to the granite aggregates. Based on the
average values (Table 11) , it would appear that the dry
aggregate-wet clay mixing technique (method 4) provides the
strongest adhesion between aggregates and clay, while the
wet aggrr-gate-dry clay procedure (method 2) yields the



TABLE 11

RESULTS OF RIGOROUS DRY SIEVING

Description

Target Values

Method 1 - dry aggregate-dry

Method 2 - wet aggregate-dry

Method 3 - wet aggregate-wet

Method 4 - dry aggregate-wet

Design clay content
(passing #200 sieve)

clay

clay

clay

clay

Initial
Moisture
Content

(%)

7.0

7.6

8.3

6.8

7.2

Initial
Dry

Density

(Mg/m3)

2.14

2.06

2.09

2.0

2.05

Percentage Passing #200
(by weight)

Top Middle Bottom
Layer Layer Layer

2.3

3.0

2.9

2.5

25.1

2.6

3.0

1.9

1.9

25.1

2.8

3.6

2.0

0.6

25.1

Sieve

Average

2.6

3.2

2.3

1.7

25.1

I
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least. The differences between the foi.r mix ing techniques
are comparatively small. The amount of material passing the
No. 200 sieve, which ranges from 1.7 to 3.2%, is much less
than the same material (i.e., clay powder) of 25.11 used in
mixing. Visual inspection after the tests reveals that the
crushed granite aggregates are well coated with clay.

(2) Test 2. Self detachment of clay particles when submerged -
Once the sample was compacted, it was extruded (intact) from
the mould and seated on a No. 200 sieve, and gently immersed
in a bath filled with granitic grouncwater. The sample
remained completely submerged without any disturbance for 24
hours. Subsequently, the sample with the sieve was
gradually withdrawn from the bath and left to air-dry for
three days, thereby completing the cycle of vetting and
drying. The test was repeated by immersing the air-dried
sample into a new bath filled with clean granitic
groundwater. The used granitic groundwater was oven-dried
to determine the amount of clay/fines separated from, the
mixture.

The amount of clay/fines found in the fluid is shown in
FIGURE 22 with respect to the number of wetting-drying
cycles. The percentage by weight of clay.•''fines separated
from the aggregate-clay mixture is very small, beirg less
than 0.5% of the bulk sample. The highest loss of clay,
through self detachment, was found for the sample prepared
by the dry-aggregate/dry-clay mixing method (except the
third cycle) and the lowest, loss was tour.d in the sample
prepared by the wet-aggregate/dry-clay ir.t-thod. Trie- highest
loss normally occurs in the first cycle.

Based on the above two methods of !-..••• \-<.lifting tht- tending
capability between the aggregates ar.d clay particles, it is
obvious that the normal mixing technique of mixing dry
aggregates and dry clay powder, followed by addition of
selected fluid, is not necessarily the best procedure in
providing the strongest bonding between the clay and
aggregates. The mixing technique that netxi-s to be- adopted
should also take into account other impir i.-;:;L factors, e.g.,
pulverizing natural clay, mix wig :\.\: i : i ty • workai-; 1 lty,
transportation to the placnrt-n1. si**-,. • -••.

10. COMPACTION ENERGY

The characterization of the randida'-o b. ..-kfiH. mate-rial in
this study was based mainly on selected aqgrc-nate-cl.iy mixtures compacted
to the maximum dry density. The compaction effort usr-d was the Modified
Proctor compaction requirements, which impart an energy level of 2860
kN.m/m onto the soil. In the underground vault situation (FIGURE 1) , it
is likely that the backfill material to be placed near the crown of the
tunnel v;ill have to be compacted differently from the backfill material
underneath, owing to the inaccessibility of conventional field compacting



-48 -

Si
o
XI

a

E
D

o

0.5

0.4

0 .3

0 .2

0.1

mix method

dry aggregate - dry clay

wet aggregate - dry clay

wet aggregate - wet clay

dry aggregate-wet clay

o 1 2 3 4

Cumulatlvo Number ol Fluid Immorslon / Withdrawal Cycles

FIGURE 2 2 : Loss of Clay P a r t i c l e s During Submersion

equipment (e.g., rollers). Thus the as-placed density of the backfill
near the tunnel crown might be lower than that close to the tunnel floor.
This is not desirable, since it will lead to non-uniformity in the
backfill properties.

In order to provide information for the design and/or selection
of an appropriate field compaction equipment/technique, it is imperative
to:

(1) Study the feasibility of various compaction methods.
(2) Establish the compaction energy and the resultant

density relationship.

All the experiments performed for this study involved the
aggregate-clay mixture having the maximum grain size of 19.1 mm and the
clay content of 25.1%, in accordance with Equation (3.1). The optimum
moisture content, which was found to be 7.0% (Table 8) using granitic
groundwater, was employed throughout the tests, unless otherwise stated.



-49-

10.1 COMPACTION BY IMPACT (DROP HAMMER)

Following the normal procedure of establishing a moisture-
density relationship for controlling the field compaction, the vv.iiation of
density with compaction energy was determined by the drop hammer technique.
In order to cover a wide range of compaction energy, the v^ri^.blos in
testing included the weight of the rammer (2.49 and 4.54 kg), the rammer
drop height (0.305 and 0.457 m) , the number of blows per layer (from 20 to
100) and the number of layers (3 and 5).

Based on the same aggregate-clay composition and moisture
content, the dry density increases sharply from as 4ow as about 1.15
Mg/m at the "free fall" condition to about 1 .85 Mg/rrf' irorr, th<- standard
Proctor compaction effort (ASTM D698-78), as shown in FIGURE 23. The
"free fall" condition represents the normal procedure of stockpiling the-
aggregates at the site whereby the aggregates are transported and allowed
to fall freely from the transporting equipment, e.g., from the conveyor
belt. Then the minimum-.dry density of the backfill material should be
around 1.20 to 1.30 Mg/m with minimum compaction effort (in the range of
10 to 50 kH.m/m ). Once the dry density reaches about 1.90 Mg/m" at an
energy level of 800 kN.m/m , further increase to the density requires much
higher compaction effort. The Modified Proctor compaction energy of ?.bou*r
2700 kN.m/m , the normal reference used in preparing samples in this study,
brings up the dry density to about 2.10 Mg/m". Increasing the compaction
energy up to 480Q kN.m/m produces only a slight increase in dry density to
about 2.15 Mg/m"'. Therefore, a dry density of 2.10 t0.05 Mg/rr/ (used
extensively for this study) will require a compaction energy (dynamic1* in
the range of 2400 to 3200 kN.m/m .

10.2 STATIC COMPACTION

In practice, the quasi-static compact.ion ti-̂ ::iio!.t is normally
applied by surcharging or smooth rollers. I:; <• .••.•:«.: to <• ::r:uJ -to the
quiisi-static compaction effort: in the latjoratory, the- backfill material
was contained in a CBR mould (152 mm in di.Hmett.-r by 17;•? mm in height) and
w:;S pressed continuously at a constant rate of 0.04 mm, s in a compression
machine (Instron) . The resulting load-displaconx.-iit rtOat ionshin was
subsequently deduced from the compaction energy while tht. corresponding
density was determined by the change in soil vr.i ;::;>•, The- backfill
material tested was similar to t.hj~.t used in try dynamic compaction
investigation (Section 10.1). Three samples weio u^Aod, each being
compacted quasi-statically until its., final height. '.•;.-••? •)•<.';<•• 2C niri and its
dry density reached arjCM.it 2.15 Mg /rn".

The resulting density-compaction er^r--;-1 rr lat i onsh i ;•• shown in
FIGURE 24 indicates a similar trrr.d tc U\;t L-. .i-.o :::• v;v dynamic
corr-paction (FIGURE 23). When comparing both c\T.nv.'"t i on t ̂ -chni r.\y s on the
basis of equal compaction energy, the quasi-static technique produces
higher density than the dynamic compaction exemplified in FIGURE 24. In
other words, uic rof-. ,-ncr dry density of 2.15 Mq/nT (Table 8) can be
achieved by quasi-stat . - compaction ~.t an energy of alxrujt 1000 kN.m.'nr ,
which is lower than the dynamic (drcp hammer) technique (2,600 kN.m/m -
FIGURE 23). The di f forr-nco br-tŵ c-n the two mothers r-hould lie in the
effr-cts of each compaction technique on soil particles. Tn tho dynamic
(drop hammer) compaction, the aggregates are broken down to smaller sizes
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(GRC, 1983) due to impact while in the static compaction, the aggregates
and clay particles are likely to be re-oriented to a denser structure and
the aggregate crushing should be less. The different compaction energies
in the two techniques observed in this study might also be due to the
difference in specimen height. Both compaction techniques will have to be
assessed when applied to a larger mass in actual field conditions.

10.3 VIBRATORY COMPACTION

In an attempt to compare the various compaction methods on the
same basis, the candidate backfill material contained in a CBR mould was
subjected to a vertical vibration as produced in a mechanical sieve shaker.
Similar to the Modified Proctor compaction piocodute, each of the five
layers of the backfill material was repeatedly loaded under a surcharge of
4.5 kg with a vertical drop height of 10 mm at a frequency of 195 cycles
per minute. The compaction energy was varied by changing the duration of
vibration. Such a laboratory procedure w«s intended to provide a
preliminary assessment of vibratory compaction, since a detailed study
was beyond the scope of this study.

_,The results shown in FIGURE 23 indicate ;. ] c-v dry density of
1.35 Mq/rrT for a relatively high compaction energy :>:.' we-v-n 2100 and 2600
kN.m/m" . It should be noted that, in practice, vibratory compaction is
imparted onto the soil surface without the entire soil mass moving as
imposed in this study. Nevertheless, it is Jikely that vibratory
compaction will be unable to achieve a dry density of 2.15 Mg/rrT in the
backfill material located near the crown of the vault, using a similar
compaction effort.

It can be concluded at this stage that the backfill material
clone to the crown of the underground vault needs special attention so
that the proper compaction technique may be selected to achieve tho Sĉ me
dens i i icat ion as the backfill material underneath. Quasi-static
compaction applied horizontally in increments warrants further de-tailed
investigation.

10.4 TRANSPORTATION OF BACKFILL MATERIAL

In the underground vault situation, the t>.-;ckfi]2 material is
likely to be processed at the ground surface, and transported vertically
down the shaft and horizontally to the vault. During this procedure, one
plausible transport technique is chuting with r'.—•p'ing in which tho
aggreqate-clay mixture is pumped through a .system of due*-K •-'hoses and
deposited onto the required site. Its feasibility was investigated in the
1 ahora'/ory by using a nominal 1-hp vacuum pump* to transfer the candidate
backfill material, and the resulting density was monitored,

In the first attempt, the backfill material, (similar to that used
in Sections 10.1-10.3) was sucked directly by the vaev:<?r! pi:mp through a
hose. It was found that the majority of the aggreqate-clay mixture could
be rapidly sucked up, and travelled easily through the pumping system.

* Blower Performance Specifications: max. (11! •- 700, velocity - 5131 FPM,
Hose diameter = 5 in.
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However, some large aggregates (about 12 mm and larger) were either left
out or lingered in the flexible hose, even with some tapping on the hose.
This led to the segregation of the large aggregates from the rest of the
mixture, which is not desirable.

Despite the above findings, the feasibility of transporting the
backfill material by chuting was investigated further. A gradual
decrease in the diameter of the chuting system was set up as shown in
FIGURE 25, and in addition to the potential energy of the backfill
material, the vacuum pump was also connected to reduce the resistance of
the system. Such an arrangement was made to prevent particle
segregation. Approximately 55 kg of the candidate backfill material was
used at four different moisture contents in this test series. The vacuum
pump was turned on to create suction in the system, after which the
backfill material was allowed to fall through the chute. The time taken
for the material to move through the chute was recorded and the energy
imparted onto the backfill material was calculated.

The dry density of the chuted material is very low, in the
range of 1.01 and 1.16 Mg/mJ for moisture contents of 6.95 and 7.34%, in
association with the low energy applied (FIGURE 26). Varying the
moisture content of the backfill material appears to have little
influence on the flow speed observed. When compared to the results for
the "free fall" conditions (FIGURE 23), the lower density from chuting
with vacuum is probably due to the loosening effect by vacuuming.

Based on the experience gained, it can be stated that:

(1) Transporting the backfill material by compressed air or
mechanical pumping will have to be carefully assessed.
The aggregate-clay mixture with a moisture content of
about 7% is too dry to "flow".

(2) Chuting the aggregate-clay mixture through a system of
non-uniform ducts/hoses can lead to serious segregation
problems.

(3) The aggregate-clay mixture deposited by chuting is
likely to be loose and densification will be necessary.

11. DISPERSIBILITY

In using an aggregate-clay mixture for backfilling a disposal
vault, the possibility of segregation (or dispersivity) of the fines
component during fluid flow warrants detailed investigation. Higher
degrees of dispersibility will lead to an undesirable ctvjige in some of
the physical and chemical properties.

The method used for this investigation was the pinhole test
proposed by Sherard et al. (1976).
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11.1 TEST PROCEDURE

Each sample in the test used the Lake Agassiz clay and sand-
sized granite (passing #50 sieve, retained on #100 sieve). The two
component materials were mixed at various proportions with granitic
groundwater to reach the respective plastic limits (Table 12) . Each
specimen for the pinhole test was prepared using the Harvard miniature
compaction apparatus following the procedures described by Sherard et al.
(1976). However, 27 tamps of the 67-kN (15-lb) spring rainmer were used to
each of the five layers (instead of 16 tamps) in order to duplicate the
Modified Proctor compaction effort. After 24 hours of equilibration, the
pinhole test was performed in accordance with the proposed test procedures,
using granitic groundwater throughout the test program. Hydraulic heads
(51 mm, 178 mm, 381 mm and 1016 mm) similar to those used by Sherard et al.
(1976) were imposed since the densities of de-ionized water and GGW were
almost identical.

11.2 RESULTS

The test specimens contained 10% to 100% Lake Agassiz clay
content while their initial moisture contents were between 20% and 36%
(Table 12) . The kneading compaction of the .spring-loaded rammer produced
dry densities between 1.5 Mg/m and 1.8 Mg/m . As indicated in Table 12,
some samples emitted slightly coloured discharges for several seconds
before turning clear. The 10% Lake Agassiz clay specimen, which had the
lowest clay content tested, revealed a barely visible colouration at the
highest hydraulic head of 1016 mm or at a fluid velocity of approximately 3
m/s (Sherard et al., 1976).

At each hydraulic head, the rates of steady-state flow for all
test specimens are shown in FIGURE 27. The samples bearing from 70% to
100% Lake Agassiz clay show negligible flow until the maximum hydraulic
head of 1016 mm was applied. Three samples containing between 50 and
60% Lake Agassiz clay experience moderate flow at the lower hydraulic
heads. The samples with a Lake Agassiz clay content between 25% and 40%
shew higher flow rates than the majority of the samples tested. The 20%
clay content sample exhibits the highest flow, while the 10% clay content
sample has negligible flow. Based on these results, it appears that the
flow rate is generally decreased as the clay content within the sample is
increased, except when the clay content is less than 20%. In all tests,
the effluents collected were always clear, implying non-dispersive
materials. Furthermore, the pinhole sizes after flow showed no
significant signs of erosion. The measured flow rates were extremely
low for all four hydraulic heads applied, probably reflecting the
high swelling potential of the Lake Agassiz clay.

Based on the results presented, it would appear that the Lake
Agassiz clay is non-dispersive, particularly in the 25% clay content
range.



TABLE 12

MOISTURE CONDITION OF SAMPIES SUBJECTED TO PINHOLE TEST

Clay
Content

(%)

10

20

25

30

40

50

55

60

70

75

80

90

100

Sand-Si zed
Granite
Content

(%)

90

80

75

70

60

50

45

40

30

25

20

10

0

Plastic
Limit

(%)

ND

NP

ND

23.7

22.2

24.0

24.5

25.0

25.8

26.7

27.7

24.1

29.1

Moisture Content
Initial Final

(*) (%)

19.3 19.0

22.0 22.3

23.0 24.2

23.8 25.0

22.8 23.4

25.1 26.2

25.6 26.6

25.7 26.4

26.7 27.6

28.4 29.2

27.7 29.0

25.4 26.6

20.0 30.7

Dry
Density

(Mg/m3)

1.64

1.81

1.71

ND

1.65

1.74

ND

1.53

1.71

ND

1.70

ND

1.64

Ranarks and Observations During
Pinhole Test

hole repunched at 381 mn head

clear

clear

slight colour for few seconds, then clear

ii

it

clear

clear

clear*

slight colour for few seconds, then clear

clear*

slight colour for few seconds, then clear*

ti

ND - not determined

NP - not plastic

* - no flow on 1st trial, pinhole repunched for 2nd trial
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12. CANDIDATE BACKFILL MATERIAL

Based on the results of the overall experimental investigation,
it is possible to delineate an acceptable range of gradations of the
candidate backfill material with respect to its engineering performance.
Using the crushed granite aggregates and Lake Agassiz clay, the
appropriate gradations, with small allowable variations, are shown in
FIGURE 28, and the corresponding properties are summarized in Table 13.
The maximum particle size of the aggregate-clay mixture should be around
19.1 mm, since it can produce densities similar to the 25.4-mm or
larger-sized particles, but is less susceptible to segregation. The clay
content should be at least 20% by weight to ensure low hydraulic
conductivity. The natural clay should be pulverized to pass a No. 200
sieve to promote a uniform mix. The mixing technique to achieve the
highest bonding between aggregates and clay should be investigated in
detail, especially where mass production is involved. The amount of free
swell and swelling pressure should be controlled mainly by adjusting the
clay content. The upper limits of swelling should be those developed by
the clay itself without any filler. The load-carrying capacity of the
aggregate-clay mixture should be of concern from the viewpoint of its
long-term performance. Should the underground repository be subjected to
water intake from the surrounding groundwater, the load-carrying capacity
of the backfill will be significantly reduced, leading to high
settlement. Separation between the nuclear fuel waste container with the
buffer material and the backfill is therefore possible, unless the amount
of free swell of the backfill compensates the settlement. Detailed
formulation and placement procedures of the backfill material can only be
properly designed when the actual field conditions are identified.

13. LARGE-SCALE STUDY OF FLOW THROUGH BACKFILL

During the lifespan of the disposal vault, the surrounding
groundwater is likely to infiltrate into the backfill-buffer-container
system (FIGURE 1) . The flow characteristics within the backfill material
should therefore be investigated in detail so as to answer the following
questions:

(1) How long will it take to saturate the vault once water
intake occurs?

(2) What will be the swelling pressure during water intake?

Although the hydraulic conductivity and swelling pressure
development, have been investigated using the constant-head permeability
test as presented earlier (Sections 4 and 5) , sample sizes have been
limited to 152 mm diameter by 116 mm in height. In the full-size
repository tunnels, the backfill will be about 5 m by 7 m in cross-section
and a few thousand metres in overall length (Burgess, 1980). In order to
overcome the confined boundaries of the small equipment set-up (e.g.,
FIGURE 11), a larger cell was used, the dimensions of which were 0.41 m in
diameter and 1.102 m in sample height (FIGURE 29). Flow through the
backfill in the vault can then be studied without total restriction in flow
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TABLE 13

PROPOSED BACKFILL MATERIAL

Soil Properties

Gradation

Maximum particle size
(crushed granite aggregate)

Clay content, % by weight
(Lake Agassiz clay)

Consistency Limits (with GGW)

Liquid Limit

Plastic Limit

Plasticity Index

Hydraulic Conductivity

k

Swelling Pressure

(by soil grains) using GGW

Free Swell

using GGW

Aggregate-Clay
Mixture

19.1 mm

20-30

28-35%

20-22%

8-13

Kf 1 0 m/s

16 kPa

4.2%

Lake Agassiz
Clay

111.5%

30.8%

80.7

lO'10 m/s

48 kPa

6.0%
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FIGURE 28: Proposed Backfill Material Gradients

direction, duration of unsaturated flow, influence of body weight of the
backfill, etc. The steel cell was equipped with a top piston (with
counterweight assembly) connected to a load cell for measuring the swelling
pressure. The solution selected, granitic groundwater (GGW) , was
introduced to the bottom of the sample. Other inlets were possible from
the top and sides of the sample. Along the wall of the steel cell, a small
inlet/outlet was provided at 127-mm intervals (vertically), three of which
were available at equal distance on the same horizontal plane. These
sidewall inlets/outlets acted as instrument-installation ports for
tensiometers, piezometers and electrical probes for monitoring the wetting
front. The backfill material used in this experiment had the maximum
particle size of 19.1 mm and a clay content of 25.1 % by weight, being
representative of the proposed candidate backfill material. The sample
was compacted in the steel cell to achieve a dry density of 2.14 Mg/m" at
the optimum moisture content of 7.01 (Table 8).
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13.1 SOIL SUCTION BEHAVIOUR

Two soil moisture probes (tensiometers) were installed for
measuring soil suction in the backfill material, one at 0.337 m and the
other at 0.718 m from the bottom of the backfill (FIGURE 29) . The
granitic groundwater (QGW) was allowed to flow in at the backfill
bottcm, first without applied air pressure, while the level of GCW in
its reservoir was at 0.210 m above the backfill bottom. Subsequently, an
air pressure of 54 kPa was applied on top of the GGW to create an
additional hydraulic head. During water uptake by the backfill, the
changes in soil suction, swelling pressure and advance of wetting front
were continuously monitored.

The soil suction values measured by the two tensiometers
(FIGURE 29) are presented in FIGURES 30(a) and (b) . The lower tensiometer
(FIGURE 30 (a)), located closer to the water source, indicates an initial
suction of 43 kPa, which is significantly reduced to about 5 kPa after a
short period of water uptake by the backfill material. The suction
remains relatively unchanged throughout the zero applied air pressure.
Once the air pressure is applied at 54 kPa, the suction drops almost
immediately to zero, implying full saturation of the backfill material
in that part. The upper tensiometer, No. II in FIGURE 30 (b), measures a
maximum suction of 68 kPa, which gradually decreases to a value of about
45 kPa prior to application of additional hydraulic pressure. The slow
reduction in soil suction near the top of the buffer material should
reflect the gradual increase in water content in that location. The soil
suction drops to about 2 kPa almost immediately after the hydraulic
pressure is increased to 54 kPa. The value eventually becomes zero a few
days later.

13.2 ADVANCE OF WETTING FRONT

The upward movement of the saturation zone within the
backfill material was monitored by 25 electrical-conductivity probes
located along the vertical wall of the steel cell. The electrical-
conductivity probe works on the principle that its electrical circuit will
be closed when water reaches the tip of the probe. Thus, it is possible to
monitor the upward advance of the wetting front within the backfill
material during water uptake.

The resulting advance of the wetting front is illustrated in
FIGURE 31 with respect to the height of the cell and the number of days
of water uptake. Under zero air pressure, the upward movement of the
saturation front: is induced solely by soil suction present in the
backfill material. When observed at the same time, the saturation front
is not necessarily horizontal, as indicated by the electrical probes.
The movement of the saturation front comes to an end at a height of
about 0.270 m above the backfill bottom, after 50 days of water uptake.
The wetting front moves up rapidly after the air pressure of 54 kPa is
applied. The front reaches the top of the backfill material in about 2

weeks under the new hydraulic pressure. The profile of the saturation
front is relatively horizontal, implying uniform flow.
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13.3 SWELLING PRESSURE DEVELOPMENT

The development of swelling pressure during water uptake in the
backfill material is monitored by a load cell connected to the piston
(FIGURE 29). Changes in external volume were restricted by preventing
the movement of the piston and load cell assembly. The resulting
swelling pressure-time relationship presented in FIGURE 32 reveals that
the swelling pressure increases gradually with time, in association with
the slow decrease in soil suction shown in FIGURE 30(b). The maximum
value of swelling pressure developed under zero positive hydraulic
pressure is about 2 kPa, which is lower than the value of 16 kPa (FIGURE
13) measured in a smaller sample size. This should reflect the influence
of body weight, boundary conditions and the degree of saturation. After
the backfill material becomes saturated under the new hydraulic pressure,
the swelling pressure is increased to 24 kPa. At this point, the
experiment had to be terminated due to leakage of GGW through the piston
sidewalls. Nevertheless, the effects of increasing hydraulic pressure
on the advance of the wetting front and swelling pressure were
demonstrated.
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14. LARGE-SCALE STUDY OF FLOW THROUGH BACKFILL AND BUFFER

Following the large-scale study of flow through the backfill
material (Section 13)/ a similar investigation was conducted on the
backfill and buffer materials. Both are likely to be in contact, leading
to a distinct interface between the two materials (FIGURE 1) which are
significantly different in terms of composition, swelling potential and
hydraulic conductivity. It is not unlikely that hydraulic flow might be
initiated from the buffer to the backfill, or vice versa, through
groundwater intrusion to the disposal system during its lifespan. The
differences in material properties with respect to hydraulic flow warrant a
detailed study both experimentally and theoretically.

14.1 TEST EQUIPMENT AND MATERIAL PROPERTIES

The equipment set-up similar to that shown in FIGURE 29 was used,
with some slight modifications (FIGURE 33). The buffer material made of
Avonlea bentonite and graded silica sand was first compacted into the
0.410-m diameter steel cylinder to achieve a dry density of 1.57 Mg/m at a
moisture content of 23.5%, as used in the previous study on creep behaviour
(Yong et al., 1985). Subsequently, the backfill material was compacted on
top of the buffer material to the maximum dry density of 2.14 Mg/m with
the moisture content of 7.0% using the granitic groundwater (GGW). The
backfill material was the aggregate-clay mixture having the maximum grain
size of 19.1 mm and the clay content of 25.1% (Section 3).

The buffer material was prepared by mixing sodium bentonite
(Avonrieal) and graded indusmin silica sand at a proportion of 50/50 by dry
weight. The detailed compositional study of Avonseal has been carried out
by Quigley (1984). The liquid limit of Avonseal was 184.01 and the plastic
limit was 40.7%. The grain size distribution comprised 3% sand, 12% silt
and 85% clay. Such specific proportions of the buffer material were chosen
because of their viable physical, chemical and mechanical properties for
the required performance criteria (Lopez, 1984).

Based on buffer specimens of 63.5 mm in diameter and 20 mm in
height, the swelling pressure (without volume change) was measured to be 47
kPa and the free swell was 10.7%. All specimens were prepared at the same
initial density and moisture content as those used in the large-scale test
and were subjected to a 100-mm hydraulic head of granitic groundwater
without any surcharge.

14.2 ADVANCE OF WETTING FRONT

The movement of the wetting front into the backfill and buffer
materials was monitored by the electrical-conductivity probes installed at
regular intervals along the height of the backfill-buffer column (FIGURE
33). The granitic groundwater was first allowed to percolate from the top
of the backfill layer at a small hydraulic head of 0.300 m. The electrical-
conductivity probes indicated that the wetting front advanced into the
backfill material quite uniformly as the three probes located at the same
horizontal plane recorded the same time of the arrival of the wetting
front. The rate of the wetting front movement was almost constant, as
shown in FIGURE 34. The wetting front was close to the boundary between
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FIGURE 34: Advance of Wetting Front in the Backfill-Buffer
System

the backfill and the buffer in about 6 days. However, it took approximately
83 days (elapsed time from the start) for the piezometers installed at the
backfill/buffer interface to yield positive readings. It is likely that
the wetting front actually reached the interface in abut 6 days, and free
water was available to flow into the piezometers in about 83 elapsed days.
The long period of 77 days (i.e., 83-6 = 77 days) for the positive
piezometric head at the backfill/buffer interface might be due to:

(1) Saturation of the backfill.

(2) Saturation of the buffer - during compacting the backfill
immediately on top of the buffer, the piezometer tips might
be pushed deeper into the buffer. The buffer surrounding
the piezometer tip had to be saturated to reduce soil
suction prior to freeing water into the piezometers. The
difference in hydraulic conductivity of the backfill and
buffer enhanced the availability of free water in the
backfill layer due to its higher hydraulic conductivity.
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In order to accelerate the flow through the low-permeability
buffer layer, an additional source of GGW was allowed at the bottom of the
buffer after an elapsed time of 112 days, the total hydraulic head being
1.482 m. Such a situation gave rise to two wetting fronts - one moving
downward under an external hydraulic head of 0.300 m and the other
advancing upward under an external head of 1.482 m. Subsequently, an air
pressure of 54 kPa was imposed on the granitic groundwater (GGW) at the
elapsed time of 131.8 days to accelerate flow. It appeared, however, that
the only flov; detected was from the top of the buffer at 183.8 elapsed
days, while no flow could be noted from the bottom of the buffer. The
applied air pressure was further increased to 107 kPa at 193.8 elapsed days
after which a wetting front was located close to the bottom of the buffer
at (about) 229 elapsed days. Based on the locations of the electrical-
conductivity probes and the resulting readings, the advance of the wetting
front within the buffer layer should be as shown in FIGURE 34. It should
be pointed out that unlike the backfill material, the three p bes
installed on the same horizontal plane in the buffer material did not
indicate the same arrival time of the wetting front. Thus the hydraulic
flov/ through the buffer layer was not uniform, probably due to the
difficulty in attaining homogeneity in the soil containing a substantial
percentage of swelling clay.

It would appear that the two wetting fronts approached each other
around the centre of the buffer layer in about 250 elapsed days. The fact
that the buffer material had much lower hydraulic conductivity than the
backfill material is well demonstrated in the rate of the wetting front
advance (FIGURE 34) .

14.3 SOIL SUCTION RESPONSES

Two tensiometers were installed at the centre of the buffer
miiterial, as shown in FIGURE 33, to monitor the soil suction behaviour. The
soil suction, FIGURE 33, of the backfill material had already been measured
to bo between 43 and 68 kPa (Section 13.1).

The initial soil suction present in the buffer material was found
to be 58 kPa as recorded by Tensiometer I (FIGURE 35) and 66 kPa by
Tensiometer II (FIGURE 36) . The soil suction varied slightly in both
tensiometers during the first 112 days. When the wetting front was
advancing upwards from the bottom of the buffer close to Tensiometer II,
the soil suction in that area gradually decreased. After about 220 elapsed
days, the soil suction dropped sharply to zero in a few days, thereby
indicating the arrival of the wetting front. The gradual decrease in soil
suction was also experienced by Tensiometer II, which should be caused by
the slow downward movement of the wetting front. A substantial reduction
in soil suction occurred after about 245 elapsed days, which eventually led
to a zero value about a month later. On the same horizontal plane where
Tensiometer I was located, two electrical-conductivity probes indicated an
earlier arrival of the wetting front (FIGURE 34). Considering the

heterogeneity of the buffer material and the sensitivity of the measurement
probes, a very irregular wetting front might exist around the centre of the
buffer layer, as shown in FIGURE 34.

It would appear that both backfill and buffer materials have
approximately similar soil suctions in the range of 60 + 10 kPa. The
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hydraulic conductivity of the buffer is evidently lower than that of the
backfill - in agreement with the differences in composition. The rate of
soil suction decrease is also slower in the buffered material, as shown in
a comparison of FIGURES 35 and 36 with FIGURE 30 (b) for the backfill
material. The rate of the advance of the wetting front into the buffer
material should be faster in moving upwards from the bottom than moving
downwards from the top, as interpreted in FIGURE 34, due to the higher
external hydraulic head applied at the bottom.

14.4 SWELLING PRESSURE BEHAVIOUR

The swelling pressure developed during water intake by the
backfill/buffer system was measured by monitoring the vertical force
required to restrict the upward movement of the piston on top of the
backfill material (FIGURE 33) . Thus, the swelling pressure measured was
the vertical pressure necessary to suppress any external volume change of
the backfill/buffer system.

The development of the swelling pressure is presented in FIGURE
37 with respect to the elapsed time of testing. After about 5 days, the
wetting front advanced into about half of the backfill height (FIGURE 34) ,
and the swelling pressure was approximately 2.5 kPa (FIGURE 37) - in
agreement with that found in the backfill material (by itself), as shown in
FIGURE 32. One day later, when the wetting front reached the interface
betwer-n the back f I'll and the buffer, the swelling pressure increased
sharply to be more than 50 kPa, and subsequently it varied slightly above
60 kPa. The swelling pressure remained relatively constant throughout the
test period until after about 220 elapsed days, when it increased to around
65 kPa, probably due to saturation of the buffer material by the merging of
the two wetting fronts (FIGURE 34) . The value of (about) 60 kPa of the
swelling pressure measured in the large-scale test in the buffer agreed
relatively well with the value of 47 kPa measured in small buffer
specimens. (Section 14.1).

It can be postulated that the swelling pressure of the backfill/
buffer system is mainly contributed by the high swelling potential of the
buffer material. The observation that the swelling pressure remains
relatively constant, despite the advance of the wetting front into the
buffer material, indicates the negligible influence of the external applied
hydraulic pressure and the sources of water intake on the swelling pressure
development, particularly during the unsaturated flow. During this period,
swelling of the buffer into the backfill and/or compression of the buffer
around its central zone are likely to occur; otherwise, the swelling
pressure should be increasing with the advance of the wetting front, as
observed in the backfill material (FIGURES 12 and 32) . Once the two
wetting fronts meet, the flow within the buffer layer is likely to follow
the saturated flow characteristics and the swelling pressure should be
dependent on the external hydraulic pressure applied (Section 5.2).

15. PREDICTION OF BACKFILL BEHAVIOUR

In an attempt to answer the two questions posed in Section 13, an
analytical model has been developed to predict the effects of unsaturated
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flow in swelling soil. In general, the analytical model developed is aimed
at providing the following information:

(1) The development of swelling pressure in the
backfill material during water intake.

(2) The time required to saturate the backfill in the
underground disposal vault, together with the resulting
swelling pressure.

This information will be useful in designing the backfilling
system for the underground disposal vault. It should be emphasized that
the analytical model developed is primarily conformed to the data available
in this study, and will be extended subsequently to predict the actual
field conditions.

In effect, the problem of unsaturated flow in swelling soil has
been simplified to accommodate the practical level of data acquisition.
Thus the input required for the analytical model formulated can be attained
through normal laboratory and field procedures without demanding
sophisticated instrumentation. The accuracy of the prediction can obviously
be improved if more data are available.

15.1 THEORETICAL CONSIDERATIONS

In general, the governing equation for one-dimensional
horizontal unsaturated flow is the diffusion equation that states (Yong and
Warkentin, 1975) :

3 0

3 t 3x v 3x 3t

where 0 = volumetric water content of soil
(= volume of water per volume of moist soil)

t = time of flow
x = distance of flow
v = volumetric strain
D = D(0) = diffusivity.

Equation (15.1) is a generalized diffusion equation that allows for volume
change. If there is no volume change in the soil-water system during flow
then 3v/3t=O. The formulation of Equation (15.1) is based on the
hypothesis that (1) Darcy's law is valid, and (2) D = D ( 0 ) . For
one-dimensional flow, Darcy's law can be written as:

v = - k (0) -|-J- (15.2)
o x

where v = flow velocity
/ = soil-water potential gradient

= k ( 0) = hydraulic conductivity.
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The parameter D for one-dimensional flow is defined as:

v = D(0) -|| (15.3)

which leads to

D(0) = -kO) -§g- • (15-4)

For unsaturated flow in soil, the two parameters k and D are a function of
the volumetric water content, 0.

The diffusivity, D(G), is sometimes used since water content
gradients are normally easier to measure and some water-flow equations are
easier to be solved with diffusivity rather than conductivity (Yong and
Warkentin, 1975).

For the case of no volume change, Equation (15.1) can be
written, taking into account that 3v/9t=O, as:

9 0 - 8 (D(0) dQ" 'ic; ^
3t 3x *"'"' 9x' ' — • "

Equation (15.5) can be solved if certain relationships can be properly
described, for example, if a linear relationship exists between x (the
distance of the wetting front from the source) and/t" (the square root of
time taken for the wetting front to reach x).

In unsaturated soils, the soil-water potential (Aib) in Equation
(15.2) can be composed of (Yong and Warkentin, 1975):

At = Aib + AUJ + Ail) + Aib + Aib + . . . ( 1 5 . 6 )
r m g iv p a

w h e r e
Aib = total potential (negative number)
Aib = matric potential, equivalent to Buckingham's capillary

m potential:
Aib = gravitational potential
Aib̂ = osmotic potential
Atb1T= piezometric or submergence potential
Aib̂ = pneumatic or pressure potential.
a.

It should be noted that "soil-water potential" and "soil
suction", which are often used interchangeably, are numerically the same
but opposite in sign.

For swelling clay, it is possible to calculate the swelling
pressure as the osmotic pressure due to the difference in concentration of
ions between clay particles and in the outside pore water.
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15-2 SOLUTION PERTINENT TO BACKFILL BEHAVIOUR

In order to predict the unsaturated flow through the backfill
material, the solution for the governing equation (Equations (15«1) or
(15-5)) has to account for the following conditions:

(1) It is very difficult to establish a relationship
experimentally between the wetting front movement in terms
of change in volumetric water content (Q) and flow distance
(x), and the flow duration (t). Due to the large grain
size (maximum 19-1 cm) of the backfill material, the sample
size has to be sufficiently large for infiltration tests
which, if conducted, will be time-consuming due to the low
hydraulic conductivity. During the unsaturated flow, the
volumetric water content can be measured accurately only by
taking large slices of the backfill material. Thus it is
not feasible to determine theG-x-t relationships of the
backfill material from laboratory tests.

(2) As the backfill material is a swelling soil, the swelling
pressure developed during unsaturated flow has to be
considered in the solution, when no external volume change
is permitted. Such a solution conforms to the boundary
conditions imposed on the laboratory tests performed in
this study.

These two conditions clearly demand a theoretical solution that
can be based on the information practically obtainable from the backfill
material. One of the viable approaches is to assign a small increment in
the wetting front and to calculate the corresponding time of flow and the
resultant swelling pressure due to saturation of the backfill material
without external volume change.

Consider the boundary conditions imposed on the large-scale test
of the backfil1 material (Section 13) as depicted schematically in FIGURE
38. At time T , the wetting front is at A-A, after saturating the soil of
length L. below it. Increasing the time to T^ +AT«^_.= T,T . , the wetting
front moves upwards to B-B at a distance A Z , causing a swelling pressure of
(p ) w acting against B-B. The upward movement of the wetting front is
induced by the applied hydraulic pressure (p, ) at the bottom of the
backfill and the soil suction present in the unsaturated backfill above
A-A. At each Az, the time required to saturate the z layer of backfill and
the resultant swelling pressure are calculated.

15-3 BASIC ASSUMPTIONS

In order to formulate a numerical solution for unsaturated flow
pertinent to the test boundary conditions used in this study, the following
assumptions were made:

(1) The aggregate-clay mixtures, which are considered the
candidate backfill material, are uniform and homogeneous.
All granite aggregates are uniformly coated with clay and
no clay migration occurs during hydraulic flow.
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(2) The swelling pressure is primarily contributed by the clay
fraction of the aggregate-clay mixture.

(3) Assumptions (1) and (2) imply that the swelling pressure is
distributed uniformly across any equipotential plane. In
this study, the swelling pressure represents the reaction
pressure exerted at the top piston (FIGURE 29) to prevent
any upward movement. The swelling pressure measured is
assumed to be distributed uniformly from the macroscopic
viewpoint (FIGURE 39) . For the aggregate-clay mixtures,
the swelling pressure, normally considered equivalent to
the osmotic pressure between the clay particles, is
unlikely to be uniform, especially when the clay content
is low.

(4) The soil-water potential ( AVJJ) in Equation (15.6) causing
flow through the backfill material from Section A-A to
Section B-B can be written as (FIGURES 38 and 39):

A^ = (ph + h - ( p s ) N - L x) (15.7)

where p = applied hydraulic pressure (FIGURE 38)
n = soil suction which combines the matric potential (Aty ) and

the osmotic potential ( AIJJ ) as measured by tensiometers
(p ) N = 'swelling pressure1 caused by satura1 ng the backfill below

Section A-A (according to assumpH (1 to 3) swelling
(reaction) pressure on the backfi-^, thereby reducing the
flow).

L. = piezometric pressure at Section A-A, assuming full-saturation
and free hydraulic flow below Section A-A.

(5) The air present in the unsaturated backfill can be either
drained or dissolved such that no air pressure opposes the
hydraulic flow.

(6) The interface between the saturated and unsaturated zones
is a distinct surface as illustrated in FIGURE 38.

(7) Darcy's law for unsaturated flow applies.

15.4 DERIVATION OF TIME INCREMENT ( AT )

Referring to FIGURE 38, the wetting front advances from Section
A-A at time T to Section B-B at time T ,, the time increment being A T
Thus N N+1 n + 1

and

TN +1
 = T N

T = 0,
o

Based on the soil-water potential (in Equation (15.7)), the gradient (3ip/3x
in Equation (15.2)) can be approximated as:
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a v = " — — • (15.9)
Ll

The above expression implies that the soil-water potential
across A-A and B-B is similar to that across C-C and A-A (within the
saturated zone). This should be admissible if z is sufficiently small.
Following Darcy's law (Equation (15.2)), the flow velocity from, A-A can be
written as:

fp,_ + h - (p )„, - L, 1
V = k(0) ' - =-^ •
A-A {U> . (15.10)

Ll
As the water flows through the unsaturated zone from A-A to B-B, the
majority of the water will remain within the zone of saturation. Thus,
from the principle of mass conservation, one can write:

a. Az . (r^ - 6^)= VA_A . a. At N + 1

or
- 0 ) = V AtN+l W

where a is the cross-sectional art... Combining Equations (15.10) and
(15.11) leads to: , n , .

At
 (nN " <V • Az

VA-A

Once At., , is obtained, TN+-, can be determined as:

TN +1
 = TN + A tN +l = J Q

 A ti +1 • < 1

Having obtained the time of wetting front movement (T _ ) , the
numerical solution can proceed according to the flowchart shown in FIGURE
40.

15.5 PREDICTION OF FLOW THROUGH SMALL SPECIMENS

The simplified analytical model formulated is first used to
predict the advance of the wetting front and the corresponding swelling
pressure in the small specimens tested, each being 152 mm in diameter and
117 mm in length. The experimental results were presented in Section 5.2
for hydraulic flow induced by various hydraulic gradients where the
resultant swelling pressure was measured. The advance of the wetting front
through the specimen was not measured as it was not feasible. The
analytical model is therefore applied to predict the advance of wetting
front and the predicted results are verified by the development of swelling
pressure (FIGURE 40) .

The parameters required for prediction were selected with the
following justification:

(1) Soil properties from Table 8
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dry density =2.14 Mg/m
initial water content = 7 % (by weight)
initial volumetric water content = 0.150 (by volume)
porosity = 0.208.

(2) For full saturation - without external volume change
saturated volumetric water content = 0.208 (by volume)
saturated water content = 9.67% (by weight)
porosity = 0.208 (unchanged).

(3) The hydraulic conductivity, k ( 0 ) , is assigned to be
independent of volumetric water content and to be
equivalent to the value at steady-state flow. This is
based on the observed backfill behaviour that the hydraulic
flow reaches steady state in less than 1 day (FIGURE 6b)
under a low applied hydraulic gradient. Subsequently, the
backfill material should be close to full saturation and
the hydraulic conductivity (k) should not be significantly
affected by changes in the volumetric water .content. The
value of k for analysis is thus taken as 10 m/s (FIGURE
8) .

(4) Based on FIGURE 12(a), the applied hydraulic pressure (p,)
is 3.5 kPa, which corresponds to the lowest hydraulic
gradient of 3.

(5) The soil suction (h) for the unsaturated soil is assigned
to be 55 kPa, as averaged from FIGURE 30.

(6) The swelling pressure, which is defined as the reaction
pressure measured at the top of the specimen without
external volume change, is gradually developed with the
advance of the wetting front (FIGURE 12a) . It reaches a
maximum value of 16 kPa as termed 'effective swelling
pressure1 (FIGURE 13) , excluding the hydraulic pressures.

The advance of the wetting front through the small specimen was
predicted from the analytical model and is illustrated in FIGURE 41. The
time that the wetting front reaches the top of the specimen agrees well
with the time when the maximum swelling pressure is measured (FIGURE 12a),
which implies the arrival of the wetting front at the top of the specimen.
The incremental advance of wetting front (/\z - FIGURE 40) is assigned as a
percentage, e , of the specimen height (L = 0.117 m) , i.e., &z = c .L. As
shown in FIGURE 41, there appears to be no significant effect of the size
of Az selected. It should be pointed out that the relationship between the
predicted advance of the wetting front and the square root of time is r,
linear, which would simplify the solution of Equation (15.5) suggested by
Yong and Warkentin (1975).

The predicted swelling pressures at various hydraulic gradients
are compared with the measured values (FIGURE 12a) in FIGURE 42. From the
experimental results, it is evident that the swelling pressure is developed
gradually only when the unsaturated soil is first exposed to a free water
source. Any subsequent increase in the applied hydraulic pressure normally
leads to a sharp increase in the swelling pressure. Thus the predicted
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swelling pressure depends on the advance of the wetting front only in the
first applied hydraulic gradient of 3. For other gradients, the swelling
pressure is simply the sura of the effective swelling pressure (16 kPa) and
the resulting hydraulic pressure at the top of the specimen, and is assumed
to be independent of time. Despite its simplicity, such an appr<ach
appears to agree reasonably well with the measured results.

15.6 PREDICTION OF FLOW THROUGH LARGE SPECIMENS

Following the verification of the simplified analytical model in
Section 15.5, the advance of the wetting front through the large specimen
(Section 13), 0.41 m in diameter and 1.102 m in height, was predicted using
a similar approach. Based on the same soil properties and the relevant
input data, the predicted advance of the wetting front under no applied air
pressure (FIGURE 31) is compared with the measured one presented in FIGURE
43. The wide range ofAz selected (from 1 to 7% of the specimen height)
affects the predicted results more when the specimen height is larger,
comparing FIGURES 41 and 43. Nevertheless, the prediction agrees
relatively well with the measurement after the first few days. It would
appear that an increment in Az of abut 3-4% yields satisfactory results.
Such a range of 3-4% coincides with the range of free swell of the backfill
material (Section 6 ) .

The advance of the wetting front appears to be progressing
(FIGURE 43) until day 57 when a new hydraulic pressure was applied (FIGURE
31). As a result, the swelling pressure seems to be increasing gradually.
Should sufficient time bo allowed in the experiment, the effective
swelling pressure of the large backfill specimen might eventually have
reached the same value of 16 kPa as the small specimen (Section 5.2)

Based on the results of validation of the analytical model
developed, the following statements can be made:

(1) The proposed analytical model can provide satisfactory
predictive results on the advance of the wetting front
through the unsaturated backfill material. Although the
model is simplified, it requires input information that can
normally be acquired without major sophisticated
instrumentation.

(2) The swelling pressure of the candidate backfill material is
relatively small. The maximum value should be about 16 kPa,
excluding external hydraulic pressure. It would seem that
predicting the swelling pressure is not as important as
predicting the advance of the wetting front, although both
are inter-related. The swelling pressure should not
significantly affect the rate of wetting front movement,
particularly when there is a high external hydraulic
pressure.

15.7 PREDICTION OF SATURATION TIME OF UNDERGROUND VAULT

In the proposed underground vault for disposal of nuclear fuel
waste, a network of rooms will be constructed, each 195 m long, 7.5 m wide
and 5.0 - 6.2 m high (Lopez, 1984) . The rooms will be backfilled
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after the nuclear waste containers are installed. During the lifespan of
the vault, water intake by the backfill material is possible through the
surrounding groundwater regime. It would, therefore, be helpful for design
to determine the time required to saturate the backfill so that other
information can be obtained, e.g., swelling pressure, temperature of the
vault, creep, etc.

With the use of similar input data as listed in Section 15.5 for
the candidate backfill material, the horizontal hydraulic flow through the
unsaturated backfill can be written as (Equation (15.12)):

(n-9 ).Az.L

Since the length of the room is large (195 m ) , the time required
to saturate the room under one-dimensional flow will also be substantial
such that the values of hydraulic conductivity (k) , effective swelling
pressure (p ') and soil suction (k) can be safely regarded as independent of
time. Bothsk and p' are dependent on time, but only on a short time basis
(Sections 15.5 and 15.6)

The predicted results for the time required to saturate the
vault under various hydraulic heads and different lengths of the disposal
rooms are illustrated in FIGURE 44. It would appear that,for a room of 195
m in length filled up with the candidate backfill material, the time for
the wetting front to advance horizontally from one end to the other would
be a minimum of about 500 years under the highest hydraulic head of 1000 m.
For the lowest head of 50 m, it would take about 8000 years. Such a
prediction does not take into account factors such as the possibility of
more than one inlet of water source along the length of the room, the
counter-thermal gradient probably induced by the waste container through
the buffer material (Section 1), or the fluctuation of groundwater regime
during the saturation period.

16. SPECIFICATION

Based on the behaviour of the aggregate-clay mixtures studied,
it is possible to provide a preliminary specification of the backfill
material so as to meet the performance criteria outlined in Section 1.2.
The specification is prepared primarily with respect to the physical and
mechanical properties of the aggregate clay mixtures, both at constant
moisture content and at subsequent water intake. The reference temperature
is kept constant at room temperature (22 C) . Some major considerations,
which are out of the scope of this study, include radionuclide adsorption
capacity, effects of thermal gradient, acquisition and production on a
massive scale. Although this study is based on specific aggregate and clay
types, the specification is aimed for general formulation of a backfill
material and its property evaluation. The following requirements would
therefore be deemed as conforming to the constraints stated above and
should be augmented with other relevant studies on backfill material
characterization.
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I. The coarse aggrega es (i ,e., larger than 0.064 im in grain
size) should have the following properties:

a. The parent material should have high mineralogical stability
against variation in environment, e.g., weathering, chemical
changes, temperature fluctuation, etc.

b. The grain shape should be rounded or subrounded while the
surface textures should be rough. Both are desirable to
promote uniformity, homogeneity and better bonding with
fines.

c. The aggregates should be well-graded to enhance a compact
and dense structure.

d. The aggregates should be clean and free of fines smaller
than 0.074 mm, except when mixed with selected clay. This is
to make use of all available surface area of the aggregates
so that better coating with clay particles can be achieved.

e. The hardness should be sufficiently high to withstand the
compaction effort being crushed extensively. Otherwise,
freshly cracked surfaces will be exposed without being coated
by the clay particles and gradation of the mixture will
change.

f. The strength and the integrity of the aggregates should not
be affected by water intake.

g. The maximum grain size should not be larger than 25 mm in
order to prevent segregation during processing,
transportation and placement.

h. There should be no detrimental foreign matter present in the
aggregates, e.g., organic, weathered rock fragment, etc.

II. The clay particles smaller than 0.074 mm should satisfy the
following requirements:

a. The swelling potential in terms of free swell and swelling
pressure should be sufficiently high. This is necessary to
promote low hydraulic conductivity and fracture/crack sealing
capability during water intake.

b. The organic content should be sufficiently low so that
long-term behaviour of the clay will not be deteriorated.

c. The stability and integrity of the clay mineralogy and
composition against environmental impact should not be
altered, particularly in the long term.

d. If natural clay is to be used, it should be pulverized to
pass sieve No. 200 (0.074 mm) when dried. The drying
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teinperature should be relatively low in order to ensure no
undesirable structural and mineral changes.

III. The aggregate-clay mixture should conform to the following
criteria:

a. The two components should be properly mixed to ensure a
uniform and homogeneous mixture.

b. The moisture distribution within the mixture should be
uniform and carefully maintained during mixing, storage,
transportation, placement and compaction.

c. Bonding between the two components should be sufficiently
strong to withstand severe hydraulic flow and elevated
temperature. Fines migration during hydraulic flow should be
negligible.

d. The swelling potential of the aggregate-clay mixture should
be high to ensure self-sealing of cracks/fractures subsequent
to placement.

e. The hydraulic conductivity of the aggregate-clay mixtures
should be low and, if possible, it should be close to the
hydraulic conductivity of the clay by itself.

f. The aggregate-clay mixture should not be difficult to
process and compact at the site. Compaction of the mixture
in a confined area should be achieved without costly special
equipment and procedures.

g. The desirable properties of the aggregate-clay mixture
should not be substantially affected by variation in
composition and density, considering the mass production and
the confinement of the underground vault.

h. The shrinkage of the mixture due to elevated temperature or
decrease in moisture should be small.

i. The load-carrying capacity of the mixture should not be
considerably affected by water uptake.

j. The aggregate-clay mixture should be compacted at or dry of
its optimum moisture content so as to ensure low hydraulic
conductivity and high swelling potential.

16.1 EVALUATION AND CONTROL OF MATERIAL PROPERTIES

The above-listed specification is proposed .3 a general
guideline for formulating a backfill material from mixing coarse aggregate
and natural swelling clay. Although the majority of experimental
procedures for evaluating the required properties of individual components
and mixtures have been established (e.g., by ASTM), some special test
techniques are still to be developed and/or standardized. These include,
for example, the bonding strength between aggregates and clay particles,
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the efficiency of the mixing method, the detection of clay migration or
detachment within the backfill mass, etc. The approaches taken in this
study should be used with caution as the number of tests is limited and
confined to the selected aggregate and clay types.

17. CONCLUSIONS

A candidate backfill material suitable for the proposed
underground nuclear waste vault has been formulated by mixing crushed
granite aggregates and a natural swelling clay. The proper gradations and
proportions of the two components have been established to satisfy the
performance criteria required. The maximum grain size recommended is 19.1
mm and the clay content should be in the range, of 25%. Such compositions
would ensure low hydraulic conductivity ( ~ 10 m/s) when the aggregate-
clay mixture is compacted at its optimum moisture content. Other
requirements will also be satisfied, i.e., high swelling potential, low
segregation tendency, high load-carrying capacity, low fines migration
during hydraulic flow, etc.

The performance of the candidate backfill material has been
found satisfactory in a large-scale test since low hydraulic conductivity
and low swelling pressure have been confirmed. The long-term behaviour of
the backfill in the underground vault has been predicted in terms of the
time required to saturate the backfill and the resulting swelling pressure.
A simplified analytical model has been developed for such a prediction
using information that can be easily obtained.

Should the types of coarse aggregate and clay be different from
those employed in this study, a specification has been prepared to serve as
a means for ensuring satisfactory formulation of a suitable backfill
material.

18. RECOMMENDATIONS FOR FURTHER STUDY

The study program completed was subjected to limitations in
specimen sizes, generally accepted experimental techniques, and the scope
of the study. In order to ensure the satisfactory engineering
performances of the backfill mateLial in field situations, it is
recommended that the following detailed investigation* be pursued in the
future:

(1) The appropriate technique for mixing coarse aggregates,
clay and water (or solution) on a mass production basis has
to be developed. Such a technique should enhance uniformity
in the mixture with respect to clay coating, moisture
distribution and gradation.

* The performance of the candidate backfill material under thermal
gradient is currently being studied by the Geotechnical Research Centre of
McGill University.
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(2) Th. 'ending strength between aggregate and clay particles
shci'-d be evaluated when undergoing high-temperature and/or
hydraulic flow. This is to prevent long-term detachment
between the two components and fines migration, which might
eventually lead to the undesirable segregation and
heterogeneity of the backfill mass.

(3) The placement technique for installing the backfill
material in the vault on a large scale should be studied.
These include transportation from the ground surface to the
tunnel and compaction - particularly the top layer. Proper
methods for densifying the backfill material around the
crown of the tunnel have to be established to achieve a
density close to that of the backfill placed underneath.

The above future studies are recommended specifically with
regard to the engineering properties of the backfill material. Other
relevant investigation programs have either been initiated or planned,
e.g., radionuclide absorption and microbial activity.
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