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SYNTHÈSE:

Les matériaux à matrice cimentaire sont largement utilisés dans la construction
ou l'élaboration des barrières de confinement des structures de stockage des déchets
nucléaires.

La démonstration de durabilité de ces structures requiert une connaissance
précise de l'évolution des propriétés du matériau sur des durées pouvant atteindre
1 000 ans. Cette prédiction ne peut se faire qu'avec le recours de modèles physiques
dont la pertinence a pu être vérifiée expérimentalement sur des durées plus courtes. La
constitution d'un scénario de dégradation de référence, suivi d'un "état de l'art" ont
permis de dessiner les contours d'une modélisation, dont la principale originalité réside
dans la recherche du couplage entre dégradation chimique et évolution des propriétés
mécaniques. Les bases physiques et thermodynamiques du modèle sont introduites,
ainsi que les principales techniques expérimentales dont la mise au point a été rendue
nécessaire pour la validation du modèle: lixiviation accélérée, fissuration et
perméabilité sous tension, et analyse de la microstructure par analyse d'image.

Quelques résultats issus des premiers développements numériques sont
également présentés. Enfin, les limites actuelles du modèle sont discutées, ainsi que les
conditions d'extension du scénario de dégradation de référence à l'ensemble des
environnements rencontrés dans l'aval du cycle (entreposage, stockage profond).
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EXECUTIVE SUMMARY :

In the past decades, cement-based materials have been increasingly used for the
construction of radioactive-waste barriers.

The design of durable structures for this specific application requires a precise
knowledge of the evolution of the engineering properties of the materials over a
1 000-year period. Given the intricate nature of the physical mechanisms involved, a
reliable prediction of the long term behavior of the concrete barriers can only be made

[through modelling and numerical developments. After a brief literature survey in]
which the main aspects of the problem are outlined, the features of a new modelling
approach are presented. The main originality of this approach resides in the fact that
the model considers the various chemical and mechanical solicitations and their
eventual couplings. The physical and thennodynamical bases behind the development
of the model are detailed. A section of the paper is specifically devoted to the
experimental techniques (accelerated leaching test, assessment of the permeability and
mechanical behavior of concretes under tensile loading, characterization of the
concrete microstructure and microcracking by image-analysis) designed to validate the
model.

Results of selected numerical simulations are presented in the last section of the
paper. The main difficulties associated with the implantation of such a model in a
finite-element code are discussed.
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Notations
a geometric parameter (m*1)
C solid calcium concentration (mmol/dm3)

Cir+ calcium concentration in pore solution
(mmol/dm3)

d scalar damage variables
D diffusion coefficient of the uncracked medium

( dm2/s)
Do diffusion coefficient of sound material (dm2/s)
Dfw diffusion coefficient in free water (dmVs)
E elastic modulus (N/m2)
Eo elastic modulus of the sound material (N/m2)
f crack closure function

g
I
K
Ko
V
Wi

[e]

gravity (m/s )
unit tensor
permeation factor (m/s)
permeation factor of sound material (m/s)
ageing function
crack width (m)
strain tensor

\ \i Lame coefficient (N/m2)

[à]
Ç

e
T

stress tensor (N/m2)
crack surface factor
porosity
crack collapse function

1 Introduction

Concrete has been widely used in the construction of low level nuclear waste
containment structures (concrete packages, surface vaults). Since the durability of these
concrete barriers has to be assessed over long periods of time, typically 300 years for



surface repositories. In that context, the reliable prediction of their long-term behavior
requires a sound knowledge of the various deterioration mechanisms that will affect the
structures over their life time, and the extensive use of simulation tools. This paper
presents the main features of a new modelling approach that has been developed to
predict the long-term behavior of low-level nuclear waste containers. The main
originality of the approach resides in the fact that the model considers various chemical
and mechanical loads and their eventual couplings. The first stage of this work was thus
to thoroughly analyze the environmental conditions of a typical surface repository, and
to subsequently define a "reference scenario" of degradation. After a description of the
"reference scenario", and a brief literature survey in which the main aspects of the
problem are outlined, the principal features of the model are presented. A section of the
paper is specifically devoted to the experimental techniques designed to validate the
model.

2 Identification of the reference scenario for concrete degradation

Short-lived wastes in France typically contain radionuclides with half-lifes of less than
30 years which fixes the repository lifetime at 300 years. Irradiation effects and residual
heat effects are negligible. Since low-level nuclear waste containers are generally kept in
surface repositories, it is also reasonable to believe that these barriers are not subjected to
any significant hydraulic gradient over their lifetime.

First of all, a constant flow of pure water along the external surfaces of the concrete
barriers has been identified as the most critical aggression.This initiates a slow leaching
of calcium from the cement paste which is followed by microstructural changes nice an
increase of porosity. These microstructural alterations are likely to increase both the
diffusion and the permeation, and detrimentally affect the material properties.

Even if, in the worst degradation scenario, nuclear waste containers placed in surface
repositories are not expected to be subjected to severe mechanical loading, several
thenno-mechanical studies have clearly demonstrated that the cement hydration can
initiate cracks in these structures [1-4]. Obviously, the development of these cracks
should be influenced by the pore structure alterations induced by the calcium leaching
process. Simultaneously, the presence of these cracks should affect the mass transfer
properties of the material, and therefore have a certain influence on the evolution of the
calcium leaching process.

As can be seen in Figure 1, six different physical interactions (Fig. 1) are included in
this reference scenario.
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Fig. 1 - Physical interactions from the reference degradation scenario

3 Literature review

The development of the predictive model required to build up knowledge on each of the
physical interactions identified in Fig. 1. The following paragraphs present a brief
summary of the literature review by focusing on research needs.

• The damage theory is a successful application of a continuous analysis to the
description of the mechanical behavior of concrete [5].



• For instance, simple considerations show that cracking significantly affects the
permeation, as flow rate increases with the crack width in accordance with Poiseuille's
law [6]. As regard diffusion, the available references all indicate that cracking has a less
significant influence. The processes involved in the cracking-diffusion interactions
seemed not fully understood, we did not find models on the subject [6].
• Since the calcium is the dominant element of the hydrated phases, the calcium
concentration has often been chosen as a state variable while considering the pore
solution [7,8]. The equilibrium between the solid calcium phases and the calcium
concentration of the pore solution is shown in Fig. 2. As can be seen, the equilibrium is
characterized by a two-step curve, one step being associated with the dissolution of
Portlandite, the second with the dissolution of C-S-H.
• The leaching of concrete increases its porosity, and decreases its mechanical
properties [9]. Unfortunately, the interaction between the chemical degradation of
concrete and its mechanical behavior has not been modelled so far.

The survey shows a lack of existing data to identify the model parameters involved in
the interactions between cracking and mass transfer properties (diffusion and
permeation), as well as that between leaching porosity and mechanical properties (elastic
modulus). The development of original procedures in accordance with modelling
objectives was then necessary.

4. Model description and fundamental bases

For each of the six interactions identified in section 2, representative variables (or state
variables) were identified and connected together through a set of constitutive laws.

4.1 Interactions 1 and 5 - mechanical behavior of concretes
The damage theory can be applied using scalar state variables or a damage tensor for
anisotropic behavior. In the model, the scalar state version is used [5]. The stress tensor
a is written as a function of the damage d and the strain tensor £. In order to account for
the influence of the chemical degradation on the Young modulus of the material, an
ageing function (V[Ca^]) has been introduced in the model :

[a] = (1-d){2u[e]+Xtr[e]l} E = E0(1-V)

It should be emphasized that the function V, which varies from 0 (no degradation) to 1
(full degradation). The evolution of V is a function of the remaining solid described from
the calcium content and it can be determined from experimental data (see section 6). The
Poisson's ratio is set constant.

4.2 Interaction 2, 4 and 6 - water tightness and diffusion evolutions
The evolution of the material water permeability is based on the application of
Poiseuille's law to describe crack effect and an emprical law to describe the effect of the
increase of porosity [10].
The pessimistic approach assumes that the damage zone has a diffusion coefficient equal
to that of free water. The proposed evolution for the diffusion coefficient D; is :

dn 9-6.

+ D and

9cr is a critical porosity. Do is the sounnd diffusion coefficient.



4.3 Interaction 3 - Degradation
The capacity of the pore solution to dissolve a certain amount of hydrates depends on its
saturation rate, which in turn depends on the diffusion rate. In the model, the kinetics of
dissolution are considered to be much quicker than the diffusion kinetics. Thus, the
evolution of the material degradation is solely conditioned by the diffusion of calcium
ions, and the solid matrix evolution is derived from the equilibrium diagram (Fig. 2)
[7,8].
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Fig. 2 : Diagram of solid-pore solution
equilibrium for modeling

Fig. 3 : Diagram of the evolution of the
porosity as a function of calcium

.2+The model accounts for leaching through a single variable : the concentration of Ca in
the liquid phase [11]. The kinetics is derived from mass conservation equation :

The phase change induces high non-linearities in this equation. The first term is
essentially dominated by the solid calcium C variation within 1 to 3 orders of magnitude,
much higher man the porosity 9 rise. D follows the above variation as a function of
porosity, which in turn is determined by integrating to the initial porosity the different
contributions of each leached hydrate volume determined in each point from the C/S
value. Fig. 3 shows the evolution of the porosity as a function of the calcium in the pore
solution.

5. Experimental needs

5.1 Development of procedures
The elaboration of a numerical model often requires the determination of empirical laws
through laboratory experiments, and ultimately a full scale validation. Since the coupling
of chemical and mechanical phenomena has been rarely done in the concrete field, the
development of our model required the design of four specific experimental procedures
and experimental devices. Table 1 briefly presents the developed procedures. The
BIPEDE procedure has been developed to contribute to the understanding of the
damage process and the permeation evolution under a tensile strain. The LIFT
procedure have been designed to accelerate the chemical degradation of concrete by
calcium leaching. The aim of this paper is not to discuss the several electrochemical
processes occuring in the sample which has been studied during the design of the
procedure. Image analysis developments have been made to investigate the evolution
of the concrete microstructure and cracking. A correlation between micro-hardness
and degradation depth (from LIFT samples) has been evidenced. Besides, a Young's



modulus evolution with respect to hardness can be derived using the empirical equation
proposed by Beaudoin and Feldman [15]. Thus the ageing function V can be identified.

Table 1 : Experimental procedures and devices developed to assess the modelling data.

BIPEDE
flow steel

/_

concrete

Device : Two holed steel plates are glued on a
emplacement concrete slice. Coaxial holes allows the

concentration of a homogeneous damage in
the center of the sample and a permeability
test to occur simultaneously. The lateral
surfaces of the concrete sample are sealed.
Measurements : gage strains, applied loads
and flow rates.

flow

LIFT*
* Leaching
Identification
by
Forced
Transport

40V
cathode . I anode

1

\

• sample

Device : a concrete slice is placed in between
two electrolytic chambers (deionized or
buffer solutions). An electric field is applied
through a set of electrodes. The driving force
applied to each ion is proportional to the
voltage difference. Leaching is then
&ccelerated.Measurements : current intensity,
ionic concentration in chambers, chemical
composition depth profiles. X-ray,
thermogravimetry, NMR, SEM.

IMAGE ANALYSIS

The developments have been realized with VISILOG software. This procedure requires
adjustment of sample preparation techniques (cutting, grinding operations with emery,
polishing using a 6 mm diamond paste). A red dye impregnation technique has been used
for ordinary cement matrices [12]. Alternatively, a fluorescent liquid replacement
technique has been used for darker matrices [13, 14]. The revealed defects are classified
by applying appropriate shape criteria (cracks, porous zones, spherical air voids, etc.).

5.2 Results and discussions
Four concrete mixtures have been tested in uniaxial conditions following the BIPEDE
procedure : C30, C50, C65, C90 (compression strength at 28 days : 32, 50, 65,
90 MPa). Fig. 4 show the tensile constitutive laws (for each mixture, curves indicate the
average on 4-6 samples).
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Fig. 4: Tensile constitutive law for several
concretes: C30, C50, C65, C90.
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Fig. 5 : Evolution of the water permeation
factor as a function of the applied strain.
C65 concrete.



The procedure has proved to perform good reproducibility between samples. The
modelling evolution parameters can be identified with respect to the mechanical model
used. Fig. 5 introduces the evolution of the water permeation coefficient (from Darcy's
law) as a function of the strain applied for C65 concretes. Up to 1.5 10"4 (before the
stress-peak) the permeation factor remains constant. The post-peak behavior is
characterized by a sudden increase in the apparent permeation factor. Cyclic loads show
an irreversible process between strains of 2.10"4 and 4.10 which is correlated with the
development of one or two localized cracks. Beyond 5.10 , the permeation factor
follows a quasi-reversible process upon unloading. Loading opens or closes major
cracks. In mis area, the crack collapse function is equal to one, which means that the
flow is totally governed by the localized cracks (one or two). This tends to support our
approach to model the permeation factor with a fictitious crack aperture w.

Fig. 6 shows the solid calcium content in a sample w/c = 0.45 after 3 weeks. The
calcium content in the reference sample is 32 % by weight. The zero depth corresponds
to the cathode surface (negative pole). At 3 mm depth, the reference level is reached.
This concentration distribution is very similar with the calcium profile which could be
found in a deteriorated sample subjected to natural conditions. It also validates the choice
of using Fig. 2 to model the chemical equilibrium. At the anode, a similar degradation is
also found, although significantly lower. The equivalent time under natural conditions is
estimated at 6 years.

Following Vicker's procedure, Fig. 7 shows the obtained profile of micro-hardness
as a function of the depth. The relationship between the solid-calcium content and the
micro-hardness both at the cathode and the anode has been clearly shown. Assuming
that the relationship between elastic modulus (E) and hardness (H) is E/Eo=(H/Ho)07

[15], Fig. 8 shows how the ageing function V can be identified through these results.
The elastic modulus is affected by the loss of Portlandite. Between C/S = 1.65 and C/S
= 1.2 a quasi constant modulus is found, followed by a decrease of the stiffness below
1.2. The resin disturbs the results near the surface.
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Fig. 6 : calcium content profile in the solid Fig. 7 : Evolution of microhardness in a
body of an OPC cement paste after 3 weeks LEFT sample. The calcium content of Fig.
and 20-25 V between the sample ends. 32 % 10 is superimposed,
is the reference content in sound sample,
w/c = 0.45.

Fig. 9 shows the crack maps of two concrete BIPEDE samples. Two main cracks have
been generated in the samples. Apart from these localized defaults, microcracks have
also developed. The higher the concrete strength, the lower the microcrack density. It
seems that microcracks could be responsible for the damage in the lowest strains.
However, their connectivity appears to be low which is also coherent with the slow
evolution of the permeation factor in this range of strain (0-2.10~4). The localization
appears after the stress-peak. However, their connectivity appears to be low according to



the slow evolution of the permeation factor in this range of strain (0 - 2.10"4). From
Image-Analysis, the increase of porosity can also be quantified.
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6 Associated numerical developments

The numerical implementation associated with the model requires some specific
developments. Some basic concepts have been numerically performed to assess the
influence of cracking on steady-state diffusion processes. In order to establish a
relationship between cracks and diffusivity it is assumed that crack patterns can be
approximated by a planar array of regularly spaced crack segments [16,17] (Fig. 10).
The equivalent diffusivity of the cracked medium D is determined thanks to finite
element simulations. Both sound matrix and cracks are meshed. Free water diffusion
Dw is affected to cracks. For the uncracked material a coefficient of diffusion D o is
applied. For most cases, Th^/Do < 1000. When L3=0 it is found that n =Do/D is a
function of d=Li/L4 (effective crack surface) : n= d / (PfJD0 + d -1). Fig. 11 illustrates
the evolution of parameter n as function of d L3=0. Assuming this law for a BIPEDE
specimen, the main cracks detected by image-analysis have a crack width L4 of about
0.02 mm and a crack spacing of about 50 mm (Fig. 9). Then, d = 2500 and n = 0.71.
Thus, an increase of 40 % of the apparent diffusivity could be estimated. Now, if cracks
are discontinuous, these simulations show that the crack density has to be extremely
high to reach such a ratio. The main parameters are the crack width, the crack density
and the ratio Dfw/Do. Both because of the independence of the crack diffusivity with
respect to its width, and of the low values of the ratio Dfw/Do, the apparent diffusion
coefficient can hardly overtake the sound diffusivity of the material. For mechanical
loads a range of 10 % to 200 % can be expected.

However, in the local area surrounding a crack, the microstructure can be modified
very quickly. In order to further investigate this point, the chemical model alone was
implanted in a finite element code (section 4.3, non-linear equation of diffusion). The
model simulates the calcium in ionic and solid phases distribution into a cement-based
sample as a function of time. A cracked sample has then been simulated (Fig. 12). This
shows the local influence of a crack on leaching by describing the evolution of Ca++
distribution.
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Fig. 12 : Evolution with time of the degradation of a cracked beam.
The iso-line indicates the calcium concentration (mmol/dm3) in the pore water.

7 Current limitations of the model

All the developments undertaken in the course of this program were oriented towards the
understanding of the physics involved in concrete ageing within a specific radioactive
waste repository environment. Several assumptions were made which currently restricts
the range of possible applications. The main assumptions are:
• The flow of fluids under pressure gradients is not considered in the model.

Contrariwise to a porous media approach, the hydromechanical coupling presented
follows only a "one-way path" (mechanics / hydraulics);

• All constitutive laws were developed assuming isothermal conditions. Nevertheless,
the cement chemistry equilibria described are rather sensitive to temperature
variations;

• No time-dependent effects such as creep of concrete were taken into account.
If assumptions 1 and 2 (isothermal conditions, no pressure gradient, tensile loading)
seem justified under the degradation reference scenario attached to a low level radioactive
waste repository, the third one should ideally be accounted for. This perspective will be
further investigated in the future.

8 Extension to high level waste scenarios

Although this research was initiated and oriented towards a low-level radioactive waste
surface repository environment (concrete containers, vault roofs and walls,...), the use
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of cement-based materials is currently being investigated for long term storage or high
level waste geological disposal scenarios. A long term storage, either for spent fuel or
glass canisters, could become an intermediate solution before geological. With a possible
lifetime of 50 to 100 years, such a faculty should combine the requirements from nuclear
plants and existing low level waste surface repositories. Concrete would certainly be
used extensively for building walls, vaults, or containers.

Cement-based materials could possibly be used in geological disposals, either in
sedimentary clay layers or in crystalline bedrocks. Durability assessment in this context
will first imply to consider the underground water content, which could lead to account
for additionnai cement degradation mechanisms. Moreover, water pressures at depths
such as -500 m down to -1000 m could involve hydro-mechanical couplings within
concrete barriers such as sealings. At least, both heat generation and irradiation are likely
to occur during the first hundred years. It is clear however that the cement-based
materials are not expected to provide isolation over the total lifetime. Typically, a 1000
years durability should be considered as a satisfactory range for these structures.

Another range of applications lies in high integrity containers, designed to isolate the
waste both under long term storage and deep disposal environments. The approach will
consist in developing additional modules to the current model (temperature effects,etc.).

9 Conclusions and major perspectives

A numerical model has been developed to predict the long-term durability of concrete
containment barriers within a radioactive waste disposal environment. Its main
originality lies in the integration of chemical and mechanical loads and of their eventual
interactions. Cracking, calcium leaching, diffusion and permeation processes and
mechanical weakening are simultaneously considered.

The proposed model simulates the chemical attack penetration within a concrete
structure taking into account the local effects of cracking in the kinetics. Moreover,
thanks to a state coupling between mechanics and chemistry (evolution of elastic
modulus as a function of calcium content), the crack developments due the chemical
degradation can be simulated. The damage theory is applied to account for the evolution
of cracking, whereas a non-linear diffusion model has been developed to simulate the
underground water leaching. A so-called ageing function which affects the elastic
modulus of degraded areas is introduced. Several numerical developments associated
with the model are currently under progress to implement non linear diffusion and non-
linear damage processes together.

Parallel to this approach of modelling, experimental developments have been
realised. In order to study the chemical degradation in accelerated conditions, an electric
field is applied to cement-based samples (LIFT procedure). The BDPEDE procedure
allows the assessment of cracking mechanisms and permeability properties of concretes
under tensile loads. Micro-hardness tests on LIFT specimens and image-analysis
complete the investigation and collection of data on the several phenomena which are
modelled. The data are used to identify the model parameters.

The limitations an the extensions of such a model based on a macroscopic approach
have also been stated.
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