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SUMMARY

The rheological properties of highly compacted bentonite are of
practical importance in two respects as concerns the KBS concepts.
Thus, they are determinants of the settlement rate of the metal
canisters in their deposition holes, and they govern the stress

state of the canisters in the event of rock displacements.

The rather comprehensive research work in recent years on the
physico-chemical nature of smectite-rich clays, points to the im-
portance of the strongly mineral-adsorbed water for their bulk be-
havior. The impact of shear stresses on the microstructure is the
key problem, which requires the formulation of a reasonable physi-
cal model as a basis of the derivation of mathematical analogies
for time-dependent stress/strain relationships. In this paper, a
recently developed creep theory based on statistical mechaniés has
been used to analyze a number of experimental creep curves, the
conclusion being that the creep behavior of dense MX-80 bentonite
is in agreement with the physical model, and that the average bond
strength is within the hydrogen bond region. The latter conclusion
thus indicates that interparticle displacements leading to
macroscopic creep takes place in interparticle and intraparticle
water lattices. These findings were taken as a justification to
apply the creep theory to a prediction of the settlement over a one
million year period. It gave an estimated settlement of 1 cm at

maximum, which is of no practical significance.

The thixotropic and viscous properties of highly compacted bento-
nite present certain difficulties in the determination and evalu-
ation of the stress/strain/time parameters that are required for
ordinary elastic and elasto-plastic analyses. Still, these para—
meters could be sufficiently well identified to allow for a pre-
liminary estimation of the stresses induced in the metal canisters
by slight rock displacements. The analysis, which needs to be

deepened in order to get a more realistic picture of the impact of
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such displacements on the physical state of the canisters, suggests
that a 1 cm rapid shear perpendicular to the axes of the canisters

can take place without harming them.



INTRODUCTION

The Swedish KBS multibarrier concept for the disposition of highly
radiocactive, unreprocessed reactor waste products implies that
copper canisters containing radioactive material be surrounded by
dense Na bentonite clay (Fig.l). Repositories consisting of tunnel
systems with drilled deposition holes for the canisters will be
located at a minimum depth of 500 m in crystalline rock. The tun—
nels are going to be backfilled with sand/bentonite mixtures, app-

lied and compacted by applying ordinary contractors' technique.

The highly compacted bentonite, which separates the canisters

from the rock,serves several purposes:

® It exerts a stabilizing pressure on the confining rock so
that rock fragments will not fall down and damage the ca-

nisters

® It slows down the rate of water flow around the canisters
to practically standstill, whereby the corrosion and the

ultimate migration of escaped radionuclides are minimized

® It penetrates and seals rock fractures which traverse the

holes

® It offers a highly viscous, self-sealing envelope, which
is expected to moderate canister stresses that may appear

as a consequence of slight rock displacements.

The latter effect is indispensable for maximum reduction of stress
effects. It is largely dependent on the deformation properties

of the bentonite, particularly with respect to the influence of
time. Also, the stress relaxation behavior of the bentonite 1is

important in this respect.
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Fig.1. Cross section of tunnel with canister
in drilled deposition hole.



Shear displacements in the rock, as illustrated by the schematic
scenario in Fig.2, may result from tectonics or from stress
alterations generated and triggered by excavation activities or
thermal processes. Naturally, a stiff and brittle clay envelope
would not yield much stress distribution in the metal canister,
which instead calls for a rather soft clay consistency. If the clay
is too soft, on the other hand, the heavy canister would displace
it and ultimately come to rest directly on the rock, by which the
isolating effect of the clay envelope is lost. Its rheological
properties therefore have to be within certain limits, but it is
clear that a sufficient bearing capacity and heat conductivity

call for a high bulk density.

-----

......

Fig.2. Rock shear displacement generating
stresses in the canister.



CLAY MATERIAL

Microstructural properties

The required high density of the clay is achieved by compressing
air-dry clay powder under high pressure. The clay material, which
is preferably a Na smectite-rich bentonite, is applied in the form
of well fitting blocks. The water content of such blocks is of the
order of 10 7%, the majority of the smectite flakes being collected
in dense, silt—-sized aggregates. Part of the voids contain air so
that the degree of water saturation is approximately 50 - 60 7.
After insertion in the deposition holes, the clay absorbs water
from the rock, swells and fills the space between the canisters and

the confining rock.

The swelling is associated with a successively improved degree of
homogeneity which ultimately yields the microstructural state

shown in Fig.3, at least in micro~elements. It illustrates a fairly
isotropic system of smectite flakes, most of which are face-to-face
oriented in stacks (domains) with a rather uniform interlayer dis-
tance. At a bulk density of water saturated MX-80 Na bentonite of
2.0 - 2.1 t/m% which is representative of the KBS concepts, this
distance is 5 — 7 A theoretically, while in practice there may be a
larger span. As an average, 2 to 3 water molecule layers will be
hosted in the interlayer space, the large majority of the mineral
contacts actually being established through such thin water films.
Their properties will therefore become determinants of the physical
behavior of the clay in bulk. Fig.4 shows a representative electron

micrograph of "matured” MX-80 bentonite.



Fig.3.

Fig.4.

Schematic particle arrangement in dense ben-
tonites. Left picture: powder grains in air-
dry state. Right picture: "homogeneous" state
after saturation and particle redistribution.
a=large interparticle

A=particle aggregate,
c=inter-

void, b=small interparticle void,
lamellar space.

{Oum

Scanning electron micrograph of dense MX-80
clay "matured” for 1 year.

Bulk density 2.0 t/m
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Structural water

The coupling of water molecules, mutually as well as to inter-
crystalline smectite lattices, leads to a structural organization
of adsorbed water which does not primarily depend on the presence
of exchangeable cations. Such ions merely seem to give rise to
well-defined structural modifications of the adsorbed water lattice
(1). One possible structural model for montmorillonite, being the
most common smectite group member, which allows for such lattice-
associated water, is the EDELMAN & FAVEJEE concept shown in Fig.5.
It differs from the traditional, earlier HOFMANN,ENDELL & WILM
model, which does not readily account for such water adsorption,
and which lacks some of the physico—-chemical merits offered by the
first-mentioned model. Applying the EDELMAN & FAVEJEE version, the
organized water lattice can be visualized as in Fig.6, in which

no. 3-6 are representative of most mineral "contacts” in dense ben--

tonites.

Fig.5. The EDELMAN & FAVEJEE montmorillonite
crystal structure. n(H,0) represents
intercrystaliine water and cations (1,2).



Schematic interlayer H,0 Bas.al gH;0/g mM H,0/g
molecules spacing, Remarks
structure . clay clay
per unit cell A
0 0 12.30  0; 0,084 0; 4.667% Unstable;
no hydration;
four OH
groups per
unit cell
1 2.66 15.05 0.059 3.278 Unstable
2 5.33 17.81 0.119 6.661 Stable monolayer
3 8.0 18.73 0.179 9.944 Unstable

10.67 21.49 0.238 13.222 Stable;two layers

13.32 22.41 0.297 16.5 Unstable

16.0 25.17 0.357 19.833 Stable; three
layers

s E B B

e At complete dehydroxylation.

Fig.6. Montmorillonite/water association (1).



AGGREGATE

The physical state of the adsorbed water is a determinant of its
mechanical properties and therefore of the rheological behavior of
the integrated mineral/water system.The matter is discussed later

in this report.

STRESS/STRAIN/TIME BEHAVIOR OF CLAYEY SOILS

Shear strength

Tt is essential for the understanding of the stress/strain
characteristics of "artificially"” consolidated smectitic clays that
their microstructure, including the distribution and arrangement of
the crystallites as well as the continuity of organized water, is
much more homogeneous than that of sedimented soft illitic clays.
The latter are characterized by an obvious peak shear strength,
except for shearing at very low strain rates, and this is caused by
their coilapsible microstructure which offers little resistance to

shear once the peak value has been reached (Fig.7).

LINKS
DOMAIN

Fig.7. Structural distortion in sheared, aggregated

clay. Domains are formec by local overstressing.



The difference in structural homogeneity is
terms of the shape of the activation energy
barrier transitions (cf. Fig.8). As will be
spectrum is a valuable tool in the analysis

of clays.

suitably expressed in
spectrum for energy
shown later, the

of the creep behavior

When local overstressing occurs in aggregated clay, a fraction of

the atomic bonds are broken and a number of

contacts are interrup-

ted. This yields particle displacements leading to the formation of

face-to-face-grouped particles, i.e. to domains (Fig.7). Their

interparticle distances are adjusted to reach force equilibrium

which involves expansion and separation of the flaky minerals. A

certain strength gain may arise from successively formed inter-

connecting layers of adsorbed water, which actually produce the

separation, but the expansion may be substantial in soft clays

with much internal pore space, and the domains therefore remain to

be the weakest structural members of aggregated clays.

n(u,t) A

Fig.8. Activation energy spectrum at a given time
t after the onset of creep. Full line re-
presents aggregated clay with largely vary-

ing barrier heights u due

to many kinds of

particle bonds. Broken curve is typical of
a more homogeneous clay with one dominant

type of bonds (3).
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It is logical to believe that further displacements in the clay
network due to deviatoric stresses are mainly contributed by the
domains and by the formation of additional weak components of the
same kind. They are therefore considered as major slip units in the

evolution of creep.

The weakness of the domains facilitates a relatively large initial
deformation at the omnset of creep, but several mechanisms combine
to reduce this high rate, the main one being that initial slip in-
duces displacements such that more bonds are activated and that
stronger units make contact and help to strengthen the system. The
displacements may generate additional domains from previous
bridging links that are overstressed. If the stress level is
sufficiently high, such structural damage will accumulate and bulk
failure occurs soon after the load application or much later, in
the form of creep failure.Shear failure is manifested by an accele-
rating strain rate followed by uncoutrolled rapid mass flow and
complete structural disorder if the sliding mass is free to move.
This is a familiar situation in the case of unstable slopes and

when shallow foundations are overstressed.

Considering the present case of a borehole with a canister embedded
in clay, it is clear that only internal displacements can occur in
the confined clay body. If the clay is sufficiently dense to dilate
or to maintain a constant volume when affected by shear stresses,
creep will be the only deformation mechanism. At high shear stress-—
es the creep rate may be only slightly retarded, while at low and
moderate stresses two healing processes oppose the weakening and
retard the strain rate. They are due to the strain-induced interac-
tion of adjacent aggregates and involve micro-dilatancy and
mechanical interlocking, as well as reformation of water lattices
and new interlinking particle groups. These processes take place
when the mutual displacement of close aggregates has ceased, either
because of interlocking or because they are temporarily not subjec-
ted to strain~inducing local stresses. The net effect of these
"thixotropic" processes seem to depend somewhat on the strain rate.
An indication of the correlated strengthening and weakening can be

obtained from Fig.9.



Fig.9.

-l

Schematic picture of consecutive stages in the evolution of the creep of
aggregated clay. a) Before loading, (b) instantaneous shear and formation
of domains, (c) additional domains are formed, accompanied by healing and
breakdown, (d) creep failure. .
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As to the present case of a canister embedded in a very dense,
structurally fairly homogeneous smectite, it is obvious that the
virgin microstructure of this clay envelope is dominated by
domains (cf. Fig.3). This means that healing due to interacting
strong, structural units 1is less important than in aggregated
clays but also that weakening through creep—induced domain
formation is almost absent, which in turn would suggest a more
Newtonian-like behavior. In practice, however, a matured bentonite
of the MX-80-type will still be fairly aggregated and should
therefore not behave very differently from illitic clays. A
slightly more liquid-like appearance would still be expected, at
least at low deviator stresses and this also turus out to be the

case.

General soil creep theory

Mathematical model

The structural heterogeneity and bond strength variation as well as
the use of the energy barrier concept suggest that a reasonable
mathematical creep model should preferably be based on statistical
mechanics. The general features of a relevant stochastic model

which corresponds to our simplified physical model should then be:

1. There is a variation in activation energy for slip (Fig.8).
The magnitude of the energy spectrum interval and the
shape of the distribution curve reflect the micro-
structural density and heterogeneity and the type of

bonds; hydrogen bonds, van der Waals bonds etc.

2. Each clay element contains a certain number of slip units

in a given interval of the activation energy range.

3. In the course of the creep the low energy barriers are
triggered early. New slip units come into action at the
low activation energy end of the spectrum. This end repre-

sents a "generating barrier”, while its upper end is an
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"absorbing barrier”.

4. The model must allow both for jumps which, when they take
place, bring the given slip unit up a against a barrier
by an amount Su higher than the previous one, as well as

for jumps which lead to reduced barrier heights.

The derivation of relevant mathematical expressions has been given
previously by PUSCH & FELTHAM (4) to which the reader is

referred. Only the basic steps of evolution will be given here.

At any given temperature only a limited energy spectrum 1.11<u.<u.2
will be of significance in the determination of the creep rate.
Concerning the form of the spectrum, which can be interpreted in
terms of the number of potential slip units per unit volume held up
by barriers of height wu, this numbef is n(u, t)8u where t is '
time after the onset of creep, and Su the energy interval into

which we consider the spectrum to be divided.

A basic assumption is that the frequency of slips is given by the

Arrhenius rate equation:

vu) = Vp exp (-u/KT) (1)

where u 1is the barrier height and V(u) the slip frequency, while
Vp 1is an atomic vibrational frequency of the order of 1012 per

second. k is Boltzmann's constant and T the absolute temperature.

If slip has been activated at a certain point, i.e. a barrier has
been overcome, a contribution to the overall shear is made by the
associated extension of the local slip~patch and the next barrier
to be encountered by the same spreading slip-zone will be either
higher or lower by an average amount Su. The magnitude of this unit
is characteristic of the stress field and of the physical nature of

the barriers.
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It is reasonable to allow for an equal probability for slips to
occur to the next higher or lower energy level, and considerations
analogous to those familiar from the derivation of equations of

diffusion (5) then yield, on writing n for n(u,t)

dn/3t =D [Bz[n exp(—u/kT)]/auzJ
(2)
D=1/2 VD(6U2)

For low temperatures, i.e. less than about 100 degrees centigrade,

the solution of Eq.2 yields:

n(u,t) cc p - exp(—p) (3)
with P = exp(u/kT)/vp(t+t,)

to = constant of integration

The creep rate, in which we are interested, can be described and

derived as follows.

If the passage of slip through the element of dimensions L

(Fig.10) displaces the part above the slip plane by an amount b

over the plane below the slip plane, then the resulting shear is b/L.
If a slip unit does not traverse the whole element but a certain
distance on making an activated slip under the influence of the

local stress field, and thereby produces displacements over an area

* 2
A /L™ times smaller than b/L , we find:

(22 2

Thus, 5Y would be equal to b/L. only if the area[ﬁ extended over

the entire cross section.
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Fig.10. Clay element with internal displacement
produced by a slip unit jump. T is the shear
stress.

If slip has been activated at a certain spot, the contribution to
the overall shear strain is given by Eq.4. If there are néu
points per unit volume and unit of energy where the barrier height
is wu, then in a cubical element with edge dimensions L, the

contribution 6y due to slip of all u-units is:

A*
) + == 68u (5)
L2

o

6Yu = [n(u,t)LB] (

~u/kT per second,

If the number of slips at such points is Ve
where Vv = VW (u) , then the contribution by the considered u-inter-

val to the strain rate is:

§Y = vbA*n(u,t) exp (-u/kT)Su (6)



16

. . . . : *
If each activated slip gives the same, average contribution A
to the bulk shear strain of the specimen, then the creep rate, ex-
pressed -here as the axial strain rate of a triaxially loaded cy-

lindrical specimen, will be:

.u2
€ = b'A¥[ v(u)-n(u,t)du =
ol | (7)
, u,
- b-A* va n(u,t). exp(-u/kT) du
“u ‘
1

The model is thus seen to be compatible with the processes
illustrated in Fig.9, i.e. the lower end of the energy spectrum may
relate mainly to the deformation of the domains, while higher
barriers will be associated with more rigid components of the sys-—

tem.

The range of u=-values terminates at u, at the low u-end, while

1
u, Trepresents the upper limit of the operative spectrum. Slip with
the associated change in energy barrier height takes place over the
entire spectrum except that no outflow to lower levels than uq or
higher than u, take place. uy is a "generating barrier"” so that
new units provide a net inflow from outside the spectrum into its
lower eﬁd, which is required by our third criterion and which is an
essential property of the physical model. It simply means that new
domains, formed favorably in regions where the activation energy
for slip is low, come into action. u, represents strong bonds, and
slips which bring the slip unit up against barriers higher than \u,
will occur with such a low frequency that their contribution to the

creep over the considered period of time may be neglected. u, may

therefore be regarded as an "absorbing barrier”.

Combination of Eqs.3 and 7 yields - neglecting higher order terms

(5) - the general creep equation:
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. -1
€ Oc(t+to) (8)

which is the creep equation we will counsider.

The significance of t, may be understood by considering that in the
course of applying the deviatoric stress, at the onset of creep, the
stress rises from zero to its nominal, final value. A u-distribu~-
tion will therefore exist at t = 0, i.e. immediately after the full
load is reached. t, is thus characteristic of the structure of the
"pre-strained” material, high tois indicating much structural da-
mage in aggregated clays or large initial strain in "viscous"-type

soils such as mud and relatively soft smectitic clay.

Fig.1ll is a graphical representation of Eq.8. With the applied log
divisions, the straight line represents creep with to= 0, while the

broken curve implies %, > 0.

Fig.11. Creep curves according to Eq.8. Straight
line for ty=0, broken curve td>0’
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The logarithmic type of soil creep is typical and the applicability
of Eq.8 appears to be of wide scope, which is probably a consequen-
ce of its stochastic and thermodynamic implications (6). Thus, at
low and moderate stress levels, soft as well as stiff clays of
various origin exhibit an amazingly close grouping of the creep
curves with the strain rate being inversely proportional to the

time after the onset of creep (Fig.l2).

Stress/strain behavior of dense bentonite

It appears from the preceding text that shear strain of the com-
pletely confined clay bodies in their deposition holes with ;he
canisters, will be the main deformation mechanism. Relevant
parameters would be the maximum shear stress that the clay can

take, i.e. the shear strength, and the creep properties.

The main object of this study was to identify the creep charac-
teristics of dense bentonite and to determine relevant creep para-
meter values in order to predict the rate of canister settlement

as well as to make a general estimate of the stress—distributing
power of the clay in the case of rock displacements according to
Fig.2. Laboratory experiments, forming the basis of computer calcu-
lation of the settlement and of the stresses induced by the rock
shear, were run for this purpose; they are reported in some detail

in the subsequent text.

Triaxial testing is the most suitable technique for creep studies
since the stress conditions are reasonably well known. However,
dense, expansive clays present considerable difficulties because of
the high cell pressures that have to be applied. Thus, taking the
effective pressure to be equivalent to the swelling pressure (7),
the cell pressure has to be in the interval of 3 to 30 MPa for bulk

densities ranging between 1.9 and 2.1 t/m
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The triaxial test equipment used in the present study could not be
safely operated at higher cell pressures than about 10 MPa, which
corresponds to a bulk density of slightly more than 2 t/m> This
value was therefore set as the upper limit of the presently in-
vestigated density range.

Pilot tests showed that undrained conditions gave almost the same
creep data as drained, which is explained by the very low per-
meability (k< 5-16“%/3), and some of the tests were therefore run
as undrained, constant shear stress tests with pore pressure
readings. Since no consolidation of the clay is expected under real

conditions, such tests as well as drained ones are relevant.

The A 50 mm, 100 mm long samples were prepared in swelling pres-
sure oedometers by the standard procedure (8), i.e. by compacting
air-dry bentonite powder to a pre—set density followed by water
uptake under constant volume conditions. They were then transferred
to the triaxial cell and sealed from the pressure fluid by rubber
membranes. The cell pressure was successively adjusted, keeping the
sample drainage open, until the samples reached equilibrium mani-
fested by a constant volume. In this state, which was usually
reached after one or two weeks, the swelling pressure was exactly
balanced by the cell pressure. Thus, the procedure offered a nice
way of checking the swelling pressures obtained from large test
series using oedometers, the agreement between the two sets of

results being fairly good.

In the undrained tests, the drainage was then closed and a constant
stress applied through a lever arrangement (Fig.13). The shortening
of the sample, i.e. the deformation in the direction of the major

principal stress, was recorded by use of a transducer.

Tests were run at room temperature as well as at elevated tem-—
peratures (50 and 90 degrees centigrade), the heating being arrang-
ed by submerging the entire cell in a uniformly heated bath. The
influence of heat on the various measuring and loading devices was

checked and properly accounted for in the evaluation of the tests.
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The KBS reference bentonite material MX-80 was used in the present
study and it was saturated with synthetic "Allard” groundwater. The
mineral composition, granulometric characteristics etc. of this
clay material have been reported previously (9). In short, the clay
content ( minus 2 micrometers ) ranges between 80 and 90 %, and 80
to 90 % of this fraction is montmorillonite. The composition of the
very slightly brackish Allard water ( 91 mg of cations and 215 mg

of anions per liter ) is also fully described in earlier reports

(10).

The tedious preparation of samples and required long testing period
for certain representative sets, limited the extension of the study
and so far only 8 tests have been completed. The main data are

given in Table 1.

Table 1. Test data

Test no. Bulk density Deviator stress Temperature
t /m kPa c’

1 UD 2.0 2500 22

2 Up 2.0 400 22

3 UD 2.0 800 22

4 UD 1.9 400 22

5 UD 1.9 800 22

6 1.9 400 22

7 1.9 800 22

8D 1.9 400 93

UD stands for undrained, D for drained



Fig.13.

[ ~~—dmnd |
| —kH |

[
|

N
LT
-

T

1

The constant stress device for creep testing.

A) Electronic strain gauge, B) Yoke for axial
load transfer, C) Triaxial cell, D) Thermostat,
E) Heater, F) Hot bath in insulated box for creep
tests at elevated temperature, G) Load plate.
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Fig.1l4 shows a plot of the undrained creep tests which all exhibit
the same characteristic retardation of the strain rate as the pre-
viously discussed illitic clays, i.e. in principle according to the
general creep law of Eq.8. We see, however, that the samples with
the lowest deviator stress have curve shapes indicating high t,:s,
which is in agreement with the prediction here that they should
suffer little structural damage and behave fluid-like. As to the
sample with the very high deviator stress 2500 kPa, there is some
doubt concerning its relevance since this test was meant to be a
single exploratory study. Assuming it to be representative of the
behavior of dense bentonite at very high shear stresses, it must be
concluded that the retardation of the strain rate is very moderate
and that creep failure may have followed if the test had continued.
This was the only case which gave such indications, although the
test conditions - in contrast to those in the field - certainly

offered a possibility of a fully developed failure in all the

tests.

It is a wellknown fact that creep tests of illitic clay under un-
drained conditions tend to yield failure at shear stresses well
below the conventionally determined shear strength (Fig.15), which
is generally explained by the accumulated structural damage when a
critical strain has been reached. The present results indicate a
basic difference between illitic and ( dense ) smectitic clays,
probably due the very strong thixotropy of the last-mentioned,

which yields substantial healing effects (11,12).

Fig.16 illustrates the creep behavior of the drained samples, one
of them being heated to 93 C. The non-heated, drained samples
exhibit faster creep than the undrained ones, but the tendency
seems to be that they will join at the high t~values we consider in
the practical application. As to the heated sample, the creep rate
is approximately 2 to 6 times higher than that of the corre-
sponding sample which was not heated. The practical consequence of

this will be discussed later.
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It should be mentioned that the pore water pressure could not be
measured in all the undrained creep tests due to unexpected, re-
peated breakdown of the pressure gauges. Where the pressure could
be properly recorded, it was found to increase successively as is
usually observed in creep tests of illitic clays. As in such clays,
the increased pressure in the bentonite probably reflects structur-
al breakdown, which thus supports the previous conclusion that even
matured bentonite is characterized by a certain degree of aggre—
gation. In test no.4, for instance, the pore water pressure rose
from about 40 kPa .immediately after the onset of creep to a final,
constant value of about 110 kPa. The cell pressure was 1.7 Mpa in
all the tests with 1.9 t/m3samples, while it was 4.6 MPa for the

2.0 t/mssamples.

The maximum shear resistance is a function of the strain rate.
Creep test no.l indicates that a deviator stress of 2.5 Mpa may re-
present the maximum shear resistance at very low strain rates,

but current testing actually suggests that the maximum stress is
lower, even at rapid shear. General information on the stress/
strain behavior is offered by the "hot"” creep test (no.3) where the
creep at 400 kPa deviator stress was observed for a week and where
successive load steps were then appliéd, each with a duration of
about 8 hours. The accumulated strain for each stress set is
plotted in Fig.l17, from which it is coucluded that dense bentonite
exhibits strong work-hardening, but also that the deformation mo-
dulus drops from-an initial, relatively high value to a sub-
stantially lower value 'when the strain exceeds about 2 %. This al-
teration is very probably associated with a comprehensive micro-
structural breakdown. The major part of the strain is due to creep
but the strain recording actually permits evaluation of the
"initial"”, elastic strain which is required for the derivation of

the modulus of elasticity as will be shown later in the text.

At the termination of creep test no.8, the largely distorted sample
exhibited a fracture pattern which-is- typical for+undrained shear
failure, i.e. sets of perpendicular macroscopic slip planes

traverse the sample (Fig.l18).
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Further aspects of the creep equation

The extrapolation of the creep strain over the rather extreme
period of time considered in the KBS concepts (106years), based on
short term laboratory-derived parameter values, cannot be expected
to yield an exact, ultimate creep settlement. If is possible, howe-
ver, to identify the maximum upper limit of the canister settlement
if the creep law can be proved to be valid for this clay. This does
not only imply that the law can be derived theoretically, as in the
present case, but also that the basic physical assumptions are
correct. This brings us back to the point of mineral lattice hydra-
tion, or more precisely, to the question of the physical state of
the interlayer water, which should be a determinant of the physical
properties if our physical model is valid. At present, only preli-
minary results are available from the current research, but some of

them are considered to be rather interesting and are therefore

briefly reported here.

Following FELTHAM (13) the activation energy of the dominant rate

process in creep of most materials can be written as:

u* = uy - Vet = mkT (9)
where u* = the thermally accessible barrier height
Uy = the strength of the major type of bonds
v = activation volume (volume of flow unit)
T = the applied shear stress
m = 28 (3)

k = Boltzmann's constant
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During creep, v+t will change as a function of time. From the

creep equation:
- e (10)

which applies to short time intervals, we have for approximately

constant V:sg

9lné

v = kT -
e 9T

(11)

This yields, for two arbitrary stress/strain sets:

& T
_ 2 2)
= k7 {1 < ln-<
VT k'l n€1/ T1 (12)

Considering the MX-80 clay we see that when t exceeds about 5'105s,
the creep rate is approximately proportional to the applied stress,
i.e. the expression within the parenthesis of Eq.12 equals unity.
In earlier stages this value is higher; for t=5-Hf s it is about
2.3 for the low bulk density 1.9 t/n and 1.3 for 2 t/m> Using Eq.9
we find that the left membrum of Eq.12 is small compared to mkT,
and that u,is approximately 0.6 eV. This value is within the upper
range of the hydrogen bond strength spectrum, which therefore
supports the belief that water lattices are largely responsible for

the physical behavior of the investigated smectite clay.

If the same evaluation is made of creep curves for aggregated illi-
tic clays, higher bond strength values are arrived at, which
illustrates that such clays gain additional shear resistance from
other sources, such as mechanical interaction of neighbouring silt

grains and directly contacting illite crystallites.

It must be pointed out here that although the theoretical model is
correct iIn principle, it is rather crude. Further refinement is un-

der way.
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The basic idea of this approach is that flow is equivalent to
stress relaxation. For liquids, the problem of evaluating their
flow properties in terms of viscosity, for instance, is that of
measuring molecular mobility, which can be made by determining the
duration of molecular orientation in a magnetic field as in the
nuclear resonance technique (NMR). The major relevant parameter is
the spin-spin coherence time T, for protons. It is very short for
lattice protons (OH) and for strongly mineral-adsorbed water mole-

cules, while it is long for free water.

Thixotropic strength regain after remolding of clays, involving wa-
ter lattice reorganization among several processes, has been inves-—
tigated earlier by applying this technique (15). The present study,
run by Torbjorn Carlsson at the Dept. of Physical Chemistry,KTH, is

part of a research project sponsored by SKBF/KBS.

As expected, it has been found that T, is very short for the water
content interval 25 - 35 % that is relevant to the KBS concepts
(Fig.19), which points to highly ordered, "strong"” water lattices.
Attempts have been made to express T,in terms of an average acti-
vation energy for flow using the Arrhenius equation, the results
pointing to values well within the range of the hydrogen bond. The
influence of paramagnetic effects and other disturbances have not
been completely mapped yet, however, and no safe conclusions can be

drawn so far.
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Constitutive relationships of highly compacted bentonite

The practical applications that we are concerned with require the
definition of a complete creep law with respect to the influence of
the deviator stress and of heating. Also, the rock displacement
case requires the definition and setting of suitable parameters for

the stress/strain relationship at rapid, induced shear.

As to the creep, the theoretical as well as the experimental basis
is sufficient to make the creep law complete. For the other case,
which is actually very complex, different approaches can be made,
the simplest but least correct one being based on linear elastic
analysis. It is conservative under certain circumstances and will
be the only treatment presented in this report. For a more relevant
approach, the real non-linear behavior of the various components
(cf. Fig.2) needs to be taken into account; such a development is

under way and will be presented later.

The complete creep equation

The outcome of the theoretical considerations and the bentonite
creep tests, is that the average creep strain rate at room tempera-
ture can be expressed by use of Eq.8. Attempts have been made to
extend the relationship to cover the influence of stress as well as
temperature and they have led to Eq.l13 for low and intermediate

stresses and very moderate temperatures (3):

. 1
£ = BTD-t_{_—t' (13)
@]
where B = constant

=
i

absolute tempevature

)
It

deviator stress
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The influence of stress is reasonably well accounted for by this
equation, while the effect of heating is largely underestimated.
Thus, the temperature of tests no.l — 7 was 295 K and 366 K of test
no.8, which would only vield a 25 Z higher creep rate of the latter

according to the equation, while it actually increased 3 to 6 times,

Although only one creep test has been run at elevated temperature
so far, the observed strong influence of heating is very probably
representative. Thus, earlier tests on illitic clay (16) have shown
that the creep rate is increased almost linearly by 2.3 times when
the temperature is raised from 24 °c to 60% (Fig.20), which sug-
gests that a temperature raise from 22 °c to 93 °C would have

increased the creep rate of the illitic clay by almost 5 times.

210°

/'

Fig.20 . Influence of temperature on the creep
rate of soft illitic clay (16).
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Considering the rather extreme period of time for which the creep
settlement should be predicted, t, can be omitted. Then, the con-
stant of Eq.13 remains to be determined and for this purpose a low
stress test series should form the basis of its evaluation, simply
because the deviators in the clay mass will actually be very low. A
low density test series should in fact also be used, since a "worst
case” scenario may actually involve a reduction of the bulk density
to about 1.9 thﬁ (17). These criteria are reasonably well fulfilled
by the undrained creep test of the 1.9 t/ﬁ3sample with 400 kPa de-
viator stress and T=295 K. The evaluated constant turned out to be

-9
3.6-10 7, and the final form of the creep strain equation:

€ = BTD 1n t (14)
{ £t>> 0 s)

The given figure for the constant is wvalid on the condition that
the deviator D is expressed in kPa, that the temperature T is
expressed in Kelvins and that it is not very different from room
temperature, and that the time t after onset of the creep is
expressed in seconds. Also, it is representative of water saturated

Na bentonite with a bulk density of 1.9 t/nﬁ
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"Instantaneous” or rapid rock displacement according to Fig.2 cer-
tainly yields local shear failure along the displaced rock/clay in-
terface. Sufficiently small displacements confine this overstress-
ing to a narrow zone, leaving the rest of the clay mass in pseudo-
elastic state. The stress state of the canister, which is rather
stiff in comparison with the clay, is very much dependent on the
stress/strain behavior of the clay, which requires evaluation of
its modulus of elasticity for computational treatment. This para-
meter can be estimated from the initial branch of the creep curves,
but for this purpose we need to consider the delay in load transfer
to the samples that was caused by the inertia of the lever system
of the loading device. The delay, which was measured by use of a
metal dummy equipped with a load cell, means, for instance, that
only 29 7% of the nominal, "applied" stress actﬁally affects the
loaded sample after 60 seconds. After 1000 seconds this percentage

is 60, and after 2700 seconds 72.

Considering the associated stress reduction, the E-modulus has heen
evaluated from the non-heated creep tests ( Table 2 ). The inter-
pretation was based on the conservative estimation that the stress
was constant from the moment of load application to the time when

the first recording took place, i.e. after 60 - 2700 seconds.

Table 2. The modulus of elasticity as interpreted from the creep

tests
RBulk density Nominal deviator Actual deviator  E-modulus
t/o kPa kPa MPa
2.0 1600 460 117
2.0 800 480 369
2.0 400 290 533
1.9 800 230 41
1.9 400 115 46

1.9 400 115 31
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The actual bulk density of the bentonite clay in the deposition
holes will be in the interval 2.0 - 2.1 t/na which would yield a
slightly higher E-modulus than the average value 340 MPa for the
2.0 t/mssamples in Table 2. Since this value is based on conser-
vative estimates it should be approximately valid also for the
slightly higher bulk density which is expected for the clay
embedding the canisters. This would be in good agreement with an
earlier determination of the E-modulus of highly compacted,
non~saturated bentonite by rapid, uniaxial compression at a
constant strain rate (18). This determination gave E = 270 MPa and
a shear strength of slightly more than 8 MPa of a 2.05 t /m> MX~-80
sample with about 50 7% degree of water saturation. It was concluded
that these figures are expected to drop when the bentonite becomes
saturated, which suggests that the 340 MPa value is an
overestimation and that E = 200 MPa is a more plausible value.
Actually, recent checking by uniaxial, compression with a strain
rate of 1 % per minute of a 2.0 t/m?sample, yvielded a shear
strength of 1.1 MPa and an E-modulus, evaluated from the straight

portion of the stress/strain curve, of slightly more than 100 MPa.
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SETTLEMENT OF CANISTERS - l:st APPLICATION

Definition

Strictly speaking, the settlement is not only caused by shear-
induced creep; there is also an elastic displacement, which is de-
veloped at the load application. In practice, this elastic part is
associated with the deposition of the canisters in the deposition
holes, i.e. when the bentonite is not yet water saturated. It is of
the order of a few millimeters and is followed by creep under prac-
tically constant volume conditions, first of the non—-saturated ma-
terial, and then of the saturated and matured bentonite. The ma jor
part of the creep strain will be that of the saturated and matured
clay, which can be reasonably well predicted by use of the derived
creep equation.

The basis of the settlement calculation is the geometry showﬁ in
Fig.21. The weight of the canisters will produce a vertical pres-
sure on the clay of 400 kPa at maximum. The creep parameters valid

for a bulk density of 1.9 t/m3and room temperature were applied.

Calculation

The calculation of the creep settlement, which is an axi-symmetric

problem, was performed by the Computational Mechanics Centre

(CMC)T Southampton, England, by applying boundary element analysis.
BEM offers certain advantages over "domain"” type solutions, such as
finite element analysis. Thus, the systems of generated equations

is small and it is well suited to stress analyses.

The applied boundary element mesh is shown in Fig.22. The crosses
below the base of the canister mark the points for which the prin-
cipal stresses were determined. Two different conditions were con-~

sidered: that of slip between the clay and the rock and between

* Drs. C.A.Brebbia and D.Danson.
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the clay and the cylinder, and that of no slip at these positions.

The outcome of the calculation, which is given as an appendix, is

that the creep settlement in one million years will be very small,
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i.e. a few millimeters (Table 3). The application of the low-
temperature version of the creep formula Eq.l4, implies that the
temperature is kept constant at 22 Cothroughout the counsidered
period of time. However, the average temperature will range between
315 and 335 K for several thousand years, which increases the creep
rate by 2 - 3 times during this time interval. The heating takes
place early in the creep evolution, which yields a net settlement

after one million years of 10 mm at maximum.

Table 3. Settlement versus time (CMC)

Time, Settlement, mm

years Slip case Non-slip case
1 0.76 1.06

10 0.86 1.30

10° 0.97 1.45

10° 1.07 1.61

10t 1.17 1.76

10° 1.27 1.91

6

10 1.37 2.07
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ROCK SHEAR DISPLACEMENT ~ 2:ND APPLICATION

Definition, pilot studies

A first approach has been made to solve the computational problem
of rock shear displacement by applying 2 and 3 D linear elastic

analyses, and a 2 D elasto—-plastic analysis as well (Fig.23).
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The 3 D analysis, which was performed by Dr Fred Nilsson (19),
showed that a non~symmetrical shear yields the highest moment in
the cylinder. Using this constellation and the E-moduli 6-103MPa
for the bentonite and 1.33'105MPa for the copper canister, and
Poisson's ratio 0.45 for the bentonite and 0.35 for the copper,

he calculated the stresses induced by a rapid 1 cm rock displace-
ment. As shown earlier in the present report, the actual E-modulus
of the bentonite turns out to be much lower, and a more realistic

study, based on E-moduli in the range of 200 - 1000 MPa, is

presently under way.

The outcome of Nilsson's analysis was that the axial stress
component was completely dominating, and that its maximum value
in the copper canisters was about 375 MPa in tension and
compression. In the plane of shear local stress concentrations

were recorded. The tension stress is beyond the elastic

stress/strain region of copper which means that the
canisters become deformed sufficieuntly much to require that the

non-linear stress/strain behavior of copper as well of bentonite be

considered.

A preliminary 2 D calculation with E = 200 MPa and with the
criterion that plastic conditions appear in the bentonite when the
shear stress equals 8 MPa, has been run by Dr Kenneth Axelsson
(20). Applying the afore-mentioned non-symmetrical shear con-
ditions, and the same copper material properties as in the 3 D
analysis, the elasto-plastic approach yielded a maximum tension
stress in the copper of about 20 MPa, which is well below the yield
stress of this material. All these calculations were made by

applying finite element analysis.
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CONCLUSIONS

The physico/mechanical behavior of highly compacted bentonite is
governed by the strongly hydrophilic character of its smectite com—
ponents, in the sense that the adsorbed water is a determinant of
its bulk behavior. This yields very obvious thixotropic and viscous
properties, the latter being manifested by creep strain rates that
are of the same order of magnitude as those of much softer illitic
clays. It is concluded, however, that the stress/strain/time para-—
meters used in applied material sciences, including soil mechanics,
can be sufficiently well defined and determined also for highly
compacted bentonite. This enables us to make reliable settlement
calculations as well as stress/strain analyses of processes which

involve extention into the plastic region.

As to settlement calculations, all necessary basic clay data are at
hand and the analysis presented in this report is sufficiently
rigorous for practical purposes. Concerning the rock shear case,
the pilot studies show that a closer analysis, with due respect to
the non-linear behavior of the involved materials, is required to
fully understand the impact of rock displacements on the physical
state of the metal cylinders. This also calls for an extended study
of the physical background of the visco/elasto/plastic nature of

the clay material.

At present, it seems as if a rapid rock displacement of at least 1

cm can take place without harming the canisters.
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APPENDIX

COMPUTATIONAL MECHANICS CENTRE, "“CYLINDER
IN CLAY"”; BEM CALCULATION



Settlement of Cylinder in Clay

1. Incompressible Material (v = 0.5)

In theory the boundary element method is well suited to
solving problems involving incompressible materials. However
the axisymmetric module of BEASY cannot solve such problems

for the following reasons.

The basic boundary integral expression in elasticity

is

e (x) uk(X) = J Uki(X;Y) t.(y)alr_ - J Tki(XIY) ui(Y)dFY (1)
r

y
r
where
c(x) =0 x outside the domain
c(x) = 3 x on smooth part of boundary T
ci{x) =1 x inside the domain

ui(y) is the displacement at y
ti(y) is the traction at y

Uki(x,y) and Tki(x,y) are kernel functions which define the
displacements and tractions at a point y due to a unit load

at another point x.

The displacement kernels are given by

do, (yv)

1 { (2-2)2 73

U = - < (3-4v)Q, (y) + }
T 4gn2 (1-v) u/RE e Rr dy

5 i 7 - g { Q%(Y) ) i ) E} dQ%(Y)}
Z 4672 (1-v)urvRr 2 R dy
(2)
_ Q_, (y) ( 30_, (v)
== e ol
E 1672 (1-v)urv/Rr ¥
dg , (v)
) ~ 1 { (Z-2)2 ~=-} }
U = (3-4v)Q_, (y) -
ZZ 1672 (1-v)uv/RT t Rr dy

and the traction kernels by
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where is the shear modulus

u
v is Poisson's ratio

R is the r-coordinate of the point x
Z

r

™

is the z-coordinate of the point
is the r-coordinate of the point

z is the z-coordinate of the point
(2-z)% + (R-r)?*
2Rr

y =1+

(v), Q,(y) are Legendre functions of the second kind.
b

n_, n are the r and z-components respectively of the

unit outward normal to the boundary at the
point vy.
Substitution of Equations (2) into Equations (3) would, no
doube, eliminate the (1-2v) from the denominator of Equations

(3). However this was not done owing to tedious algebra

required to do it and Equations (3) were programmed as they

standf



2. Calculation of the Deviator Stress D

In the telex from Dr. Pusch dated 21st December 1983 it
was stated that 02'= 03.

In a subsequent phone call with Mr. Danson Gqr Oy and Oy

were defined by Dr. Pusch as follows.

o, : The larger (i.e. more positive) of the principal
stresses in the rz-plane
The smaller (i.e. more negative) of the principal
stresses in the rz-plane

The hoop stress

With these definitions, and with nature of the loading
on the clay 9, is not equal to Oq- Dr. Pusch said that the
hoop stress Oy could be ignored and that the deviator D

should be defined as

D =o0, - Oy (4)

3. Calculation of Settlement of the Cylinder

The axial strain for the clay is given by
e = DRT 1ln(t + to) _ (5)

The settlement A was obtained by integrating this axial
strain from the bed rock to the base of the cylinder. Thus

A = [ D d% BT 1ln(t + to) (6)
2

Equation (6) will produce a different result depending on which
path £ is taken. The result will be quite different if & is
taken under the axis of the cylinder than if % is taken under
the edge of the cylinder. The reason for this is that the
strain field described by £ is incompatible with the theory

of elasticity used to calculate D. To resolve this problem an



average settlement was calculated by integrating Equation
(6) over the base of the cylinder and dividing by its area.
Thus,

B
A, = X’J J D a2 dA BT In(t+t ) (7)
A g
poo= 2
av =% | D AV BT ln(ere) (8)
v

where A is the area of the base of the cylinder.

4, Numerical Calculation

In order to evaluate J D dv 64 internal points were
v
placed under the cylinder. A short program was written to
take the output from a BEASY run, calculate the principal
stresses and the deviator, and integrate the deviator over

the volume.

Two different types of boundary conditions were tried.
The first allowed sliding between the clay and the base of
the cylinder and between the clay and the bed rock and the
second assumed no slip at these positions. These boundary

conditions were thought to represent the extreme cases.



For the sliding case we obtained the result

J D dv = 27.06 kPa (9)

v

and for the no slip case we obtained the result

J D dv = 43.05 kPa (10)

v

Putting Eguations (9) and (10) into Equation (8)
substituting the appropriate numerical values for BT and tO

we get for the sliding case

by = 0.0441 1n {(31.56t + 0.1) x 10%°} mm (10)

and for the no slip case

ALy = 0.0702 1n {(31.56t + 0.1) x10°%°} mm (11)

where t is measured in years in Equations (10) and (11).

These equations are evaluated in Table 1.



Settlement mm

Time Sliding case No slip case
Years

1 0.762 1.061
10 0.863 1.300
100 0.965 1.453
1,000 1.066 1.606
10,000 1.168 1.759
100,000 1.269 1.912
1,000,000 ' 1.371 2.065

Table 1 Settlement of Cylinder
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