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SESSION 8: FACTORS AFFECTING REPOSITORY DESIGN AND LAYOUT IMPOSED
BY LONG-TERM PERFORMANCE REQUIREMENTS

8.1 THE NUCLEAR WASTE CONTAINMENT AND SOME ASPECTS OF THE DEEP
DISPOSAL CONCEPT

B. Félix, P. Thorner, P. Raimbault and F. Beaulieu, ANDRA

1 PRESENT CONDITIONS OF THE HLW DISPOSAL DESIGN IN FRANCE :

The law of 30 December, 1991 related to the research programme about the
management of high level and long-lived nuclear waste has stressed the three
principal directions for their development. They concern firstly partitionning and
transmutation of the radionuclides, secondly long-term storage in surface or near
surface conditions and thirdly final geological deep disposal, including retrievability of
the waste during several decades. The aim is to obtain sufficiently conclusive results,
within 15 years, to allow a political decision about the HLW long-term management.

The French agency for the management of nuclear waste - ANDRA - is in
charge of the third research programme : the investigation of the feasibility of a deep
disposal in two geological formations, at least, leading to the validation of disposal
concepts with and without the waste retrievability. According to the law, ANDRA has
to build two underground laboratories, the location of which will be chosen, provided
that an agreement with the population of the surrounding districts is reached through
their representatives. The nomination of a mediator by the governement was laid
down in the law to facilitate the candidature collection. A member of parliament, Mr.
Christian Bataille, the reporter of the law, was nominated at the beginning of 1993.
At present, the mediator's mission is nearly completed. Four departments have been
selected, three with potential host clay layers : Meuse, Haute Marne and Gard and
one with granite formation : Vienne. From now on, the design process is oriented
towards these two host formations. The four districts, will be submitted to a
preliminary geological survey, during 1 or 2 years. At the end of this stage, the
laboratory locations will be chosen.

During the next two years, technical solutions will be exhaustively identified,
on the basis of the function analysis of the disposal. Their feasibility demonstration
will be estimated considering the scientific and technological development required
and their contribution to the disposal global confinement capacity. Probably at the end
of 1996, when geotechnical data are available on the two laboratory sites, some
disposal concepts will be selected. The disposal general requirements will be
formulated and the technical specifications will be issued. As soon as the
underground facilities are available, approximately in year 2000, the research
programmes and particularly the experiments in underground conditions will aim at
the validation of the selected solutions. This paper presents some examples of the
investigations under way.
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2 THE DEEP DISPOSAL DESIGN AND THE OPTIMIZATION OF ITS LONG-TERM
CONTAINMENT CAPACITY :

The main function of the geological disposal consists in isolating the
radionuclides from the biosphere and the human beings, as long as their radioactive
decay is not completed. To meet this general requirement, the disposal has to protect
the radioactive waste from intrusions or disturbances of human or natural origin, like
volcanism, earthquakes, wars, etc. It has to minimize the radionuclide transportation
vectors, i.e. the water or gas flow in the host geological formation. It has to extend the
period during which the conditionned waste integrity is preserved. Over this period,
the hydrological and chemical conditions in the waste vicinity resulting from the
evolution of the artificial barriers and of the host formation have to minimize the
radionuclide mobility.

The artificial barriers : the waste packaging, possibly complemented by an
overpack, and the engineered barriers interact with the geological barrier. It is
essential that the containment capacity of the latter due to its natural properties does
not deteriorate as a consequence of these interactions.

The disturbances of the host formation may be of many origins :
- The mechanical loading depends on the geostatic stresses and on the opening
dimensions which are themselves related to the artificial barrier thickness.
- The chemical and hydric imbalance due to ventilation during the operating phase,
may bring about desaturation, oxydation of the host rock and possibly biological
attack.
- The temperature rise in the host rock after closure is related to the residual thermal
power of the nuclear waste. It depends on the preliminary cooling of the waste during
surface storage and on the package spacing.
- The residual neutronic and gamma ray emissions may have to be taken into account
in the only case of non absorbent artificial barriers of restricted thickness.

The artificial barriers are to be designed in accordance with the properties of
the potential host formation, still unknown at the present stage of the investigation in
France, and with the nuclear waste management : the waste production, their
conditioning, the duration of the preliminary storage, etc. They have to respond
correctly to the needs, to meet the safety requirements with a redundancy factor
which is sufficient to take into account the uncertainty in the performance assessment
and the various accidental scenarios and finally, they will have to optimize the
technico-economical cost of the deep disposal. Thus, the effect of the waste toxicity
will be as low as it will be reasonably achievable, economic and social factors being
taken into account.

Firstly the safety analysis methodology developed in ANDRA is presented,
according which an iterative process is initiated to determinate the performance
requirements of the different disposal components. This methodology integrates the
available data about the potential host formations and about the technologies.

At present, ANDRA is also working on the development of parametric analysis
tools. Two examples of these tools are given.

- The maximum temperature rise in the host rock is related to the thermal
power of the radioactive waste, i.e. the duration of the preliminary cooling period, on
the one hand, and to the dimensional parameters, for a given deep disposal layout,
on the other hand.
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- The other parametric analysis is connected with the after closure hydraulic
characteristics of the handling drifts which are large openings, in the vicinity of the
radioactive waste. It relates the underground water volume, in long-term conditions
when steady flow is re-established, to the hydraulic conductivity of the backfills, and
to the number and the conductivity of the dams.

3 THE PERFORMANCE DETERMINATION AS ATOOL FOR AN OPTIMIZED LONG-
TERM RADIONUCLEIDE CONFINEMENT :

3.1 Safety analysis methodology :

In France, the deep geological disposal is to be designed as a multi-barrier
system. Except for the characteristics related to the packaging of the existing nuclear
waste, no design parameters are currently determined or known. The safety analysis
methodology is a guidance to accompany their step by step determination in such a
way as to result in an optimization. The global containment capacity of the disposal,
in nominal and accidental circumstances, is modelized as a multiparameter function.
The numerical models evaluate the long-term eventual radionuclide release from the
disposal toward the biosphere and the dose rate it induces for human beings, in the
different circumstances. Their results are analysed in comparison with the maximum
dose limit in routine situations and with the risk limit in potential hazardous situations.
These limits are indicated by the French basic safety rules (R.F.S. lll.2.f) which is in
accordance with the recommendations of the International Committee for Radiological
Protection.

The models necessarily simplify the representation of the behavior of the
natural and the artificial barriers, which can be drawn on the basis of the present
knowledge about the phenomenon which may occur within them. Each barrier is
supposed to behave two ways :
- firstly, and until a retardation time is elapsed, no migration can take place. The
barrier delays the radionuclide release.
- Afterwards, a migration through the barrier cannot be avoided, but for each
radionuclide, the migration flux is limited.
Three parameters characterize these phases in the modelizations of the release : the
retardation time, a limiting factor for each radionuclide and for the risk estimation in
accidental circumstances, the probability of occurence of the scenario.

The method is iterative. Firstly, functions are chosen which correspond to the
nominal disposal configuration and to accidental circumstances. In some of them, one
or two of the barriers : the waste package, the engineered barrier or the geological
host formation play no role (the retardation time of the corresponding functions is
reduced to zero and the limiting factor is infinite). We can then build a complete set
of generic situations and evaluate the response of the system in the shape of a set
of performance curves depending on the parameter variability due to natural variability
and to data uncertainty. For accidental circumstances the result is analysed as a risk,
i.e. the probability of occurence is taken into account.

This analysis is expected to evidence the sensitivity of the disposal global
confinement capacity to the variations of the barrier characteristics related to the
different radionuclides. It will contribute to the definition of the requirements attached
to the different disposal components. It will also help to define the further R & D effort
which could lead to a better understanding of the most critical phenomena. For
instance, the analysis described in paragraph 3.2, emphasized the importance of a
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better determination of the different radionuclide solubility in the underground waters.
It may equally lead to the conclusion that active means are to be developed to reduce
the risk of some accidental circumstances by reducing their probability of occurrence
(for human intrusion for instance) or by reinforcing the insensitivity of the disposal to
the degradation they bring about.

Secondly, when the selection of a set of technical solutions will be possible
among those which are under investigation (or will be in the near future), the
mathematical functions describing the contribution of each barrier to the confinement
of the radionuclide, will be replaced by models issued from the scientific and
technological research developments. The same type of analysis will contribute to
show whcit reductions of the parameter uncertainty (what improvements of the barrier
reliability) would lead to a maximization of the disposal efficiency.

3.2 An application of the performance determination method : the canister
overpacking durability influence :

As an example, an analysis is presented with the particular hypothesis that the
geological and the engineered barriers have failed, because of a human intrusion for
instance, and that the radionuclides leached from the waste are directly released, with
some limitation, in the biosphere. The waste taken into account are issued from the
reprocessing of the nuclear spent fuel. Their volume is calculated by extrapolating the
present production. The results presented in figures 1 to 4, correspond to the vitrified
fission products and actinides. Similar ones have been obtained for other types of
long life, alpha emitting waste, such as cimented hulls and dads.

The parameters under consideration in the analysis are the following :
- The retardation time of the first barrier, the waste package is equal for all of them.
Its value corresponds to the durability of the overpacking i.e. its life time. The limiting
factor which reduces the radionuclide release out of the packages when the
retardation time is elapsed, is similarly equal for all the packages and for all the
radionuclides, it is equal to the waste matrix degradation rate.
- For the second barrier i.e. the engineered barrier, the retardation time is nil and the
limiting factor is infinite for all the radionuclides.
- For the third barrier, i.e. the host formation, the retardation time is nil too and the
limiting factor has no effect in one of the calculations (figure 1) where it is supposed
to be infinite. In the other calculations (figures 2, 3 and 4), a limiting factor is
introduced which is proportional to the volume of the underground water flowing
annually through the repository, multiplied by the solubility limit of the different
radionuclides. Accordingly, the limiting factor is different for every radionuclide. The
radionuclide solubility limits depend on their chemical speciation and therefore on the
underground geochemical conditions they meet, and which may result in several
orders of magnitude in their variations. A data base developed by ANDRA and issued
from the international littérature and particular investigations, provides the extreme
values of the solubility limit which may be encountered. Average values have been
estimated, from it.

The calculation scheme is deterministic. Neither any uncertainty of the
parameter determinations, nor any stochastic distribution of their value within the
waste package collection are introduced. For all of them, the radionuclide release
begins at the same time, corresponding to the overpack life time, and then all the
radionuclide flux are uniform. The dose rate transmitted to human beings is the sum
of the doses generated by each radionuclide which is equal to the activity released
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into the biosphere, multiplied by their specific biosphere conversion factor. Four
simulations are presented in the figures 1 to 4 where the maximum dose rate ever
reached is related to the retardation time characterizing the duration of the canister
overpacking. The main relevant result is not the absolute dose (the absolute risk
would be better) but the relative dose reduction factor.

In the first simulation, the third barrier i.e. the host formation plays no role, a
scenario which has of course, a very low probability of occurence. Its limiting factor
is infinite because the underground water flow itself or the different radionuclide
solubilities themselves are supposed to be infinite. The only limitating factor is the
degradation rate of the vitrified waste the value of which is chosen in that way the
waste are spread after 10 000 years. As shown on figure 1, there is no significant
maximum dose reduction until the overpack lifetime exceeds 10 million years. '
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Fission products and actinides in HL vitrified waste
Without solubility limit - Degradation rate = 1 e-4/year
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Figure 1 : Maximum dose rate to human being induced by the HL vitrified
waste repository, as a function of the canister overpack life time
(the engineered barrier and the geosphere exert no limiting effect
the water flow or the radionuclide solubility limits are infinite).

If a limiting factor is introduced, by means of a limited underground water flow
and by solubility limits for the radionuclides, the simulations lead to different results.
An example is presented in figure 2, where the underground water flow is equal to
1000 m3 per year. This volume is to be compared with that encountered in nominal
conditions, which is about a hundred times lower, provided that the hydraulic
conductivity of the host formation is as low as 10
gradient is close to 10" .

-10
m/s and the local hydrological
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The actinides like Am2;l1, Am243, and Th229, which show low solubilities,
contribute much less to the maximum dose rate than previously. Comparatively, short
life fission products like Cs137 and Sr90, with higher solubilities, appear to be
determining. In such a case, a canister overpacking with a life time longer than one
thousand years would be sufficient to confine them until their radioactive decay is not
completed and to annihilate their contribution to the maximum dose rate as a result.
The order of magnitude of the reduction factor is equal to one thousand times, as a
maximum value corresponding to a one thousand year life time. An additional
reduction of the water flow from 1000 m3 to 100 m3 would not influence the
contribution of the short life fission products, the leached flux of which are far below
the saturation, but would reduce the actinide one, as indicated by figure 3.
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Fission products and actinides in HL vitrified waste
With solubility limits Degradation rate=1e-4/year Water flow=1000m3/year
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Figure 2 : Maximum dose rate induced by the HL vitrified waste (the geological
barrier exerts a limiting factor through the solubility limits and the
restricted flow of underground water leaching the waste). Compared
with the figure 1 results, a significant reduction factor is obtained with
a maximum value for a life time equal to one thousand years.

A decrease of the degradation rate of the conditioned waste would have the
opposite effect. A comparison between figures 3 and 4 shows that a decrease from
10" to 10" per year of this parameter would not influence the actinide contribution
which is determined by the water flow and the flux of dissolved radionuclides it
transports at saturation. Conversely, it would reduce the fission product one.
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If the maximum values of the solubility limit, issued from the data base,
replace the average values in the calculations, the maximum dose rates resemble
those presented in figure 1, for which no limiting factor is introduced, except for the
degradation rate of the conditionned waste. In other words, an overpack with a life
time as long as one thousand years would not probably avoid unacceptable dose
rates in the accidental circumstances considered in these simulations. This dose rates
should have to be weighted in accordance with their probability of occurrence.

Nevertheless, the safety assessment of the disposal concept, in a given host
formation, appears to be largely dependent on the geochemical features of this
formation. The simulations presented in this paper evidence that one thousand years
is probably an interesting overpacking life time, as far as the overpacking is included
in the disposal concept. During this period, the radioactivity of Cs137 and Sr90 which
predominates initially vanishes. For the alpha emitting radionuclides like Am241, Am243,
and Th229, the retardation time required is much longer : more than ten million years
and an intermediate overpack life time seems to be of little interest.
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Fission products and actinides in HL vitrified waste
With solubility limits Degradation rate=1e-4/year Water flow=100m3/year
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Figure 3 : Maximum dose rate induced by the HL vitrified waste. The
underground water flow is ten times smaller than in figure 2.
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Figure 4 : Maximum dose rate induced by the HL vitrified waste. The
underground water flow is the same as in figure 3, but the waste
package degradation rate is ten times smaller.

4 TOOLS FOR PARAMETRIC ANALYSES AIMING AT AN OPTIMIZATION OF THE
DISPOSAL CONCEPT :

4.1 Evaluation of the maximum temperature rise, induced in the disposal
host formation by the radioactive waste thermal power :

The disposal layout considered in this analysis is represented in figure 5a. The
exothermic waste are piled up in vertical disposal boreholes regularly set out at
distance Px, along parallel handling drifts with a uniform spacing Py. Similar analyses
are under way for alternative layouts. It is assumed that the host formation is an
homogeneous continuum which obeys Fourier's law. The temperatures generated by
the different heat sources are summed up. The waste thermal power is declining
according to a time power law, therefore the maximum temperature rise is reached
at the wall of the disposal boreholes with a delay.

The results are presented in the form of charts shown in figure 5b, where the
coordinates are the distances Px and Py. Two sets of curves intersect. The first ones
correspond to the maximum temperature rise and the second ones to the number of
waste packages per surface unit of the repository horizontal extent. Obviously, a
maximum waste package density is encountered, for accepted temperature rise, when
Px and Py are equal. The optimization will be possible when other criteria issued from
the analysis of the confining performance, for instance, are available. Another form
of these charts may be elaborated using adimensional variables. Then, calculation
data such as the thermal conductivity of the host formation or the initial thermal power
of the radioactive waste which depends on preliminary storage, appear no more
explicitly. These data are laid down and therefore cannot be involved in an
optimization process.
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Figure 5 : Maximum temperature rise in the granite host formation
corresponding to the spacings : Px and Py between disposal
boreholes and handling drifts. The borehole depth is 100 m.
a - Detail of the disposal layout. b - Maximum temperature rise.
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4.2 The backfilling and the sealing of the handling drifts and their influence
upon the underground water flow :

The handling drifts, because they are large openings in the vicinity of the
waste, may greatly influence the water flow in the near field. The sealing dams, their
imperviousness, their number and their placement are the most influent design
parameters but the backfilling performances play an important role too, specially their
porosity and their hydraulic conductivity. At present, the analyses consider both the
transient state, just after closure, when the water flow is convergent and equally, the
long-term steady state, when local hydraulic gradients have returned to an equilibrium.

A prolongation of the resaturation period may be considered as interesting
because it may delay the degradation phenomena in the artificial barriers. The
duration of this period of time depends directly on the volume in the opening backfill
porosity which is free of water, therefore loose materials would be required for
backfilling, having in mind that loose generally means pervious.

In the long-term, when the steady state is set up, the aim is to minimize the
underground water volume which flows through the repository and to extend the
period of time during which the underground water is moving from the repository
toward the biosphere. Because the handling drifts are close to the waste packages,
their hydraulic conductivity largely determine this flow of water. The ratio between this
flow and the flow which took place before construction in the same openings,
approximates the dimensions of the flow tube which is drained by the repository.
According to the flow tube height, the risk of mixing deep water with the surface water
table may be appreciated. Such analyses lead to particular requirements including
numerous sealing dams along the handling drifts and low hydraulic conductivity of the
backfills. This last requirement is conflicting with that issued from the resaturation
period optimization.

The parametric analyses presented here concern the long-term requirements.
A simple 2D finite element scheme is used to investigate the hydraulic behavior of the
disposal, in relation with the characteristics of the sealing dams and the current
backfillings. In these modelizations, geologic and engineered material are supposed
to be homogeneous and the water flow to obey Darcy's law. The geometry and the
limit conditions of the 2D scheme are represented in figure 6a. They correspond to
a 500 m long disposal, in a granite host formation which includes two major vertical
failure zones perfectly drained and distant 2000 m from each other. The repository
is located at a depth of 500 m. The undisturbed lower limit is supposed to be 2 000
m under the ground surface.

The first calculations, in figure 6b, indicate the average transit time (in
thousands of years) necessary to move the underground water along the handling
drifts at long-term after closure, as a function of the backfilling porosity. The left
column gives the initial transit time in the granite formation before construction, which
can be compared with the central one corresponding to a backfill with a porosity equal
to 10 %. The granite has a porosity 0,4 % far below this value. Nevertheless the
transit time may be shortened because the hydraulic conductivity of the backfill is 10
times higher than the granite one. Then an increase of the porosity from 10 % to 30
% may lead to a much longer time value, provided that the backfill hydraulic
conductivity is the same.



- 198 -

THE MODEL 3O0

250

200

150

100

50

Thousand years

nTransit time
Jln the backfill

Transit time
3 in the host
rock

Without opening Backfill n=10 % BackflU n=3Crti

-a- -b-

Figure 6 : Finite element 2D calculations of the steady state underground water
flows through the repository at long-term. The transit time necessary
for moving water along the backfilled handling drifts.
- a - Calculation scheme. - b - Transit time.

The following example applies to the influence of the hydraulic conductivity of
the sealing dams and of the current backfills. In this example the host granite has a
constant conductivity equal to k = 10"11rn/s and the sealing dam number is kept
constant and equal to 7. Because of the 2D scheme chosen, the ratio of the drained
flow over the initial flow is equal to that of the flow tube vertical dimension over the
handling drift one. The figure 7 represents the variations of this ratio with the dam
conductivity, the backfill conductivity having constant values ranging from k = 10" m/s
to k = 10 m/s, according to the different curves. A dam number equal to 7 results
in a water flow ratio superior to 20 when the dam conductivity is as low as the granite
one and reach 80 when it is poorer. For better improvement very impervious backfills
are required.

The figure 8 evidences the backfill conductivity influence. The curves show
how the water flow ratio varies according to its value, for two types of sealing dams
with k = 10"10m/s and k = 10'11rn/s. Provided that the backfill conductivity is higher
than k = 10"8m/s, the dams are fully efficient. If technically possible, a lowering of the
dam conductivity under the granite value appears to be of interest in the case of
special requirement in limiting the near field waterflow.
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Influence of dams conductivity
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Figure 7 : Ratio of the water flow drained by the handling drifts over the flow
which took place before the construction in the same volume as a
function of the hydraulic conductivity of 7 dams uniformely spaced
(the curves correspond to different conductivity of the backfill).
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Figure 8 : Ratio of the water flow drained by the handling drifts over the flow
which took place before the construction in the same volume as a
function of the backfill hydraulic conductivity (the curves correspond
to different hydraulic conductivity of the 7 sealing dams).
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5 CONCLUSIONS :

Safety analysis methodology and parametric tools are developed at the
present stage of the disposal design process in ANDRA to prepare the future
selection of the concept, within 2 years when the preliminary geological survey of the
potential sites deliver the characteristics of the host formations, two at least. From
now on, these analyses evidence the disposal parameters which need to be more
precisely assessed or investigated, because their variability or the uncertainty of their
determination may lead to overestimations of the real confining performances. So
doing they contribute to the orientation of the R & D effort.
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