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1. SYMBOLS

C

d

k

P

t

w

s

X

y

z

D

Sx

A

P

m

= heat capacitivity (MJ/m ,K)

= c-axis spacing in A units of Btontraorillonite

- equivalent "Stoke" particle diameter

= void ratio (ratio of total void volume and

volume of the solid matter)

= coefficient of permeability (m/s)

= swelling pressure (MPa)

= time

= water content; ratio of mass of water and

solid matter expressed in weight percent.

The mass of solid matter is determined after

drying at 105 °C.

= liquid limit (water content at a consistency

defined as the Atterberg liquid limit = wL>•

Swedish cone penetration method.

= coordinate, variable
— ••—

= diffusion coefficient (m/s)

= degree of water saturation (ratio of volume of

pore water and total pore volume)

= heat conductivity (W/m,K)

= bulk density of non-saturated buffer material

(t/m ); ratio of mass of water plus solid

matter and total volume

= dry bulk density (t/m ); ratio of mass of solid

matter and total volume

* bulk density of water saturated buffer

material (t/m ); ratio of mass of water plus

solid matter and total volume after complete

saturation

= reflection ancle in Bragg's equation

(crystallographic parameter)



2. SUMMARY

Commercial Na bentonite (MX-80) is the clay component
of the buffer material in the heater holes as well of
the tunnel backfill. Important characteristics are
the clay content, liquid lxinit, X-ray diffraction
pattern, water content, and degree of granulation.
The ballast material consists of quartz-rich sand and
feldspar-rich filler.

The preparation of highly compacted bentonite for the
near-field isolation of the canisters was made by
using isostatic compaction technique. The resulting
dense bentonite core was cut into regularly shaped
blocks which were arranged around each heater and
lowered as one unit - heavily instrumented - in the
respective deposition holes. For three of the six
holes a narrow slot was left open between the bentonite
stack and the rock; for the remaining ones a wider
slot was chosen with a fill of soft bentonite powder.
Both arrangements are expected to yield an ultimate
bulk density which is sufficiently high to fulfil the
requirement of a negligible permeability and a suffi-
cient swelling pressure as well as heat conductivity,
which are the essential parameters.

The tunnel backfill, which consists of a mixture of
suitably graded ballast material and MX-80 powder,
has a considerably lower swelling pressure and heat
conductivity, and a higher permeability, all these
parameters still within the requirements of the KBS 2
concept. The various zones with different bentonite/
/sand ratios and the technique to apply them are de-
scribed in the final part of the report.

3. BENTONITE

3.1 GENERAL

Commercial Na Bentonite (MX-80) produced by the
American Colloid Co was chosen as clay component of
the buffer material at an early stage of the BMT
planning (1) since much of the preceeding systematic



laboratory investigations concerned this particular

bentonite, and since it is reasonably well defined

from a soil classification point of view. Other

smectite-rich clays may well be used in repositories

for barrier purposes.

3.2 ORIGIN

The bentonite, which was deposited in the form of

volcanic ash in shallow sea where Wyoming and South

Dakota are now situated, is of Ordovician age. It is

rich in smectite minerals, such as montmorillonite,

which is the essential property in the present context.

The shaly clay is mined and stockpiled for several

months after which it is ground and dried. The MX-80

material used for the BMT was bulk-transported to the

Bentonit Int. GmbH plant in Duisburg in West Germany

where it was stockpiled and filled in paper bags for

railway transportation to Stripa. Ahlsell IR, Stockholm,

delivered the material.

3.3 COMPOSITION

Numerous determinations of the granular, mineralogical

and chemical properties have been reported in literature.

The clay content (particles with a Stoke diameter less

than 2 ym) is known to be 80-90% as concluded from

sedimentation analyses of ultrasonically dispersed

material and this fraction has a montmorillonite

content of 80-90%. Fig 1 shows a typical X-ray dif-

fractogram with a (001) peak displacement from 12.9 A

to 17.4 A upon ethylene glycol treatment, the dis-

placement being diagnostic of sodium saturation of the

montmorillonite. Silt is the dominant remaining fraction

which mainly contains quartz and feldspars as well as

some micas, sulphides and oxides. The chemical composi-

tion is typical of such mineral assemblies, an example

being given in Table 1.

The industrial processing yields an aggregated (granu-

lated) state of the bentonite powder which is very



suitable for effective compaction. The size distribu-
tion of the aggregates is illustrated by Fig. 2, each
aggregate consisting of a large number of flaky
montmorillonite particles oriented in a more or less
parallel fashion.

26*

Fig. 1. X-ray diffractogram of MX-80 powder. 26
is given by the horizontal scale. 12.87 A
is the 001 spacing of air-dry clay which is
expanded to 17.39 A by ethylene glycol treat-
ment (lower curve).

The processing and conditions of storage, which
involve protection from rain but not from humid air,
yield a "hygroscopic" water content (w) of 8-14%.

As to the organic content ("humic compounds") of the
MX-80 it is usually low (< 5 000 ppm) considering its



mode of formation in nature, but occasionally it has

been found to be much higher due to contamination in

the course of the heating phase at the plant. In the

latter case a large part of the organics consists of

carbon.

Spectrometric cation analyses have shown that the pore

water of MX-80 has a content of about 30 ppm Ca, 15 ppm

Mg, and 70 ppm Na.

Table 1. Chemical analysis of MX-80 bentonite

(Asea-Atom)

SiO2

A12°3
Fe2°3
CaO

MgO
Na2°
K2°
Li2°
MnO

TiO2

P

Cl

S

Cu
Zn
Cr
Ni

AsO4

NO3
P04
S in
sulphides

63.0%
16.1%

3.0%

1.1%

1.6%

2.2%

0.48%

<0.01%

0.03%

0.10%

0.10%

<0.01%

0.12-0.23%

<0.01%

0.01%

<0.01 %

<0.01 %

0.018%

none

0.060%

-0.12%



Fig. 2. Grain size characteristics of the MX-80.
A) represents the particle size distribution
according to sedimentation analyses. B) and
C) represent powder from different deliveries
after sieving in air-dry condition.

3.4 CHARACTERISTICS

Characterization of the MX-80, mainly for quality
checking before delivery, requires determination of a
few easily recorded parameters which reflect the most
important property of the bentonite, namely the high
content of Ma montmorillonite. Such parameters are,
in combination, the clay content, the natural water
content, and the liquid limit, all three having a
bearing on the surface activity which is related to
the clay mineral composition. The liquid limit has a
wide use in soil mechanics and was chosen as a standard
for the selection of suitable bulk masses of bentonite
for the BNT. 1 kg per ton clay powder delivered from
the Duisburg plant — the samples being distributed
among the entire mass — have been checked with respect



to the clay content (sedimentation analyses), the natu-
ral water content (w), and the liquid limit(wp). The
latter was found to be in the interval 350-450%. The
clay content was found to vary between 80 and 90%,
while the natural water content ranged between 9.5 and
13.5%.

4. BALLAST MATERIAL

The choice of ballast composition was directed to
achieve a high bulk density of the field-compacted
backfills with the bentonite added, and to find ma-
terials which are commercially available in large
amounts for the BMT as well for future repositories.

The following fractions were used; 1) and 2) delivered
by AB Linde Grus t Betong, Lindesberg, and 3) by
Nordiska Mineralprodukter AB, Örebro:

1. 0.5-2.0 mm, (forming ~30% of the total ballast)

2. 0.1-1.0 mm, (forming ~50% of the total ballast)

i0.3 mm, "filler*
ballast)

(forming ~20% of the total

The mixture was characterized by the grain size dis-
tribution shown in Fig. 3. The filler can be obtained
with quartz or feldspar as dominating mineral. For the
Stripa test, which will only run for a few years, the
possible, very slight trend of montmorillonite to pick
up potassium from potassium feldspars and to become
partially transformed to illite-type minerals, will be
insignificant. Therefore, feldspar-rich filler was
chosen since it represents a conservative case with

respect to the heat conductivity (Xfeldspar K \juartz'
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Fig. 3. Grain size distribution of the ballast
material.

5. BUFFER MATERIALS

5.1 HIGHLY COMPACTED BENTONITE

5.1.1 Bulk density

A suitable, optimum bulk density of the highly com*
pacted bentonite in the final, water saturated and
swollen state in the deposition holes of a real
repository is p =2.05-2.10 t/m . This presupposes an
initial bulk density of the only partly saturated
compressed bentonite blocks of p=2.10-2.20 t/m . Two
block series were made; their density p turned nut to
be 2.09-2.14 t/m for bentonite powder with an average
water content of 13%, and p*2.07-2.11 t/m for bentonite
powder with an average water content of 10%.

The deposition holes had a diameter and depth of 0.76m
and 3-3.3 m, respectively, and since 1.5 m long heaters
with a diameter of 0.38 m were going to be embedded by
the bentonite in the holes it had to be prepared in
the form of suitably shaped blocks that could be
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arranged in a tightly fitting manner.

5.1.2 Compaction and manufacturing

Bentonite cylinders with a diameter of about 0.4 m
and a length of 1.5 m were prepared by the IFÖ company,
Bromölla, Sweden, by applying cold "isostatic" com-
paction technique (Fig. 4).

This involved filling of the powder in a cylindrically
shaped rubber sleeve with rigid base plates, and com-
pressing it radially by applying an outer pressure of
approximately 100 MPa to obtain the desired densities.
The pressure was held constant for a few minutes before
releasing and extraction of the bentonite core. The
compression pressure and time were found to depend on
the water content and some preliminary tests had to be
made before the operation ran properly.

Fig. 4. Highly compacted bentonite cylinder in the
IFÖ factory. Notice the regular shape, the
diameter being approximately 0.4 m.

The cylinders were cut into disc- and rod-shaped blocks
by using a machine saw. This operation, which was con-
ducted by AB Jacobson ft tfidmark, yielded blocks of



various predetermined shapes for the build-up of

columns in which the heaters should fit and which

had to fit the deposition holes (Fig. 5-7). The blocks

were wrapped in tightly fitting "welded" 0.15 mm

plastic cover to preserve the original water content.

They were then placed in strong plastic boxes for

transportation to Stripa. Unwrapping for drilling of

holes for application of temperature gauges and moist-

ure sensors was r.ade shortly before the application

in the deposition holes.

The different initial bulk density of the two block

series would yield different final densities and

physical properties if the geometrical conditions were

I the same in all the deposition holes. It was therefore

I decided to use different starting conditions chosen so

t as to yield the same ultimate bulk density in all the

I holes, namely p =2.10 *-/m . Assuming radial swelling

':, only, this was achieved by choosing a 30 mm slot between

\ the rock and the bentonite core for the case of the

| initial p=2.07-2.11 t/m3, the slot being filled with

loose bentonite powder with a bulk density of 1.2 t/m

as an average. For the case of the initial p=2.09-2.14

• t/m , a 10 mm open slot was chosen to yield the same

I ultimate bulk density. The latter slot width was in

f fact considered to be a minimum for bringing the

| bentonite/heater unit down into its hole.

The rate of water inflow into the holes had to be

considered in deciding where the wide slots with the

loose powder should be located, since rapid inflow

would make the application of such powder difficult.

Such conditions were expected in holes no 1, 2 and 5

so the following arrangement was chosen:

# Heater holes nos 1, 2 and 5 with open, 10 mm wide

slots

0 Heater holes nos 3, 4 and 6 with backfilled, 30

mm wide slots
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Fig. 5. Cutting operations.
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Fig. 6. Schematic section through a deposition hole
indicating the principle of block arrangement
and the instrumentation.
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Fig. 7. Example of layout of block shapes (dimensions
in mm.) The thickness of the blocks was 150 mm.
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5.1.3 Physical properties of the highly compacted MX-80

The physical properties of highly compacted MX-80 have

been reported in a number of technical articles [cf.

(3)] and they are currently being investigated at

various laboratories. The following data may serve as

preliminary standard reference values. They refer to

the case of saturation with synthetic groundwater

("Allard water") with 65 ppm Na, 18 ppm Ca, 4 ppm Mg,

4 ppm K, 123 ppm HCO3, 70 ppm Cl, 12 ppm H2Si04 and

SO4, (pH~8), cf. (2).

The water uptake and swelling processes will change

the bulk density as well as the porosity and water

content. In the ultimate state it will be water

saturated and in this state there will be the relation

between bulk density, porosity (expressed here as the

void ratio) and water content given in Table 2. The

values have been calculated by applying the density

value 2.7 t/m of the minerals.

Table 2. Relation between bulk density p , void ratio

e, and water content w.

pm
t/v?

2.15
2.10
2.05
2.00
1.95

e

0.49
0.54
0.62
0.70
0.78

Permeability

w

18

20

23

26

29

For water saturated MX-80 the relationship between

permeability and bulk density is given by Table 3,

cf. (4).
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Table 3,

m

t/nf

Permeabllity k in m/s versus bulk density

of MX-80

k, m/s

Room temp,
very low
gradients

70 UC, gradient
10-4 to 10-3

2.1

2.0

1.9

1.8

1.7

2»10

3*10

5*10

8*10

-14

-14

-14

-14

-14

2*10

5*10

-13

-13

-13

8*10

IQ'12

-13

When the buffer mass test was designed, the relation-

ship between swelling pressure and bulk density in

Table 4 was assumed to be valid (5). Recent investiga-

tions indicated that it may be slightly lower.

Table 4,

m

Swelling pressure p_ in MPa versus bulk
s

density of MX-80 at different temperatures

V MPa

t/mJ

2.15

2.10

2.05

2.00

1.95

Ion

20 °C

45

30

15

7

4.5

diffusion

90 °C

35

17
8

4

2.5

70 °C
(estimated)

40

20

10

5

3

Laboratory experiments have been made for determination
2+ • -

of the diffusion rates of Sr , Cs , I and Cl in

water saturated MX-80 samples with different bulk

densities (6). The diffusion rate can be described

mathematically by the simple diffusion equation with a

correction term for the slow-down caused by ion adsorp-

tion (K.-effect). The recorded concentration profiles

in the experiments were used to evaluate equivalent
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diffusion coefficients which were found to be D=10

-3-10"11 m2/s lor Sr2+, D=10~13-7-10~12 ro2/s for Cs+

-13 -12 - -
and 10 -4-10 for I and Cl . As a general, rough

rule it can be claimed that ion diffusion takes place

a hundred times slower in highly compacted bentonite

than in bulk water.

The heat conductivity of the highly compacted bentonite

is particularly important in the first phase of waste

deposition in a repository because the bentonite will

not be water saturated. A number of experimental

determinations of the heat conductivity X and heat

capacitivity c of MX-80 at different bulk densities

and degrees of water saturation have yielded the

results collected in Table 5 (7).

Table 5. Heat conductivity A versus bulk density and

water content (average temperature 20 °C of

MX-80).

w

t/m" %

11

14

5

5

10

W/m, K

1.01

1 .15

0.96
0.83
0.33

MJ/m ,K

2.50
2.56
2.02
1.92
1.33

2.2

2.1

2.1

2.0

1.21)

Rate_gf_water_ugtake

Recorded rates of the swelling pressure increase of

confined samples illustrate the successive water uptake

which ultimately leads to complete water saturation.

Such experiments and tests in which the "concentration"

(water content) profile was directly determined, have

shown that the water uptake of the non-saturated

bentonite can be described as a simple diffusion

process (8). For the case of uni-axial migration and

1)Representative of the slot filling
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constant volume conditions (no swelling) this rate can

be expressed by using the equation:

3t " D 3* W (1)

where w = water content

x = distance from the clay/water interface

t = time

The parameter D has been found to be of the order of

3.10"10 m2/s.

5.2 BACKFILL OF TUNNEL AND BOXING-OUTS

5.2.1 General

The main principle in the choice of a suitable compo-

sition of the backfill of tunnels and shafts of

repositories is that these masses should have a low

permeability. It is also required that they have a low

compressibility in order to minimize the displacement

caused by the swelling power of the highly compacted

bentonite. A sufficiently small average pore size is

required as well to prevent the minute montmorillonite

particles to migrate from the deposition holes into

the pore system of the backfill. Finally, backfills

must have a certain swelling potential to fill up

voids that might arise in the course of the application

of the material.

5.2.2 Composition

For practical reasons, the upper part of tunnels in

repositories of the KBS type has to be filled by

blowing the backfill in place, while the lower two

thirds can be filled by ordinary, layer-wise applica-

tion and compaction with vibrating tools* Since these

two techniques yield different bulk densities, the

bentonite content should be higher in the upper part

to yield approximately the same permeability as the

lower part. For this purpose the upper part of the
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backfill of the BMT has a 20% bentonite content while
the corresponding fraction of the lower part is 10%
(Fig. 8), the remainder in both cases being the ballast
material described previously. The two mixtures have
the grain characteristics shown in Fig. 9.

.*••. Z = 333.50 •./-•.<•

Z* 339.85

Fig. 8. Tunnel backfill. 1) Manually applied and
compacted 90% sand/10% bentonite. 2) and 2A)
Layer-wise compacted 90% sand/10% bentonite.
3A) blown 80% «and/20% bentonite.
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5.2.3 Bulk density, water content

The 10% bentonite mixture has an optimum water content

of about 14% as concluded from the diagram in Fig. 10.

This value corresponds to almost 90% degree of water

saturation, so the water content in the field study

was taken lower, i.e. 10±1%, to make it possible to

detect the water uptake. The expected bulk density of

the compacted mass was 2.0-2.05 t/m which should

increase to 2.15-2.2 t/m3 when the water uptake is

completed. As to the 20% bentonite-mixture a large-

-scale test by Stabilator AB in Upplands Väsby showed

that a water content of 15% is suitable. A slight

amount of angular gravel-sized (4-8 mm) quartzite has

to be added to clean the mouthpiece of the tubing.

The Stabilator test gave for 4 samples the p-values

1.64, 1.71, 1.56, and 1,59 t/m , and the water contents

16, 15, 21, and 21%, respectively, and a density of

1.5-1.6 t/m was therefore expected for the shotcreted

BMT backfills as well. After water saturation the bulk

density should consequently be of the order of 1.8-1.9

t/m3.

2.0

1.»

1.8

t/m3
1.7

1.6

1.»

j

B

x

* \

\

12 16 20

Pig. 10. Compaction curves for the backfill. (Modified
Proctor technique). A) 10% bentonite mixture.
B) 20% bentonite mixture.
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5.2.4 Application and field compaction

The application of the backfill in the tunnel and

boxing-outs was performed in the following way:

Lower 2/3 of tunnel; boxing-outs

The ballast components and the bentonite were mixed

in concrete mixers with the addition of ordinary

Stripa tap water to yield w=10±1%. The material was

applied in 10-20 cm layers and compacted by 15 runs

with a 400 kg Dynapac LG 40 plate vibrator (Fig. 11).

Fig. 12 shows the detailed filling and compaction

stages. It should be noticed that in the inner part,

the boundary between the compacted and shotcreted

backfill was elevated. This resulted from a practical

test of the minimum free height for applying and

compacting backfill of the present sort. It turned

out to be about 1.5m.

At specific levels temperature and moisture gauges

were applied on the compacted surface, the cables

being collected in several bunches which run through

sealed openings in the bulwark to the logging units.

A comprehensive field testing of the bulk density of

the applied backfill was made by using water densito-

-meters. The density was found to vary between 1.8
3 3 3

t/m and 2.2 t/m with an average of 1.92 t/m , thus

indicating that the bulk density was almost 95% of

the laboratory-derived values. The corresponding

average water content was 10%.
Upper 1/3 of tunnel

The ballast components, the quartzite gravel, and

the bentonite, were mixed in concrete mixers with

the addition of water to yield w»15±3%. A special

mouthpiece with an air/water outlet had to be used

in Stripa, the material being blown by means of a

Stabilator robot aggregate (Fig. 13). The field

testing of the bulk density showed somewhat lower

values than indicated by the Stabilator test. The
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observed range was 1.1-1.8 t/m , the average value

being 1.38 t/m . The corresponding average water

content was 15.5%.

Fig. 11. Compaction with the plate vibrators.
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Xs372

ZsMO

Fig. 12. Schematic section through the backfilled

tunnel. A) 10% bentonite mixture, p~2.0 t/m ,

applied in 0.1 m layers with w~10.2%. B) 10%

bentonite mixture, p~1.9 t/m , applied in

0.2 m layers with w~10.0%. C) 20% bentonite

mixture, p~1.5 t/m , blown in place with

w=15.6%. H- minimum height for backfill

application and compaction (H~1.5 m).

5.2.5 Physcial properties of the backfill

Porosity>x,_water_content

Similar to the highly compacted bentonite in the

deposition holes, the tunnel backfill will ultimately

be water saturated. In this state the relation between

bulk density, void ratio and water content will be

according to Table 6. The values are based on the

density values 2.7 t/m for the montmorillonite par-

ticles and 2.65 t/m3 for the ballast material.
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max 7800

i
I

Fig. 13.

Table 6.

Shotcreting device for the 20% bentonite,

Dimensions in mm.

Relation between bulk density (saturated

state), void ratio e, and water content.

10% bentonite
content

20% bentonite
content

t/m:

w

%

2.2

2.1

2.0

1.9

0.41

0.54

0.70

0.89

15

20

26

33

2.0

1.9

1.8

1.7

1.6

1.5

0.70

0.89

1.13

1.43

1.84

2.40

26

33

42

53

68

89

The permeability of water saturated backfill materials

with the present compositions have been determined in

the laboratory, the results being collected in Table 7
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Table 7. Permeability k in m/s versus bulk density
of bentonite/sand mixtures.

"m k

t/m3 m/s

10% bentonite 2.1 10~9

content

20% bentonite 2.1 10~10

content 2>Q l t 5 , 1 0 - «

Table 8 gives the swelling pressure of the backfills
as a function of the bulk density.

Table 8. Swelling pressure p in MPa versus bulk
s

density of bentonite/sand mixtures.

P P*m *s
t/m3 MPa

10% bentonite 2.1 0.15
content 1#g 0>Q2

20% bentonite
content

Ion diffusion

2
1
.0
.8

0
0
.13
.015

Very few ion diffusion tests have been run in the
laboratory and at present there are only rough indica-
tions of the magnitude of the ion diffusion coefficents,
A safe assumption is that only tortuosity retards the
diffusion/ Irrespectively of the bentonite content/
and this should yield diffusion rates of the order of
10% of those of bulk water (9).
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Similar to the case of highly compacted bentonite, the

heat conductivity and capacitivity are of primary

interest in the first phase when the backfill is still

not water saturated. A number of experimental determi-

nations have yielded the results collected in Table 9

(7).

Table 9. Heat conductivity X and capacitivity c versus

bulk density and water content.

10% bentonite
content

20% bentonite
content

Rate of water

P

t/m3

1.64

1.64

1.59

1.56

1.54

1.49

1.3

uptake

w

%

11

21

1

2

12

22

10

X

W/m,K

1.05

1.1

0.35

0.35

0.60

0.65

0.46

c

MJ/m3,K

1.86

2.28

1.33

1.35

1.79

2.11

1.44

s
r

%

37

58

4

7

34

50

21

In highly compacted bentonite the water uptake is

almost entirely caused by the affinity of the minerals

to water when the externally applied hydraulic gradients

are low to moderate. They seem to affect the rate of

water uptake to a larger extent in bentonite/sand

mixtures. Furthermore, the water uptake in such mix-

tures cannot be comfortably expressed in terms of

simple diffusion. However, current research suggests

that a best estimate of the rate of saturation can

still be based on (Eq. (1), i.e. pure diffusion, with

D»10"8 m2/s.

The compressibility of the bentonite/sand backfills,

primarily the 10% bentonite mixture, is of importance

with respect to the displacement of the interface

between the highly compacted bentonite in the deposi-
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tion holes and the overlying backfill. It has been
determined in the laboratory by means of the Rowe
oedometer (Fig. 14). The curves are suitable for
determination of the compression of the backfill
exposed to external stresses.

;'

10

u 4

80 100

VERTICAL STRESS, kPa

800 1000 3000

• P* • 1.65 g/cm3

K p4 11.79 g/cm3

• Pd • 1.91 g/cm
3

\
\ \
\
\

i

I
1.

2.

3.

Fig. 14. Compressibility of 10% bentonite mixture

at different dry densities.
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