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Abstract

Safe disposal (isolation) of high radioactive waste requires solving many non-standard engineering problems
which are complicated due to the demand of reliability of underground repository construction with respect to
long term safety. Required durability of most engineered structures is about 10-100 years. Proposed underground
repository construction must guarantee the demand for safe disposal of highly radioactive waste for 100 thousand
to 1 million years.
Extrapolation methodologies are developed and applied on findings of experimental research. One of the
techniques used in geotechnical sciences to determine data needed for the extrapolation the cyclical impact of
different processes. Repeated impact of the same action or diversifying the different actions can accelerate some
processes which are slow at normal conditions. Long term cyclical impact of moisture on a section of the barrier
system (loaded by temperature) may cause changes of the quality of properties, such as permeability, sorption
capacity, thermal conductivity and swelling capacity.

INTRODUCTION

In the Czech Republic high-level radioactive waste will be, most probably, stored in a deep
underground repository situated in granite medium. Bentonite will be used as a basic material
of engineered (geotechnical) barrier. The type of the physical consistence of bentonite
(powder mixture, pellets, prefabricates with high volume density) is subject of research in the
Czech Republic and abroad.

The Czech Republic belongs to the countries with extensive deposits of bentonite. Due to the
genesis of bentonites, all deposits are similar to each other. There are magnesium-calcium
bentonites or calcium—magnesium bentonites. Sodium bentonites are not found at all. In the
Czech Republic there are about 50 sites where bentonite can be extracted. Due to the fact that
the construction of a deep underground repository presumes the consumption of
approximately 100,000 m3 of natural bentonite, these amounts may be supplied by practically
any site. Therefore, selection of the best bentonite extraction site bases on tests determining
which raw material will provide the most suitable properties.

The only plant in the Czech Republic which is presently dealing with the extraction and
processing of bentonites is the Obrnice plant (North Bohemia). 90% of its products are aimed
for foundry purposes. The rest are construction or geological bentonites of G series. Industrial
bentonites are produced raw, granulated or grinded.

The research of engineering barrier based on bentonite was started in the Centre of
Experimental Geotechnics - Czech Technical University in co-operation with Radioactive
Waste Authority and Nuclear Research Institute at Rez in 1997. Three parts of research were
defined:
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• basic research on bentonite based materials (natural and industrial bentonite)
• research of discontinuity fault impact to barrier's behaviour
• research of barrier behaviour (cyclically loaded by temperature and moisture).

EXPERIMENTAL

Basic research of bentonites

The basic research of material (which will be used for multibarrier system construction)
represents the considerable part of the whole research. The natural analogues research and the
results of research applied on "candidate" material had proved that materials based on
bentonite are the most suitable basic materials for engineering barrier construction of
underground repository. It was shown that the durability of compact bentonite is
approximately hundred thousands years. On the other hand it is estimated that the durability of
bentonite injection mixtures amounts only to several thousands years. Durability of cement or
concrete materials is considerably shorter.

The basic functioning of the barrier will be the prevention of radionuclide propagation. From
the geotechnical point of view this functioning is affected especially by following properties:

• low permeability (k = 10~9 - 10~14 m/sec)
• high sorption capacity (preventing radionuclide propagation)
• good thermal conductivity (diversion of heat from the source)
• swelling capacity ("self-healing" capacity)
• plasticity (moisture range between WL and wp).

A special unusual demand for all properties is:

• extreme rheological stability of the material.

Rheology (rheological properties, behaviour) is defined as the time impact on the change of
geotechnical parameters. It is mostly interpreted as the change of parameters in time with one
parameter remaining constant. An example is the changes of deformation in time under a
constant load. The demand for extreme rheological stability of barrier materials represents the
invariability of material properties and behaviour for the long time (the time of dangerous
activity of disposed waste). For this period the barrier material must provide such properties
(impermeability, swelling capacity, thermal conductivity etc.) which ensure safe function of
the system. Material degradation caused by insufficient rheological properties could be:

temporal (fatigue), appear for material e.g. by increase of permeability, reduction of swelling
capacity, reduction of thermal conductivity as function of time, impact of cyclical loading,
etc.;

thermal, shown by the creation of irreversible changes of the material when crossing the
certain thermal limit. Geotechnical parameters are commonly changed continuously with
increasing temperature. If certain thermal limits are exceeded mineralogical changes occur.
Then, geotechnical parameters also change according to these mineralogical changes.
Irreversible changes of particular geotechnical parameters could occur at different thermal
limits.
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The problems defined above caused the demand of broad research of the materials based on
bentonite. The goal of this research is to find a compromise in the composition of the selected
material from two points of view: the potential of the raw material, and its required properties
including the rheological stability. Resulting prescription will be affected by the required
functioning of the material in the multibarrier system. That means, if the material (depending
on the place of usage in the repository) has to provide absorbing, filling, sealing or
construction properties.

Experimental research has been started with 4 natural bentonites and with one industrial
bentonite of G type.

With regard to the fact that the research on bentonites has been orientated to foundry purposes
in the Czech Republic by now, Centre of Experimental Geotechnics defined the basic set of
geotechnical tests for bentonite and for mixtures of bentonite with filling materials (sand,
graphite, grinded limestone).

In the course of 2 years the model of the behaviour of Czech bentonites for usage as
engineered barrier was described. More than 500 laboratory tests and measurements of basic
geotechnical parameters of raw materials were carried out.

Research on discontinuity faults impact

The usage of compacted prefabricates especially as buffer part of a multibarrier system (at the
contact with containers) seems to be very probable. Powder or granulated bentonite based
materials will be used for sealing and filling purposes.

CEG was concerned with two problems: the optimal composition of prefabricates' material
and technology of their manufacture and with the problem of discontinuity faults impact on
the whole system behaviour. It is possible to find several different types of discontinuity
faults:

Discontinuity faults originated from manufacturing of multibarrier system parts

Cracks in bentonite prefabricates which occur during insufficient technology or non
adequate storage belong to this group.

Discontinuity faults originated from multibarrier system construction

These faults can rise as joints between prefabricates during the barrier construction.
Regarding the experience from underground structures, it is very difficult to avoid
discontinuities at the boundary of two different materials (lining - rock mass). In
multibarrier system there will be contact areas between containers and barriers, between
barrier layers (buffer, filling, sealing), between barriers and lining (construction layer)
or between lining and the natural (geological) barrier. Discontinuity faults also may
occur atn contact areas of the same material due to application of different technologies
(e.g. layers which differ in compaction).

Discontinuity faults occurring during long term operation of underground repository

Such faults are cracks caused by exhausting the strength parameters of barrier,
unvarying (local) loading, temperature loading, volume changes (swelling, shrinkage,
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thermal tensibility), cyclical impact of different effects, rheological instability of the
system, etc.

Every type of discontinuity faults has different characteristics and may cause special safety
relevant problems. The problem of discontinuity fault impact on barrier behaviour has not
been systematically solved yet.

One of the hypothetical possibilities of discontinuity fault forming (as an irreversible effect) is
a cyclical impact of moisture and temperature on prefabricated barrier. The subject of this
kind of research was a result of the following consideration: If the joint between bentonite
prefabricates comes into contact with water, the prefabricates' surface swells, the joint is
sealed resulting in a practically local homogenization of the prefabricated barrier. The
intensity of the swelling reaction by water will diminish with growing distance from the joint.
Due to low permeability of the material, the rate of this action's progress will come practically
to a stop after some time. If the water flow stops at this point and afterwards the joint is
affected only by the heat spreading from HLW, the joint will dry up, if no additional moisture
is supplied: the homogenised joint will be disturbed by cracks due to the shrinkage (drying
up). Thermal load may re-open the cracks. After some time, this process will come to rest
again. The existing cracks, however, may gradually develop into a system of channels through
which water may penetrate over larger distances. These passages can be clogged again by the
repeated impact of moisture. Thus, theoretically, a situation may occur that so long as joints
are subjected to cyclic ,,loading" by moisture impact and heat, water may penetrate directly to
the containers. By these migration paths radionuclides may overcome the engineering barrier,
enter the natural barriers and may migrate further on to the biosphere.

Experimental simulation the discontinuity fault model

The described problem is simulated by a physical model constructed first in steel boxes using
compacted bentonite and a vertical joint (discontinuity fault) backfilled with fine-grained
sand. The joint is moistened by water and the development of swelling pressure is
continuously measured. After the maximum measured pressure values is reached and
stabilised, water flow is interrupted and the joint is subjected to drying processes due to
influence of heat. After shrinkage is finished, the process of moistening the joint is restarted.
By the created cracks the contact surface increased causing a significant increase of the
maximum swelling pressure already in the second cycle .

Experiment using a physical model of a prefabricated barrier

A further step in the investigation of these problems is the implementation of an experiment
using a smaller physical model — a bentonite prefabricated barrier stand. The stand is
backfilled with building blocks with dimensions of 100 x 100 * 35 mm ,̂ made of industrial
bentonite or of the mixture of industrial bentonite of G type (60%) and quartz sand (40%).
The blocks are made by pressing in special moulds to reach a volume density of 2000 kg/m3.
The bottom part of the stand was equipped with heating elements reaching a maximum
temperature of 300°C, while a system of watering devices for the discontinuity faults is
mounted on the upper side of the stand. Two walls of the stand have been designed flexible
providing allowing 2D measurements of the swelling pressure (in two directions - vertically
and horizontally). By means of flexible walls the pressures are transmitted onto hydraulic
pressure cells. The front wall consists of special glass resistant to high temperature and
pressure. Temperature sensors are sited inside the barrier. All measured data (temperature,
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swelling pressure, deformations) are continuously recorded by a PC central measuring unit
with automated data reading in adjustable ranges of 5 sec-99 hours. The experiment No. 1
was launched in December 1997 and was finished in June 1998. Experiment No. 2 started in
February 1999 and it is supposed to be finished after 12 months (January 2000).

EXTRAPOLATION METHOD

Due to the required durability of the underground repository the extrapolation of
experimentally obtained results from short term tests to long term validity is necessary. The
verification of the extreme rheological stability (behaviour of engineering barrier) belongs to
the most complicated parts of the research on safe disposal of highly radioactive wastes.

In the scope of research performed in this CRP the cyclical application of chosen impacts
(temperature, moisture) was used to accelerate the degradation of bentonites. In geotechnics
the cyclical loading belongs to the most widespread methods of determining the rhelological
stability of parameters. With regard to the required validity of research results (invariability of
parameters and system's behaviour for hundred thousands years) which is extremely different
from common engineering problems, it is necessary to use this tool (cyclical repeating
phenomenon) very careful.

RESULTS AND DISCUSSION

Within the scope of bentonite behaviour research it is necessary to investigate also the basic
geotechnical properties. Bentonite has been used mostly for foundry purposes by now. In civil
engineering it was used only to a minor extend, therefore also research is not completed. It is
necessary to carry out basic laboratory tests and experiments. Results of these tests will
credibly define the input parameters of the barrier's material. Parameters determined within
this CRP are sufficiently reliable to be used for modelling the problem of multibarrier system.
Without knowledge of material's behaviour it would be impossible to start physical modelling
of the problem. More than 500 laboratory tests (most of which are very expensive) of natural
and industrially modified bentonites has been carried out in the Centre of Experimental
Geotechnics by 1996.

The results of research determined in the small physical model (steel boxes with compacted
bentonite) considerably demonstrated the danger of gradual spreading of discontinuity faults.
Radionuclides could migrate through these faults by the simultaneous (gradual) increase of
swelling pressure.

Investigation of the behaviour of a prefabricated bentonite wall under cyclically loaded heat
resulted as follows:

• Joints between prefabricates locally became wider due to the impact of repeated thermal
load.

• Volumetric changes by thermal load of the prefabricates caused stress development, which
resulted in forces especially in the narrow gap between prefabricates. At a certain thermal
degradation of material a development of secondary discontinuity faults was observed.

Both findings promote the hypothesis that new paths for moisture transport may be created.
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Results of volumetric thermal expansion measurement showed that the course of temperature
does not correspond to volumetric changes of the material. These changes which continue
even after stabilization of temperature have to be studied and verified in the future.

Coefficient of thermal conductivity of natural bentonite is in the range between 0.2 and 0.4
Wnf'KT1, values for prefabricates are found to be 1.2 to 1.4 Wm^K"1. The value of the heat
conductivity coefficient depends on the initial water content and on the temperature for which
the material is tested. The value of the thermal conductivity coefficient extremely drops with
increasing temperature (down to 60% of the initial value) and drops also with decreasing
water content. Decrease of thermal conductivity is also caused by originating more
discontinuity faults. These findings can be interpreted by the possibility of the development of
a different thermal conductivity. Close to the containers the thermal conductivity will decrease
even in the initial state and heat removal from the container will be impeded.

Investigations were directed to a barrier load only by temperature so the hypothesis on
possible water penetration to the container was not demonstrated. Formation of new
discontinuity faults does not disprove the hypothesis.

CONCLUSION

Performance of research presented above needs a lot of time and money. The research is not
yet finished, it is urgently necessary to continue. Findings do not indicate reasons to change
the initially defined programme.

• Thermal cycling of the barrier materials
• Cyclic wetting of the barrier materials
• Combined effect of thermal load and wetting on joints between blocks
• Determination of impacts of the cyclic load in terms of creation of pathways for water.

There is a need to concentrate work on determining the conditions for which irreversible
changes of geotechnical parameters of the barrier may occur, that means to emphasise the
research on rheological stability of the materials.

Common errors of performed research is attributed to monodisciplinarity. There is a lack of
work by teams of experts from different fields of science. This gap has to be closed in
connection with chemical, geological, geotechnical, etc. aspects.
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