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The design of deep nuclear waste repositories requires the modelling of the effects of thermal loadings in
the Excavation Damaged Zone (EDZ). The containers are to be stored in bentonite buffers surrounded by
a geological massif. These two barriers are multi-phase porous media, in which coupled mechanical,
capillary and thermal phenomena occur.

The aim of this study is to develop a new damage model dedicated to non-isothermal unsaturated porous
media, the “THHMD” model. Contrary to almost all of the existing damage models dedicated to non dry
media, it is formulated in independent stress state variables (net stress, suction and thermal stress) [Arson
& Gatmiri 2008]. The damage variable is a second-order tensor, which gives a good approximation for the
representation of anisotropic cracking in three dimensions [Kachanov 1992]. The behaviour laws stem from
the combination of phenomenological and micromechanical principles. The total strain tensor is split into
three components, each of which being conjugated to a stress state variable. The Helmholtz free energy is
written as the sum of damaged elastic energies and residual-strain-potentials. The concept of effective
stress, frequently used in Continuum Damaged Mechanics, is extended to the three stress state variables,
by using the operator of Cordebois and Sidoroff. The damaged rigidities are computed by application of
the Principle of Equivalent Elastic Energy (PEEE). The non-elastic strain components depend on the
increment of damage, which is determined by an associative flow rule.

Fracturing is also modelled in the transfer equations. The Representative Elementary Volume (REV) is
assumed to be damaged by a microcrack network, among which liquid water and vapour flows are
homogenized [Shao et al. 2005]. A damaged intrinsic conductivity, which plays the role of an internal
length parameter, is introduced. The influence of damage on air and heat flows is taken into account by
means of porosity, which is also involved in the transfer model in the intact state.

A specific algorithm has been written in order to implement the “THHMD” model in “Θ-Stock” Finite
Element code [Gatmiri & Arson 2008]. In the brittle domain, the increment of damage-associated stress
has a non-linear expression, and is thus computed iteratively. The final algorithm encompasses three
interwoven loops, and two convergence criteria. Due to the couplings between the constitutive laws, the
computation of the residual vector requires specific dynamic storage variables. Simulations of laboratory
tests have already provided a numerical validation of the mechanical aspect of the model.

This article presents the results of more complex simulations, aimed at studying the effects of a decreasing
thermal loading on an unsaturated host geomaterial. The numerical response of the algorithm is first
checked in the elastic domain, by comparing the numerical results to experimental data. Parametric studies
are then performed with the same materials endowed with non zero damage parameter. This approach
enables the study of damage trends in various loading conditions, with various parameter combinations.

A heating laboratory test performed on unsaturated bentonite samples has been simulated with the
“THHMD” model. The satisfactory results obtained in elasticity in the experimental conditions justify a
parametric study on damage. The rigidity to mechanical tensile strains (gM) has been varied for a given
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heating power on the one hand (Figure 1.a), and the power of the heating source has been varied with a
fixed gM parameter on the other hand (Figure 1.b). In both cases, damage trends are in full agreement with
the physical expectations. In accordance with the assumptions of the model, the thermal loading generates
isotropic tensile strains, and consequently, isotropic damage. Damage grows with the rigidity to tensile
strains gM (Figure 1.a) and with the heating power (Figure 1.b).

An in situ heating test has been reproduced by a one-dimensional axisymmetric numerical model. The
heating source is confined in an unsaturated bentonite buffer (r=Rb) stored in an initially saturated granite
massif. The heating period is three years long (1095 days). After a validation in the elastic domain, the
“THHMD” model is tested for various initial damage states. As expected, the desaturation velocity of the
geological barrier increases with the initial damage intensity (Figure 2).

The numerical responses given by the “THHMD” model turn out to be consistent with the physical
expectations. In the mid term, the “THHMD” model is expected to be a useful tool in the design of nuclear
waste repositories.
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Figure 1: Influence of the tensile strain rigidity gM and of the heating power on damage during a laboratory
heating test on bentonite.

Figure 2: Influence of initial damage on a full scale nuclear waste repository made of a bentonite buffer
(r < Rb) stored in initially saturated granite. Observations after a three-year heating period.


