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SUMMARY 

Settlement of canisters containing radioactive waste and being sur
rounded by dense smectite clay is caused by the stresses and heat 
induced in the clay. Consolidation by water expulsion of the clay 
underlying a model canister with 5 cm diameter and 30 cm length 
would theoretically account for a maximum finite settlement of about 
70 µm in a few weeks, while shear-induced creep in the form of 
viscous flow under constant volume conditions would yield a settle
ment of only a few microns in the same time period according to a 
previously developed theoretical model. These predictions were check
ed by running a laboratory test in which a dead load of 80 kg was 
applied to a small cylindrical copper canister embedded in Na bento
nite with a density of 2.07 t/m3 • 

The settlement, which increased in proportion to log time, turned out 
to be about 6 µm in the first 2.5 months, which indicated that shear
induced creep under constant volume conditions was the major settle
ment-producing mechanism. This was confirmed at the end of the test 
when sampling showed that no consolidation had taken place. After the 
first loading period at room temperature, heating to 50°C and, after 
a 4 months long ''room temperature" period, to 70°C took place. This 
cycling gave strong, instant settlement and upheaval because of the 
different thermal expansion of the interacting components of the 
system: the outer steel casing, the clay, and the canister. After the 
development of constant temperature conditions in the entire system 
and completion of the consolidation or expansion that followed from 
the thermo-mechanical interactions, the settlement proceeded at a 
rather high rate at 70°C, still following a log time creep law, but 
with somewhat stronger retardation. At room temperature, i.e. in the 
post-heating periods, the settlement seemed to cease, on the other 
hand. 

The conclusion from the study is that the canister movements under 
isothermal conditions were in accordance with the log t-type creep 
settlement that was predicted on theoretical grounds. Pre-heating and 
low stresses may account for extraordinary retardation of the settle
ment. 



l INTRODUCTION 

The Swedish KBS 3 "multibarrier'' concept for the disposal of highly 

radioactive, unreprocessed reactor fuel implies that 20-ton cooper 

canisters containing such waste be surrounded by dense Na bentonite 

clay with montmorillonite as major constituent (Fig 1). Repositories 

consisting of arrays of tunnels with deposition holes drilled for 

canisters are planned to be located in crystalline rock at a minimum 

depth of 500 m. The tunnels will be backfilled with on-site compact

ed, relatively dense sand/bentonite mixtures, while the canister 

envelopes, which are expected to be almost impermeable for many 

thousand years, will consist of close-fitting blocks of heavily 

precompacted bentonite powder. A suitable raw material is commercial, 

air-dry Na bentonite granulate with a water content of 10-12 %. At 

compaction pressures of about 100 MPa the bulk density becomes about 

2. 1-2.2 t/m3 , and the degree of water saturation 50-60 %. After 

insertion in the deposition holes the blocks absorb water from the 

rock, swell and fill the initial small gap between the canisters and 

the confining rock. Hereby, the blocks get welded together so that 

the entire bentonite mass becomes virtually homogeneous with no 

visible joints, as demonstrated by long term field experiments (1). 

As soon as the canisters come to rest on the underlying bentonite 

blocks, there will be a slight visco-elastic settlement of the yet 

not water saturated bentonite, but since this part of the clay enve

lope is expected to absorb water faster than the rest of the clay 

mass, the settlement soon stops and upheaval of the canister will 

instead take place. This movement will cease when the upper part of 

the mass has become largely wetted after which settlement will again 

take place. 

The various movements that occur in the several years or even decades 

which pass before the water saturation is complete are developed in 

conjunction with initial homogenization processes and are of limited 

interest. The canister movement of major importance is naturally the 

long term settlement that takes place at elevated temperature in the 

first few thousand years and thereafter at normal rock temperature in 

100.000 years or more. This secular settlement has been the subject 

of SKB-supported research in the last few years, the present report 
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summarizing current ideas concerning the involved physical processes 

and also the result of a precision model test in which the settlement 

of a model canister was measured for about 1.5 years. 

The mechanisms which produce settlement have a very complex nature 

and depend very much on the physical state of the clay mineral mont

morillonite with associated water, which is still not completely 

understood. Any discussion of the cause and character of the settle

ment needs to be based on the constitution of water-saturated montmo

rillonite, which is therefore briefly described in the introductory 

chapter. 
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Fig 1. Cross section of tunnel at 500 m depth with clay-enveloped 

canister 
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2 CONSTITUTION OF WATER SATURATED MONTMORILLONITE CLAY 

2. 1 The mineral montmorillonite 

There are two possible crystal lattice models for montmorillonite, 
i.e. the Hofmann/Endell/Wilm (HEW) version and the one suggested by 
Edelman and Favejee (EF). They cannot be distinguished on the basis 
of XRD or chemical analyses, and are represented by the compositions 
in Eqs (1) and (2) and the atomic arrangements shown in Fig 2. Both 
will be referred to in the subsequent text since it is presently not 
known which model actually applies and their atom lattice configura
tions are determinants of the physical state of a significant part of 
the porewater. 

Fig 2. The montmorillonite crystal lattice. Left: The HEW structure. 

HEW: 

EF: 

Right: The EF structure 

(Si ) 
8 

(Si ) 
8 

(Al Mg) 0 (OH) 4 M 
4-X X 20 

+ 

+ 
(A14-x Mgx) 016 (OH)12 M 

( 1) 

(2) 

The EF model deviates from the traditionally favored HEW structure 
with respect to the type of coordination of the tetrahedra, termed 
trans - for the EF structure and cis - for the HEW version. We see 
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that every second tetrahedron of the silicious sheets is inverted, 

thus exposing apical OH:s which absorb water through hydrogen bonding 

and which can also exchange the proton (2, 3). Since only about 20 % 

of the cation exchange capacity appears to be due to such place 

exchange, the model has later been adjusted to one with a smaller 

number of inverted tetrahedrons although this correction may not be 

required (2, 4). 

Various NMR studies have been conducted in order to identify which of 

the two crystal versions that is actually valid but there is no 

unanimous conclusion. However, one of the more comprehensive investi

gations suggests that both versions may be true, the EF model at 

temperatures exceeding 100°C and the HEW version at lower tempera

tu re s ( 2 , 5 ) • 

2.2 Montmorillonite/water interaction 

The hydration of the Edelman & Favejee structure has been explained 

as the formation of an ice-like water lattice that grows from the 

protruding hydroxyls of the basal planes when the interlamellar 

cations are monovalent and small (Li and Na). A number of metastable 

and stable states of the H-bonded lattice may be established as shown 

in Fig 3, according to which the lattice does not spontaneously 

expand beyond 3 hydrate layers unless mechanical agitation causes 

separation of layers. 

The wetting of the conventional Hofmann, Endell & Wilm structure is 

associated with the hydration of interlamellar cations. Water is 

first assumed to be distributed over external surfaces of stacks of 

lamellae ( "domains"} and then to yield successive hydration of the 

interlamellar space. 

Like in the case of the EF model, interlamellar water lattices may be 

established on wetting of the Hofmann, Endell & Wilm structure but 

the spatial arrangement of the water molecules is largely determined 

by the position of interlamellar exchangeable cations, which in turn 

depends on the location of the deficit of positive clay lattice 

charge. The orientation and mutual interaction of the water molecules 

as well as their association with the interlamellar cations and the 
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crystal lattice are altered in the successive build-up of interlamel
lar hydrates, the expected degree of ordering being low particularly 
of the second and third hydrates. A model of the spatial arrangement 
of the first layer of interlamellar water molecules in montmorillo
nite containing monovalent exchangeable cations worked out by Sposito 
(6) implies a strained ice-like configuration similar to Forslind's 
lattice. 

SCHEMATIC INTER- HpMOLECULES BASAL SPACING 
LAYER STRUCTURE PER UNIT CELL ;.. 

0 12.30 
0 

1 ~ 2.66 15.05 

2 :m: 5.33 17.81 

3 8.0 18.73 

4 10.67 21.49 

5 13.32 22.41 

6 16.0 25.17 

g H:zO/g mM H20 
CLAY PERg CLAY 

0 0 
0,084 4.667 

TCOMPL AT COMPLETE 
OEHYOROXY DEHYOROXYL 

ATION ATION 

0.059 3.278 

0.119 6.661 

0.179 9.944 

0.238 13.222 

0.297 16.5 

0. 35 7 19.833 

REMARKS 

UNSTABLE 
NO HYOIUTION: 
4 OH- GROUPS 

PER UNIT CELL 

UNSTABLE 

STABLE 
MONOLAYER 

UNSTABLE 

STABLE 
:?LAYERS 

UNSTABLE 

STABLE 
3 LAYERS 

Fig 3. Water lattice configuration in interlamellar positions of Li
or Na montmorillonite (After Forslind) 
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2.3 Microstructure 

2.3. l Influence of hydration and homogenization 

The water uptake and swelling of the confined clay blocks in deposi
tion holes is associated with gradual improvement in microstructural 
homogeneity as indicated by Fig 4. This picture shows that the indi
vidual granules are characterized by a high degree of orientation of 
the montmorillonite lamellae that is inherited from the fabric of the 
natural bentonite beds, and that the granules are randomly oriented. 
The virgin as well as the matured ("aged'') clay thus consist of 
rather large stacks ("domains") of face-to-face-grouped montmorillo
nite lamellae, which have been referred to as "quasicrystals". Their 
average orientation in bulk clay is at random. 

On wetting, water is assumed to be sucked up by the system of inter
connected inter-aggregate voids by "capillary action" and this water 
is then redistributed to the interlamellar space which expands on 

expense of the interaggregate voids. In the ultimately developed 
microstructure a certain fraction of the porewater, the "external 
water which is unaffected by the minerals, is contained in these 
voids while the remaining fraction is the interlamellar, "internal'' 
water, which is strongly associated with the minerals. Since there 
should be a very significant difference in physical properties of 
these two water types we naturally require a quantitative estimation 
of their mass ratio for evaluation of the rheological properties of 
the clay in bulk. This matter is dealt with in the subsequent chap
ter. 

2.3.2 Internal and external water 

The evaluation of the relative amounts of internal and external water 

is suitably based on detailed microstructural analyses which require 
microtome sectioning and transmission electron microscopy (7). Such 
studies have demonstrated that the clay matrix of smectite-rich 
materials holds internal water, the amount of which is related to the 
external water in a fashion that is largely determined by the bulk 
density (4). The porewater chemistry is also a determinant according 
to classical colloid chemistry as illustrated by the fact that an 
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increase in ion strength produces coagulation of particles by which 
the ratio of internal and external water is diminished. The latter 
effect, resulting from electrical double interaction and attractive 
mass forces between the stacks, is not significant at bulk densities 
exceeding about 2 t/m3 but is certainly important at densities lower 
than about 1.5 t/m3 • For any particular pore water salinity there is 
a unique relationship between internal and external water. Data 
derived so far suggest a relationship of the type shown in Fig~-

Fig 4. Schematic particle arrangement in dense bentonites: Left: 

Vi 

Compressed granules (A) with inter-aggregate voids (a) and 
interlamellar space (c).Right: Homogeneous, water saturated 
state with expanded granules forming stacks, the voids being 
smaller and the interlamellar space being wider than in the 
initial stu.te 

°lo 40 -----+-~l'-+-++--Jl"+------+--+--+--------1 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

9m, 9/cm3 

Fig 5. General relationship between bulk density and content of in
ternal water in percent of the total pore water volume of 
smectite clays (4) 
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3 SETTLEMENT OF CLAY-ENVELOPED CANISTERS 

3. l Physical processes leading to settlement 

Prediction of the settlement of foundations resting on clay is a 

classical problem in soil mechanics. There is no deep understanding 

of the involved mechanisms and the usually applied model is simply 

that the settlement is mainly caused by compression of clay elements 

in which the preconsolidation pressure is exceeded. This pressure, 

which is understood as the maximum effective pressure caused by the 

overburden under which the clay has reached a condition of equili

brium - possibly in conjunction with chemical effects like precipita

tion of cementing substances - is usually different in the vertical 

and horizontal directions. This means that deviator stresses prevail 

in the consolidated clay and that a load increment produces a 

collapse of the particle network, which ultimately reaches a new 

state of equilibrium with a denser grouping of the particles. The 

compression is delayed because of two effects: 1) the permeability, 

which is usually low, does not allow pressurized porewater to be 

expelled rapidly, and 2) the stress/strain properties of the particle 

network becomes a determinant of the compression rate when the in

duced hydraulic gradient has dropped to a low value. The initial part 

of the compression, i.e. the primary consolidation in which the 

porewater overpressure dissipates, has the character of diffusion and 

yields the S-shaped part of the curve in Fig 6, while the subsequent 

compression in which there is no porewater overpressure is characte

rized by an almost straight curve in log time representation. Various 

investigators have demonstrated that the deformation properties of 

the particle network may alter the shape of the primary consolidation 

curve and it may be difficult to distinguish between the primary and 

secondary phases only by watching plots of the type shown in Fig 6. 

In addition to the compression, the clay mass will undergo shear

induced strain and this contribution to the settlement is dominant in 

overconsolidated clays, i.e. soils in which the preconsolidation 

pressure is not exceeded. 

The two major mechanisms that yield macroscopic displacement of clay

enveloped canisters are schematically illustrated in Fig 7. 
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PRIMARY SECONDARY 

CONS. 
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Fig 6. Time-dependent decrease in void ratio in primary and secon

dary consolidation. e is the void ratio at time t , while 
0 0 

e100 is that at 100 % primary consolidation 

I n 
, / , B/,, r. :::, -- -- -- --

C C 
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I 
I 

/ ·,:,,: ?f~ U -1--V 

Fig 7. Possible settlement-producing mechanisms. I) Consolidation by 
compression of zone A and swelling of zone B, and II) Viscous, 
fluid-like flow under constant volume conditions. C is canister 
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3.2 Settlement due to consolidation of dense Na montmorillonite 

3.2. l Consolidation properties 

Dense Na montmorillonite deviates markedly from clays composed of 

other minerals in that it has a very strong ability to become homoge

neous by internal redistribution of water and solids. This fluid-like 
behavior, which is manifested by a very low angle of internal fric

tion, means that the swelling pressure is isotropic and can be consi
dered as a preconsolidation pressure. 

This would imply that all the clay elements in a deposition hole with 

a heavy canister tend to stay homogeneous with no local compression, 
which in turn would yield a fluid-like displacement of the clay with 

concomitant settlement of the canister. However, considering that the 
microstructure allows for a certain strain by displacement of the 

quasicrystals and expulsion of external water without any change in 

internal water, it is concluded that some true consolidation in the 

form of local compression will take place in the deposition holes. 

3.2.2 Estimation of consolidation settlement 

The swelling pressure is empirically related to the bulk density and 
water content as shown in Fig 8, from which we can see that this 

pressure is just about 8 MPa for a bulk density of 2.05 t/m3 , i.e. 

the value often referred to as a suitable ultimate bulk density of 

the KBS 3 concept. Assuming now that the weight of the canister is 
transferred to the clay via its circular base, which would correspond 

to a condition of no friction or adhesion at the clay/canister inter

face, the average contact pressure 0.4 MPa would theoretically yield 

consolidation leading to an increase in bulk density by about 0.005 

t/m3 and a drop in water content by about 0.3 percent units. Since 

the average vertical pressure is transferred downwards without any 
significant reduction to a depth that is roughly equal to the radius 

of the canister (8), we find the settlements caused by vertical 
compression of the clay to this depth to be described by Eq. 3: 

s = 0.003 R (3) 
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where R is the radius of the canister. 

Putting R = 0.39 m, i.e. the size of the KBS 3 canister, we find the 
primary consolidation settlements to be about 1.2 mm, while it would 
be 0.07 mm for a canister radius of 2.5 cm, which is the size of the 
model canister in a test that is fully described later in this re
port. The time required for development of the primary consolidation 
is determined by the distance from the loaded clay elements to the 
draining boundary, and by the hydraulic conductivity. Taking the 
diameter of the deposition hole to be twice the canister diameter and 
the hydraulic conductivity of the clay to be 10- 14 m/s, we find that 
the primary settlement is fully developed in a few years in the full
sized canister case and in a few weeks for the model canister. 

In practice, the canister load is likely to be transferred to the 
clay also via its perimeter. Assuming for the sake of simplicity, 
that the clay/canister interaction can be expressed in terms of wall 
friction characterized by the low friction angle 5°, we find the net 
load that would be transferred via the canister base to be negligible 
and no measurable consolidation settlement is actually expected. 
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Fig 8. Empirical relationships between bulk density, water content, 

and swelling pressure of Na bentonite (MX-80) 
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3.3 Settlement due to shear-induced strain under constant volume 
conditions 

3.3. 1 Nature of creep strain 

Shear-induced viscous flow like that of fluids, i.e. with no volume 
change, 
lement 

is expected to be the cause of time-dependent canister sett
in the absence of consolidation. It can be produced by creep 

deformation of the individual structural units and by a time-depen
dent rearrangement of these units. Since the individual montmorillo
nite flakes are separated by interlamellar hydrates, the stress/ 
strain properties and interaction with smectite crystal lattices of 
the hydrates, are expected to be determinants of the bulk rheological 
behavior. In principle, macroscopic settlement of the presently dis
cussed type is caused by accumulation of strain on a molecular level 
as will be briefly outlined here. 

The Na montmorillonite quasicrystals composed of stacks of lamellae 
with internal water only, are expected to behave as elasto-plastic 
bodies if Forslind's hydration model applies and the organization of 
water molecules were perfect. However, the molecular disorder caused 
by the fact that natural as well as industrially processed Na bento
nites have a significant fraction of bivalent cations in exchange 
positions and that crystal defects are numerous, imply that the 
activation energy for shiftings of single water molecules and patches 
of molecules is largely varying. This suggests that the individual 
"quasicrystals" and therefore also the integrated network of such 
units are characterized by a spectrum of activation energies for 
slip, the lower boundary of the spectrum (u) corresponding to weak 
hydrogen bonds (O. 1 eV) and the upper one lu) to strong hydrogen 

2 bonds, electrostatic bonds or even primary valence bonds, i.e. 0.6 eV 
or higher (Fig 9). There are strong reasons to believe that the creep 
behavior of dense Na montmorillonite under deviatoric stress condi
tions is similar to that of illitic clays, but since direct crystal 
lattice contacts are very rare and the average activation energy for 
slip therefore lower than in illitic clays, the creep rate of the 
smectite clay would be expected to be much higher. However, the 
rather extreme homogeneity of dense Na montmorillonite clay compared 
to that of dense illitic clay would imply a narrow energy spectrum 
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and a much higher number of slip units in the first-mentioned clay, 

which in turn would yield weaker forces on each slip unit and there

fore less creep strain at any given stress level. The counteraction 

of these two effects makes it difficult to predict the strain rate on 

pure theoretical grounds. The matter will be further discussed in the 

last chaoter. 

n(u,B ~ 
I \ 
I \ 

I ' 

u 

Fig 9. Activation energy spectrum at a given, short time t after the 

onset of creep. Full line represents aggregated clay with 

largely varying barrier heights u due to many kinds of par

ticle bonds. Broken curve is typical of a more homogeneous 

clay with one dominant type of bonds 

3.3.2 Estimation of settlement due to shear-induced flow 

The long-term settlement of clay-enveloped radioactive canisters has 

been discussed in a couple of scientific articles. An early attempt 

concerned the mechanical response of clayey marine sediments due to 

subseabed emplacement of nuclear waste (9) and it was based on equa

tions representing conservation of mass, momentum and energy, and on 

constitutive relationships for the sediment and porewater. The sett

lement was calculated with special respect to the time-dependent heat 

production of the canister (initially 3.4 kW), which was taken to 

have a diameter of 0.4 m and to be 3 m long. The approach was purely 

"viscous", i.e. the FEM calculation gave the motion of the canister 

by assuming the clay to flow around it, the constitutive equation 

being of the form: 
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-B/T E=A.O.e •t 

E = strain of individual clay element 
A, B = coefficients 
D = deviator stress 
T = temperature 
t = time 

(4) 

The assumption that the settlement rate is proportional to the aver
aqe deviator stress is an oversimplification which can still be 
accepted for low stress levels and for post-failure stages, while 
taking this rate to be constant with respect to the time makes the 
model too primitive to be of any practical value. This is particular
ly clear from the fact that the parameter values were picked rather 
arbitrarily from published laboratory investigations, and that the 
underlying physics was not discussed at all by the modellers. 

In 1983, a general soil creep theory based on statistical mechanics 
and formulated with due respect to the microstructural constitution 
of clays (10), was used for predicting the settlement of the KBS 3 
canister (11). The creep law, which allows for stress and temperature 
variations in a simplified way, has the analytical form given by Eq. 
(5) and Fig 10. Its physical basis will be discussed in a later 
chapter. 

• 1 
F = BTD --- t+t 

0 

where B = constant, T = temperature, D = deviator stress, 
structure-dependent term 

( 5) 

and t a 
0 

Boundary element analysis was chosen to model the stress distribution 
in the clay surrounding the canister. This was then coupled to Eq. 5 
to enable the time-dependent settlement to be predicted. This method 
is well suited to solving problems of this type because of its high 
accuracy, ease of use and ability to model incompressible and nearly 
incompressible materials accurately. The boundary element technique 
is derived from the equation of elasticity by first applying the 
technique of weighted residuals, or similar, to produce an integral 
equation: 



lo 

I ( rr +b ) U*d 12 = J (P - P ) U*dT' + / (IT - u ) P*d r ( 6) 
jki k k k k k 

~ f2 f1 

where rr = stress, b = body forces, P = tractions, U = displacements, 

U* = weighting function, ~=volume of problem, and r = surface area 

of problem. 

1~ ----r----,----, 

-2 
10 L3----J...----~-~---106 

10 104 1U-

t, s 

Fig 10. Creep curves according to Eq. (5), the full line correspond

ing tot =0 
0 

This can be manipulated to produce a set of equations involving only 

integrals over the surface or boundary of the problem. Because the 

method only requires the evaluation of integrals over the surface or 

boundary of the problem, the user of the program BEASY* has only to 

subdivide the boundary into elements. In the case of a two-dimensio

nal or axisymmetric problem, the elements consist of lines. 

* The "BEASY Users Manual" is available through CM BEASY, 125 High 

Street, Southampton, Great Britain 
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The strain-determining deviator stress is defined as follows: 

CT 
l 

(T 

2 
CT 

3 
0 = 

= 
= 
= 

the larger of the principal stresses in the r-z plane 
the smaller of the principal stresses in the r-z plane 
the hoop stress 

(T - (T 

l 2 

The settlement is obtained by integrating the axial strain~ from the 
bed rock to the base of the cylinder. Therefore: 

s = / t=:dl = / BTD ln tdl ( 7) 

1 1 
As BT ln tare constants in space: 

s = BT ln t / 0dl (8) 

1 
this equation will produce a different result depending upon which 
path 1 is taken. To resolve this problem an average settlement is 
calculated by integrating Eq. (8) over the base of the cylinder and 
dividing by its area. Thus: 

R 

s = j / /odl 2-rrdrRT ln t 
0 1 

(9) 

where A= area of the base of the canister, R = radius of the base of 
the canister, and s = average settlement of canister. Finally: 

- ST l n t/od s - A V ( 10) 

where: 
R 

/ 0dv = / R 0dl 2-rrdr ( 11) 

V 0 

Taking t to be zero, which is admissible for high t-values, and 
0 

introducing B-values derived from undrained triaxial creep tests, 
the predicted settlement was calculated for the two canister sizes 
considered earlier in the text, i.e. the KBS 3 canister with R = 390 
mm and a model canister with R = 25 mm. The results are given in 
Table 1 for the case of non-slip along the rock/ clay interfaces. 
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Table 1. Predicted settlement in millimeters as a function of time 

for T = 295 K 

Time, 

years 

0.01 
0. l 

1.0 
10 

3.4 

Canister radius 

390 mm 

0.85 

1.0 
,. 15 

1.30 

1.45 

2.05 

Remarks 

25 mm 

0.003 
0.005 

0.007 
0.009 

We see from the preceding text that the shear-induced flow yields a 

settlement of the big canister after 10 years that is approximately 

100 % of the value that primary consolidation would account for if 

slip takes place along the clay/canister interface. On the other 

hand, the movement of the model canister caused by shear-induced 

viscous flow is only about 10 % of the predicted primary consolida

tion. As demonstrated in the subsequent chapter, a laboratory short

term test with the model canister gave fair agreement with the values 

in the right column of Table l (11), which suggests that shear

induced strain under constant volume conditions, i.e. viscous-type 

flow, is the dominant physical process, supporting also the assump

tion of non-slip along the clay/canister interface. Since this agree

ment could be a coincidence by mere chance, the test was extended to 

run for about 1.5 years, which offered an excellent opportunity to 

analyze the involved physical processes and to get an overall view of 

the thermo-mechanical behavior of the integrated clay/canister/con

finement system. 
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4 EXPERIMENTAL 

4. 1 General 

The lon~-term settlement of a cooper canister surrounded by water 
saturated Na bentonite was investigated in a small-scale test that 
was planned and prepared in late 1984 and early 1985, and conducted 
in the period April 198S to December 1986. It involved saturation of 
the clay before a dead load was applied, which thus differs from the 
conditions in a real repository where the load is in operation when 
the saturation begins. 

The test was conducted at room temperature except for two periods 
when the ambient temperature was raised to 50 and 70°C, respectively. 

4.2 Test setup 

The experiment was carried out with the device shown in Fig 11 using 
highly compacted bentonite (MX-80) with a theoretical density at 
saturation of 2.07 t/m3 , which corresponds to a water content of 
about 22.0 %. The inserted blocks were wetted by keeping the circum
ferential filter water-filled until saturation was achieved, after 
which a dead load of 80 kg, resulting in a contact pressure of 0.~ 
MPa at the base for the theoretical case of slip along the clay/ca
nister interface, was applied instantly at the lower end of a 0 3 mm 
copper rod that was connected to the canister and passed through 
teflon bushings in the base and top of the container. The resultina 
settlement, which was developed under drained conditions, was record
ed by means of an inductive strain gauge with a sensitivity of 10-4 

mm (Fig 12). The high accuracy of the gauge could not be utilized 
without careful temperature measurement and control, 
the evaluated settlement being estimated at 0. 1 µm. 
precision dial gauge was used as back-up. 

the accuracy of 
A mechanical 

The steel container, which represented the rock surrounding a deposi
tion hole, was rigid in order to minimize displacements of the outer 
boundaries of the clay. The known heat-induced expansion of the 
container made it possible to evaluate the major features of the 
thermo-mechanical behavior of the clay/canister/container system. 



20 

The 2.5 mm thick filter was made of sintered polyethylene (PIAB) with 

an E-modulus of about 100 MPa and a maximum pore size of 0.09 mm. 

4.3 Test program 

The major stages of the test were those specified in Table 2. 

Table 2. Test program 

Activity Temperature, °C 

Apolication of dead load 

First "room temperature" 

period 

First heating period 

Second "room temperature" 

period 

Second heating period 

Third "room temperature" 

period 

Dismantling for comprehensive 

water content determination 

and analysis 

21.5-22.0 

~ 50 

17.5-23.0 

~ 70 

20.3-22.0 

Time 

April 22, 1985 

April 22-July ~ l98S 

July 7-July 29 1985 

July 30 85-May 13, 198n 

May 14-Sept 29 1986 

Sept 30-nec 15 1986 

Dec 15-0ec 20 1986 

In the first heating period the air temperature of the test chamber 

was increased to 50°C by using a heater and an effective fan for air 

circulation through which the temperature could be maintained in the 

narrow temperature interval 49.5-50. l°C. Heatin9 to 70°C required 

rearrangement of the test by applying a heat coil and a thermostat 

which kept the outer wall surface of the heat-insulated steel con

tainer at the required temperature. By this the temperature varia

tions were confined to the interval 69.6-69.9 °C during the more than 

4 months long test. 
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Fig 11. Test device. A) Bentonite blocks, B) Copper canister, C) 2.5 
mm filter, D) 80 kg dead weight of lead, E) inductive strain 
gauge, F) mechanical dial gauge, G) heat insulation, H) heat 
coil, I) drainage tubings 



22 

Fig 12. Gauges for measurement of the canister settlement. The nylon 
tubings, each with a water meniscus in the foreground, served 
as drainages from the filter that surrounded the clay 
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4.4 Clay preparation 

Blocks were prepared from larger units that were left over from the 
Buffer Mass Test in Stripa. They were given the desired, regular 
shape by sawing and trimming with a sharp knife. The initial water 
content of these blocks, which had been equipped with tightly fitting 
plastic covers during the storage in Stripa, was 10-13 % but during 
the preparation it rose to about 14 %. 

The isostatic compaction of the MX-80 Na bentonite clay powder that 
had been made in the preparation of the Stripa material would imply 
precisely the microstructural features shown in Fig 4. Only the 
material in the close vicinity of the joints of the blocks may have 
had a different structure imposed by the manufacturing. Here, the 
fabric may possibly have been characterized by an overall alignment 
of the montmorillonite stacks by which the amount of external water 
may have been smaller and therefore the average water content slight
ly lower than in the interior parts of the blocks. 

4.5 Water saturation 

Distilled water was used for saturation, the required time of which 
being predicted by a FEM analysis using an 80 element axisymmetric 
model and the water-uptake model derived by Borgesson (12). It 
implies that the water content gradient is a determinant of the 
migration rate and that this rate can be expressed in terms of a 
diffusion process when the clay density is high, the D-coefficient 
being 3 • 10-lO m2 /s. Thus, the equation has the form in Eq. (12): 

ow - 2 (12) 8t - DV w 

where w = water content 
t = time after onset of water uptake 
D = diffusion coefficient 

The calculated total amount of water for complete saturation was 2. 1 
liters, which was also the measured quantity after almost 3 months. 
The initial water content was taken as 14 % and the ultimate one as 
20 %, which was slightly lower than the actual value. The increase in 
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water content of the node that had the slowest wetting rate is shown 
in Fiq 13, from which we see that almost complete saturation would be 

expected after 2.5 - 3 months. 

As mentioned earlier in the report, montmorillonite flakes and water 
are expected to be redistributed so that all elements of a clay that 
is microstructurally isotropic become equally dense and exert the 
same isostatic pressure in the ultimately achieved state of equili
brium. This implies that the water content is constant throughout a 
matured montmorillonite clay mass with an isotropic microstructure 
when the mass is at rest. However, impurities in the form of non
swelling minerals and the presence of inter-aggregate voids which may 
be non-uniformly distributed, are assumed to cause some variation in 
water content of the saturated but not yet loaded clay. A major 
question to be answered by the experiment was therefore how uniformly 
the water is actually distributed in virtually homogeneous, dense 
smectite, and also if Eq. (12) is valid when the degree of saturation 

exceeds 90-95 %. 
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Fig 13. Calculated increase in water content of the node that had 
the slowest wetting rate 
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4.6 Test results 

4 .6. 1 Major characteristics of the settlement progress 

Fig 14 shows the entire settlement sequence plotted as a function of 
time using linear scales and introducing appropriate temperature 
corrections. It is immediately seen that the settlement was very 
small in the "room temperature" intervals as well as at elevated 
temperature, while relatively large movements took place in the first 
day after each temperature change. These movements mirror the thermo
mechanical behavior of the integrated system of the container/filter/ 
clay/canister and have nothing to do with the intrinsic strain pro
perties of the clay at constant stress conditions. Still, they are of 
importance to the overall behavior of the clay-enveloped canister and 
will therefore be discussed in the first place. 

T=215-220°c T~ T = 17.5 - 23.0°C T ~ 7o'c 
300 

. . 50( 

,A/ 
I 

I 
: I 
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' 
I I 

j-lm I 
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I 
! :1 I 

! j 8 
11 I 

0 
0 100 200 300 400 500 600 

t, days 

Fig 14. Evaluated settlement. A and B represent occasions when the 
water inlets I in Fig 10 had been cleaned and increased in 
number, respectively 
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4.6.2 Thermo-mechanical processes 

While temperature variations in the range of about 20-22°C had short 

duration and did not influence the movement of the canister in a 

measurable way, the heating to and from 50 and 70° C, respectively, 

had a significant influence. The predicted, main short-term effects 

were the following: 

On heating: 

* Stage 1: Instant heat-induced expansion of the steel casing will 

take place, by which the confinement of the clay is tempo

rarily reduced. The canister continuously exerts pressure 

on the underlying clay which will thereby be displaced 

downwards and laterally, causing the canister to settle. 

* Stage 2: The heating of the clay makes it expand and exert an 

increased pressure on the filter C in Fig 11. The filter 

is thereby expected to be compressed radially, the com

pression being slightly larger below the canister where 

the thermally induced pressure is superimposed by that 

generated by the canister load. The induced porewater 

overpressure will cause consolidation of the clay, which 

should be manifested by observable water expulsion. 

* Stage 3: After development of isothermal conditions and completion 

of the thermally induced consolidation, the canister will 

continue to settle. 

On cooling: 

* Stage 1: Instant contraction of the steel casing will cause addi

tional rapid compression of the filter, particularly above 

the base of the canister where the filter may previously 

have been less compressed than below. This could possibly 

yield an instant slight upheaval of the canister. 

* Stage 2: Thermally generated contraction of the clay, causing a 

reduced lateral pressure will make the filter expand. 
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Assuming that it had been more compressed in the lower 
part, the elastic expansion that follows from the pressure 
release will yield upheaval of the canister but this 
movement will be counteracted by the creation of an aniso
tropic stress state in the clay below the canister. Here, 
the reduced lateral stress and the largely preserved ver
tical stress will lead to downward displacement of the 
clay and hence settlement of the canister. In the first 
few weeks these processes may balance each other and no 
settlement may be developed. Soon after turning off the 
heat the stronger contraction of the clay than of the 
steel casing initiates water uptake and swelling so that 
the physical state of the preheated clay is ultimately 
regained. 

The evaluation of the practical importance of these effects and the 
possibility of identifying them, required determination of the rate 
of heating of the individual components. This was made by applying 
the same FEM program that had been used for predicting the saturation 
process, the presently applied parameters being specified in Table 3. 

Table 3. Temperature-related properties of the canister settlement 
units 

Material 

Copper 
Sat bentonite 

Filter 
Steel casing 

Heat conductivity 

W/m, K 

380 
clay 1.4 

0.5 
59 

Heat capacitivity 

Ws/kq, K 

390 
11)00 

4200 
460 

Bulk density 

kq/m3 

8930 

2100 

1000 

7800 

The calculation showed that heating of the entire system from room 
temperature to 50°C would take place in about 5 hours (Fig 15). Thus, 
the effects of the expansion or contraction of the steel casing prior 
to heat-induced changes of the interior parts would appear in the 
first 0.5-1 hours after altering the surface temperature of the 
casing. As demonstrated by Fig 14 the foreseen short-term settlement 
on heating as well as on cooling actually took place rapidly, thus 
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supporting the predicted thermo-mechanical scenario. The slow, long
term settlement following directly after the initial large movement 
appeared to be steady and related to some time function in the case 
of heating as discussed in the subsequent text, while there seemed to 
be no canister movement at all in the first few weeks in the cooling 
events. The tubings connected to the filter turned out to be clogged 
by clay that had been extruded in the consolidation phase of the 
heating, and after cleaning them (A in Fig 14) and increasing their 
number from 2 to 4 (Bin Fig 14) some slight upheaval of the canister 
took place. This suggests that the preceding consolidation had caused 
a higher density in the lower part of the clay and that this part 
expanded and raised the canister when swelling finally took place, 
which is in principal agreement with the predictions. 
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Fig 15. Temperature increase of the copper canister as a function of 
time after increasing the surface temperature of the steel 
casing 

The involved volume changes and induced pressures can be evaluated 
from simple calculations based on available thermal expansion data of 
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the various components. Thus, considering heating from 20°C to 70°C 
we find that the volume of the steel casing increased by about 7.9 
cm3 from the original 6605 cm3 , while the solid mineral substance and 
the water expanded by 1.7 and 49.4 cm3 , respectively. Considering 
also that the copper canister expanded by 1.4 cm3 we find that the 
components hosted by the casing expanded 44.2 cm3 more than the 
casing. Most of this expansion was consumed by the peripheral filter, 
which had a original total volume of about 450 cm3 and which is 
assumed to have been precompressed from 2.5 to 2.3 mm thickness under 
the action of the swelling pressure. Thus, the filter only had to 
experience a radial compression of another 0.2 mm to absorb the 
expansion. The corresponding porewater pressure that was produced 
would thus be on the same order of magnitude as the swelling pressure 
of the non-heated clay, i.e. about 8 MPa. 

These calculations, which are approximations since the strain of the 
steel casing and the compression of the water were neglected, indi
cate that the compressible filter, serving as an elastic spring, must 
have played an important role in the complex thermo-mechanical inter
action of the components. In this context it should be pointed out 
that the compression of the filter probably reduced its permeability 
which may have contributed to the delayed water inflow in the post
heating periods. 

4.6.3 Analysis of the time-dependent settlement curve 

4.6.3. 1 First •room temperature 11 period (0-78 days after test start 

A closer analysis of the settlement revealed that the log t creep law 
applied in the first 2.5 months long 11 room temperature" period, the 
total strain being 6 µm (Fig 16}. The sudden application of the dead 
load caused a strain of 2-3 µm in the first few hours, mainly through 
visco-elastic deformation of the integrated system of casing, filter 
and clay. The shape of the settlement curve as well as the very small 
displacement indicate that consolidation by water expulsion was in
significant, while the agreement with the predicted flow-type settle
ment (cf. Table 1} is excellent. Still, part of the settlement may 
have been due to true consolidation although it was masked by the 
major flow process. 
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4.6.3.2 First heating period (78-100 days after test start) 

After the initial complex thermo-mechanical processes involving 
consolidation, which appeared to have ceased approximately 1 week 
after the temperature increase, the settlement again proceeded 
according to the log t creep law (Fig 17). 
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Fig 16. Recorded settlement of the model canister in the initial 
period (T=21.5-22.0°C) 
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Fig 17. Recorded settlement of the model canister in the first 
heating period (T ~50°C). The plottings concern post
consolidation conditions 



31 

Extrapolating the curve we find the settlement to be about 2.75 µm 
per decade, which means that the settlement proceeded approximately 
along the "virgin" curve in Fig 16 after the thermo-mechanically 
induced discontinuities. The short observation time in this first 
heating period does not allow for a very accurate evaluation of the 
influence of temperature on the creep rate, but comparison of the 
inclination of the curves for 22 and 50° C, respectively, suggests 
that the assumed proportionality specified in the basic Eq. (5) is 
reasonable for relatively low temperatures. 

4.6.3.3 Second "room temperature" period (100-355 days after test 
start) 

The thermo-mechanical processes completely governed the behavior of 
the system for about 1 week after turning the heat off and the water 
uptake that finally brought the clay back to equilibrium was delayed 
by several weeks due to clogging of the drainage tubings and, possi
bly, by a compression-induced reduction of the permeability of the 
filter. Thus, the movement of the canister, which actually had the 
character of slight upheaval, took place under transient conditions 
of the surroundings for approximately 5-10 weeks. Assuming that the 
reverberations of the thermo-mechanical processes had died out com
pletely 15 weeks after turning the heat off, settlement of the canis
ter under room temperature conditions was expected to take place from 
approximately 250 days after the start of the test (cf. Fig 14). 
However, the measurements unambiguously showed that no settlement 
occurred. The reason may simply be that the accuracy of the recording 
was not sufficient to identify the 0.3 µm settlement that would take 
place over the period 250-355 days provided that the "virgin 11 curve 
applies. Also, the preceding heating may have caused a "hardening•• 
effect in the form of an improved structural ordering or, which is 
less probable, by an increased amount of dissolved silica that was 
partly precipitated in the subsequent cooling period. The matter will 
be further touched upon in a later chapter. 
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4.6.3.4 Second heating period (355-485 days after test start) 

After the thermo-mechanically determined behavior in the first week 

after raising the temperature to 70°C, the settlement again appeared 

to increase according to the log t creep law (Fig 18). Thus, in the 

first two weeks this law applied while the settlement tended to be 

more retarded later in the test. The deviation from the log t law is 

certified since great care was taken to keep the temperature constant 

(69.6-69.9° C) in the more than 4 months long test period. If the 

"virgin" curve were applicable, the settlement in the second heating 

period would theoretically be only about 0.25 µm, which would 

correspond to about 0.3 µm if the linear temperature dependence of 

Eq. (5) is valid. The fact that the recorded settlement in the post

consolidation period actually amounted to about 12 µm shows that the 

temperature influence is significant and much stronger than implied 

by Eq. (5). However, the tendency of the settlement to be retarded 

beyond the log t-relationship does not permit evaluation of the long

term behavior at elevated temperatures. 
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Fig 18. Recorded settlement of the model canister in the second 

heating period (T 70°C). The plottings cover the post

consolidation stage 
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Third "room temperature" period (485-555 days after test 
start) 

As in the preceding cooling periods, the canister rose when water was 
finally absorbed by the clay. The upheaval was still going on at a 
very low speed when the test had to be terminated and it is therefore 
not known whether this ongoing upward movement would have been re
placed by settlement when more than 2-3 months had passed after 
turning off the heat. 

4.6.4 

4.6.4. l 

Analysis of the water content distribution after termi
nation of the test 

General 

The purpose of determining the water content distribution was to 
investigate whether systematic differences in density existed at the 
end of the test, particularly between the clay zones immediately 
below and above the canister. As concluded from Chapter 3.2.2 the 
water content of the clay below the canister base should be no more 
than about 0.3 percent units lower than the average value of the mass 
if consolidation had taken place due to the load. Naturally then, the 
determination of the water content had to be made with an accuracy 
better than 0. 1 percent unit to allow for evaluation of the influen
ce of consolidation. 

4.6.4.2 Determination of water content 

The applied procedure was to take samples weighing about 25 g and 
immediately put them in small plastic boxes until drying at 105° C 
took place, the intermediate storage being shorter than 10-20 mi
nutes. After the drying, which lasted for about 24 hours, the samples 
were weighed within 2 minutes. With this procedure and by use of an 
automatic precision balance the estimated accuracy of each individual 
determination was concluded to be within the interval ±0. l percent 
units. 

Fig 19 illustrates sampling stages. 
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Fig 19. Excavation and sampling of the clay. Upper: The upper lid 
has been removed and excavation is about to start. Lower: 
The excavation has reached the upper end of the canister 

4.6.4.3 Distribution of water in the clay 

In total, 98 samples were taken from levels A-I located as shown in 
Fig 20, i.e. with 5 cm spacing in the axial direction. At the end 
levels A and I, and at mid height of the canister, level E, samples 
were taken so as to demonstrate the radial distribution of the water 
content (a toe). 
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We see from Fig 20 that the water content range was rather narrow, 
the extremes being 21.5 and 24.2 %, respectively, and the average 
value for the individual levels ranging between 21.7 and 23.3 %. This 
shows that the clay had been able to become largely homogeneous 
despite the various thermo-mechanical sequences that it had under
gone. It is obvious, however, that redistribution of water and solids 
to reach completely isotropic conditions had not taken place and we 
probably have an illustration of how far homogenization can proceed 
in dense Na montmorillonite, meaning that differences in water con
tent on the order of about l percent unit will never be evened out. 
It is of particular interest to see that the three determinations of 
the radial distribution of water all show slightly higher contents at 
the outer periphery than at the center. This may reflect the condi
tions at the last "room temperature" test phase in which the clay 
expanded by taking up water from the filter. Here the clay had been 
wetter from the start of the expansion period and complete homogeni
zation may not have been achieved yet, and would probably never be 
arrived at either. 

Separate determinations at the top of the canister on the 8-level and 
just below it on the H-level are of significant interest. Fig 21 
shows that the latter is 23. 11 %, which is actually slightly higher 
than the water content 22.67 %at the upper end of the canister. Both 
figures are very close to the average value for the respective level, 
which supports the earlier conclusion that consolidation has not 
taken place to a measurable degree under the applied canister load. 
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Level/ l 2 3 4 5 6 7 8 w (J 

n 
position 

--------------------------------------------------------------------
A 22.4 23.3 22.7 22.8 22.6 22.9 23. l 22.6 22.8 0.27 

B 22.3 22. l 22.7 22.7 22.7 22.7 22.8 22.7 22.6 0.23 

C 21.8 21.9 22. l 22. l 22. l 22. l 22.3 22.0 22. l o. 14 

D 21.6 21.5 21. 7 21.8 21.8 21.8 22.0 21. 7 21. 7 0. 14 

E 21.6 21.5 21.8 21.8 22.3 22.0 21.8 21. 7 21.8 0.23 

F 22.2 22.2 22.7 22.5 22.6 22.6 22.6 22.3 22.5 0. 19 

G 22.5 22.5 22.8 22.5 22 .4 22.5 22.5 22.4 22.5 0. 12 

H 22.7 23. l 23.2 22.8 22.6 23.2 23. l 22.8 22.9 0.22 

I 23.0 23.4 23.7 23.4 23.3 23.4 23.4 23. l 23.3 0.20 

--------------------------------------------------------------------

Level/ 

Posit ion a b C d e 

---------------------------------------- 8 1 2 
A 

A 23.0 22.7 22.6 22.3 22.2 
B 

E 22.4 22.0 21.8 21.4 21.8 
C 

D 

I 24.2 23.8 23.6 23.4 23.2 E 

---------------------------------------- F 

G 

H 
,, 

/ 

I 

Fig 20. Water content distribution in the clay samples. w represent 

average values and a the standard deviation 
n 
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w = 22.94 

on= 0.22 

Fig 21. Distribution of water contents at the top level of the 
canister (upper diagram) and at its lower end 

4.6.5 Add it i ona 1 

The relatively long testing time gave an opportunity to get a visual 
impression of possible chemical interaction between the bentonite and 
the copper. The canister had the usual lustreless, red/brownish 
appearance of copper at the application and it turned out to have 
retained this property at the excavation. Thus, there was no indica
tion of corrosion or other processes that could be seen by ocular 
inspection. 
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5 DISCUSSION AND CONCLUSIONS 

5. l General 

Apart from the thermo-mechanical behavior of the integrated casing/ 

clay/canister system, which was responsible for the large "instant" 

settlement and upheaval of the canister on temperature changes, the 

detailed shape of the time-dependent settlement curves under isother

mal conditions are of primary interest. The discussion will be con

fined to the latter issue. 

5.2 Validity of log t-type creep laws with respect to the 

involved physics 

5.2. 1 The log t law 

The conclusion from the test that the major process leading to sett

lement of the canister was shear-induced flow under practically 

constant volume conditions, and that the settlement rate decreased 

rapidly after load application and temperature changes, support the 

assumption that the macroscopically observed strain was the inte

grated movement of slip units on a molecular scale as implied by the 

Pusch/Feltham creep model (10) referred to in Chapter 3.3. 1. 

The basic features of this model, applied to dense smectite clays of 

the presently investigated sort, are the following: 

1 The clay operates as a heterogeneous system with deformable, 

dense aggregates forming a network with pores that contain a 

clay gel of varying density. 

2 Macroscopic strain results from the integrated movement of slip 

units. It has the character of activated jumps on a molecular 

scale in the form of shiftings of patches of atoms or molecules 

as single units along geometrical slip planes. 

3 The slip process leads to interaction of bigger and stronger 

structural elements, by which local stress relaxation and an 
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increase in the heights of the energy barriers for subsequent 
activated jumps. 

4 New links and particle bonds formed in course of the creep 
process tend to increase the height of the energy barriers. 

5 Regional redistribution of stresses facilitated by slip pro
duces local stress concentrations. This is equivalent to a 
decrease in the heights of the energy barriers. 

The transient form of the creep for low and intermediate deviator 
stresses suggests that those mechanisms dominate which increase the 
energy barrier heights, and this leads to a time-dependent spectrum 
of energy barriers to shear as explained by the following reasoning. 

The dwell time, 8, of a slip unit at a barrier of effective height u, 
is given by the Arrhenius rate equation: 

B(u) = - 1- exp(~) VD kT (13) 

in which u = the barrier height; v =anatomic vibrational frequency 
12 D of the order of 10 /sec; k = Boltzmann's constant; and T = the tem-

perature in degrees Kelvin. 

At any given temperature only a limited energy spectrum: 

u ~u~u 
1 2 (14) 

will 
short, 

be of relevance, for with u<u 1 the dwell-times will 
and for U>U too long, to be of practical importance. 2 

be too 

If slip has been activated at a certain point in the clay, i.e., a 
barrier has been overcome, a contribution to the overall shear is 
made by the associated extension of the local slip-patch. In the 
model it is assumed that the next barrier to be encountered by the 
same spreading slip-zone will be either higher or lower by an average 
amount u. The number of potential slip units per unit volume of 
material held up a time tat barriers of height u, is n(u,t)ou. Fig 
22 shows consecutive activation energy intervals of the spectrum 
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which is subdivided into equal intervals u. The time rate of change 
of the number n(u,t)ou of flow units in the u-interval, i.e, (3n/3t) 
is determined on the one hand, by the outflow from the u-level into 
the higher energy-interval (1/2) n (u,t)ou v exp (-u/kT) and of the 

D 
same number into the lower one as indicated, respectively, by the 
right and left lower arrows. Similarly, the simultaneous influx is 

1 ( ) ( u - ou) 2 nu - ou,t ou v0 exp - kT 

1 ( ) ( U + ou) + 2 nu+ ou,t ou D exp - kT 

If all the separate contributions are added, one obtains 

~~ =Jv0 [n(u + ou,t) exp (- u ;Tou )- 2n(u,t) exp (- ~r) 

+n(u-Ou,t)exp (-"~T6")] 

411( ► 

u-26u u-ou u u+6u u+26u 

Fig 22. Segments of activation energy range 

Assuming that ou <<u - u, the right-hand side of the equation can 
2 l 

be seen to tend to the second partial differential of n(u,t) exp (-u/kT) 
with respect to u, as ou +O. 

This yields, on writing n for n (u,t): 
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( 15) 

If each activated jump is taken to make the same, mean, contribution 
A* to the shear strain, , of the specimen, then the creep rate in 
shear wi 11 be 

u2 u2 
y= A* Ju 1 \!(u)n(u,t)du = A*\!ofu 1 n(u,t)exp t ~T) du (16) 

The range of u-values terminates at u1 at the low u end, while u 
2 represents the upper limit of the operative spectrum. In the integra-

tion it is assumed that the scheme of jumps shown in Fig 22 is 
preserved at both ends of the cascade; thus u is regarded as a 

1 
"generating barrier", the formation of new slip units being favored 
in regions where the activation energies for slip are low. These new 
units are taken as providing the otherwise absent net inflow to the 
u1-level. Again, jumps over barriers higher than u will occur with 
such a low frequency that their contribution to tfie creep may be 
neglected and u is therefore regarded as an "absorbing barrier". 2 

The evolution of creep according to this model has been examined by 
numerical integration of the equations using discrete energy inter
vals in the thermally activated movement of independent slip units 
across energy barriers (13). The calculations were based on the 
assumption that the probability that a slip unit will have a kinetic 

f . . 1 h. h b . d . -u/kT energy suf 1c1ent y 1g to overcome a arr1er encountere , 1s e 
per attempt. If the attempt frequency of the slip units is\!, then 

D 
the number of encounters in time 6t will be\! 6t. 

D 

The probability, p, that a given unit held up at a barrier at time t, 
is still held up by the barrier at time t + t is therefore: 

( 17) 

If a large number of independent slip units are contained in 
independent potential wells of depth u, the fraction, f, which has 
crossed over during the interval t is: 
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With a total of N steps ou we have ou = (u - u )/(N - 1). Activated 
2 l jumps will be assumed to take a given slip unit, held up at a barrier 

of height u, with equal probability (1/2) to a barrier of height u + 
ou or u - ou. This single-step process characterizes the numerical
integration scheme which yields the distribution law, n(u,t), for the 
barrier heights. Here, we shall assume that n(u,0) = canst for all u
values in the range. 

Calculations have been made that cover the range of the hydrogen 
bond, an example being the diagram in Fig 23, which illustrates the 
aforementioned successive shift of the energy spectrum u1 = 0. l eV to 
u2 = 0.6 eV from lower to higher values. 

As to the creep rate, it is assumed in the theory that every jump 
makes the same contribution to the strain. The creep rate is thus 
obtained from the computed values of n(u,t) using the relation: 

(19) 

Fig 24, showing the result based on Fig 23, demonstrates that the 
computed relation is of the type given by our basic Eq. (5), i.e. it 
yields a linear relation between the creep strain and the logarithm 
of time. 
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0.l-0.6eV 

,oo .____._ _ _.____._ _ _.____.__........,_...._........,__. 
2 3 4 5 6 7 8 9 10 

Ui 

Fig 23. Number of slip units held up at barriers in each spectrum 
interval at different times after onset of creep (1) 103 

sec: (2) 104 sec: (3) 5xl04 sec: (4)105 sec: (5) 2xl05 sec 
(0.1 eV-0.6 eV). At t=0 the numbe~ of slip units held up 
per barrier interval was taken to be 100 
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0. l eV-0.6 eV (straight line is obtained on plotting t+t with 
0 

t = 7000 sec instead oft) 
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5.2.2 Influence of low shear stresses 

Although the initial settlement rate appeared to be in perfect agree
ment with the log t creep law, the subsequent longer test periods at 
increased and normal temperatures showed deviations from this law 
(Fig 18). This can possibly be explained by the fact that the shear 
stresses in the model canister test were lower than about 20 % of the 
undrained shear strength of the clay, which was about 1 MPa. Thus, 
the softening effect caused by processes which lead to reduced bar
rier heights (par 5 in Chapter 5.2. 1) may have been insignificant. 
This case has also been investigated by using the same basic stochas
tic theory that was applied in the preceding chapter, which then 
naturally yields a faster retardation of the strain (14). For the 
particular case of no softening effect at all, the theoretical shear 
strain is of the form: 

y= at - Bt 2 + y (t~ ~B for y=c) 
(20) 

i.e. it starts off linearly and then dies out. We see from Fig 25 
that curve fitting actually yields a curve shape that fits the entire 
range of observations up to 115 days relatively well, which supports 
the idea that the experimentally observed retardation beyond loga
rithmic decay is at least partly due to the low stress level. Expres
sing time in days the settlement in microns fit the following equiva
lent of Eq. (20): 

s = D. 188t - 0.000813t2 + 8. 12 (21) 

It cannot be excluded, however, that there are other contributions to 
the deviation from the log t law. One is offered by considering heat
induced microstructural changes (5). Thus, a probable effect of 
heating is a contraction and expulsion of interlamellar hydrates 
associated with an increase in the amount of free water in adjacent 
pores with concomitant reduction in microstructural rigidity. At 
cooling, there would logically be a transfer of interaggregate water 
back to interlamellar positions leading to an increased resistance to 
shear that is possibly manifested by the observed deviation from the 
log t law. This transfer and arrival at equilibrium of the interla
mellar water is known to take many weeks or even months as indicated 
by NMR determination of proton relaxation following mechanical dis-
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turbance (15, 16, which would be in agreement with the slow change in 

shape of the settlement curve. Another possible heat effect could be 

an improved structural order of interlamellar hydrates by thermally 

aided disappearance of vacancies or defects leading to a more stable 

state of the structural units ("hardening"). Finally, heating to 70°C 

may have caused slight dissolution of silica and precipitation of 

amorphous hydrous silica compounds in the subsequent cooling period. 

The resulting strengthening effect is expected to be important at 

significantly higher temperatures but may have had some very slight 

effect also in the present test (5). 
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Fig 25. Curve fitting of Eq. (20) to the observed settlement (cf. 

Fig 18) during the second heating period. The rings refer to 
Eq. (21) 
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5.2.3 Physical nature of the energy barriers 

The creep model implies that there is a spread in activation energy 

over a large range in the initial state, while the spectrum becomes 

more narrow and leads to a dominance of higher barriers in the course 

of the creep. Initially, the spectrum encompasses the range of the 

hydrogen bond and this is still the case at very hight-values but 

the majority of the barriers then appear to represent higher activa

tion energies suggesting that electrostatic bonds and mass forces 

ultimately become predominant. It is not known at present whether the 

character of stochastic creep is retained over very long periods of 

time since the physical state of the interlamellar water is not 

sufficiently understood. Thus, it may well be that the degree of 

molecular order is enhanced by the creep, possibly in conjunction 

with thermal treatment, by which a more genuine plastic behavior of 

the montmorillonite "pseudocrystal" stacks may be produced. This 

would in turn strengthen the system and retard the settlement signi

ficantly. 
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6 RECOMMENDATIONS 

Although the main mechanisms which yield canister settlement have 
been identified and the rate can be predicted with reasonable accura
cy over long periods of time, the detailed understanding of the creep 
processes on a molecular scale is still not complete. For this pur
pose the question concerning the crystal constitution of montmorillo
nite needs to be clarified, a possible method of potential use being 
NMR technique combined with electron diffraction analyses. 

Since the experimental study was made on a small geometrical scale it 
is strongly recommended to conduct a similar test with a larger 
canister, preferably in rock. Such a study should also comprise 
temperature cycling with the objective to determine the thermo
mechanical parameters, which could only be qualitatively investigated 
in the laboratory test. Such a study is presently prepared in the 
Stripa mine. 

Finally, it appears that a more detailed study of the consolidation 
and flow mechanisms require finite element calculation of the strain 
yielding settlement. By this, the properties of individual clay 
elements can be varied independently which is not possible by using 
boundary element technique of the presently applied type. Suitable 
programs should be developed for this purpose. 
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