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ABSTRACT

In order to appraise the large scale behaviour of high level nuclear wastes underground
repositories in brittle rocks, basic models are presented and evaluated in the case of generic
repository configurations. Predictive Capabilities of the models are briefly discussed.

1. INTRODUCTION

Among the various possible solutions, for the long-term storage of radioactive wastes,
the most usually retained is the geological disposal which consists in burying the wastes, deep
under the ground.

The storage of high level nuclear wastes will generate an important variation of the
existing temperature, inducing displacements and stresses in the rock masses, and possible water
movements in case of partially or totaly saturated rocks [1].

These quantities must be evaluated, at least for two main reasons :
- to guarantee the stability of the repository galeries and shafts during construction and

handling of the wastes ;
- to appraise the safety of the whole storage for very long periods (thousands of years)

by studying the thermo-hydro-mechanical phenomena due to heat transfer.

In France, four different media are considered as potential host rocks : granite, shale, salt
and clay. Of evidence, each of these rocks sets specific problems [2] [3]. The present paper is
devoted to the thermo-mechanical behaviour of brittle rocks, i.e. granite and shale. The hydraulical
aspects are not considered here although they are of crucial importance. Three basic simple models
will be presented in the next paragraph.

They have been used to predict the large scale behavior of a generic repository
configuration. A qualitative evaluation of the results will then be given.

2. PRESENTATION OF SOME BASIC MODELS FOR BRITTLE ROCKS

In the case of brittle rocks like granite and schistous rock mass, it is first important to
take into account the existing discontinuities, which can be classified as follows :

- Well identified major faults, the thickness of which being small in comparison with
the dimensions of the rock mass.

- Minor faults, which can be considered as uniformly distributed, like diaclasis.
- Series of discontinuities, called schistosity.

Secondly, it is important to predict the formation of new discontinuities, induced by the
heat generated by the wastes. They will affect the resistance of the rock mass and they can play a
major role with regards to the possible migration of the radionucfeids.

Some basic models, which are relevant to handle the above mentioned features, are
presented below.
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2.1. Modélisation of maior faults

Special finite elements have been formulated to model major faults. Geometrically, they
are made of two identical lines (in 2-D) or two identical surfaces
(in 3-D) along the fault.

The generalized strains of the elements are the relative normal and tangential
displacements of the two faces, for exemple in 2-D :

Aunnormal strain sn = — -
e

Autshear strain Y = —
e

where e is the thickness of the joint, which is not geometrically defined, but which is specified by
the user, in order to calculate the element stiffness matrix.

Concerning the material behaviour, many laws have been proposed by various authors
[41. [5], [6].

We present here a simple Coulomb's law :
- the joint offers no resistance under traction loads,
- under compression loads, a bilinear stress-strain curve is assumed : the first part

corresponds to a crush of the joint faces, the second part to the rémanent elasticity,
- under shear loads, the model has an eiasto-plastic response : the yield surface is

defined by a Coulomb's criterion, and the flow rule may be non associated.

Of course, much more elaborate models can be proposed for the joints behaviour.

2.2. Modélisation of schistositv [7]

Here, the attention is focused on schistous rock mass for which the density of
discontinuities is large enough so that jointing can be considered as smeared in the rock mass.

Therefore, the rock mass will be treated as a continuum, with a realistic stress-strain
behaviour law.

Of course, the joints will strongly influence the global stress-strain behaviour of the rock-
mass, if compared with that of an intact rock. First, the elastic properties are no more isotropic. The
compressibility along the normal to schistosity is much more important than the one along a parallel
to schistosity. Then, the normal and shear strength along planes parallel to schistosity are much
reduced. The available experimental results on schistous rocks show that the stress-strain law is
practically linear elastic until failure is reached, for exemple along the schistosity. The tensile
strength is non zero and depends on the angle between the direction of the traction load, and the
schistosity. This is also true for the shear strength failure criterion, which is influenced by the
confining pressure. Unfortunately, there is a lack of experimental data beyond failure, and we will
have to make assumptions about a flow rule. It is important to note that in the general case, the
schistosity can be in any direction, which necessitates a three-dimensional analysis. However, for
sake of simplicity, we will restrict ourselves to a bidimensional material model, which can be easily
generalized.

Concerning the elastic behaviour, a transversaly isotropic hypothesis gives a realistic
description in the case on only one plane of schistosity. In the general case a full anisotropic
behaviour is assumed.

Concerning the non linear response, an elastoplastic ubiquitous model is proposed based
on a description of the shear resistance along each of the discontinuities, by means of a MoIn-
Coulomb criterion, which leads to a multi-criteria yield surface.

The flow potentials can be non associated.
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2.3. Creation of new discontinuities

The simplest way to create new discontinuities in a rock-mass which is supposed to be
initially sane, is to use a "no-tension" type model, based on a maximum principal stress criterion ;
the material remains elastic until the greatest principal stress reaches a traction limit Rf. Then, some
strain-softening is possible, which corresponds to a progressive reduction of normal and tangential
stiffnesses, up to a limit strain eR.

The case where ER = Rj/E corresponds to the elastic perfectly brittle material.

Once Rj has been reached, the material is supposed to be cracked and the corresponding
direction is memorized. New cracks will be orthogonal to this one.

Under reverse loadings, the cracks will close and then the material will offer its initial
compressive resistance.

The shear resistance is supposed to fall down to a limit value, once the crack is formed.

3. APPLICATIONS TO GENERIC REPOSITORY CONFIGURATIONS

3.1. Basic hypothesis

The above presented models have been applied to some generic repository configurations
in order to gain some preliminary estimates and to have a qualitative prediction of the rock mass
behaviour.

Large scale models have been analysed under plane strains assumptions for long term
periods (10 000 years).

The figures 4 and 5 show the sizes of a typical domain under investigation, together with
the variation of the heat source power with time [81.

The excavation phasis is not taken into account, and the repository itself is trated as an
homogeneous zone with the same material characteristics as the surrounding rock mass, according
to the low porosity induced by the galeries and shafts.

Realistic material properties have been taken from the littérature (see [9] for exemple).

First a thermal analysis is performed followed by a thermo-mechanical non linear
calculation.

General initial conditions are geothermaf temperature gradient and lithostatic stresses.
Mechanical boundary conditions are either prescribed stresses or zero displacements on the lateral
edges of the model.

Calculations have been performed using the "no-tension" type model with a zero or a
high traction resistance strength Rj. In one case, two major faults have been added [10], the
location of which is not very realistic but has been chosen in order to maximize the effect of the
discontinuities. Concerning the ubiquitous model, two set of discontinuities, inclined at 30° and
120°, have been introduced [11].

Some typical deformed shapes together with cracks pattern are displayed on figures 3
to 7.
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3.2. Discussion of results

All the calculations were not performed using the same conditions (sizes, heat source
intensity, mesh, etc.). Therefore, only a qualitative comparison of the models is possible. The
general tendancy is as follows :

- The thermal paroxysm is reached before the mechanical one.
- The general mechanism is "strain controlled" : the rock layer located above the

repository is behaving in some way like a clamped beam subjected to an imposed
displacement in its central part, corresponding to the thermal expansion induced by
the heat flow. The rupture of this layer is much brittle, because of the general strain -
softening characteristics of the rock.

- The first cracks do occur at the corners of the repository, where the shear stresses
are more important. Then, with the temperature increase, they develop very quickly
above the repository, in some localized zones. Once the maximum cracks density is
reached, some cracks located at the vicinity of the repository begin to close, while
new cracks are created, following the heat front propagation. Finally, all the cracks
tend to close when the temperature comes back to the initial state.

- Cracking is of course more pronounced when the no tension material is used and a
large cracked area is observed below the repository.
Prescribed boundary stresses, as opposed to zero displacements, on the lateral edges
have also a significant effect on the cracks density.

- Surprisingly, the presence of the two major faults has a low influence on the
behaviour of the rock mass. The faults tend to open only on a very limited length.

- The anisotropy induced by the schistosity leads to a localized shear band. However
the extent of the domaged zone is similar to the isotropic cases, confirming the "strain
controlled" behaviour.

4. COIVCLUSION

The examples presented here have illustrated the possibilities of some basic models to
predict the long term behaviour of waste repositories in brittle rocks. Concerning the safety
assessment, it is of primary importance to appraise the development of new discontinuities, and
their evolution with time. In particular, the models presented here should be improved by
incorporating a residual crack opening when cracks tend to close.

It appears that the damaged zone is located directly above the repository, due to a
thermal "strain controlled" mechanism, and the presence of neighbouring major faults has a low
influence. However, this last point must be further invertigated by looking at other faults
configurations.

Finally, one main question which remains to be solved i he objectivity and unicity of the
results. Indeed, since the material models obey strain-softening t> : • laws, the results obtained may
depend on the finite element mesh, and they may be not unique : some bifurcations may occur
during the load-history. These points have not been looked at in this work.
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FIGURE 1
Typical repository configuration
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FtGURE 3
Cracks pattern at t = 5QO years

on a half model, using a no
tension model
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FIGURE 2
Typical heat source power

FIGURE 4
Cracks pattern at t = 200 years

using a cracking model with a high
traction resistance strength

FIGURE 5
Crack pattern at t = 200 years
using a model with high traction
resistance and two major faults

FIGURE 6
Deformed mesh at t = 150 years

using ubiquitous model

FIGURE 7
Cracks pattern at t = 150 years

using ubiquitous model


