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C l a y  isolation of a  large u n d e r g r o u n d  s t o r a g e  for n u c l e a r  w a s t e s  

L’isolation par l'argile d'un grand silo souterrain pour les déchets nucléaires

R.PUSCH, Clay Technology AB and Lund University of Technology and Natural Sciences, Lund, Sweden 
M.CEDERSTRÔM, Swedish State Power Board, Stockholm, Sweden

SYNOPSI S:  A concr et e si l o i n a bi g r ock caver n wi l l  be used f or  di sposal  of  Swedi sh l ow and medi um nucl ear  wast es.  I t  
rest s on a bed of  sand/ bent oni t e and i s i sol at ed f r om t he sur r oundi ng r ock by backf i l l i ng t he sl ot  wi t h al most  7000 
t ons of  gr anul at ed bent oni t e powder .  When t he si l o i s f i nal l y f i l l ed wi t h wast e packs,  i t  wi l l  be cover ed by a bed si mi 
l ar  t o t hat  ongwhi ch t he si l o r est s.  By t hi s,  t he si l o becomes sur r ounded by a cl ay bar r i er  wi t h a hydr aul i c conduct i vi t y 
l ower  t han 10 m/ s.  The desi gn of  t he si l o i s based on t he pr edi ct ed swel l i ng and wat er  pr essur es.

1 INTRODUCTION

The Swedish rock storage of low and medium level radio

active waste consists of a number of tunnels and a 

cell-shaped 70 m high rock cavern which hosts a concrete 

silo with a height and diameter of 50 and 28 m, 

respectively. The waste packs will be emplaced in the 

cells, and in order to retard the degradation of the 

concrete, and to minimize groundwater percolation of the 
silo, it is surrounded by clay "buffers", cf. Fig.1. A 
major requirement is that their hydraulic conductivity 

should not exceed that of the surrounding rock, I.e.

10” to 10 m/s, taking into consideration a complete 
scenario of changes in density, degree of water 

saturation, and percolation under high hydraulic 

gradients, as well as possible alteration of the 
groundwater chemistry including a significantly raised 

pH caused by the presence of concrete. The backfilling 

of the 1-2 m wide and 50 m high slot between the rock 

and the silo wall and the function of the fill are 

described in the paper.

Air-dry, granulated Na bentonite powder, which Is 

known to yield a homogeneous, plastic clay mass after 

water saturation (cf. Fig.2) was used as backfill. The 

following criteria were set for its function;

■ The bulk density must be within a limited interval so 
that the earth pressure (silo pressure and swelling 
pressure) is limited

■ The hydraulic conductivity must not exceed the_ 

average value of the surrounding rock mass, l.e lO_0m/s

■ A certain expandability is required to make the 

backfill self-healing and to generate a swelling 

pressure for supporting the rock

■ Chemical processes in the backfill must only cause 

Insignificant changes of its physical properties in the 
first 500 years, i.e the time period after which 

practically all radioactivity has vanished

“ The interface between rock and backfill will be kept 
drained until the waste application has been completed, 
after which water pressures are built up

Fig.1. Schematic section through the SFR repository.
A) Compacted, cement-stabilized sand backfill, B) 

Concrete plugs, C)Bentonite/sand top bed, D) Concrete 

silo, E) Bentonite backfill in the slot, F) Waste packs, 
G) BentonIte/sand bottom bed, H) Drains connected to 

tunnel system.

Fig.2. Granulated bentonite In air-dry form and after 

water saturation under confined conditions (Bulk density 

about 1.4 t/m3).

2 THE SLOT BACKFILL

2.1 General

Large-scale field tests were conducted for validation of 
the theoretical models of water uptake and pressure de

velopment. Such tests were needed also for documentation 

of the variation in bulk density as well as of the prac

ticality of the application technique with respect to 

the filling capacity and possible dust problems.
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Sodium saturated montmorl1lonlte-rlch clay (CEKO/QI, 

Sud-Chemie), in granulated form, was used for laboratory 

testing and field experiments as well as for the back

filling of the slot. The montmorl1lonlte content Is es

timated to be at least 65%, typical values of the water 
content of air-dry material and of the liquid limit 

being 12-16% and 300-350%, respectively. Sieving of air- 
dry material showed that 95-100 % passed the 8 mm sieve, 

65-85 % the 2 mm sieve, and 10-25 */% the 0.25 mm sieve.

2.2 Clay material

2.3 Homogenization

The drainage at the rock/backfill Interface prevents 

bulld-up of water pressures during the several decades 

long period of waste application that precedes sealing 

of the repository. Water uptake from the rock will 

therefore initially be caused only by the negative pore 
pressures that are set up by capillary forces, and water 

saturation of the clay backfill will therefore be 

strongly retarded. Complete saturation is not expected 

until the drainage period Is over since the porewater 

pressure then becomes sufficiently high to dissolve the 
air that is enclosed In the voids. The grains consist of 

stacks of montmorl1lonlte flakes which swell to form a 

mlcrostructural network of considerable homogeneity.
When exposed to humid air with RH=100%, as will be the 

case for the backfill in the first few years, the 

lnterlamellar space within the individual stacks will 

not be fully hydrated and the expansion and homogeneity 

Incomplete. On water saturation, a substantial swelling 

pressure will be set up, cf. Table 1.

Table 1.Swelling pressure of GEK0/QIbentonite at 

saturation ,
Swelling pressure, MPa

Dry density Fresh water Brackish water

t/m3 (0.1% salt content) (1% salt content)

0.95 200 50

1.05 300 80

1. 10 400 150

1.20 500 250

1.25 700 450

Swelling pressure oedometer technique (Pusch 1979)

The homogenization process results In an interwoven 

microstructure with only few continuous passages, which 

explains the very low hydraulic conductivity even at low 
densities. The limited expandability and strong aggrega

tion effect caused by salt water yields a heterogeneous 

clay microstructure and a high conductivity (Fig.3). 
Table 2 gives typical data from percolation tests using 

permeameters with a diameter of up to 78 cm.

Table 2. Hydraulic conductivity of GEKO/QI bentonite

Dry density Hydraulic conductivity, m/s
t/m3 Fresh water Brackish water

(0.1 % salt content) (1 % salt content)

i o ' 10 1.7x10

IO'" 4.OxlO-11

5xlO"1Z 10 11

2.4 Density

The design of the silo wall required specification of 

possible variations in swelling and water pressures over 
the periphery due to the expected variation In density 

and wetting rate.The water pressure will ultimately be

0.6 MPa at the upper and 1.1 MPa at the lower end of the 

silo, while the swelling pressure is predicted on the 

basis of large-scale backfilling tests for determination 

of possible variations In bulk density, and on a model 

for uptake of water In the backfill.

Fig.3. Mlcrostructural states; Left: Dry grains with 
stacks of montmorl1lonlte flakes. Center:Dispersed 

structure In fresh water with larger voids filled with 

soft clay gel. Right: Aggregated structure in brackish 
water with relatively large voids.

Filling experiments in a 20 m high and 0.4-1 m wide 

space In a shaft equipped with Gloetzl cells and 

artificially wetted on one side, gave the following 
conclusions:

■ The air-dry granulated bentonite material, which had 

a water content of 15-18%, filled up the space 

completely and uniformly as demonstrated at the 

subsequent excavation

• The average dry density was found to be 0.95 t/m in 

the upper 10 m section and 1.05 t/m In the lower half 

of the space. Sampling in connection with the filling 

and excav|tlon showed that the dry density varied within 
±0.04 t/m from the average value at each sampling level

■ Very moderate dust was produced when the distance 
from the end of the discharge tube to the surface of the 
backfilled material was less than about 2 m

• The earth pressure at rest after completing the 

backfill was 12 KPa at maximum, which is In approximate 

agreement with the theoretical silo earth pressure using 

23 as the angle of wall friction, which In turn was 

found to be about 2/3 of the angle of internal friction

• In order to speed up the wetting of the bentonite 
backfill, one side of the shaft was equipped with 
vertical drains that were kept satured with water. At 

the lower end of the wetted side, the total pressure had 

Increased to 100 kPa after one year, half of the rise 

being due to an Increased piezometric pressure. Higher 

up on the wetted side and on the non-wetted sides, the 

total pressure had become 30-80 kPa

■ Sampling at different levels within 1.5 years 

after the application of the backfill verified the 

conclusion from comprehensive laboratory tests that the 

water uptake has the character of a simple diffusion 
process.

The evaluation diffusion coefficient D was In the
w

range of 10 m /s to 10 m /s, the lower figure being 

representative of the rate at the non-wetted sides of 

the shaft, and the higher figure Illustrating the more 
rapid moistening at the wet side.A closer examination of 

the water distribution at the latter side Indicated that 

the clay was not fully saturated even close to the rock. 
Earlier experience was confirmed that water is taken up 

rather uniformly by the bentonite, regardless of the 

frequency and aperture of water-bearing rock fractures.

A second test series that was conducted on the3
construction site using a 10 m box and up to 50 m long, 

15 cm filling tubes, suggested that the upper 1-2 m 

layer of the slot backfill would have a dry density of

0.9-1.1 t/m with an expected mean value of 1.02 t/m .
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Naturally, the density deeper down In the slot would 

be increased by the own weight of the successively added 

backfill, meaning that the average hydraulic conduc
tivity after saturation with brackish groundwater would 

not exceed 10 m/s. Similarly, the swelling pressure 
would vary along the slot, the expected average value In 
its uppermost part being 100 to 300 kPa.

2.5 Backfilling

The Swedish company Industrlmetoder AB delivered the 

bentonite in big-bags, which were emptied into a silo 
moved on a track at the upper end of the silo so that 

the variation in filling height was maintained less than 
about 1 m over the almost 100 m long slot throughout the 

operation (Fig. 4). The 6B00 t bentonite powder mass, 

which had a water content of 14-17 %, was successfully 
applied In about one month.

Fig.4. Filling operation of the slot

Since each bag was weighed, and samples had been taken 

at the filling plant for determination of the water 

content, the mass of solid substance was known at all 
filling stages. The volume of the slot space had been 

determined on the basis of a detailed photogrammetrlc 

determination of the topography of the rockwall prior to 
the silo construction and the net dry density could 

therefore be continuously determined. The diagram in 
Fig. 5 demonstrates that the density was within the 

predicted range and large samples taken frequently at 
each 2 m filling level showed that the local variation 

in dry density did not exceed about ±0.03 t/m .

VOLUME, rn

Fig.5. Net average bulk density In the course of the 

backfilling operation as evaluated from the known slot 

volume and accumulated weight of the backfilled 

bentonite. The bulk density and dry density In the three 

zones are:
Zone I: p=l.15-1.20 t/m . pd=0.98-1.02 t/m3 

Zone II: p=l.15-1.18 t/m3. pd-0.98-1.01 t/m3 

Zone III: p-1.14-1.16 t/m3, pd=0.98-1.00 t/m3

3 PREDICTED SCENARIO

3.1 Physical conditions

Using the afore-mentloned physical model, the Initial 

silo pressure conditions of the air-dry backfill are 

expected to be altered to those of 50 water saturation 

In the drained period, yielding approximately half the 

ultimate swelling pressure (Bbrgesson 1985). On plugging 

the repository, the groundwater pressure In the rock 
will be restored and the backfill ultimately saturated 
and at that stage the swelling pressure Is expected to 
be as shown In Fig.6. The recorded pressures In the 
first year after the completion of the backfilling are 

significantly lower than the predicted silo pressure, 

which may partly be explained by the low sensitivity of 

the pressure cells In the low pressure range.

Pressure equllbrlum In the vertical direction Is 

required In order to avoid significant compression or 

heave, and It Is clear from Fig.6 that the porewater 

chemistry Is a determinant In that respect. Thus, under 

freshwater conditions, yielding maximum swelling 

pressure, the vertical effective pressure caused by the 

weight of the backfill (p') will be lower than the 
swelling pressure In the entire slot, while these 

pressures will be approximately equal In the larger part 

of the slot under brackish water conditions. The 

swelling pressure will be lower them the effective 

overburden pressure In the lower part, which would tend 

to cause consolidation. Since an angle of wall friction 

of about 5°, which Is less than the friction angle of the 

water-saturated clay. Is sufficient to resist heave or 

compression, the expected Internal movements In the mass 

are Insignificant.

The actual local variations In density, being almost 

Identical with the predicted ones, are assumed to be
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partly evened out through consolidation/expansion and by 
creep under saturated conditions. Considering only the 

latter mechanism and assuming the saturated mass to 

behave, Theologically, as | Kelvin body with the conser

vative viscosity figure 10 MPas, the large majority of 
the Initial pressure differences over distances smaller 

than about 2 m will disappear in a few years. The load 

constellation that was assumed In the design of the silo,

I.e. that every second 3x3 m unit area of the silo wall 

will be exposed to the highest predicted swelling 

pressure and the remaining ones to the minimum pressure 

at each level, was thus concluded to be very conserva
tive. Naturally, the maximum load will be the sum of the 

highest swelling pressure and the fully developed water 

pressure before the Interior of the silo Is substantial
ly wetted.

k Pq

Fig.6. Predicted vertical pressure In the backfill at 

different distances x from the bottom of the shaft.

PSIL0 ls the exPected sll° pressure exerted by the

air-dry bentonite powder, p' ls the calculated ultimate 
pressure In the water-saturated backfill neglecting the 

wall friction. MAX pg and MIN pg refer to the expected

swelling pressures at saturation with fresh and brackish 

water, respectively, neglecting wall friction.

3.2 Longevity

The stability of the major mineral montmorl1lonlte is 

known to be very significant at the ambient rock 

temperature, provided also that pH ls in the range of
6-10. The expected reaction products at the actual pH =

12 13 are zeolites and amorphous silica gels, which 
cause a loss In expandability and self-healing ability, 

and therefore an Increase In hydraulic conductivity.
The model applied in the prediction of the deterio

ration of the bentonite had the form of a front moving 

from the bentonite/concrete interface into the bento

nite, leaving behind a conductive matrix of reaction 

products. The rate of advancement of the front was 
conservatively taken as the rate of migration of 

calcium emanating from the dissolution of the Ca(OH) 

component of the degrading cement. Using the figure 

6x10 12m2/s for the diffusion coefficient of Ca It was 
found that about 50 % of the 1-2 m thick backfill will 
be desarmed in 500 years. A considerable amount of low- 

pervious silo embedment will therefore remain even after 
the operative lifetime of the repository for directing 

groundwater flow around and not through the silo.

The major properties of the 7000 m3 bentonite backfill 
that needed to be checked were the grain size 

distribution of the air-dry powder, the montmorl1Ionite 

content, the water content, and the sulphate content, 

the latter having a particularly strong effect on the 
degradation rate of the concrete. The testing, which 

turned out to be practical and sufficiently simple for 

routine examination ls summarized In Table 3. The 

criteria set were fulfilled by the manufacturer.

Table 3. Test program

Property Test type Frequency 

__________________________________________ one per x tons

3.3 Quality designation of the backfill material

Grain size Sieving x=50
Montm. cont. X-ray dlffr. x=500
Montm. cont. Liquid limit x=50

Water cont. Drying at 105 *C x=50

Sulphate cont. Chemical analysis x=1000

4 CONCLUSIONS

The function of the backfill to serve as an envelope of 

the concrete silo with a lower hydraulic conductivity 
than that of the surrounding rock, will hold for the 

next 500 years, taking Into account possible changes In 

groundwater chemistry.

It has been demonstrated that large slots and 

excavations in rock can be effectively and uniformly 
filled with granulated air-dry bentonite powder. The 

rate and uniformity of water uptake can be predicted by 

applying diffusion models, and the associated bulld-up 

of swelling pressures can be estimated on the basis of 

laboratory tests using suitable oedometers and 
appropriate groundwaters.

Quality designation and checking on a large scale of the 
presently Investigated backfill material can be made in 

a reliable and practical way. Estimation of the 

long-term chemical stability requires that temperature 

and pH conditions are considered.
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