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Shear of a clay-embedded waste canister 

Cisaillement d’un récipient contenant des déchets enfoui dans l'argile

L.BÔRGESSON, Clay Technology AB, Lund, Sweden

SYNOPSIS: The effect of small or large rock movements, caused by tectonic activities, thermal stresses or rock excava
tion, on radioactive waste canisters, buried in boreholes and surrounded by highly compacted smectite-rich clay, has 
been investigated. Laboratory tests, FEM calculations and large-scale model tests have been used in order to study the 
possibility to simulate different scenarios. Material models of the clay and the canister material have been derived 
from triaxial and shear tests. These models have then been used in three-dimensional non-linear ABAQUS finite element 
calculations simulating certain rock-shear scenarios. The calculations have been checked by three large-scale model 
tests where the total force, the shear deformation, the stresses in the clay and the canister strain were measured. 
Good agreement between the calculated and the measured results was obtained, showing that the various plausible 
scenarios can be accurately simulated.

1 INTRODUCTION

The isolation of high and low level radioactive wastes 

presents many difficult and interesting geotechnlcal 
problems. In Sweden a comprehensive research program 

started about ten years ago. In this article the 

development of techniques for studying and conducting 
sensitivity analyses of the effect of a rock movement on 

the clay and canister will be presented.
The main Swedish concept for high level radioactive 

waste disposal is shown In Fig 1. The waste will be 
enclosed In copper canisters surrounded by an annulus of 

highly compacted smectite-rlch clay with a thickness of 
37 cm. The canister will be placed In 7.5 m deep holes 
having a diameter of 1.5 m which are drilled from the 
base of long tunnels In crystalline rock at a depth of 

at least 500 m.

Rock movements, caused by tectonic activities, thermal 

stresses or rock excavation, will Induce strain and 
stresses In the copper canister. These are minimized If 

the surrounding clay has a low shear strength and 

exhibits plastic behaviour at small strains. High shear 
strength and brittle behaviour would allow for only very 

small rock shear displacements to avoid damage of the 

canisters, meaning that the density of the clay should 
be low. On the other hand, the sealing efficiency of the 

clay Increases with density, whlc£ suggests an 

Intermediate value of 2.0-2.1 t/m of water saturated 
Na-bentonlte.The worst rock shear scenario Is shown In 
Fig 1 together with the proposed geometry of a 
deposition hole.

The effect of rock shear on the clay and canister has 

been investigated by applying non-linear, three 
dimensional finite element calculations. The results 

have been compared with measurements made on large scale 

model tests.
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Fig 1. The Swedish main concept for high level radio

active waste disposal and a rock shear scenario

2 MATERIAL PROPERTIES

In practice the canister will consist of the spent fuel 
waste enclosed in copper but solid copper has been 

assumed in the calculations and model tests. Since the 

rock mass can be considered as infinitely rigid only the 
two materials clay and copper have to be modelled.
The clay is emplaced in a non-saturated condition but 

the process of saturation is very fast, seen in the 

perspective of a repository lifetime, meaning that only 
the saturated state is of Interest. The properties of 

saturated smectite-rich clays have been Investigated by 
means of triaxlal tests, shear tests and creep tests. In 

the large scale model tests compacted Na-bentonlte Mx-80 

have been used. The results of tests on this material 
can be summarized in the following points:

1. Mohr-Coloumbs* failure criteria is valid with the 

cohesion c=140 kPa and the angle of Internal 

friction 0=7.3 at the density at saturation 
Pb>1.85 t/m2.

2. A quick change in total pressure with no time 
for pore pressure dissipation does not change the 

strength properties.
3. The clay can be modelled as a non-linear elasto- 

plastlc material with a stress-strain relation for 
the density p =2.06 t/m as shown in fig 2.
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4. The strain rate dependence is small but still of 
Importance when considering creep and earth-quakes. 
The shear strength t can be modelled as a function

of the rate of strain 7 according to Eq 1. 

f.

t  =m  —  ( 1 )
r

where n=0.06 and m is the shear strength at 7—7̂ ■

Strain %

Fig 2. Stress-straln relation of the clay determined by 

trlaxlal tests and the corresponding relations at the 

different model tests corrected for the Influence of 

the rate of strain

The swelling pressure of the clay Is also an important 
parameter since It Is one of the boundary conditions In 

the calculation. In general the swelling pressure Is 

proportional to the logarithm of the density the 

swelling pressure being 10.7 MPa at the density 

p =2.06 t/m3.

The solid curve shown in Fig 2 Is valid for the strain 
rate used in the trlaxlal tests. The strain rates 
applied at the model shear tests were higher and the 

stress-straln relation thus has to be corrected 

according to Eq 1. The other relations shown In Fig 2 
are referring to the different model shear tests. 
Problems associated with these corrections are discussed 

later In the text. The stress-straln relation shown is 
typical for this clay with an Initial linear elastic 

deformation until 1'/. strain. Then the clay starts to 
yield non-1 inearly under strain-hardening and reaches a 

maximum shear stress after about 5V, strain, whereafter 

the shear resistance Is constant.
The cooper was Investigated by tensile tests. An 

example of such a test is shown In Fig 3. Also the 

copper has a non-linear elasto-plastic behaviour, the 
plastic state being reached at the deviatorlc stress 50 

MPa and 0.35C strain. The plastic behaviour is associated 
with strong strain-hardening which proceeds even after 

25% strain.
The mathematical modelling of the stress/strain 

behaviour of these two materials Is thus taken to be

Strain %

Fig. 3. Stress-straln relation of the copper

characterized by an initial linear elastic followed by a 

non-llnear plastic stress-strain relation.

3 LARGE SCALE MODEL TEST

The deposition hole had the form of a rigid steel tube, 
scaled 1 :10 to the real concept, while the canister was 
given a length of 45 cm and a diameter of 8 cm. The 

diameter of the simulated hole was 16 cm and the length 
60 cm. The copper canister was represented by solid HPOF 
copper while the permeable rock was simulated by a 

cylindrical bronze filter with a thickness of 2 cm. The 
filter was produced by sintering minute bronze pellets 
to give a maximum pore size of 12 fim, which made It 
sufficiently permeable to serve as water supply for the 

saturation process of the initially air-dry bentonite, 

without letting clay particles penetrate Into the 

filter. Filters also covered the top and bottom of the 
simulated hole.

The filter-equipped tube, which was made of acid-proof 
stainless steel, was devlded In two equal parts so that 

shear could be produced perpendicularly to the axis. The 

cylindrical "sheai— box" halves were rigidly mounted to 
form one unit in a steel frame during the saturation 
phase, while one of them was then displaced to yield 
shear. 18 sensors were Installed in order to measure the 
outer force, the pressure In the bentonite, the strain 
in the canister and the motion of the simulated rock and 

canister. The location and coding of the sensors are 
shown in Fig 4 together with a section of the model. 

Complete saturation of the clay took about two months.

4 FINITE ELEMENT CALCULATIONS

The final calculations have been preceeded by a number 
of simpler studies, such as viscous 3D calculations, 
linear elastic 2D and 3D calculations and non-linear 

elastic-plastic 2D calculations. These calculations have 
shown that reliable results can only be achieved from 

non-linear elastic-plastic 3D calculations, using the 

material models defined earlier. For certain purposes 2D 

calculations can also be used, but they must be checked 
by 3D calculations.

Only a few finite element programs can be used for the 

non-llnear 3D calculations, a most suitable one being 
ABAQUS which is used by the author. The element model can 

be simplified by using only one quarter of the total 

model by cutting the model In the vertical symmetry
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Fig 4. Location and coding of the transducers and gauges

In the large scale model

Fi-F« Force transducers
crs-cno Pressure transducers

5n-5i3 Strain transducers

ei4-ci8 Strain gauges

Fig 5. The calculated deformed structure. The 
canister Is marked with thick lines. Only the upper 
quarter of the model Is calculated and shown In the 

figure

plane In the shearing direction and In the horizontal 
anti-symmetry shear plane. The final model had a total 
number of 270 solid 3D elements consisting of 20 nodes 
and 8 solid 3D elements consisting of 15 nodes.

The boundary conditions are complex and extensive with 

most of the nodes locked In at least one direction. 
Especially the anti-symmetry shear plane creates 

problems the authors choice being to simulate It by a 5 

mm thick element layer. The bottom nodes In the 

anti-symmetry plane are fixed In the shear direction and 

free to move up and down In the axial direction. By such 
a boundary condition the prescribed rock displacement 

will correspond to half the real displacement. Since 

Polsson’s ratio v is 0.5 there will be no volume change 
of the clay although the boundary is free in the axial 

direction.
The material properties used In the calculation 

presented here are the non-linear elastic-plastic 

stress-strain relations shown in Figs 2 and 3. w=0.5 was 

used for the clay and i>=0.35 for the copper.

5 RESULTS FROM THE CALCULATIONS

In the final calculation the Iterations where stopped at 

12 mm total shear displacement. The deformed structure 
after 10 mm Is shown In Fig 5. The structure Is shown 

using hidden lines seen from =45 below the shear plane 
so that only the symmetry and anti-symmetry planes are 

seen. A magnification factor of 3 for the deformation is 
used. The figure shows that the canister Is deformed and 
axially displaced especially close to the shear plane. 

Plots of the devlatoric stresses and the plastic strains 
In the clay and the canister show that almost all the 

clay has yielded at 10 mm deformation with a strain as 

high as 200% at the shear plane. At that stage most of 

the canister has started to yield as well.

The total force required for such a large deformation 

is of great Interest since It Is easy to measure and 
thus offers a nice check of the calculation. Fig 6 shows

the calculated force as a function of the deformation 
together with the measured force at the three model 

tests. These results are analysed in the subsequent 
text.

6 RESULTS FROM THE LARGE SCALE MODEL TESTS

Three main model tests were made using different rates 
of shear strain. The total shear was 20-30 mm and the 
rate of shear were 0.031 mm/s In Test 1, 1.9 mm/s in 
Test 2 and 160 mm/s In Test 3. The rate of strain of the 
clay In the model test Is different at different parts 
of the clay embeddment since the total strain is several 

hundred V. at the shear plane but less than one V. In the 
top corners. The calculation which was based on slow 

trlaxlal tests, turn out to be comparable with the slow 
Test 1.

Fig 6 shows that the calculated force/deformat Ion 
curve agrees very well with the experimental data. The 

calculated force Is =15’/. higher than the force recorded 
In the slow test but this deviation can at least partly 
be explained by a slight overestimation of the ghear 
strength, since the actual density was 2.04 t/m Instead 
of 2.06 t/m .

The Influence of the strain rate Is clearly seen In 
Fig 6, where the Increased shear resistance due to an 

Increased shear rate is In good agreement with n=0.05 In 
Eqn 1.

The deformed structures studied at the excavations 

after the tests resembled very much the calculated 

structure shown in Fig 5. The total bending of the 

canister as well as the axial displacements of the clay 

were of the same magnitude as the calculated ones.

The total pressure in the clay in the shear direction 
was measured both on the canister and on the simulated 
rock. It was positive (compression) =10 MF>a after 10-15
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Fig. 8. The deformed canister at excavation.

DEF ORMAT ION (m m)

Fig 6. The calculated total force as a function of 
the shear deformation. The results from the three model 
teats are also shown.

nun shear as signalled by the four gauges closest to the 
shear plane, while it was negative at the two upper 

gages (Nr 7 and 10). Again, the measured stresses agreed 

well with the calculated ones.

The strain In the canister was measured by strain 

gauges glued to the canister surface In the axial

0 1.0 2.0 

S t r a i n  %

Fig 7. The calculated plastic strains (%.) In the 
canister symmetry plane after 12mm shear deformation 
(left) and the calculated total strain In the canister 

surface compared to the measured strain at the three 

model tests

- Calc,
o Test 1 

□ Test 2 

x Test 3

direction. Fig 7 shows the measured strain at the 

different measuring points after 12 mm shear at the 
three different tests. The calculated strain Is Included 

In the figure and It can be seen that the agreement Is 

good, especially at Test 3. Figure 7 also shows the 

plastic strains In the symmetry plane. The total strain, 
which Is compared to the measured one, Is obtained by 

adding the plastic strain to the elastic strain.

Fig 8 shows a picture of the deformed canister at 
excavation after removal of the upper "shear box'1 half.

7 CONCLUSIONS

The nice agreement between the measured and the 
calculated values show that three dimensional non-linear 

elastic-plastic ABAQUS finite element calculations can 

be used to study the effect of rock displacements on 
clay embedded waste canisters. The Influence of the rate 

of shear Is Important and the optimum clay composition 

and density as well as geometry can be chosen from 
sensitivity studies. The fastest Imposed shear strain 

and the total shear deformation are of the same order of 
magnitude as the most severe earth quakes expected to 
take place In Sweden.
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