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Abstract

:

The safety and robustness of Deep Geological Repositories (DGRs) are of paramount importance for the long-term management of spent nuclear fuel from electricity generation. The introduction of a multi-barrier system, which includes the host rock formation and an engineered barrier system (including the bentonite buffer), has been a widely used approach to ensure the safety of DGRs. The assessment of the long-term safety of DGRs involves the mathematical modeling of the coupled thermal–hydraulic–mechanical–chemical (THMC) processes that occur in the near-field of the DGRs and their impact on the behaviour and engineering properties of the bentonite buffer. This paper presents a review of the THMC-coupled processes that arise in the bentonite buffer as well as a mathematical model governing such coupled processes. The model is verified against existing analytical solutions and validated against measured data of a thermal diffusion experiment in a sand bentonite column. Also, scoping analyses were performed to assess the influence of coupled THM processes on solute transport in clayrocks. The results of the numerical model closely matched those of the analytical solutions and experimental data demonstrating the capability of the provided mathematical model as well as the numerical approach in enhancing our comprehension of DGR behaviour. This enhanced comprehension will be valuable for safety prediction and assessment in the context of DGRs. The work presented in this paper is part of the Canadian Nuclear Safety Commission’s (CNSC) regulatory research to gain independent knowledge on the safety of the geological disposal of radioactive waste.
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1. Introduction


1.1. Deep Geological Disposal Concept


Several nations, including Canada, which generate electricity from nuclear power, are presently contemplating the geological disposal of radioactive waste in deep geological formations. Geological disposal entails the use of several barriers to contain the waste for an extended period and retard the migration of radionuclides from the waste ensuring the protection of the near-surface environment. The current Canadian concept for the geological disposal of spent nuclear fuel (Figure 1), similar to international concepts, involves burying the waste deep underground in a repository that is excavated in a suitable rock formation such as crystalline or sedimentary rock [1]. Desirable attributes of the rock formation are (1) depth should be sufficient to isolate the DGR from the human environment, (2) appropriate low permeability reduce the potential of fluid flow through the repository post closure, (3) the absence of exploitable natural resources to reduce chances of human intrusion, and (4) geological stability.




1.2. Multibarrier System


In this concept, long-term safety is provided by a system of multiple, redundant barriers that will contain the spent fuel and isolate it from the near-surface environment [2]:




	
The first barrier is the nuclear fuel pellets, which is durable and temperature resistant, and has a low dissolution potential.



	
The second barrier is the fuel elements and fuel bundles. A bundle consists of several sealed tubes called elements, into which fuel pellets are inserted. The fuel elements are made of corrosion-resistant zircaloy.



	
The third barrier is the spent fuel containers (UFCs), which are designed to withstand anticipated loads and corrosion.



	
The fourth barrier, called a buffer, is a compact bentonite sealing system that encapsulates the UFCs in the emplacement room. The primary roles of this barrier are to reduce water flow around the UFCs to limit corrosion processes and microbial activities. Also, the buffer protects the UFCs by mitigating mechanical damage from seismic events and small-scale fault movement. The buffer, due to its low permeability and high sorption capacity would also constitute an additional barrier to radionuclides migration, should they be released from the UFCs in the future.



	
The outermost barrier is the natural rock formation that will protect the DGR from natural events and human intrusion. Also, it provides a barrier to potential radionuclide migration to the near surface.








The set of the first four barriers is generally referred to as the engineered barrier system (EBS), while the host rock is referred to as the natural barrier. The system of in–room engineered barriers and the host rock in the vicinity of the rooms is herein called the near–field of the DGR.



It is expected that over the very long period following the closure of the DGR, this multiple barrier system will be subject to disruptions that will affect its long-term performance and safety functions. These disturbances result from processes and activities like the excavation of the DGR emplacement rooms and shafts, heat generated by the waste, the hydration of saline water from adjacent rock, gas generated from corrosion products and organic material within the repository, as well as geological events such as glaciation and seismicity [3]. These events disrupt the existing equilibrium of the EBS and the natural barrier for very long periods, inducing complex coupled THMC processes. The long-term performance of the barriers will be affected by the coupled THMC processes, and therefore, it is necessary to understand these processes through experimental and theoretical research in order to evaluate the long-term safety of the DGR system. Consequently, over the past few decades, several academic and non-academic organizations have conducted experimental and modeling studies to better understand these THMC processes and their potential impact on the long-term safety of DGR systems. For example, since the early 1990s, the CNSC has been collaborating with Canadian and international partners to conduct research on these coupled THMC processes ([4,5,6,7,8,9,10,11,12,13]), including both experimental and theoretical research. The experimental data were generated from small-scale experiments performed in conventional surface laboratories, larger-scale experiments from underground research laboratories, and geological-scale data from paleohydrogeological information. The experimental data provide the basis for the development of a mathematical framework of coupled THMC processes. In this study, the general mathematical framework and resulting mathematical model will be discussed. Examples on how the mathematical model has been adapted to simulate different situations where coupled THMC processes prevail will be presented.





2. Conceptualization and Mathematical Model of Multiphysical Processes in the near Field of a DGR


2.1. Conceptual Model


The THMC processes in the near field of a DGR can be conceptualized as illustrated in Figure 2. To start with, it is widely accepted that the EBS and the host rock can be characterized as porous materials made up of solid particles forming a solid skeleton. The solid skeleton contains discontinuities such as pores, cracks, and microcracks, which we will refer to as pores. These pores can contain various types of fluids, either in a gaseous or liquid state. The host rock is generally saturated with water with salinity characteristics of seawater or dense brine depending on the geological formations. On the other hand, the EBS is initially placed in an unsaturated state, with pores containing a mixture of liquid water, water vapor, and air. At the early age of the post-closure stage of the DGR, the radiogenic heat emitted from the containers leads to higher temperatures in both the EBS and rock, with higher temperatures closer to the containers (red arrow). The maximum temperature in the area surrounding the waste containers is anticipated to reach 100 °C or even 140 °C depending on the national concept and design. In Canada, the anticipated temperature would be maintained below 100 °C [1]. This temperature increase creates a thermal gradient that generates thermal stresses and strains in both media, including the solid particles and pore fluid.



Moreover, the flow of heat causes liquid water in the buffer to evaporate and move outward, then condense at cooler temperatures, which is referred to as moisture movement (blue dash arrow). Essentially, moisture movement causes the buffer to dry out near the container and become moist again near the interface between the buffer and the rock. These changes in water content prompt a mechanical response from the buffer, which can either shrink or swell.



The host rock is mainly saturated, whereas the buffer is only partially saturated in the early stages, causing pore water to move from areas of higher pore pressure to lower pressure (blue arrow). Before heating, pore water flows from the nearby rock towards the EBS. However, during heating, the pore pressure near the periphery of the EBS increases due to the thermal expansion coefficient of water which is about one order of magnitude higher than the one of the solid skeletons. Because of the low permeability of the medium (for instance, at the South Bruce site in Ontario, a potential location for a DGR for spent fuel in Canada, the potential host formation has a permeability of the order of 10−21 m2 [14]), pore water movement is restricted, resulting in a buildup of pore pressure during the initial stages, which induces a temporary outward flow from the EBS. During the later stages, as the thermally induced pore pressure subsides, water migrates gradually from the heat source, allowing the pore pressure to dissipate.



Additionally, porewater located in deep geological formations may contain high concentrations of solutes. For instance, at the Bruce site, the total dissolved solids (TDS) in the porewater can reach up to 450 g/L at depths greater than 500 m [2]. The concentrated brine in the host rock could penetrate the EBS (green arrow), causing intricate THMC processes that may impact the swelling capacity of the bentonite. These processes are interrelated and much more complex than the swelling behaviour of bentonite infiltrated with deionized water. As a result, coupled models are necessary to incorporate the relevant THMC processes and account for the interaction between the EBS and host rock, as these THMC processes are strongly coupled.




2.2. Mathematical Model


From the conceptual model discussed above, a mathematical model is formulated following the methodology in [15,16,17,18] by invoking the fundamental principles of momentum conservation, mass conservation and energy conservation.



Equations (1), (2), (5) and (6) in Section 2.2.1, Section 2.2.2, Section 2.2.3 and Section 2.2.4 below constitute the set of governing equations of the mathematical model to simulate the THMC behaviour of partially saturated bentonite buffer and host rock in which the four primary unknowns are displacement (ui), temperature (T), porewater pressure (p) and total dissolved solid concentration (C). These variables are functions of both space (xi) and time (t). These equations could be solved numerically using the finite element method (FEM). In this work, we used the built-in modules (Heat transfer, Darcy’s law and Solid Mechanics) of a commercial general-purpose finite element software, COMSOL Multiphysics® (version 6.1, COMSOL, Inc., Burlington, MA 01803, USA). The partial differential equations used in these modules were modified and adapted to match the governing equations described in the following.



The main assumptions of the model are as follows:




	
The geological medium is conceptualized as a porous medium.



	
Only heat is considered in the energy balance equation. Thermal equilibrium is assumed between the solid and liquid phases. Furthermore, heat convection may be neglected, and heat transfer occurs only by conduction [19].



	
The porewater can exist either in a liquid or gaseous (vapour) state. The flow of liquid water is driven by advection and is assumed to follow Darcy’s law, while the vapour flow is driven by diffusion.



	
A modified Biot’s effective stress principle is assumed:










    σ   i j   =   σ   i j   ′   + χ   δ   i j   p  








where     σ   i j     is the total stress,     σ   i j   ′     is effective stress,     δ   i j     is the Kroenecker delta, p is porewater pressure and


  χ =       0 ,   if   p < 0       0       α   ( B i o   t   ′   s   c o n s t a n t ) ,   if   p ≥ 0        











2.2.1. Equation of Heat Conservation




    ∂   ∂   x   i         K   i j     ∂ T   ∂   x   j       + Q = ρ   c   p     ∂ T   ∂ t    



(1)




where:



    K   i j     ∂ T   ∂   x   j       = qc: heat flux described by Fourier’s law of heat conduction (W/m3);



    K   i j    : thermal conductivity tensor of porous media (W/m°C);



T: temperature (°C);



  ρ = n   ρ   f   +   1 − n     ρ   s     is the density of porous medium (kg/m3) and n,     ρ   f     and     ρ   s     are the porosity, density of fluid and density of solid, respectively;



Q: volumetric rate of heat generation (W/m3);



    c   p    : special heat capacity of porous medium (J/kg°C);



t: time [s].




2.2.2. Equation of Momentum Conservation (Quasi-Static Equilibrium)


The equation of momentum conservation that considered the combined effects of stresses and thermally induced deformation considering the medium is in a partially saturated condition is:


    C   i j k l       1   2         ∂   2     u   k     ∂   x   j   ∂   x   k     +     ∂   2     u   l     ∂   x   i   ∂   x   l       −   β   s     ∂ T   ∂   x   i       δ   k l     + α   S   e     ∂ p   ∂   x   i     +   F   v   = 0  



(2)




where:



    C   i j k l    : fourth-order stiffness tensor;



    u   i    : displacement in the solid skeleton;



    β   s    : volumetric thermal expansion coefficient of the solid particles (1/K);



    δ   k l    : Kronecker delta;



α: Biot’s coefficient;



    S   e    : degree of saturation;



    F   v    : body force (MPa/m).



The stiffness tensor     C   i j k l     is a general stress–strain tensor that can be further defined to include plasticity and swelling for both the buffer and the host rock. The development of reliable constitutive relations for the buffer and host rock is the focus of the authors’ ongoing research, e.g., [16,18,20,21]. However, in the present paper for verification and preliminary validation of the model, linear elastic behaviour is considered.



When the solid skeleton is assumed to be linearly elastic, Equation (2) reduces to:


  G     ∂   2     u   i     ∂   x   j   ∂   x   j     +   G + λ       ∂   2     u   j     ∂   x   i   ∂   x   j     + α   S   e     ∂ p   ∂   x   i     − β   K   D     ∂ T   ∂   x   i     +   F   v   = 0  



(3)




where     K   D     is bulk modulus of the drain material (MPa−1), G and   λ   are Lamé’s constants, which relate to Young’s modulus (  E  ) and Poisson’s ratio (ν) in form of:   G =   E   2   1 + ν     , λ =   E ν     1 + ν     1 − 2 ν      .




2.2.3. Equation of Mass Conservation


The equation of mass conservation of pore fluid in partially saturated media neglecting vapor storage is [20]:


  −   ∂   ∂   x   i           Q   l i   +   Q   v i       =   ∂ ( n   S   e     ρ   f   )   ∂ t    



(4)




where the left-hand side is the net flux of fluid mass through the boundary of the volume, the right-hand side represents the rate of fluid mass accumulation (i.e., storage term), and     Q   l i     and     Q   v i     are, respectively, the liquid water mass flux and water vapour mass flux relative to the solid [(kg/m3) × (m/s)].



The final equation of pore fluid flow in the variably unsaturated porous medium derived from the consideration of mass conservation is ([15,16,20]):


        ∂   ∂   x   i           ρ   f     k   r     k   i j     μ       ∂ p   ∂   x   j     +   ρ   f     g   j       +   ∂   ∂   x   i         ρ   f       D   p v     ∂ p   ∂   x   i     +   D   T v     ∂ T   ∂   x   i         +   ρ   f       G   s     1 − n     d w   d p       ∂ p   ∂ t         +   ρ   f     −   S   e       n     K   f     +   α − n     K   s       −   S   e     G   s   w   1     K   s         ∂ p   ∂ t   + α   ρ   f     S   e     ∂   ε   v     ∂ t         +   ρ   f     S   e       1 − α   β −   n β   f   −   1 − n     β   s       ∂ T   ∂ t   = 0 .      



(5)







	
The first term of the equation results from the adoption of Darcy’s law for pore fluid flow in unsaturated porous media.



	
The second term represents vapour flow due to thermal gradients and pressure gradients.



	
The third term denotes water retention due to the unsaturated state of the medium. In this term, w is the gravimetric water content and     G   s     is the specific gravity of the soil particles. When the medium is fully saturated, w is independent of p, and this term becomes zero.



	
The fourth term implies water retention due to compressibility of the water and solid phase.



	
The fifth term represents water retention due to the consolidation of the porous medium.



	
The sixth term represents water flow due to difference in thermal expansion between the water and solid material.






The involved parameters of the equation, except those described earlier, are listed as follows:



    k   i j    : intrinsic saturated permeability tensor (m2);



    k   r    : relative permeability of unsaturated media (-);



μ: dynamic viscosity of fluid (Pa·s);



    K   f    : bulk modulus of fluid (Pa);



    K   s    : bulk modulus of solid (Pa);



    β   f    : volumetric thermal expansion coefficient of the fluid (1/K);



    β   s    : volumetric thermal expansion coefficient of the solids (1/K);



  β  : volumetric thermal expansion coefficient of the porous medium (1/K);



Se: degree of saturation (-) in unsaturated media. Se is often described in the form of soil–water retention models (for example, the van Genuchten model [22] and the Brook and Corey model [23]), in which the relationship between Se and capillary pressure (pc) is defined using data from suction tests. An example of the Brook and Corey water retention model adopted in this paper can be found in Section 4.2.1. Also, it is worth noting that pc is the negative porewater pressure under the assumptions of (1) small and constant air pressure and (2) the absence of osmotic suction [18]. When gas is involved or pore fluid in unsaturated media is filled with salty water, Equation (4) should be modified accordingly.



Parameters relating to the second term, which will be elaborated upon in Section 4.2.3, is briefly listed as follows:



    D   p v    : diffusion coefficient of water vapour under pressure gradient (m2/s·Pa);



    D   T v    : diffusion coefficient of water vapour under temperature gradient (m2/s·°C);



    D   v    : vapour diffusion coefficient (m2/s);



    ρ   l    : liquid water density (kg/m3);



    ρ   v    : vapour density (kg/m3);



Rv: gas constant for vapor (-);



fTv: thermal enhancing factor for vapour diffusion (-);



RH: relative humidity (-);



    ρ   v s    : saturated vapour density (kg/m3);



    D   a t m    : free diffusion coefficient of water vapour in the atmosphere (m2/s);



  τ  : tortuosity factor (-).




2.2.4. Equation of Solute Transport


The equation for non-reactive solute transport in unsaturated porous media:


    ∂   S   e   n C   ∂ t   =   ∂   ∂   x   i           D   e     i j     ∂ C   ∂   x   j       −   ∂   ∂   x   i         v   i   C   +   ∂   ∂ t     Q   c    



(6)




where:



C: solute concentration (mol/m3);



      D   e     i j    : diffusion coefficient tensor (m2/s);



    v   i    : Darcy’s velocity of the pore fluid;



    Q   c    : source flux of chemicals (mol/m3);



    ∂   ∂   x   i             D   e     i j     ∂ C   ∂   x   j       :   diffusive flux described by Fick’s law which accounts for the motion of the solute due to concentration gradients (mol/m2s);



    ∂   ∂   x   i         v   i   C    : advective flux causes translation of solute field by moving the solute with the flow velocity (mol/m2s).






3. Verification


To verify a mathematical model, it is always advantageous to have a general analytical solution available to use as benchmark. In this section, we conduct verification against analytical solutions to verify the accuracy of the model in terms of the HM and THM coupling algorithm proposed in Section 2. For the verification of the HM coupling mechanism, we adopt the widely known analytical solution for one-dimensional consolidation suggested by Terzaghi [24]. In terms of THM coupling processes, we use the analytical solution from Booker and Savvidou [25] for the problem of consolidation around a point heat source.



3.1. The 1D Consolidation of Soil Column


The Terzaghi 1D consolidation problem has been extensively used as a benchmark for the verification of numerical codes relating to poroelasticity ([26,27,28]). Its main utility is to test the accuracy of the solid–fluid coupling that relates fluid pressure to solid deformation and vice versa. The problem considers a saturated soil column of thickness H with an impermeable and fixed base, a free-draining and free-moving surface and laterally confined and impermeable vertical sides. The column is instantaneously compressed from its upper boundary by a constant uniaxial load ∆σ. This creates a sudden increase in pore pressure in the column which then dissipates by flow through the upper boundary. No temperature and solute transport are relevant for this situation and the soil column is saturated. Only governing Equations (2) and (5) are applicable in this situation, and with the assumption of linear elasticity of the solid skeleton, they are reduced to a one-dimensional coupled HM problem:


    ∂   ∂ z         ρ   f   k   μ       ∂ p   ∂ z   +   ρ   f   g     + α   ρ   f     ∂   ε   v     ∂ t   = 0  



(7)






    2 G + λ         ∂   2     u   z     ∂   z   2       + α   ∂ p   ∂ z   +   F   v   = 0  



(8)







Equations (7) and (8) are equivalent to Terzaghi’s [24]. The analytical solution for the temporal and spatial evolution in excess hydraulic pore fluid pressure may be expressed as follows [29]:


  p ( z , t ) =   ∑  m = 0   m = ∞        2   p   0     M   s i n     M z     H   d r           e   −   M   2     T   v        



(9)




where:



   M =   π   2     2 m + 1     



  p ( z , t )  : excess hydrostatic pore pressure at a specific depth (  z  ) and time (  t  ).



    p   0    : initial value of excess hydrostatic pore pressure. At the beginning of the consolidation process when water has not expelled from the soil column,     p   0     = ∆σ.



    H   d r    : the maximum drainage path of the fluid. In this case, when fluid is restricted to dissipate via the upper layer exclusively,     H   d r     = H.



    T   v     is dimensionless time factor expressed as:


    T   v   =     c   v   t     H   d r   2      








where     c   v     is the coefficient of consolidation and is a measure of the rate at which the consolidation process proceeds.     c   v     is related to hydraulic conductivity (  K  ) and compressibility of soil through the relationship:


    c   v   =   K     ρ   f   g   m   v      








where     m   v     is coefficient of volume compressibility (or also termed as coefficient of confined compressibility) and can be described in terms of the elastic constants’ Young’s moduli (E) and Poisson’s ratios (ν) as:


    m   v   =     1 + ν     1 − 2 ν     E   1 − ν      











As excess hydraulic pore pressure dissipates, the consolidation process occurs which brings about the settlement of the sample. The degree of settlement (    U   s    ) is defined as the ratio between settlement due to pressure dissipation at time t (    S   t    ) and the final settlement when the consolidation finished (    S   f    ). Us can be expressed as:


    U   s   =     S   t       S   f     =     m   v     Δ σ   t   ′   H     m   v     Δ σ   f   ′   H   =     Δ σ   t   ′       Δ σ   f   ′      



(10)




where     Δ σ   t   ′     is the average change of effective stress at any time t and     Δ σ   f   ′     is the final change of effective stress at the end of the consolidation.



Equation (8) and (9) are used to obtain the analytical solutions for excess pore fluid pressure evolution and the surface settlement due to consolidation. The comparison between analytical and numerical results of the same problem was carried out in [15] with the finite element code FRACON. For the purpose of comparison, we here use input data identical to those specified in [15] to implement in COMSOL Multiphysics®:



E = 35 × 109 Pa;



  ν   = 0.2;



  α   = 1;



  K   = 10−11 m/s;



∆σ = 30 × 106 Pa;



H = 5000 m.



The finite element mesh and the boundary conditions are shown in Figure 3, where the soil column of thickness H is underlain by impermeable base and lateral confinement. A load of ∆σ is applied at the top surface of soil column where the only drainage is provided.



Figure 4a illustrates the evolution of normalized excess hydrostatic pore fluid pressure (presented by     p / p   0    ) and time factor     T   v     at two specific depths (z/H = 0.579 and 0.104). The temporal variation of normalized surface settlement (described in form of       G   S   t       H p   0         where G is the shear modulus,     G =   E   2   1 + ν         is shown in Figure 4b. For both results, the numerical results agree well with the results calculated from analytical solutions presented above.




3.2. Thermal Consolidation around a Point Heat Source


In this problem, we consider a point heat source embedded in an infinite saturated porous medium. The heat source will induce temperature rise in both pore fluid and soil skeleton leading to the thermal expansion of both components. Due to the differences in the thermal expansion of pore fluid and solid materials (e.g., in this section, the chosen values of volumetric thermal expansivity of the pore fluid is 4 × 10−4 (1/K), while that of the solid materials is 4.5 × 10−5 (1/K)), the pore fluid pressure increases and reduces the effective stress. This excess pore fluid pressure will dissipate at a rate proportional to the permeability of the porous medium.



The analytical solution for the point heat source consolidation was proposed by Booker and Savvidou [25] for linearly elastic porous media and was later extended for different shapes of embedded heat sources (e.g., cylinder source, sphere source) by [30,31,32]. The solution provides the evolution of temperature, pressure and displacement fields. In this study, we adopt input data identical to those specified by [32] to validate the proposed numerical code in terms of THM-coupled processes (Table 1).



The governing Equations (1), (2) and (5) simplify to:


    ∂   ∂   x   i           ρ   f     k   i j     μ       ∂ p   ∂   x   j     +   ρ   f     g   j       + α   ρ   f     ∂   ε   v     ∂ t   +   ρ   f       1 − α   β −   n β   f   −   1 − n     β   s       ∂ T   ∂ t   = 0  










    ∂   ∂   x   i         K   i j     ∂ T   ∂   x   j       + Q = ρ   c   p     ∂ T   ∂ t    



(11)






  G     ∂   2     u   i     ∂   x   j   ∂   x   j     +   G + λ       ∂   2     u   j     ∂   x   i   ∂   x   j     + α   ∂ p   ∂   x   i     − β   K   D     ∂ T   ∂   x   i     +   F   v   .  











The finite element mesh used for this problem along with the boundary conditions are shown in Figure 5. Invoking symmetry, only one eighth of a spherical geometry is represented, with symmetry planes defined at x = 0, y = 0 and z = 0, while the infinite domain is truncated at radius R = 30 m. The results for the temperature, pore pressure and displacement components at various points P1, P2, P3, P4 and P5 are shown in Figure 6. Temperature and pore pressure at an extremity of the domain (P6) were also illustrated in Figure 6 to confirm the boundary conditions of the model. The numerical modelling results are in near-perfect comparison with the analytical results. The same results at point P5 were documented by Chaudhry et al. [32].



Regarding the pore pressure evolution, initially there is a rise in pore pressure, followed by a decrease over time. This initial elevation in pore pressure occurs because the pore fluid has higher thermal expansivity compared to the solid skeleton. The induced pore pressure gradient drives the flow of pore fluid away from the heat source. However, as time passes, the drainage of pore fluid occurs due to the finite permeability of the medium, resulting in pore pressure dissipation.





4. Validation against Sand/Bentonite Column Experiment


A laboratory column experiment, along with its field scale heater experiment (HE-E) at the Mont Terri underground research facility in Switzerland, have been well investigated by [33,34,35] in the framework of PEBS. Through these experiments, the behaviour of buffer and the near field of DRG with respect to thermal evolution and associated thermally induced THM interactions were evaluated. Also, the experiments provided experimental data that can be used to calibrate and validate numerical models.



In this study, we only consider the laboratory column experiment that uses the same bentonite/sand mixture as in the in situ HE-E experiment in order to verify the TH aspect of our proposed mathematical model. Still, it is also worthy to briefly describe the in situ HE-E experiment in order to provide some contextual information. The in situ HE-E experiment consists of two tunnel sections: one is filled using pure MX-80 (Wyoming, USA) bentonite pellets, while the other is filled with a 65/35 granular sand/bentonite mixture, which has a higher thermal conductivity [35]. Heaters are placed to mimic the heat generation from waste containers and water infiltration after the heating phase was conducted to represent the re-saturation of buffer due to water ingress from host rock. During the experiment, temperature, humidity and water saturation were monitored through a system of sensors. More details regarding the HE-E experiment can be found in [36].



For characterizing the buffer materials, Villar et al. [35] conducted well controlled laboratory column experiments of the pure MX-80 bentonite and the sand-bentonite mixture. In order to mimic the heating of the buffer material and the re-saturation caused by the water recirculation from the host rock, the experiments were divided into (1) a heating phase and (2) a simultaneous heating and hydration phase.



In this section, we only focus on the laboratory column experiment for sand/bentonite mixture (here called S/B) during the first heating phase (i.e., the simulation stops prior to hydration). In the following sections, the main characteristic of the test is given in order to facilitate the understanding of the conceptual and numerical models developed in our work.



4.1. Experimental Set-Up


The experimental set-up of the column test is described in detail in [35]. The experiment apparatus is schematically shown in Figure 7a. The S/B column diameter is 7 cm while the length is 50 cm. Materials are filled into the column cell and are gently compacted to the required density (1.45–1.47 g/cm3). Heating was supplied at the cell bottom while the top is connected to the hydration system which permits water permeation towards the EBS material. Insulation layers were added during the course of the experiments to reduce the lateral heat loss around the cell. Three sensors for the measurement of relative humidity and temperature were installed to different depths (10, 22 and 40 cm from the heater, respectively).




4.2. Modelling Approach


A model was established with COMSOL multiphysics (version 6.1), as shown in Figure 7b. Assuming symmetry along the vertical axis, only one angular section was represented, with symmetry boundaries imposed on the vertical sides. Initial conditions and boundary conditions are consistent with those in the experiments that were detailed by Villar et al. [35].



The heating phase imposed a stepwise temperature increase at the heater plate from ambient temperature (22.5 °C) to 100 °C, followed by a later step (from 100 to 140 °C). This is the expected maximum temperature reached in the area surrounding the waste containers ([36,37]). The heating phase lasts for 3692 h for the SB column. The temporal heating profile is provided in Figure 8a.



According to [35], there was some unintended water leakage into the soil column from the top boundary during the initial period of the experiment. To take into account this incident in the model, we included a pre-heating infiltration as a mass flux from the top boundary (Figure 8b). The duration of this pre-heating infiltration is 160 h before the heating phase begins at   t   = 0.



The soil column had insulation on its sides, However, the insulation was imperfect, resulting in some heat loss. To capture this heat loss in the model, we introduced natural heat convection on the sides of the column, as depicted in Figure 9a,b. As we anticipated a greater heat gradient between the inside and outside of the column near the bottom where the heater was located, we used an enhanced heat transfer coefficient for the bottom section (z ≤ 20 cm) in Figure 9a, and a lower value for the z > 20 cm area in Figure 9b. Both figures showed a sharp decline in the heat transfer coefficient after 1600 h, resembling the time when the insulation material is upgraded [35].



Based on the nature of the experiment, the governing Equations (1), (2) and (4) are directly applicable. The parameters of the equations are described as follows.



4.2.1. Soil Water Characteristic Curve (SWCC) and Relative Permeability (kr)


In this study, we adopted the Brooks and Corey model [23] where the model parameters, including the air-entry value (α), n and l, are provided by Nguyen et al. [16] and are listed in Table 2. The suction degree of the saturation relationship is described below and displayed in Figure 10.


    S   e   =             α   p   c         − n   ,           p   c   <   − 1   α         1 ,           p   c   ≥   − 1   α          











From the Brooks and Corey model, the relative permeability takes the form:


    k   r   =       S   e       λ   .  











λ is reported to be equal to 10 for BS mixture [37]. For the simulation in this study, the value of λ is assigned by default as   λ =   2   n   + l + 2 .  




4.2.2. Thermal Conductivity and Specific Heat Capacity


Thermal conductivity and specific heat capacity of SB mixture in this study is assumed to vary linearly with the degree of saturation (Figure 11), as proposed by [38].




4.2.3. Theory of Vapour Transport in Porous Media


The term     Q   v i     in Equation (3) is the flow of water vapour due to thermal gradients and pressure gradients and was proposed by Phillips and de Vries [39]. While the liquid water (    Q   l i    ) is assumed to migrate by advection and obey Darcy’s law, the water vapour flux     Q   v i     is, on the other hand, assumed to migrate by diffusion and be driven by thermal gradient and pressure gradient. The rate of water vapour diffusion is given as [39]:


    Q   v i   = −   ρ   f       D   p v     ∂ p   ∂   x   i     +   D   T v     ∂ T   ∂   x   i        








where the diffusivity coefficient due to pressure gradient (    D   p v    ) and thermal gradient (    D   T v    ) are expressed as:


    D   p v   =     D   v     D   p       ρ   l     =     D   v     ρ   v       ρ   l   2     R   v   T    










    D   T v   =     D   v     D   T       ρ   l     =       f   T v   D   v       R   H     d   ρ   v s     d T   −     p   c     ρ   v         ρ   l   R   v     T   2           ρ   l      








with the parameter of vapour diffusion coefficient     D   v     is a function of degree of saturation and expressed as:


    D   v   =   D   a t m   τ n   1 −   S   e      








in which the free diffusion coefficient of water vapour in the atmosphere (    D   a t m    ) at different temperature (T[K]) is expressed as [40]:


    D   a t m   = 2.416 ×   10   − 5         T   273.15       1.8   .  











The relative humidity (  R H  ) in the pore space is related to matric suction and temperature in the form of the Kelvin’s equation:


  R H =         e       p   c     m   w       ρ   w   R × T     ,         p < 0       1 ,         p ≥ 0     .    











The density of vapour (    ρ   v    ) at a certain suction and temperature is then related to   R H   by definition as (see, e.g., [41])


    ρ   v   =   ρ   v s   × R H  








in which the density of saturated vapour density     ρ   v s     can be defined in terms of a polynomial function of temperature (T[K]) based on data published by [42] as:


     ρ   v s   =   10   − 3   × (  8.15329   E   − 4   ×     T − 273     3   − 0.03466 ×     T − 273     2        + 1.2723 ×   T − 273   + 0.4716  ) .   











The summary of necessary parameters for the numerical simulation are listed in Table 2. In Table 2, the thermal diffusivity enhanced factor needed some fine-tuning based on [43]. As discussed above, most other parameters such as porosity, permeability, water retention characteristics (Brooks and Corey) are derived from experimental measurements, while physical constants and functions are well established values available from physics databases (e.g., water compressibility and density, molecular weight, …).





 





Table 2. Input parameters for the numerical simulation of the BS column test.
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	Parameter
	Value
	Unit





	Porosity (n)
	0.463
	-



	Compressibility of fluid (χf)
	4 × 10−10
	1/Pa



	Compressibility of solid (χp)
	1 × 10−8
	1/Pa



	Density of water   (   ρ   w   )  
	1000
	kg/m3



	Initial negative pore pressure (suction)
	−1.08 × 108
	Pa



	Tortuosity factor   ( τ )  
	0.5
	-



	Molecular weight of water   (   m   w   )  
	18 × 10−3
	kg/mol



	Ideal gas constant   ( R )  
	8.314
	J/mol/K



	Gas constant for vapour   (   R   v   )  
	461.5
	J/kg/K



	Thermal diffusivity enhanced factor   (   f   T v   )  
	4 [43]
	-



	Brook and Corey parameters:
	
	



	α
	8.92 × 10−3
	mH2O−1



	n
	0.55
	-



	l
	−1.37
	-



	Saturated permeability (kij)
	1 × 10−19
	m2










4.3. Results


The modelling results of temperature and relative humidity (RH) are compared to the laboratory column tests in Figure 12a,b while the relevant model-based results of pore water pressure and degree of saturation are shown in Figure 12c,d. In Figure 12, the solid lines indicate simulated results while square and triangle symbols refer to measured data. The good agreement with each other indicates a satisfying validation has been achieved in this study.



Regarding the temperature changes (Figure 12a), there is a more significant increase observed in the lower part of the soil (e.g., sensor 3) where the heater is located. When the first heat spike of 100 °C was introduced, the temperature in the soil column immediately shifted from 22.5 to around 34 °C, then remained constant before experiencing an increase up to 42 °C which corresponds to the upgrade of insulator material. Then, the soil temperature jumped to 52 °C as a result of the second heat surge (140 °C).



As a result of the heating, the liquid water of soil sample in proximity to the heater is vaporized, which is reflected by a boost in RH (red line in Figure 12b). Still, due to the vapour transport mechanism where the humidity is driven by heat and moves toward the colder region, this RH increase quickly diminishes and gradually declines. The vapour transport mechanism brings water vapour upward, which results in the consistent increase in RH in sensors 2 and 1 (green and blue lines, respectively, in Figure 12b) before reaching an equilibrium value at about 80%. It is worth noting in Figure 12b that there was not a perfect match in RH between the model and readings in sensor 1 (blue line). This is thought to be caused by the disturbance of water leakage into the soil during the initial period of the experiment.





5. Scoping Analysis of THM-Solute Transport Coupling


Solute transport in porous media has been investigated intensively in the last few decades; however, research that couple solute transport to THM processes are much less active. Thus, the main purpose of this section is to explore the influence of coupled THM processes on solute transport within porous media. To achieve this, we performed scoping analyses from a simplified model inspired from an ongoing solute thermodiffusion experiment conducted in the Tournemire Underground Research Lab (URL), located 20 m beneath the surface in Southern France. As there are currently no published findings regarding this specific experiment, we rely on all available information provided by the IRSN (Institut de Radioprotection et de Sûreté Nucléaire) and make assumptions regarding model parameters to conduct this research.



The experiment involves a primary vertical borehole (BH1), which measures 100 cm in diameter and has a depth of 300 cm, drilled into argillaceous sedimentary rock that contains test water and a system of observation boreholes (PP1, PP2, PP3 and PP4 located 10, 20, 30 and 50 cm, respectively, away from BH1). Within this main borehole, there is test water containing specific solutes (e.g., Cl−, Br−, I−) at concentrations of 500, 50 and 50 mol/m3, respectively. These concentrations are chosen to create a sufficiently high chemical gradient to be observed in core samples compared to the background concentrations in the porewater of the clayrock. To maintain a consistent temperature of 80 °C, the water is continuously heated using heaters (Figure 13a).



Over time, it is anticipated that the water carrying solute species will penetrate into the surrounding formation through two main mechanisms: (1) convection (advection) driven by Darcy’s flow and (2) diffusion caused by concentration gradients of the species. Additionally, dispersion, another factor influencing solute transport, could be taken into account. However, to simplify the analysis, we assumed a homogeneous media with a constant, low permeability and minimal variation in fluid velocity, making the dispersion term negligible.



The Soret effect, also known as thermal diffusion effect, which involves the transport of solutes due to thermal gradients, can also be considered. However, it seems to have little impact on the solute transport behaviour [44]. As a result, this study focuses solely on investigating the influence of temperature on solute transport behaviour without considering the Soret effect, although a thorough assessment of this effect is beneficial to comprehend such influence.



In this scoping analysis, a simplified model is represented in Figure 13c,d. The full set of governing Equations (1), (2), (4) and (5) is applicable to this situation. For this scoping analysis we assume that the medium is fully saturated and linearly elastic. And they simplify to the following:


     ∂   ∂   x   i           ρ   f     k   i j     μ       ∂ p   ∂   x   j     +   ρ   f     g   j       + α   ρ   f     ∂   ε   v     ∂ t      +   ρ   f       1 − α   β −   n β   f   −   1 − n     β   s       ∂ T   ∂ t   = 0   










    ∂   ∂   x   i         K   i j     ∂ T   ∂   x   j       + Q = ρ   c   p     ∂ T   ∂ t    



(12)






  G     ∂   2     u   i     ∂   x   j   ∂   x   j     +   G + λ       ∂   2     u   j     ∂   x   i   ∂   x   j     + α   ∂ p   ∂   x   i     − β   K   D     ∂ T   ∂   x   i     +   F   v   = 0  










    ∂ n C   ∂ t   =   ∂   ∂   x   i           D   e     ∂ C   ∂   x   j       −   ∂   ∂   x   i         v   i   C   +   ∂   ∂ t     Q   c    











To investigate how coupled THM processes affect solute transport in our research, we aim to contrast changes in concentration under two scenarios: (1) solute transport driven by diffusion alone (referred to as case C1) and (2) solute transport which considers fully coupled THM processes (referred to as case C2). The equations that govern case C2 are the equations in set 11, whereas for case C1, only the diffusion-driven solute transport is considered, which reads:


    ∂ n C   ∂ t   =   ∂   ∂   x   i           D   e     ∂ C   ∂   x   j       .  











The boundary conditions for cases C1 and C2 are presented in Figure 13c,d, respectively. In both scenarios, the displacement is exclusively constrained to the left boundary and an assumed solute concentration gradient of the solute was applied, extending from the left to the right boundary. The initial pore pressure of 0.2 MPa applied in case C2 corresponds to the ambient pore pressure. It is worth noting that even though a water column of 0.5 m exists at the borehole wall, which exerts pressure on the ambient formation, this aspect is considered negligible. Furthermore, since the primary objective of this study is to underscore the impact of coupled THM processes on solute transport, we omitted this component for the sake of simplification. The governing equations described, together with the assumed initial and boundary conditions, were numerically solved using the finite element method. The 2D axis-symmetrical models were developed in COMSOL Multiphysics with the corresponding initial and boundary conditions. The size of the model was carefully chosen to ensure the attainment of a steady-state condition, thereby obtaining reliable results. The THM properties required for input to the model were gathered from various published and unpublished sources. The input data are presented in Table 3.



The concentration changes observed at different positions (PP1, PP2, PP3, PP4) for scenarios C1 and C2 are shown in Figure 14 using solid and dashed lines, respectively. For the remainder of this paper, it is established that solid lines denote case C1, whereas the dashed lines depict case C2 in order to facilitate clarity and comprehension.



As illustrated in Figure 14, we observed a slight decrease in concentration under condition C2 near the main borehole wall (PP1, indicated by the blue lines). This disparity gradually diminishes over time. For positions farther away from the borehole wall, such as PP2, PP3 and PP4, the concentration remains almost identical under both conditions. The variance in concentration can be attributed to the involvement of advective flux in case C2, brought about by Darcy’s flow resulting from overpressure arising from the differential volume expansion of pore fluid and solid materials—akin to the discussion in earlier sections. The mechanism under this concentration disparity can be elucidated by exploring the interplay between the magnitude of advective, diffusive and total flux, as elaborated upon below.



The total flux, diffusive flux and concentration gradient profiles under both conditions C1 and C2 are illustrated in Figure 15a–c, respectively. Also, advective flux in case C2 is shown in Figure 15d. It can be seen from Figure 15b,d that the advective flux magnitude in case C2 is extremely minor comparing to the diffusive flux magnitude (for example, the highest magnitude of advective flux is in the order of 1 × 10−12 while that of the diffusive flux is 1 × 10−8). This is evident since the rock medium permeability is extremely low (k = 5 × 10−19 m2). This pronounced dominance of diffusive flux leads to the diffusive flux (indicated by dashed lines in Figure 15b) and the total flux (also indicated by dashed lines in Figure 15a) being practically indiscernible.



By comparing diffusive flux magnitude between two cases (Figure 15b), we observed that although having the same diffusion coefficient, the values of diffusive flux are lesser in case C2 than case C1. This phenomenon can be explained as the impact of advective flux, which is a result of thermally induced pressure build-up. That is, the introduction of advective flux alters the concentration gradient, subsequently affecting the diffusive flux magnitude since diffusion is driven by the concentration gradient. This argument is strengthened by the similarity in disparity between dashed lines and solid lines of concentration gradient (Figure 15c) and diffusive flux (Figure 15d).



Furthermore, the reasoning behind the reduction in concentration when heat transfer is taken into account can be explained by the boundary conditions established in our model. Specifically, due to the presence of open drain boundaries on both the left and right sides of the model (depicted in Figure 13c), fluid movement is permitted in both directions. This implies that the nuclide can be transported either toward the right boundary or backward to the source. Figure 16a,b present the development of pressure and the Darcy velocity field relative to the radial distance from BH1. As indicated by Figure 16b, the velocity field exhibits negative values in close proximity to the borehole wall, signifying backward flow, with absolute magnitudes relatively higher than those of the forward flow (positive velocity). Similarly, Figure 16a reveals a steeper pressure gradient closer to the left boundary. These observations highlight the intensity of the backward flow, causing the lower concentration in case C2 in comparison to case C1.



In a nutshell, it can be concluded that the very small concentration difference between the two cases stems of the existence of a small the advective flux results in the coupled THM case. Additionally, due to the implementation of free drain boundary conditions, this advective flux transports the nuclide backward to the source, thus diminishing the recorded solute concentration at locations proximate to the borehole. However, this effect caused by the advective flux gradually diminishes over time and space. Due to the very low permeability of the clayrock, solute transport remains diffusion-dominant despite the high transient pore pressure gradients induced by THM effects. It is anticipated that the influence of THM effects would become important when the damage and fracturing of the rock occurs. The current scoping analysis only considers linear elastic behaviour; therefore, it cannot account for the above possibilities. A comprehensive and thorough analysis of thermo-diffusion at the Tournemire site has been undertaken by the authors. This analysis will be further substantiated and validated as additional experimental data to become available in the future. The examination will encompass the following key aspects: (i) anisotropy due to bedding; (ii) damage susceptibility of the clayrock; and (iii) Soret effects.




6. Conclusions


Ensuring the safety of deep geologic repositories (DGRs) is critical for the long-term management of spent nuclear fuel from electricity generation. To achieve this, a multi-barrier system, consisting of the host rock formation and an engineered barrier system, is implemented in the design of the facility. The assessment of DGR safety needs to evaluate the influence of thermal–hydraulic–mechanical–chemical (THMC) processes that occur in the DGRs’ on the long-term performance of the multi-barrier system.



This paper presents a review of the THMC-coupled processes that occur in the porous media, along with a mathematical model governing such interactions. To build confidence in the performance of the model, it is compared against established analytical solutions for 1D Terzaghi consolidation and thermal consolidation around a point heat source problem. Furthermore, the model is partially validated in terms of TH-coupled processes in unsaturated media using measured data from a thermal diffusion experiment conducted in a sand–bentonite column. Finally, scoping analyses were performed to assess the influence of THM-coupled processes on solute transport.



The model’s results show close agreement with analytical solutions and experimental data. This confirms the model’s potential for reliably simulating coupled processes in the near field of a DGR. The mathematical framework presented herein is promising and is the first phase of a multi-year research program at the CNSC that includes experimental work combined with the development, calibration and validation of the current model in an iterative manner. Future endeavours include, among others, heterogeneity; plasticity; the swelling characteristics of compacted bentonite under chemical and thermal gradients; thermodiffusion; thermal and chemical osmosis; and last but not least, the multiple porosity nature of bentonite-based buffer material.
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Figure 1. Canadian concept of geological disposal (from [1]). 
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Figure 2. Conceptualization of coupled multiphysics in the buffer and near-field. 
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Figure 3. Finite element mesh and boundary conditions for 1D isothermal consolidation. 
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Figure 4. Comparison between numerical and analytical results in (a) normalized pore pressure evolution at different depths and (b) vertical settlement at the surface. 
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Figure 5. Finite element mesh and boundary conditions for thermal consolidation around a point heat source problem. 
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Figure 6. Variations in (a) temperature, (b) pressure and (c) displacement components as functions of time at various points. Dashed lines represent analytical results while the numerical results are denoted by solid lines. 
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Figure 7. (a) Sketch of the column test (after [35]) and (b) mesh and boundary conditions. 
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Figure 8. (a) Temporal heater profile and (b) pre-heating infiltration. 
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Figure 9. Heat transfer coefficient profile to simulate conductive heat flux leaking at (a) z ≤ 20 cm and (b) z > 20 cm. 
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Figure 10. SWCC for BS column (after [16]). 
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Figure 11. (a) Thermal conductivity and (b) specific heat capacity [38]. 
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Figure 12. Evolution of (a) temperature, (b) RH, (c) pore water pressure, (d) degree of saturation within the B/S sample and comparison between simulated results (solid lines) and test results (squares and triangles) of temperature and RH evolution. 
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Figure 13. (a) Illustration of the solute thermodiffusion experiment setup; (b) A-A cross-sectional geometry; (c) finite element axisymmetric model for scoping analysis with boundary conditions around B-B for case C2 and (d) case C1. 
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Figure 14. Solute concentration variation profile as a function of time at various locations. Dashed lines represent C2 while C1 is denoted by solid lines. 
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Figure 15. Temporal evolution of total fluxes (a), diffusive fluxes (b), concentration gradient (c) in both cases and advective fluxes (d) in case C2. 
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Figure 16. Development of (a) pressure and (b) Darcy’s velocity as a function of radial distance from primary borehole BH1. 
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Table 1. Parameters for verification of thermal consolidation problem.
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	Parameter
	Value
	Unit





	Young’s modulus (E)
	5 × 109
	Pa



	Poisson’s ratio (ν)
	0.3
	-



	Biot’s coefficient (α)
	1
	-



	Shear modulus (G)
	E/(1 + ν)/2
	Pa



	Point heat source (Q)
	300
	W



	Porosity (n)
	0.16
	-



	Density of water   (   ρ   w   )  
	999.1
	kg/m3



	Density of solid   (   ρ   s   )  
	2290
	kg/m3



	Equivalent density   ( ρ )  
	   n   ρ   w   +   1 − n     ρ   s     
	kg/m3



	Dynamic viscosity of water (μ)
	0.001
	Pa·s



	Isobaric specific heat capacity of water (cw)
	4280
	J/kg/K



	Isobaric specific heat capacity of solid (cs)
	917.654
	J/kg/K



	Equivalent heat capacity (cp)
	   n   c   w   +   1 − n     c   s     
	J/kg/K



	Volumetric thermal expansion coefficient of water   (   β   f   )  
	4 × 10−4
	(1/K)



	Volumetric thermal expansion coefficient of solid   (   β   s   )  
	4.5 × 10−5
	(1/K)



	Linear thermal expansion coefficient of solid   ( β )  
	     β   s   / 3   
	



	Intrinsic permeability (k)
	2 × 10−20
	m2



	Thermal conductivity of water (Kw)
	0.6
	W/m/K



	Thermal conductivity of solid (Ks)
	1.838
	W/m/K



	Equivalent thermal conductivity (K)
	nKw + (1 − n)Ks
	W/m/K



	P1 (x1, y1, z1)
	(1, 0, 0)
	m



	P2 (x2, y2, z2)
	(0, 2, 0)
	m



	P3 (x3, y3, z3)
	(0, 0, 3)
	m



	P4 (x4, y4, z4)
	(0.35, 0.5, 0.6)
	m



	P5 (x5, y5, z5)
	(1.3, 0.682, 0)
	m



	P6 (x6, y6, z6)
	(30, 0, 0)
	m










 





Table 3. Parameters used as input in mathematical simulation.
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	Parameter
	Value
	Unit





	Young’s modulus   ( E )  
	13.5 × 109 [21]
	Pa



	Poisson’s ratio   ( ν )  
	0.15 [21]
	-



	Biot’s coefficient   ( α )  
	0.8 [21]
	



	Porosity   ( n )  
	0.1 *
	-



	Density of water   (   ρ   f   )  
	1000
	kg/m3



	Density of solid   (   ρ   s   )  
	2550
	kg/m3



	Dynamic viscosity of water   ( μ )  
	0.001
	Pa.s



	Isobaric specific heat capacity of porous medium   (   c   p   )  
	1096
	J/kg/K



	Volumetric thermal expansion coefficient of porous medium   (   β   p   )  
	1.5 × 10−5
	1/K



	Intrinsic permeability   ( k )  
	5 × 10−19
	m2



	Thermal conductivity   (   K   i j   )  
	3 *
	W/m/K



	Compressibility of fluid (χf)
	4 × 10−10
	1/Pa



	Compressibility of solid (χp)
	1 × 10−11
	1/Pa



	Fluid diffusion coefficient (    D   e    )
	8 × 10−12 *
	m2/s







* Unpublished data by IRSN.
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