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SUMMARY

This report describes the continuous work of modeling
the geotechnical properties of buffer materials. Some
results of laboratory work with drained and undrained
tests are described as well as the material models
that these tests have yielded. The effective stress
concept and its relevance is discussed. The technique
to apply the models in calculations using the finite
element program ABAQUS is described. Some
calculations of laboratory verification tests are
shown and the results compared. Finally two examples

of scenario calculations are shown.

The work has led to three material models that can be
used in ABAQUS calculations. All parameters for these
models are not fully known and a continuation of the
work is required. These models are not suitable for
all situations and the relevance and need for further

developments are presently investigated.
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1. INTRODUCTION

All Swedish concepts for disposal of radioactive
waste involve a buffer and sealing material to
protect the waste from external effects and prevent
leakage. The principal buffer material candidate is
sodium bentonite, but other clay materials, such as
calcium bentonite and mixtures of bentonite and
filler material, are considered as well.

The ultimate purpose of investigating the properties
of the buffer material is of course to understand the
processes in the buffer and the interaction between
the buffer and the rock and canister and to be able
to mathematically simulate processes and scenarios
involving the buffer material. Such simulations can
be used for performance calculations in the safety
analyses and as sensitivity analyses for

optimizations.

Investigations on the rheological properties of the
buffer material, including water flow in the
material, have been in progress for several years.
The R&D program includes the following steps:

1. Development of a general rheological model
applicable to:

» Undrained total stress analyses

« Drained total stress analyses

+ Effective stress analyses (incl. pore pressure)

» Thermomechanical analyses

» Influence of high temperature and saline pore
water '

* Influence of clay type and additive

mixtures



This step includes laboratory tests and applied
theories on the performance of the material.

2. Verification tests

« Rock displacement
Canister displacement
Swelling tests
Laboratory tests

»

»

»

This step includes laboratory small scale and large
scale tests as well as field tests.

3. Calculations (ABAQUS)

» Development of material models in the finite
element program ABAQUS

* Simulation of the verification tests to check and
calibrate the material models and the program

« Applied calculations on the performance of the
buffer

The research program aims at having complete verified
material and calculation models at 1993.

This report will describe the status of the work
today. It will show a conceptual model of the
behavior of the buffer material according to the
knowledge today. It will also show the models
available and the relevance of these models.

The report will also show some laboratory test
results leading to the conceptual model and some
ABAQUS calculations of verification tests in order to
illustrate the advantages and the disadvantages of
the available models
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Finally the report will present some examples of
scenario calculations in order to illustrate the
applicability of the models.
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MATERIAL MODELS

The finite element program ABAQUS was considered at
an early stage to be the program available that was
best fitted for geotechnical calculations of the
behavior of clay based buffer material. The program
has many material models in its library and the
program is well suited for modeling the complex non-
linear elastic and plastic behavior of the extreme
properties of bentonite based buffer material.

Three plasticity models are suited for describing the
non-recoverable soil behavior:

Metal Plasticity
Drucker-Prager Plasticity
Critical State Plasticity

In some cases the simple Metal Plasticity model might
be useful but the two most important elastic-plastic
soil models that have been developed in the recent 30
years are the Drucker-Prager model and the Critical
State model. They primarily describe the non-
recoverable plastic behavior of the material and the

conditions for yielding.

The recoverable elastic part of the behavior can be

described in several ways:

Linear Elasticity
Porous Elasticity
Hypoelasticity
Hyperelasticity

The linear elasticity model might be useful in some
cases together with the Metal Plasticity model but
a model that seems to fit the behavior of buffer
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materials very good is the Porous Elasticity model.
The three plasticity models and the two first mentio-
ned elasticity models will be shortly described in

this chapter.

METAL PLASTICITY

For some calculations the simple Metal Plasticity
model is sufficient. In this model the yielding
starts at a defined value of Mises stresses (von

Mises yield criterion):

1 2
= (0, =0 )2+ (0 =0 ) 2+ (0 -0 ) *)/ (2:1)
The stress-strain relation at yielding is described

with a function:
ey=f(a)) (2:2)

The model is illustrated in Fig 2~-1 which shows that
yielding starts at one value of o, and failure occurs
at another value independently of the total average

stress p.

This model can only be used for water saturated clays
which are exposed to quick undrained strains. As soon
as the clay drains or is allowed to change volume,
the average stress will change, which results in a
change in yield stress.
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Figure 2-1: The Metal Plasticity model

DRUCKER-PRAGER PLASTICITY MODEL

In the Drucker-Prager model the influence of the
average stress (friction angle ¢#0) can be taken into
account. A possible cohesion can also be simulated.

The model is illustrated in Fig 2-2 which shows that
the stress dependence is caused by the "friction
angle" g in the o,-p plane and the parameter d
illustrating the "cohesion". If the plastic flow de?!
is associated, the angle Y=g and the flow is
perpendicular to.the yield surface. In order to
decrease the resulting dilation it can be necessary
to assume non-associated flow by putting y<g.

When the stress path enters the plastic region ds™
the yield surface is moved upwards until it reaches

the failure surface.
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Figure 2-2: The Drucker-Prager model

The model also includes a constant K which controls
the dependence of the yield surface on the
intermediate principle stress. The yield surface is
defined so that K is the ratio of the yield stress
in triaxial tension to the yield stress in triaxial
compression. The classical Drucker-Prager model is
available when K=1.0 and y=B8.

The parameters needed for the extended Drucker-Prager

model are thus

B, d, K, ¥ and the yielding function f

CRITICAL STATE PLASTICITY MODEL

While Drucker-Prager has a straight yield surface
parallel to and always below the failure surface the
critical state model includes an elliptic yield
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surface which also can go above the original failure
surface. The models that include such a yield surface
are called cap models since the yield surface is
limited in extension and can also be reached by
isotropic compression. Fig 2-3 illustrates the model.

The critical state line is a failure line where the
failure occurs without volume change. The plastic
flow is always associated (normal to the yield
surface). The yield surface is an ellipse inside
which the behavior of the material is elastic. When
the stress path reaches the yield surface the plastic
flow begins and the yield surface starts changing its

size.

Two types of plastic flow may occur in this model. If
the stress path is located on the so-called wet side,
illustrated by the upper half of Fig 2-3, the yield
surface grows until it reaches the critical state
line, where a smooth failure occurs. The material is
then strain-hardening.

If, on the other hand, the stress path is located on
the so-called dry side, illustrated by the lower part
of Fig 2-3, the yield surface shrinks until it
reaches the critical state line from above. The
failure is then brittle with maximum shear stresses
at maximum pure elastic strain, which is followed by
plastic strain softening.

The critical state line passes through origo with the
inclination M=Aa)/Ap, which means that there is no
cohesion. The initial size of the yield surface must
be determined. It is defined by the value of the
parameter a,, which is half the major axis in the
ellipse on the "dry" side. While the form of the
yield surface on this side is determined by the
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Figure 2-3: The Critical State model
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Figure 2-4: The shape of the yield surface on the wet side is a
function of the parameter «.

M-value the model offers the possibility of changing
the shape on the "wet" side. A factor a=1.0 can
reduce the extension of the yield surface according
to the examples in Fig 2~-4. The model includes the
factor K as well with the same meaning as in the

Drucker-Prager model.

The volume change in the plastic zone is controlled
by the inclination of the plastic strain, and a given
relation between the void ratio e and the average
stress p. e is assumed to be the straight line
function of 1lnp implied by Egn 2:3

e==-Alnp+A (2:3)

The inclination A must thus be determined and given,
while A is indirectly given by the position of the
yield surface (ao).
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The equation of the yield surface is shown in Egn 2:4

1 2 ,t 2 . .
—= (B-1)%+ (2)%-1=0 (2:4)

where initially a=a_. t=0‘j if K=1. a=1 on the dry
side of the yield surface.

The parameters needed for the Critical State model

are thus:

M, a, o K and A

LINEAR ELASTICITY

Linear elasticity is the simplest form of elastic
behavior. It can be modeled according to Egn 2:5.

el el

o=D""¢ (2:5)

where ¢ is the total stress, D°' is the elasticity
matrix and €°' is the total elastic strain. If the
material is isotropic only the two parameters Young’s
modulus E and Poisson’s ratio v are needed.

This model can be used together with the metal plas-
ticity model and is only suitable for quick, undrai-

ned strain.

POROUS ELASTICITY

In a porous material, the volume or void ratio can be
changed. The stress/void ratio relation can be
modeled with the porous elasticity model in which
the volumetric behavior is defined according to Egn
2:6
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K 1
Te—;ln(po/p)= Je -1 (2:6)

where

e= initial void ratio

P,= initial average stress

k= the inclination of the e-logp relation (as A in
Eqn 2:3)

J°'=the elastic volume ratio

The parameter k, which is the essential parameter, is
thus the logarithmic bulk modulus. Except for this
parameter Poisson’s ratio is also needed.

If the porous elasticity model is combined with the
critical state plasticity model, the relation between
e and p can be illustrated as in Fig 2-5.

Isotropic consolidation from the initial state €, and
P, follows the plastic relation. Unloading at e and
p, means that the elastic relation is followed at
unloading as well as reloading until e and plis
reached again, after which the plastic relation is
followed once again. Repeated unloading and reloading
at e, and P, yields a similar result but another

level of e-values.
Two things can be seen from Fig 2-5:

1) k must be smaller than a

2) The plastic e-p relation does not change while the
elastic e-p relation is changed when the material is
plasticized although the angle is the same.
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(e,; P!

log p

Figure 2-5: Illustration of the behavior of the Porous

Elasticity model in combination with the CS model

The parameters necessary for the porous elastic model

are thus:

k and v (plus e, and pb)

PORE WATER MODELING

Effective stress

All the models presented require that the effective
stress concept is valid. The effective stress concept
says that all behavior of the water saturated soil
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is controlled not by the total stress in the soil but

by the effective stress o’:
o'=0-u (2:7)

where o=the total stress
u=the pore water pressure in the soil

Even the combination of linear elasticity and metal
plasticity requires that the effective stress concept
is valid since the metal plasticity model is unaffec-
ted by a change in total stress. This is in agreement
with the effective stress concept under certain con-
ditions, e.g. when the stress change is quick and
thus undrained. An undrained change in average stress
will result in an almost equal change in pore pres-
sure in a water saturated material and thus no change

in effective stress.

However, if future investigations will show that the
effective stress concept is not completely valid it
is possible to change the rule according to Egn 2:8:

c’=c-(1-b)u (2:8)

where b is a constant or a function of the void ratio
e close to the value 0.

Water phase/solid phase

In a water saturated porous material there are two
phases regulating the behavior (except for the
structure stiffness that is described by the porous
bulk modulus according to chapter 2.5):

*» The water phase with the properties:

-density P,
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-bulk modulus E&
-coefficient of thermal expansion o,

+ The solid phase (the grains) with the properties:
-density P,

-bulk modulus EL

-coefficient of thermal expansion o

The density values are dependant on the definition.
If the solid is defined to be the remainder after 1
days exposure to 105°C, the following density
values can be used for montmorillonite:

p,=1.00 t/m°
p.=2.79 t/m

The other parameters can be achieved from standard
tables:

13w=2.1-1o6 kPa
13's=2.1-1o8 kPa
aw=3.8-1o"‘ 1/°K

« =5.0- 10° 1/°K

Some of these values can be questioned. The state and
form of the pore water in compacted bentonite is not
fully known which means that the values can be
somewhat erroneous. However, these possible errors

do not affect the results of the calculation very
much unless the sample is poorly water saturated.

Unsaturated material

Air bubbles in the pore water will strongly affect
the compressibility. The average bulk modulus of an
unsaturated pore water can be calculated according to

Eqn 2:9
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1_1 _ 1 .
B—B—a(l SP)+B Sr (2:9)

where B is the resulting bulk modulus and B, is the
bulk modulus of air. B, is very low or equal to the
absolute pressure (e.g. at atmospheric pressure
B,=100 kPa).

If the degree of saturation is S =0.98 the resulting
bulk modulus will be

B=5.0-10" kPa

or a decrease by 240 times. If there is a back

pressure
on the pore water the degree of saturation will

increase according to Egn 2.10:

SP=1~-(1-S )—2 (2:1)
r r'p ‘
where p = absolute pressure on the porewater

p= atmospheric pressure
S?:degree of saturation at p

If the back pressure is 500 kPa and the absolute
pressure on the pore water thus 600 kPa, Sr will

increase from 0.98 to

S =0.996

r

and the corresponding bulk modulus will be
5

B=1.4-10" kPa

which means that the decrease will be reduced to 15
times. These exa:ples show that the degree of
saturation is very important.
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However, the solubility of gas in water is quite
high. At atmospheric pressure and room temperature
the solubility of air in water is about 1.5% meaning
that theoretically a sample with an initial degree of
saturation of s;=98.5% will be completely saturated
if all the water in the sample is deaired and can
solve air. It is reasonable to believe that only one
third to one half of the water can dissolve air,
since only the deaired water added to the sample can
dissolve air and probably only the part of the water

that remains free water.

The conclusion is that about 0.5% air of the total
water volume can be dissolved at atmospheric pres-
sure. Since the the solubility is nearly a linear
function of the absolute pressure, a back pressure of
500 kPa added to the atmospheric pressure means that
3% air can be dissolved (where 3% corresponds to the

volume at atmospheric pressure).

Hydraulic conductivity

The rate of pore pressure dissipation is not only a
function of the properties of the water, particles
and structure but also of the hydraulic conductivity
k of the material. Since k varies with the void ratio
e a complete model must also include the relation

between k and e:
k=f (e) (2:11)

In ABAQUS any possible function f might be given.
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GENERAL COMMENTS

Since the Drucker-Prager model and especially the
Critical state model are quite complicated models
they are not easily handled in the calculations. The
plastic flow has been especially difficult to handle
and in numerous calculations it has not been possible
to pursue the calculations until after several trials
due to bad convergence or errors in the program.

The use of the material models and the finite element
program has been stretched to its limits (or some-
times beyond that) when applied to the properties of
smectitic clays or when simulating the extremely
large strains involved in some of the tests. Since
the program cannot handle too oddly deformed ele-
ments, such problems can only be solved by complete
remeshing of the structure. Thus the computer work is
not limited to putting parameters into a model but
much effort has to be made on adapting the models and
program to the special properties and behavior of
the studied buffer materials.
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EFFECTIVE STRESS CONCEPT

DEFINITION

The effective stress theory (Egn 2:7) is the basis of
all soil mechanics. It has been proven to be valid
for a variety of different inorganic soils from sand
to illitic clay as well as for organic soils ranging
from peat to mud. In all calculations and analyses
made so far Eqn 2:7 has been assumed valid. However,
the complex micro structure of and unknown consistency
of the interlamellar water in smectitic clays makes
the validity of Eqn 2:7 somewhat uncertain.

The total stress is according to the classical view:

Ab A—As .
G—_—_pA_+UT (3:1)

A
where N=the total force on one side of a cube of clay
A=the total area of one side of the cube
4k=the horizontal area of the particle contacts
in a cross section through only contacts
p=the contact pressure
u=the pore water pressure

Fig 3-1 shows the cross section through a cubical
sample. The contact pressure p is very high due to
the very small contact area Ai' pAs is thus the total
force over the area A that is transmitted through the

cross section by the structure and that force divided
A
to the total area pzi is the so called effective

stress a; in the sample (index c stands for contact).
The rest of the horizontal area in the cross section
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Figure 3-1: Detail of a soil structure illustrating Egn 3:1

A
A-A_ is thus the area of water. If §;=b the equation

is written
o=oé+u(1-b) (3:2)
If AE is very small compared to the total area and
thus b~0 the effective stress theory is valid.

3.2 RELEVANCE FOR SMECTITIC CLAYS
In smectitic clay the question is not whether the
contact area 4 is small since it is generally con-

sidered that there is no direct particle to particle
contact in such clay. The question is rather: in what
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state is the water between the lamellar stacks and
how are the stresses transferred between the stacks.
The particles in Fig 3-1 may represent stacks of
smectite clay flakes in stead of particles. If the
water between the stacks have a viscosity that is
Newtonian and distributes stresses in the same way as
free water (v=0.5) it is probable that the effective
stress theory is valid and b=0 in Egn 3:2. However,
such a water can not distribute the stresses in the
structure. These stresses must instead be balanced by
electro-chemical forces of the electrical double-
layers between the stacks and perhaps also between

the flakes in a stack.

In such a system it is logic that Egn 3:2 is
substituted to Egn 3:3.

F ~F
o=——5—+Uu(1-b) (3:3)

A
where F = the sum of the horizontal repulsive forces
in a cross section according to Fig 3-1
F;= the sum of the horizontal attractive forces
in a cross section according to Fig 3-1
F -F

In such a model b=0 since 4 =0. 'A 2 is in this sys-

tem requlating the behavior in the same way as the
effective stress except for shear resistance which is
not achieved from friction. Thus the stress in the
structure over the cross section area A can be consi-
dered an effective stress a; (where index e stands
for electro) and Egn 3:3 turns into Egn 3:4

o=0'+u (3:4)
e

which means that the effective stress concept is
valid. In a commercial bentonite the content of non-
smectitic minerals is 20-50% depending on the quali-
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ty. This "contamination" means that, especially at
high densities, there is also a large amount of mine-
ral contacts. The resulting effective stress is thus
probably a combination of Eqns 3:1 and 3:3 as shown
in Egns 3:4 and 3:5

N__'s s .
o=ZPxt—7tu—3 (3:4)
o=o;+o;+u(1-b) (3:5)

A fictive effective stress is thus the sum of the
"contact" and the repulsive electrical double-layer

stresses:
o'=c'+0’ (3:6)
C e

The parameter b is thus important for making the
correct calculations or analyses of the buffer
behavior. The question is if b is so close to zero
that the classical effective stress theory is valid
or if a correction factor must be taken into account.
Water saturation is required since otherwise b20 on

that reason.

REQUIREMENTS FOR VALIDITY

There is a key question that must be answered when
evaluating the effective stress theory:

« Does a change in pore pressure change the effective
stress if the void ratio is kept constant?

This question is partly answered if a change in pore
pressure in a sample with a constant volume results

in an equal change in total stress or if a change in
total stress in a confined volume results in an equal



30

change in pore pressure or if a parallel equal change
in total stress and pore pressure does not change the

void ratio. One can write:

Ao=Ac’+Au(1-b) (3:7)
_. Ao Ac’ .
b=1-fu*Ra (3:8)

Ao=Au means —AU’.
Au

Ao=Au could mean that b and Ao’ are zero and that the
effective stress theory is valid but it could also
mean that the effective stress has been changed by

the amount Ac’=alu.

Two types of tests are thus required. In the first
(type A) the cell pressure is changed on an undrained
sample and the pore pressure change is measured. In
the second (type B) the stress-strain relation is
measured in a triaxial test after an undrained change
in cell pressure. If the change in pore pressure is
equal to the change in cell pressure in the first
test and the stress-strain relation is not changed in
the second test, the effective stress theory should
be valid. Such tests have been performed on samples
with rather high density.

Test-type A

Two tests of this type were performed. In both tests
a saturated sample of rather high density was mounted
in a triaxial cell. After a period of 50 to 100 days
a fairly good equilibrium was established. The pore
pressure was measured in the top as well as in the
bottom.

After mounting, a high cell pressure (about double
the swelling pressure) was applied to the sample
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Figure 3-2: The pore pressure response on a change in cell
pressure measured in the first test

Since no drainage was allowed the pore pressure
matched the cell pressure and the resulting pressure
o’=0-u was assumed to be the swelling pressure.

After "equilibrium" the cell pressure was decreased
in steps. The pore pressure response was measured in
each step and each step was allowed to rest for 15 to

30 days.
Test 1
Fig 3-2 shows the result from the first test. The

sample was Mx-80 Na-bentonite with the following
data:
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Figure 3-3: The pore pressure response on a change in cell

pressure in test 2

Density at saturation p_=2.00 t/nF
Water ratio w=27.4%
Degree of saturation at atmospheric pressure s;=98.8%

The degree of saturation was calculated using the
densities accounted for in chapter 2.6.2.

Thus the degree of saturation should be high
enough to assure complete saturation at the high pore

pressure used in the tests.

Test 2

The results from the second test is shown in Fig 3-3.
The data for this test was:
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Mx-80 Na-bentonite with p=1.99 t/n?

w=29.1%

Sr=99 .6%
The figures show that the pore pressure is not equal
in the top and the bottom in neither test. They also
show that the pore pressure is increasing slowly even
after a very long time. The difference in pore
pressure can be explained by the difference in water
ratio (and thus density and swelling pressure)
between the lower 10% and the upper 10% of the
sample. Table 3-1 shows the relations:

Difference in pore pressure and water ratio between
the top and bottom of the samples

Test r.'top-wbot utop-ubot
Test 1 0.7% 230 kPa
Test 2 1.6% 400 kPa

A higher density at the bottom of the Samples gives a
higher effective stress and thus a lower pore
pressure. The increase in pore pressure with time is
probably either some leakage phenomenon or a creep
effect.

Figs 3-2 and 3-3 show that the change in pore
pressure is very close to the change in cell
pressure. A closer evaluation of the effect of a
pressure change is shown in Table 3-2.
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Table 3-2 The relation AE measured at the two tests

Ao
Au
TeSt uaverage E
Test 1 1.93 MPa 0.96
3.32 MPa 0.99
Test 2 2.33 MPa 0.97
3.79 MPa 0.98

The relation between the increase in pore pressure
and total pressure is only a few per cent from 1.00.

Test type B

After having observed that the changes in total
stress and pore pressure are almost equal at constant
void ratio, the question is whether the mechanical
properties are equal as well. This can be tested if
samples are sheared to failure under different total

stress but equal void ratio.

An example of a test in which the total stress has
been changed during a triaxial test is shown in Fig
3-4. The density of the sample is p =1.98 t/n?.
Originally the total stress is 0=4.5 MPa and the pore
pressure u=0.16 MPa. After about 2.5% strain the
total stress was increased to 0=9.0 MPa. This resul-
ted in a pore pressure increase of Au=4.5 MPa and a
stress-strain curve in which no effect of the total
stress change could be observed. Other tests of a
similar type yielded corresponding results [4].
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Figure 3-4: Stress strain relation in an undrained triaxial

test with a change in cell pressure during the test

CONCLUSIONS

Thus, the mechanical properties seem to be unchanged
if the total stress is changed without changing the
void ratio. Since it seems as Ao’~0 and Ao~Au in Egn
3:7, the conclusion must be that a0, which indicates
that the effective stress theory is applicable.

Although additional tests, including drained ones,
must be performed at different densities in order to
fully prove the validity of the effective stress con-
cept for dense smectite clays, no results obtained so
far contradict this basic concept. It will therefore
be applied in the subsequent calculations.



DERIVED MODELS

The material models shown in chapter 2 and a lot of
laboratory tests have yielded some real buffer
material models. Some of the tests and some of the
the derived models will be presented in this chapter.

TOTAL STRESS MODELS

Short time scenarios can be modeled without conside-
ring pore pressure changes. The requirements are that
the event takes such a short time that no pore water
movements will take place in the material, and that
the undrained behavior is independent of the stress
path. The smectite-rich buffer materials actually
seem to be independent of the stress path under com-
pletely undrained conditions due to the validity of
the effective stress theory. Since a change in ave-
rage stress results in an almost equal change in pore
pressure, the stress-strain behavipr is only a func-

tion of the Mises’ stresses.

Laboratory tests

Numerous triaxial tests and shear tests have been
performed and are presented in earlier reports [2],
[4]. These results can be summarized as follows:

- The deviatoric stress at failure q, is a function
of the average stress p according to Fig 4-1.
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Figure 4-1: Measured deviatoric stresses at failure as a

function of the total average stress for two
different smectite-rich clays

- The stress-strain relation (g-€) can be normalized

with respect to the deviatoric stress at failure q..
Fig 4-2 shows the normalized stress-strain relation
1-8 .

( q )

A small strain rate dependence of the failure
stresses seems to exist. It can be described
according to Eqgn 4:1.

. . - n
q,(e)=qf(eo)[—2—] (4:1)
0

where n=0.065

- The influence of temperature up to ~#90°C is small
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Figure 4-2: Normalized deviatoric stress-strain relation at

undrained triaxial tests

- The behavior of Ca-bentonite is similar to the
behavior of Na-bentonite except for the shear
strength which is 50-60% lower; (The behavior of
Ca-bentonite refers to the French reference clay).

"Metal" elasticity-plasticity model

The undrained behavior can be modeled, without
considering the pore pressure, with the metal
plasticity model in the plastic region (as described
in chapter 2.1) and with the linear elasticity model
in the elastic region (as described in chapter 2.4).

The model is a function of the void ratio and it is
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Figure 4-3: Elastic-Plastic material model at the total stress

analyses

only valid at one void ratio. If the void ratio is
changed during some process studied, the model is no
more valid but must be changed. Input data are:

E,v and ey=f(0})

These data can be taken from Fig 4-1 and Fig 4-3. The
swelling pressure at the actual density or void ratio
determines q, according to Fig 4-1. The module of
elasticity E and the plastic stress strain relation
can then be determined from Fig 4-3. 0,=0_ means that
q=(ol-05)=oj.The total strain €, at a change in g

from q, to qus calculated as the sum of the elastic
and plastic strains:
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ql -q2
et=ee+cy=T+f(q2-qy) (4:2)
Fig 4-3 differs somewhat from Fig 4-2 in 2 ways.
Firstly, the "elastic" part is made linear and
assumed to reach 70% of the failure stress in order
to simplify the modeling. Secondly, no strain softe-
ning is assumed after failure, because the post fai-
lure behavior is not perfectly clear.

EFFECTIVE STRESS MODELS

As soon as there is pore water transport or a change
in void ratio involved in the process, an effective
stress model must be used. These models can also be a
combination of one elastic model and one plastic '
model. The elastic and plastic behaviors can only be
investigated by laboratory tests in which the void
ratio and the pore pressure are known.

Laboratory tests

The required laboratory tests,.to make an effective
stress model, are much more complicated than the tests
needed for making a total stress model:

- The correct measurements of the pore pressure
requires a high back pressure on the pore water.

- The time for equilibrium, before the test can

start, is very long.

- The test must be very slow, especially if it is

drained.

The difficulties are primarily caused by the very low
hydraulic conductivity of the clays. A very slow test



4.2.1.1

41

is a problem, not only by taking a long time and thus
occupying the equipment, but also by secondary
effects taking place. Such secondary effects can be:
temperature variations, transducer drifting, evapora-
tion, membrane leakage and creep phenomena.

The following tests have primarily been done in order
to determine the effective stress behavior of the

smectite rich clays:

- Undrained triaxial tests

-~ Drained triaxial tests

- Isotropic consolidation tests

- Oedometer tests with stepwise consolidation and
swelling

- Hydraulic conductivity tests

- Thermomechanical tests

- Friction tests

Some of these tests especially the isotropic consoli-
dation tests and the drained triaxial tests caused
tremendous problems. The results of these tests are

uncertain.

Many of the tests are used as verification tests as
well, since none of them were conducted on samples

with homogeneous stresses and strains.

Other tests which will not be accounted for in this
report have been performed as well e.g. creep tests.

Triaxial tests

Undrained triaxial tests were performed on samples
with the diameter 5 cm and the height 10 cm. In these
tests pore pressure were measured at the top as well
as at the bottom of the samples. The strain rate for
most of these tests was 0.06% per hour which means
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that each test took about 2 weeks. Some tests have
been run with the strain rate 0.6% per hour. Between
mounting the samples and the start of the tests the
samples were allowed to rest 1-3 months to assure

equilibrium.

Most samples were compacted directly in a saturation
device at the natural water ratio w=10%. In that
device the sample is surrounded by filter stones to
minimize the required time to saturation. Before
filling up the filters with water the whole device is
deaired by a vacuum pump. By this procedure no air is
trapped in the sample. After saturation the sample is
taken out, trimmed and mounted in the triaxial cell.

In the drained tests the samples were 5 cm high and
3.5 cm in diameter. A system for radial drainage was
mounted on the samples as well. The strain rate of
the three tests accounted for was 0.012% per hour,
meaning that a complete test took 5-10 weeks.

In Fig 4-4 the results from 10 different triaxial
tests are summarized in a g-p diagram. Tests 7, 9 and
10 were drained tests and the other tests were un-
drained. Test 3 was step wise loaded and each step
(marked with a dot in the figure) was allowed to rest
for 10 days. 10 days was long enough as indicated by

the pore pressure measurements.

All drained tests were preceded by isotropic con-
solidation. All undrained tests, except test 6, were
tested at the same void ratio as they were compacted
to. Test 6 was allowed to swell uniaxially from
pm=2.10 t/nF to pm=1.85 t/nF. Tests 5, 8 and 11 were
preceded by undrained creep test under constant g
corresponding to 30-60% of q, for 10 days.
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Figure 4-4: Stress path diagram for 8 undrained and 3 drained
triaxial tests

All tests were conducted at room temperature except
for test 5 which was done at the temperature 60°C.

The figure shows the following:

- All undrained specimens dilate at failure meaning
that the average stress increases at and after
failure.

- The failure envelope from the undrained normally
consolidated tests is very well defined with sur-
prisingly little scatter.

- The specimens in the drained tests and the undrai-
ned test 6 failed at stresses slightly above the fai-
lure envelope that was derived from the other tests.
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- g was in average kept fairly constant during the
tests until failure, meaning that the pore pressure
increase balanced the increase in average stress. The
maximum deviation for single tests was ¥ 8%.

Consolidation and swelling tests

3-dimensional isotropic consolidation tests and
l1-dimensional oedometric consolidation and swelling
tests have been performed. Since the results from the
isotropic consolidation tests are somewhat unclear,
probably due to drainage problems, only the oedometer
tests will be reported here.

Earlier tests [4] have shown that the swelling pres-
sure measured in an oedometer after swelling and com-
pression are different and deviates from the swelling
pressure measured at constant volume. Since the
radial stresses inside an oedometer are unknown in
ordinary tests, an oedometer was built in which these
stresses could be measured. The equipment is shown in
Fig 4-5. The radial stress is measured by a small
piston that passes through the oedometer ring. The
force on the piston is measured by a very stiff
transducer outside the wall. The radial piston is
kept in the center of the sample by having a balanced
movable axial piston in the bottom of the sample as
well as in the top. The measured radial force is
transformed to stress by dividing it by the area of

the radial piston.

The results of stepwise unloading and reloading are
shown in Fig 4-6 (Mx-80 sodium bentonite) and Fig 4-7
(Moosburg calcium bentonite). The axial and radial
pressures are plotted as a function of the void
ratio. Both tests were made on samples with an ini-
tial void ratio of ex0.65. They were unloaded in
steps to an axial pressure of 100 kPa and then re-
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Figure 4-5: Schematic drawing of the oedometer with measurement
of radial stress. The figure shows a situation in
which only swelling can take place

loaded to 10 000 kPa. The following observations were

made:

- The hysteresis effect of the axial stress is very
high for both materials. At high void ratio the
stress is strongly decreasing with increased void
ratio and the ability to expand seems to be small
even for the sodium bentonite.

- The hysteresis effect of the radial stresses is

small.

- The radial pressure plotted versus the void ratio
is a straight line in a semi-logarithmic diagram.
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Figure 4-6: The void ratio as a function of the measured axial
and radial pressure at stepwise unloading and
reloading (Na-bentonite)
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Moosburg Ca—montmorilionite
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Figure 4-8: The void ratio as a function of the measured radial
pressure at stepwise unloading and reloading compared
to the isotropic swelling pressure measured in the

triaxial cell

- A comparison shows that the radial pressure is
almost exactly the same as the swelling pressure
measured from constant volume tests.

The last conclusion is confirmed in Fig 4-8 which
shows the swelling pressure evolved under undrained
conditions in some of the triaxial tests. Only those
tests in which the void ratio and the pore pressure
could be controlled (long time equilibrium) are
shown. The figure shows a very good concordance bet-
ween the swelling pressure measured in the triaxial
cell and the radial pressure measured in the oedo-
meter. The only exception is test 6 which gave too
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low swelling pressure. The reason could be that the
sample in test 6 has been allowed to swell from
ex0.65 to e=1.09.

Each load step was maintained for about 10 days. The
deformation and the radial pressure were recorded as
a function of time. These results are shown in Figs.

4-9 to 4-12.

Fig 4-9 shows the height of the sample as a function
of the time elapsed after the load decrease or load
increase for each step in the tests on sodium bento-
nite. The shape of the curves is typical for consoli-
dation tests, showing that 10° seconds are enough to
ensure completed consolidation but just about enough

to ensure complete swelling.

Fig 4-10 shows the recorded radial stresses during
the same process. The figure shows that the entire
radial stress at consolidation is achieved almost
immediately, while, at expansion, half the radial
stress was reached after a long time. The first 100
seconds were used for adjusting the weight.

Figs 4-11 and 4-12 show the same recordings for the
calcium bentonite. As can be seen the'rate of con-
solidation is higher for the calcium bentonite due to
the higher permeability and smaller expandability.

Measurements of hydraulic conductivity

The hydraulic conductivity k is a function of the
void ratio and temperature. k has been measured in
several test series by one-dimensional flow in a
swelling pressure oedometer [2],[4]. Fig 4-13 shows a
summary of recent results for Mx-80 Na-bentonite.
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Figure 4-10: The radial stresses measured at each load step
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Figure 4-12: The radial stresses measured at each load step
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Figure 4-13: Hydraulic conductivity of Na-bentonite Mx-80 as a
function of the void ratio

An increased temperature means that the permeability
is increased, the temperature dependence being
explained by the heat-affected viscosity of water.
The permeability-void ratio relation at three tempe-
ratures is shown in Fig 4-14. The measured influence
of the temperature is actually smaller than what
could be expected by the decrease in viscosity, which
may be explained by a heat-induced improvement of the
microstructural homogeneity.

4,2.1.4 Thermomechanical tests

The thermomechanical response can be divided into
three mechanisms:
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Figure 4-14: The hydraulic conductivity as a function of the
void ratio measured at three temperatures

1) Thermal expansion of the pore water
2) Thermal expansion of solids
3) Change in structure (temperature-induced swelling

pressure)

The high thermal expansion of the pore water will
result in an immediate increase in swelling pressure
due to an increase in pore pressure, if the sample is
confined. With time the pore pressure will dissipate
if drainage is allowed for and after equilibrium the
swelling pressure will return to either the original
or some new value (caused by mechanism 3). If the
sample is exposed to a constant outer pressure it
will instead undergo an increase in void ratio and
the new swelling pressure will be controlled by the
new void ratio and the temperature induced swelling

pressure (mechanism 3).
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Mechanism 3 is the only mechanism that needs to be
considered since the expansion of the pore water and
the grains are controlled by the coefficients of
thermal expansion.

Preliminary measurements have shown that there is no
evident influence of temperature on the swelling
pressure at void ratios lower than 1.0 (p;>1.8 t/m?).
At higher void ratios there seems to be a small
increase in swelling pressure at increased tempera-
tures for sodium bentonite (0.5-1.0% per °c) while
the swelling pressure for calcium bentonite seems to
decrease a little with increasing temperatures.

A series of thermomechanical tests have been perfor-
med to study the behavior. These tests are not pri-
marily needed for developing the thermomechanical

model and could be considered as verification tests.

Three samples with different densities were investi-
gated with the following technique: The samples,
having a height of 50 mm and a diameter of 50 mm,
were compacted and saturated in a swelling pressure
oedometer. A back pressure of 100 kPa was applied and
the samples heated to 90°C. Drainage was allowed at
both ends of the samples and the resulting "swelling
pressure" was measured as a function of time until

equilibrium was reached.

After equilibrium, the heat was turned off and the
subsequent change in swelling pressure recorded.

The results of these tests are shown in Figs 4-15 to
4-17. The axial swelling pressure recorded by the
transducer is plotted as a function of time after
the heat was switched on or switched off.
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(below)
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Figure 4-16: The measured axial pressure as a function of time
after the start of the temperature increase (above)
and after the start of the temperature decrease

(below)
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The figures show that the pressure increased rapidly
until a maximum was reached after 1000 to 2000
seconds, which corresponds to the time at which the
new temperature was reached. After that the pressure
was slowly dropping until equilibrium was reached
after about 10° seconds.

Temperature decrease

— e —— o - m— — Gm— — —

After cooling to room temperature the change in pres-
sure was less dramatic, i.e. with a smaller pressure
change and a longer time for arriving at minimum
pressure and equilibrium. The longer time to reach
minimum pressure was caused by lack of cooling de-
vice, while the long time to reach equilibrium was
caused by the lack of back-pressure on the pore water
which prevented and equally high decrease in pre-

pressure.

The results of these tests will be used for compari-
son with calculations accounted for later in the

report.

Friction tests

A necessary parameter for the modeling is the fric-
tion between the clay buffer or backfill and the sur-
rounding materials. Two major types of behavior can
be identified:

- Slip at the interface between the clay and the con-
tact material. This means that a special model for

the interface is needed.
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Figure 4-18: Schematic drawing of the shear box used for the

friction tests

- The friction is so high, due to interaction with
the contact material that slip will not occur at the
interface but in the clay.

Friction tests have been performed on four different
materials in contact with saturated Mx-80 sodium
bentonite. One comparative test with only clay has
also been performed. The density of the clay was
pm=2.0 t/nF and p;=1.8 t/nF and the applied normal
stress o;zs.o MPa and o;zo.s MPa.

The set up of the tests is shown in Fig 4-18. The
sample was fixed in an oedometer ring in a direct
shear apparatus and brought in direct contact with
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the friction material. The oedometer ring was lifted
0.1 mm just before the test to ensure that there was
no direct contact between the ring and the friction

material.

The following four materials have been tested:

- Cement
- Stainless steel

Copper
- Rock

The cement was cast with a smooth upper surface. The
stainless steel and copper were also smooth but not
polished. The rock surface was prepared by sawing.

Fig 4-19 shows the shear stress - deformation curves
(t-8) from the five tests at two different clay den-
sities. The tests were undrained and run as fast
tests with failure achieved in about 10 minutes. The
figure shows that only the cement/clay contact has a
shear resistance that is higher than or equal to that
of the clay. Copper, steel and granite have a similar
and clearly lower contact strength. The brittleness
is small with a residual strength of at least 90% of

the peak value.

The measured values are quite high due to the high
rate of deformation, i.e. 10°-10* times faster than

in common other shear tests.

The high shear resistance of the contact between clay
and cement is probably caused by chemical reactions.
Traces of that were found in the contact region.
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Figure 4-19: Results from the friction tests. The normal stress
was 5 MPa in the tests shown in the upper diagram and
0.5 MPa in the lower diagram.
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Porous elasticity model

Since the effective stress models involve changes in
void ratio and pore pressure, the elements and the
material models must contain these parameters. For
modeling the elastic part of the behavior the porous
elasticity model is very useful, as will be shown

below.

The parameters needed for this model is the loga-
rithmic bulk modulus k and Poisson’s ratio v. The
relation between the void ratio and the swelling
pressure measured at isotropic constant volume tests
is a straight line in a semi-logarithmic diagram as
was shown in Fig 4-8. Thus, k is easily determined as

the inclination of the e-lnp relation.
This yields for Mx-80 Na-bentonite:

4 =0.21

x=-bP_-
Alne

This expression is valid between 0.65<e<1l.4. At
higher porosities, k is higher while at lower porosi-
ties, k seems to be somewhat lower.

If the measured radial pressure from the oedometer
tests is used (which apparently is correct) the
k-value for Moosburg Ca-bentonite can be evaluated

from Fig 4-7 which yields:
k=0.17

It is not known within what limits this value
applies, but it is assumed that it does not increase
at high porosities as for Na-bentonite.

A determination of Poisson’s ratio v requires drained
triaxial tests, performed under constant average
stress p. Such tests have not yet been conducted, but
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the general behavior observed at the drained and
undrained tests indicate that v is quite high and a
probable value is

v=0.4

Drucker-Prager plasticity model

Input data for the Drucker-Prager model can be taken
from the triaxial tests. The yield surface and
failure surface can be modeled according to Fig
4-20, in which they are plotted together with the
results from the triaxial tests.

This evaluation gives the parameters (see chapter
2.2):

g=20°
d=100 kPa

The parameters K and ¥y have not been determined. They
require that more drained triaxial tests must be per-
formed. The tests made so far indicate that K<1.0
(0.9) and that the flow is non-associated and thus
Y<B but due to the lack of information the classical
Drucker-Prager has been applied in the calculations

which yields

K=1.0
y=20°

What remains to be determined is the yielding
function f. This function describes the plastic
strain e as a function of the Mises stresses in the
plastic region. The yield function can be given in
the form of a table containing 03-o§ and £, where

o§ is the Mises stress at the yield surface. The
yield function is derived from a stress path with
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Figure 4-20: Evaluated yield surface and failure surface in the
Drucker-Prager model

constant minor principal stress 0,=0, and an
increased deviatoric stress p (=03), which means the
same stress path as a drained triaxial test.

Considering that failure in drained triaxial tests
occur after about 10% strain it is reasonable to use
the following yield function, which is based on Fig
4-20 assuming a very thin plastic zone:

Table 4-1 Yield function for the Drucker-Prager model

OJ-GT ey
(kPa)
0 0
25 0.005
50 0.02
75 0.04

100 0.1
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The advantage of this model is that it fits well with
the behavior of smectite-rich clay in the sense that
it has a large elastic zone with recoverable strain
and insignificant cohesion. The lack of a "cap" is
positive because the strong expansibility seems to
destroy most of the over consolidation effects.

The disadvantage of the model is that the plastic
zone has the same thickness irrespective of the ave-
rage effective stress. This is not correct since it
means that the stress-strain curve has a shape that
strongly depends on the void ratio,which contradicts
all measurements. Another behavior, that does not
agree with experience, is that once the yield surface
has been moved it cannot be removed in spite of the

swelling properties.

A technique to overcome these disadvantages would be
to make the plastic zone very small and almost non-
existent from the beginning, but this means that the
stress-strain relation will have a sharp corner at

yielding.

An improvement of the model would be to allow the
failure surface and the yield surfaces to have
different inclinations in the p-gq plane.

Critical State model

The Critical State theory, including the cam Clay
model, is a compromise between the actual behavior of
a non-swelling clay and the possibility to make a
model that works with respect to plasticity theory.
Like the Drucker-Prager model this model cannot be
adapted without care to the properties of a swelling -

clay.
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Figure 4-21: Illustration of two different yield surfaces in
the Critical State model

The critical state line is determined by the para-
meter M. Since it is a straight line through origo in
contrast to the measured curved failure line, M can-
not be determined as a general value but must be
adapted to the stress level. At the average effective
stress p’=5.0 MPa the M-value is

M=0.36

The yield surface is determined by the parameters a
and a. Fig 4-21 shows two possible appearances of the

yield surface:

ao=5.0 MPa
a=0.04

or

ao=2.5 MPa
a=1.0
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None of these is very satisfactory. As was seen in
triaxial test No. 6, in which the sample was allowed
to swell from an initial pressure of 10 MPa to 0.67
MPa and then sheared to failure, the effect of an
over consolidation is strongly overestimated in this
model. If a=0.04 the yield surface is extremely high
at lower stresses. On the other hand if a=1.0 the
behavior at normal consolidation seems to be some-
what incorrect. Tests are being conducted in order to
find the optimum character of the yield surface

The volume change behavior at increasing p’ in the
plastic region is determined by the parameter A.
Since the swelling and consolidation properties seem
to be similar it is logical to use A~k. This yields

A=0.22

K is given the same value as in the Drucker-Prager

model:
K=1.0

This model obviously does not behave very well at
high over consolidation ratios. An improvement would
be to change the shape of the yield surface on the
dry side and make it run close to the critical state

line.

Thermomechanical model

The thermomechanical model is a combination of the
porous elasticity model and one of the plasticity
models presented. A change in k-e relation should be
made at higher temperatures as shown in Fig 4-14. The
bulk modules and the coefficient of thermal expansion
can be given the values shown in chapter 2.6.2.
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Friction models

The laboratory friction tests show that there is a
slip between the clay and the surface of most smooth
materials. The contact area can accordingly be mode-
led with friction elements. These element are given
the property of allowing no slip at all until the
shear stress exceeds a value determined by the fric-
tion angle, after which the shear resistance is con-
stant, provided that the normal stress does not

change.

The friction angle ¢, at shear between a smectite
clay and a smooth material can be given the following
values in relation to the friction angle ¢f of the
clay according to the measurements shown in Fig 4-19:

- Cement/clay: ¢ =¢_ (no slip)

- Stainless steel/clay: ¢3$!_=0.6q>c
- Copper/clay: ¢{=0.6¢c
Granite/rock: ¢f=0.6¢c

In the friction element the shear stiffness of the
contact also needs to be described. This is done by
the parameter "stiffness in sticks" defined as the
required shear stress at slip divided by the defor-

mation at slip:
G=t- (4:3)

This parameter is not well known but a very high
stiffness is assumed, meaning that almost no shear

takes place before slip.
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General comments

The models are under development and laboratory
tests are being conducted to further develop them.
The models and data presented are based on the
knowledge today and should be treated as preliminary.

The models are developed for Na-bentonite but can can
be applied to Ca-bentonite as well with the following

changes:

- k=0.17 in the porous elasticity model
- B in Drucker-Prager and M in Critical state models

can be taken from Fig 4-1
- A=0.18 in the Critical state model

The influence of temperature seems to be small. The
influence is significant on the hydraulic conducti-
vity (Fig 4-14) and on the e-p relation at high void

ratios.

The influence of the rate of deformation on the
strength can be considered using Egn 4:1.
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VERIFICATION TESTS

Primarily, three models, one total stress model and
two effective-stress models for simulating the geo-
technical behavior of buffer material have been
worked out. The total stress model has been treated
and verified in earlier reports [3],[5]. The more
complex effective stress models are not fully deve-
loped but the preliminary versions presented in
chapter 4 have been used in finite element calcula-
tions with the program ABAQUS.

Some of the more advanced laboratory tests have been
used as verification tests. The tests are simulated
by establishing a finite element model with identical
dimensions, applying relevant boundary conditions,
assigning to the elements, proper combinations of
material models and then finally changing the bounda-
ries in a way that simulates the test procedure.

Most of the tests simulated in these calculations are
not true verification tests since the tests them-
selves have contributed to the material models. The
thermomechanical tests are an exception since they
have not contributed to the indata of the model.

The models and the calculation techniques need thus
to be further tested in true verification tests (like
the rock shear and settlement tests). The calcula-
tions presented in this chapter have been done during
the development work and will to some extent show the
applicability and the limitations of the technique
and whether changes or further developments are

required.
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UNDRAINED TESTS

The undrained triaxial test No. 4 has been simulated
using the two different effective stress models:

GEOMETRY - Diameter: 5 cm
~ Height: 10 cm

BOUNDARIES - Filter stones at both ends
- Stiff ends
- Completely raw ends
- Equal pore pressure along end surfaces
- Free expansion axially

SAMPLE - MX-80 Na-bentonite
CONDITION - p,=2.00 t/m°
- e=0.79

The following test procedure is selected:

STEP 1 - external constant pressure ¢’=4.4 MPa
- initial pore pressure u=0
STEP 2 - Axial displacement of end surfaces

Strain rate £=1.43-10" 1/s

The geometry is modeled using axisymmetric elements
according to Fig 5-1. The lower end is a symmetry
plane. The calculation was done with the two effec-

tive stress models.

Critical State model (CS-model)

The indata for this model is

Plasticity: A=0.22
M=0.37
a=0.04
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91 94

Figure 5-1: Element mesh used in the triaxial test calcula-
tions. The left boundary is a symmetry axis and the
lower boundary is a symmetry plane.

ao=4200 kPa
K=1.0

Porous elasticity: K=0.21
v=0.4

Pore properties: k=1.0-10""° m/s
p"=1.0 t/m3
B =2.1-10° kPa

Initial conditions: eo=0.79
p0=4400 kPa



75

One element test (idealized)

The indata are checked by making an idealized simula-
tion of the test using only one axisymmetric element.
This is the way the triaxial test originally is
assumed to perform. In such a calculation no end
friction and no variation in pore pressure distri-
bution in the sample can occur. The results of the
one-element calculation are shown in Fig 5-2.

The stress-strain relation is in this idealized
example very simple with a linear increase in devia-
toric stress q accompanied by a linear increase in
pore pressure u, which corresponds to a constant
effective average stress p until the critical state
line (CSL) is reached, where the material fails under

constant u and q.

This behavior is idealized, but, as will be seen in
the subsequent presented "realistic calculation", the
end friction and the variation in pore pressure in
the sample will change the behavior.

40 elements test (realistic calculation)

The calculation using the element mesh shown in Fig
5-1 implies simulation of an axial compression of 10
mm, corresponding to £=20 %. The following relations,
derived in the calculatiohs, are shown in Figs 5-3
and 5-4:

- pore pressure/deformation u-e¢

- void ratio/deformation e-¢

- deviator stress/deformation g-¢

- deviator stress/average stress q4p

Fig 5-3a shows the pore pressure development in the
filter stone as a function of the axial compression,
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Figure 5-2: Results from the idealized one-element test
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while Fig 5-3b shows the void ratio in four of the
elements (marked in Fig 5-1). It is interesting to
see that the void ratio is changing a little, especi-
ally in element 94 which has an challenging position,
in spite of the undrained condition. The reason for
this is of course the uneven stress distribution in

the sample.

The stress-strain relation and the stress path of the
same elements are shown in Fig 5-4. Elements (1 and
-4) behave similarly to the element in the idealized
test.

Figs 5-5 and 5-6 show contour plots of
- deformation &

- void ratio e
- pore pressure u

deviator stress g

after 8% and 20% deformation in the right upper quar-
ter of the sample. The contour plots show that the
sample is deformed like a barrel due to the friction
between the sample and the filter stone. The e-plots
show that the change in void ratio is concentrated to
the upper right corner. The g-plots show that the
deviatoric stresses in the upper 25% of the sample
differ very much from the average, while the u-plots
show that there is a pore pressure difference between
the centre of the sample and the filter stone of
about Au=300 kPa.

In a real triaxial test all these things are not
measured. The only parameters that are recorded are

- the total deformation ¢
- the total axial force (yields g )

average
- the pore pressure in the filter stones u
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The plots from a real test is thus based on these
measurements. If the simulated test is evaluated in
the same way the results would be those indicated in

Fig 5-7 (and the relation u-e in Fig 5-3).

The big difference between the first, idealized cal-
culation with one element and the latter, realistic
one, is the stress path and the pore pressure deve-
lopment. The reason for this difference is, as was
shown in the u-plots, that the pore pressure measured
in the filter stones is higher than in the centre of
the sample and the evaluated effective stress path is
thus not correct. The rate of deformation in the real
tests are therefore too high according to this cal-

culation.

Drucker-Prager model (DP-model)

The indata for this model is

Plasticity: B=20°
d=100 kPa
y=20°
K=1.0
Yield function: See Table 4-1 chapter 4.2.3

Porous elasticity: K=0.21
v=0.4

Pore properties: k=1.0-10"13 n/s
p=1.0 t/m’
B=2.1:10° kPa

Initial conditions: e6=0.79
p%=4400 kPa
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Some results from the calculation are shown in Figs
5-8 to 5-11. The pore pressure development shown in
Fig 5-8a is different from the one obtained from the
CS-model. After reaching the yield surface at 6%
strain at a similar pore pressure, the sample starts
to dilate, the pore pressure decreases and becomes

negative after large strain.

The dilation is reflected in the g-¢ and g-p plots.
The sample never comes to failure but follows the
failure surface towards high average stresses. Fig
5-10 shows the same four contour plots as was shown
from the CS-model, but only after completion at
€=20%.

If the test is evaluated in the same way as a real
test, the results shown in Fig 5-11 would be ob-
tained. The dilation obviously yields a behavior
that is not recorded in real tests.

Comparisons with the real test

In Fig 5-12 the calculated stress paths are plotted
in the same diagram as the measured stress paths. The
plot shows that:

- The calculated stress paths are more inclined to-
wards the g-axis. This is because the calculated pore
pressure is higher than the measured.

- The D-P calculation goes beyond the failure line
while the CS calculation gives a correct failure.

-The tendency of the sample to dilate at failure is
in agreement with all measurements but exaggerated in

the D-P calculations.
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Figure 5-10: Contour plots of: Displacements (upper left), void

ratio (upper right), pore pressure in kPa (lower

left) and Mises stresses in kPa (lower right) at 20%

axial deformation.
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Figure 5-11: The calculated undrained test evaluated in the
same way as a real test. The stress path and the
stress-strain relation are shown. D-P model
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Figure 5-12: The two calculated stress paths plotted among the

measured stress paths

- There is a scatter in stress path inclination
before failure among the real tests but two of
these tests behave according to the calculations.

The measured g-¢ and u-¢ relations are shown in Fig
5-13. The dilation is obviously quite large and, in
at least one of tﬁe filter stones, the pore pressure
becomes negative in relation to the start value. The
low residual g-value is caused by slip failure in the
sample, a process that cannot be achieved in the cal-
culations since the element mesh is axisymmetric.
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Figure 5-13: The measured deviator stress and pore pressure as
a function of the strain in the real test

5.1.4 Conclusions

The calculations agree fairly well with the measure-
ments, although the DP-model dilates too much.
Adjustments of the existing models can probably im-
prove the results considerably. The high dilatancy of
the DP-model can be decreased by putting yY<g and thus
making the plastic flow non-associated. Another con-
clusion is that the rate of strain in the real tests

are probably too high.
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Attempts will be made to integrate the "physico/-
chemical" models, as outlined in a parallel study and

the present rheological models.

DRAINED TESTS

The oedometer swelling and compression tests have
been simulated. Swelling is a problem for the CS-
model in the present form because of the elliptic
yield surface that allows very high deviator stresses
on the dry side. The CS-model is obviously not a good
one when swelling is involved. For this reason, the
CS calculations in swelling tests will not be presen-
ted in detail. Attention will instead be paid to the
calculaticr: in which the DP-model was used.

The swelling/compression test shown in Fig 4-6 has
been simulated. Several calculations have been made
using different element models, different material
models and different friction models. These calcula-
tions are not finished yet and the test is thus not

completely analyzed.

Two examples will be shown in this chapter. The first
one simulates the whole test with unloading and re-
loading but without analyzing the time-dependent evo-
lution of each load step. It assumes that there is no
friction between the walls in the oedometer ring and
the sample. The second one simulates one load step
including the time process. In this simulation fric-
tion as well as absence of friction have been

analyzed.

The complete unloading and reloading oedometer test

The element mesh shown in Fig 5-14 has been used in
the calculations. The elements are axisymmetric
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Figure 5-14: Element mesh in the oedometer calculation

around the left boundary and the bottom boundary is a
plane of symmetry.

The calculation using the Drucker-Prager plasticity
model and the porous elasticity model will be repor-
ted. The model parameters are:

Plasticity: g=20°
d=100 kPa
y=20"
K=1.0
Yield function: See Table 4-1 chapter 4.2.3

Porous elasticity: K=0.21
v=0.4

Pore properties: k=1.0-10""3 n/s
p,=1.0 t/m’
B=2.1-10° kPa

Initial conditions: eo=0.77
p%=5000 kPa
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The sample is initially 22 mm high and 35 mm in dia-
meter. It is allowed to swell 10 mm and is then com-
pressed back to its original height. Fig 5-15 shows
the results of the calculation. The upper diagram
shows the stress path in p-q diagram form, while the
lower one shows the stress-void ratio relations.

The stress path diagram shows that the devatoric
stresses are quite high in the test, while the o-e
diagram shows that the resulting axial and radial
stresses differ very much at high vecid ratios. The
latter diagram also shows that there is a conside-
rable hysteresis in axial stress while the hysteresis
is smaller in radial stress.

In the real test the radial stress was measured in
the centre of the sample. If the influence of fric-
tion against the oedometer ring is neglected (as in
the calculation) and if the radial and axial stresses
are considered principal stresses, the same stress
path from the test can be plotted. Fig 5-16 shows the
measured and evaluated stress path together with the
measured relation between the void ratio e and the

radial and axial stress.

It is interesting to compare the measurements and the
calculations. Although there are some differences in
absolute values, the form of the p-q diagrams and the
e-o diagrams is very similar. The stress path goes
up to the yield surface and approaches the failure
line at unloading. At reloading the principal stres-
ses change sign and the stress path goes up to the
failure line and follows it. The measured stress path
apparently goes outside the failure line but this is
probably an effect of uneven stress distribution in
the sample due to friction between the sample and the

walls.
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The e-o relations also agree very well. The drop in
axial stress is significant at high void ratios and
there is considerable hysteresis in axial stress but
the hysteresis is quite small in radial stress.

The time process at one load step

The first step of unloading from 5 MPa to 3 MPa is
calculated using the same element mesh and the same
material model. Friction elements were used between
the filter stone and the sample and between the oedo-
meter ring and the sample. The following friction

angles were used:

Oedometer ring/sample: ¢=6.0°
Filter stone/sample: ¢=9.7"

The results are summarized in Fig 5-17 together with
the measured change in height. The diagram shows the
result of two calculations, one without friction and
the other one with friction. The difference resulting
from the influence of friction is about 15%, but the
expansion is too small since the real change in load
was from 5.5 MPa to 2.8 MPa. If the expansion is
corrected for this difference, the calculated rela-
tion will agree quite well with the measured one.

Fig 5-18 shows the void ratio distribution in the
sample after swelling. The influence of friction is
obvious close to the wall. Measurement of the real
void ratio in a sample after swelling in an oedo-
meter, confirm the pattern shown in Fig 5-18. While
the difference between the measured upper and middle
void ratios was very small in the centre of the
sample, (upper and lower left quarters in the figure)
the difference was about 5% in the outer part (upper
and lower right quarters).
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Conclusions

The porous elastic model and the Drucker-Prager model
in combination seem to give quite reliable results
when swelling and compression take place inside very
stiff boundaries. However, drained triaxial test
results, good enough for comparison with calcula-
tions, have not been received yet. Such tests are
running at present and the results may entail some
changes of the model (like the results from the un-

drained tests).
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FRICTION TESTS

The friction tests accounted for in chapter 4.2.1.5
have been simulated in order to see if the mechanism
of friction works all right. The sample with 35 mm
diameter and 10 mm height has been modeled with 5x5
elements with the following properties:

Plasticity:

Porous elasticity:

A=0.17
M=0.35
a=0.04
a°=4800 kPa
K=1.0

K=0.18
v=003
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Figure 5-19: The calculated stress-strain relation in the

friction tests using ¢=8°.

Pore properties: k=1.0-10"" m/s
p"=1.0 t/nF
B =2.1-10° kPa

W

Initial conditions: eb=0.72
p,=5000 kPa

Friction: ¢=8°
G,=1.0- 10°% kPa

The friction elements are located at the bottom of
the sample and the surface moves with a constant rate

of strain of 1 mm/h.

Fig 5~19 shows the stress-deformation relation. The
shear stress is the average stress calculated as in
the real test, i.e. based on the total shear force.
Failure occurs at t=0.7 MPa, which corresponds to the
given friction angle 8° in the friction element. The
deformation is 0.2 mm at failure, which is about half

the measured deformation.
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Figure 5-20: The deformed sample in the friction calculation.
The displacements are enlarged 10 times

Fig 5-20 shows the deformed sample after 1 hour and 5
minutes. The strains in this figure are enlarged by
10 times. As can be seen in the figure, the sliding
makes the sample deform and it is the sample defor-
mations that control the appearance of the stress-

deformation curve in Fig 5-19.

It is interesting to study the stress and pore pres-
sure distribution in the sample as well. Fig 5-21
shows the Mises’ stresses and the pore pressure after
1 hour and 5 minutes of shear (corresponding to 1.1
mm deformation). As expected, the Mises’ stresses are
very heterogeneously distributed, giving stresses
that are high but not yielding failure close to the
surface. The pore pressure is symmetric with negative
values in the front of the moving sample and up to 2
MPa (positive) in the back part.
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Figure 5-21: Contour plots after 1.05 mm shear in the friction
tests.
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Lower: Pore pressure (kPa)

Conclusions

The mechanism of sliding between a clay and some ad-
jacent surface, seems to work when using the friction
model. However ths total deformation before slip
seems to be too small. Whether this is due to the
properties of the clay or to the properties of the
friction element is not quite clear. However, the
calculated behavior can be made tc agree better with
the measured one if the "stiffness in sticks" G is
decreased.
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Figure 5-22: Element mesh in the thermomechanical calculation.

Only the upper right quarter of the sample is

modeled.

THERMOMECHANICAL TESTS

The thermomechanical tests described in chapter
4.2.1.4 have been modeled and calculated. Fig 5-22
shows the element mesh used in the calculations. Only
the upper quarter of the sample is modeled. The left
boundary is a symmetry axis and the bottom boundary
is a symmetry plane. The upper boundary is drained
and the right boundary is locked. The sample is
completely confined meaning that no expansion is

allowed for.

The Drucker-Prager model is used for the calculations
shown here. Very little difference was obtained when
the Critical State model was used. The indata are:
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Plasticity: g=20°
d=100 KkPa
¥=20"
K=1.0
Yield function: See Table 4-1 chapter 4.2.3

Porous elasticity: K=0.21
v=0.4

Pore properties:. k=1.0-10""% m/s
p=1.0 t/m°
B =2.1- 10° kxPa
Initial conditions: eo=1.22
p,=750 kPa

The heat is increased AT=70° over a period of 2000
seconds which corresponds to what was actually
measured during the real tests.

The development of the pore pressure u and the
average stress q is shown in Fig 5-23. The increase
in pore pressure is very high and the dissipation is
quite fast. The u-t relation agrees very well with
what was measured during the real tests (shown in
Figs 4-15 to 4-17). The calculation corresponds to
test TP41 in Fig 4-15 from which it is clear that the
calculated pressure increase is higher than the
measured one. The reason for this is mainly the
degree of saturation which was only S;=96.9% for the
sample in the test in Fig 4-15 while it was 99.1% and
98.4% in the other two tests. The back pressure 100
kPa was not enough to ensure saturation while the
other two samples were probably saturated. (See
chapter 2.6.3) Another reason is the expansion of the
oedometer that takes place in the real test. This
expansion is not taken into account in the calcu-

lation.
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Figure 5-23: Results from the thermomechanical calculation.
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Fig 5-24 shows the stress path of the selected ele-
ments and the resulting average stress in the sample
after 10 seconds. This figure (and Fig 5-23) shows
one interesting thing! The average stress is higher
in the upper part of the sample than in the lower. It
is, in average, p=960 kPa at the top of the sample
which can be compared to the original p=750 kPa. The
reason for this is consolidation of the upper part of
the sample due to the high pore pressure in the
centre of the sample. This high pore pressure results
in a high total pressure on the upper part and since
the pore pressure is lower close to the filter stone,
the effective stress will be high there. A resulting
higher stress was also measured in the real tests,

which confirms this conclusion.

Fig 5-25 shows the influence of the hydraulic conduc-
tivity on the results. If k=10"'2 m/s is used, the
pore pressure increase will be =50 MPa instead of 15
MPa. k=103 m/s would correspond to test TP31 in Fig

4-17.

Conclusions

Although the analyses are not complete, the prelimi-
nary conclusion is that the models described can be
applied to thermomechanical calculations as well. A
further conclusion from the calculations is that the
increase in swelling pressure observed in some tests
on Na-bentonite can be explained by local consolida-

tion of the samples.
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SCENARIO CALCULATIONS

The long-range aim of the development accounted for
is to develop a basis for performance and scenario
calculations. In this chapter two examples of such
calculations will be shown. They should be considered
as examples of how such calculations can be made and
not true descriptions of the performance. The effec-
tive stress models have been used, although they are
not fully developed and verified at present.

BENTONITE INTRUSION

The swelling properties of bentonite makes it intrude
potential cracks and openings in the rock as well as
in the canister. The consequence of such intrusion is
of importance for the function of the buffer mate-
rial. The friction between the clay and the fractured
material as well as the internal friction in the
clay, prevents complete homogenization of the clay
and means that some part of the clay can have a low

density.

The scenario of bentonite intrusion is difficult to

calculate for two reasons:

1. The density is changing from very high to very low
and the material models are not sufficiently genera-
lized to be applicable, independently of the density.

2. The sharp corners in the beginning of the opening
are difficult to simulate, since the stresses and
strains in the elements around a corner will be very
high. Theoretically they are infinite.



109

3. The intrusion means that the element mesh and the
elements themselves are extremely deformed. The
finite element method is not suited for handling very

deformed elements.

The first two difficulties can be overcome by making
approximations. Some average values for the material
models can be used and the geometry <an be modeled,
with rounded corners instad of sharp ones.

The difficulties with deformed elements can be over-
come by remeshing, which means that a new element
mesh is replacing the old one while the stress and
strain situation is kept the same. It also means that
the material properties are maintained constant app-
lying also the stress-strain history of the old mesh.

Element and material models

Fig 6-1 shows the scenario of bentonite intrusion
into a canister with a circumferential crack. Fig 6-1
also shows the axisymmetric element mesh and an
enlargement of the mesh close to the opening. The
penetration is assumed to start half a cm inside the
opening in order to facilitate the calculations. The
bentonite is simulated with the Porous Elasticity
model and the Drucker-Prager Plasticity model with
the following indata:

Plasticity: B=20°
d=100 kPa
y=20°
K=1.0
Yield function: See Table 4-1 chapter 4.2.3

Porous elasticity: K=0.21
v=0.4
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Pore properties: k=1.0-10""° m/s
pw=1.0 t/nP
B =2.1-10° kPa

L]

Initial conditions: eb=0.77
po=5000 kPa

Friction: ¢=6
The contact between the clay and the canister was

simulated by friction elements.

Calculations

The calculations have been performed in several
different ways. The results of two of the calcula-
tions will be briefly presented.

Fig 6-2 shows the penetrated and deformed bentonite
mesh in one of the calculations. The total penetra-
tion was about 8 cm when the calculation stopped. The
mesh and many of the elements are strongly deformed
and some problems with the upper front elements have

appeared.

In the other calculation the remeshing technique was
applied and a new element mesh was created on three
occasions. The calculation was stopped after about 12
cm intrusion. Fig 6-3 shows the deformed element mesh
after the last calculation while Fig 6-4 shows the
deformed element mesh and the void ratio distribution
at different times.

An increase in void ratio with increased penetration
can be seen. A special phenomenon can be observed in
the corner with strongly increased void ratio. This

phenomenon is caused by the very strong dilatancy in
the material model. Since the dilatancy is smaller in



Figure 6-2: The deformed element mesh in the first calculation.
The bentonite intrusion is about 8 cm

Figure 6-3: The deformed element mesh in the remeshing calcula-
tion. The bentonite intrusion is about 12 cm.



Figure 6-4: Contour plots of the void ratio in the second calc.
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the real material, the calculation example does not
show the real behavior at bentonite intrusion.

Conclusions

The examples of bentonite intrusion illustrates the
difficulties in performing the calculations. They
also show that the problems with large deformations
can be overcome by proper geometry design and re-
meshing. The technique of remeshing is possible to
handle although it means a lot of work and difficul-
ties. The calculations also confirm the conclusion
that the y-value in the D-P model needs to be modi-

fied to a lower value.

ROCK SHEAR

The effect of a shear deformation along a fracture
through a deposition hole has been calculated by use
of the total stress model and verified in model tests
[1],[3]. Similar calculations have been made using
the effective stress model. Two examples of these
calculations will be shown in this chapter.

The general geometry and the element mesh after shear
are shown in Fig 6.5. Only the upper quarter was
modeled with a vertical symmetry plane and a hori-
zontal anti-symmetry plane. The model was approxima-
tely scaled 1:10 of a real deposition hole. The clay
thickness in these calculations was 6 cm and the solid
copper canister 8 cm in diameter. A detailed descrip-

tion of the geometry etc. is given in [3].

The copper was modeled by an "Elastic" and a "Metal
Plasticity" model, with the stress strain relations

described in [3].
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Figure 6-5: The geometry and element mesh after shear

The bentonite was modeled by "Porous Elasticity" and
"Critical State Plasticity" models. The indata were:

Plasticity: A=0.10
M=0.36
a=0.04
a°=4327 kPa
K=1.0

Porous elasticity: K=0.091
v=0,2

Pore properties: k=2.0-10"" m/s
p=1.0 t/m’
B =2.1-10° kPa

w
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Initial conditions: eo=0.54
;%=4500 kPa

The clay was thus modeled with high stiffness, low
void ratio, and low permeability in relation to the
swelling pressure. The bentonite/rock and bentonite/-
copper interface was assumed to be friction-free.

Undrained analysis

In the undrained analysis the rock was assumed to be
non-permeable. A similar analysis with a completely
drained rock was also performed but the difference in

results was small.

The rate of shear was quite slow, i.e. 1 mm per year.
The total displacement was 10 mm and the total time

thus 10 years.

Fig 6-6 shows contour plots of the pore pressure and
the void ratio at the end of the shear. The pictures
show that in spite of the slow shearing, the pore
pressure is far from evened out with a highest value
of about 5 MPa. Accordingly, the resulting void ratio
is changed very little. Thus, in spite of the slow
shearing, the pore pressure differences in the clay
are very large, due to the low hydraulic conducti-

vity.

Fig 6-7 shows the Mises stresses in the canister and

in the clay. The highest stresses are about 55 MPa in
the periphery halfway between the centre and the end

of the canister, while the stresses in the centre of

the canister are quite low. In the clay the stresses

are generally close to the ones of failure at un-

drained shear.
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Drained analyses

The drained analysis was made without pore pressure,
which means that it corresponds to such a slow defor-
mation that no pore pressure will arise.

Fig 6-8 shows some results of this analysis. The Mises
stresses in the canister are similar to those obtained
in the undrained analysis with one important exception,
i.e. that the stresses are up to 100 Mpa in the centre
of the canister which can be compared to 25 MPa in the
undrained analysis. The reason for this difference is
explained by considering the stresses in the clay. The
drained condition causes consolidation and swelling of
the clay resulting in large differences in average
stress as well as in Mises stresses. The picture shows
that the average stress is up to 10 MPa and the Mises
stresses up to 5 Mpa in the center of clay specimen
according to the model, and this can be compared to
Mises stresses of only a few MPa in the undrained ana-
lyses. This difference is thus causing higher stresses

in the canister.

Conclusions

Although the indata and the material models of the
rock shear analyses are not completely relevant some

conclusions can be drawn:

1. The analyses can be made by use of the effective

stress models.

2. Even the slow rate of shear of 1 mm per year produ-
ces high pore pressures, meaning that undrained con-

ditions prevail.

3. The drained situation is more detrimental to the

canister than the undrained one.
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CONCLUSIONS

This report is a summary of what has been achieved in
the continuous work of modeling the geotechnical
behavior of the buffer material. Some conclusions,
that are of importance for the continuation, are lis-

ted below:

1. No results speak against the applicability of the
effective stress theory. The bentonite~based buffer
materials seem, in all respects, to behave according
to the theory. Thus, all calculations that include

pore pressure and void ratio, are performed with the
assumption that the theory is valid without restric-

tions.

2. A total stress material model that agrees with the
metal elasticity-plasticity model can be applied to
the buffer materials at quick undrained events.

3. Two effective stress plasticity models have been
applied and tested: a modified Critical State model
and the extended Drucker-Prager model.

- None of these two models agrees with the real
behavior of the buffer materials in all respects.
- D-P seems to apply better under drained conditions.
- CS seems to apply better under undrained conditions.
- Further testing is required in order to define
some of the parameters better.
- Both models would be considerably improved if the
shape of the yield surface could be changed

4. The elastic recoverable part of the behavior seems
to be well described by the Porous Elasticity model.
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5. The thermomechanical behavior seems to be well
modeled by assigning to the pore phase and the solid
phase relevant properties.

6. Friction between the clay and an adjacent material

can be well modeled.

7. The finite element program ABAQUS can well handle
these complicated material models and in principle,
all types of scenarios can be treated. However, the
plasticity models (especially CS) may require much
effort and long computer time to handle, especially
at large strain.

8. At large swelling, a technique for remeshing has
been proven to function, allowing for all types of

large strain.

9. The technique used for simulating rock shear is
applicable using effective stresses, and the inter-
 action between canister and clay can be well

modeled. Preliminary calculations show that drained
long time shear might be more dangerous to the canis-
ter than undrained quick shear.

10. The material models and calculation techniques
are applicable to other smectite-rich buffer
materials as well.

11. Data is available for modeling Ca-bentonite but
not the behavior of mixtures.

12. Temperatures below 90°C seem to have little
effect on the material models. Still, some additional
tests are required to settle the matter.

13. The influence of pore water chemistry (esp. salt
content) cannot yet be modeled.
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