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Abstract 9 

To better understand the Thermal-Hydraulic-Mechanical (THM) response of the rock caused by 10 

the high-level radioactive waste (HLW) released heat in the Callovo-Oxfordian formation (COx) 11 

in the near-field and far-field areas, a series of coupled THM modelling is performed. This study 12 

presents a case study based on the French geological repository for HLW (Cigéo project) to 13 

better assess modelling of deep geological repositories (DGR) within the DECOVALEX-2019 14 

framework. In this study, the proposed coupled THM model, implemented in the platform of 15 

COMSOL, is validated by comparing the modelled THM results for a point heat source in an 16 

infinite rock mass with an analytical solution. It is also validated by comparing its thermal 17 

component for the Base Case with accurate results calculated using another numerical method. 18 

To shorten the calculation time, the DGR is modelled using six cuboid blocks representing 162 19 

HLW cells and only six central HLW cells of interest modelled in detail. This simplification is 20 

validated. This model can easily be used to model not only the near-field THM response of the 21 

rock but also the far-field THM response. The influence of the boundary conditions applied on 22 

the gallery wall, HLW cell walls, and model external surfaces and the influence of different 23 

vertical dimensions of the geometry are studied. The sensitivity analyses of the THM 24 

parameters of COx on the THM response at different locations are performed. The influence of 25 



using a 2-dimensional (2D) model to represent a 3-dimensional (3D) repository is also 26 

investigated.  27 

1. Introduction 28 

Many countries using nuclear power for the production of electricity, including France, are 29 

currently considering the long-term disposal of their high-level radioactive wastes (HLW) in a 30 

deep repository located in a suitable geological formation, such as the Callovo-Oxfordian 31 

formation (COx). Geological disposal relies on multiple barriers – for example, engineered clay 32 

barriers and thick layers of natural sedimentary rocks – to contain and isolate the radioactive 33 

waste for a very long period of time.  34 

The temperature increase caused by heat input from the radioactive waste can affect many 35 

aspects of near-field and far-field behaviour. For example, the heating and associated 36 

temperature variation can change the mechanical behaviour of the rock [1], and thermal 37 

expansion of both the solid rock constituents and the water in the rock pores can create a 38 

potential for increased rock damage near the underground openings and progressive rock 39 

failure [2]. Rock pore pressure changes induced by thermal expansion influence both the rock 40 

stresses and the hydraulic gradients. Increased pore pressure in the pores and microfractures 41 

of the rock will result in a reduction of normal effective stress, potentially leading to tensile 42 

fracturing or to unpredictable propagation of hydraulic fracture [3]. Non-uniform pore pressure 43 

increase will alter the existing hydraulic gradients and can affect both the quantity of flow 44 

through the rock and the flow direction, thus potentially affecting the advective transport of 45 

water-borne radionuclides [4]. Therefore, the long-term performance of these barriers is 46 

investigated collaboratively by interdisciplinary researchers. 47 

In the current French concept, the HLW will be placed in a set of parallel micro-tunnels of 0.75 48 

m to 0.80 m in diameter and 80 m to 150 m in length as shown in Figure 1 [5]. The HLW zone 49 

covers an area of around 8 km2 of the geological formation of the COx in which the rock shows 50 



vertical and horizontal mineralogical variation and therefore, the thermal-hydraulic-mechanical 51 

(THM) properties are variable. COx claystone comprises a dominant clay fraction rich in 52 

carbonates, quartz, minor feldspars and accessory minerals. On average, the COx claystone 53 

contains 25-55 % clay minerals, 20-38% carbonates, 20-30% quartz, 1% feldspar, and small 54 

amount of others [6]. The sedimentation has caused a preferential orientation of the clay 55 

formation and consequently a stratification of the matrix structure. This results in anisotropy of 56 

the rock properties. An anisotropic behaviour is found in the COx based on the mechanical tests 57 

performed on the samples obtained following different orientations. The parallel to bedding 58 

stiffness of the COx is greater than its perpendicular to bedding stiffness. Horizontal thermal 59 

conductivity (i.e., parallel to the bedding) of the COx is also higher than the vertical one. 60 

Concerning the water permeability, a slight anisotropy ratio of horizontal to vertical between 2 61 

and 3 is observed. Regarding in situ stress, an anisotropy is also observed. The largest principal 62 

stress is horizontal and the vertical and the smallest horizontal stresses are similar in magnitude 63 

[7]. At the main level of the Meuse/Haute-Marne Underground Research Laboratory (MHM 64 

URL) (i.e., at -490 m) the maximum stress, which is parallel to the direction of the heater 65 

boreholes, is about 16 MPa and both the middle (vertical stress) and the minor stresses are 66 

about 12 MPa. The hydraulic and mechanical response is also influenced by the orientation of 67 

the in situ stress directions [5, 8-10].   68 

To better understand the THM response caused by the radioactive waste released heat in the 69 

COx formation for the near-field and far-field areas of the HLW cells, a series of 2D or 3D 70 

coupled THM modelling is performed. This study has been conducted in Task E within the 71 

DECOVALEX-2019 framework, an international program with a 4-year duration that started in 72 

2016.  DECOVALEX is a multidisciplinary, co-operative international research effort in modelling 73 

coupled Thermal-Hydraulic-Mechanical-Chemical (THMC) processes in geological systems and 74 

addressing their role in Performance Assessment for radioactive waste storage [11]. One of the 75 



goals of Task E is to propose guidelines for repository-scale calculations for a deep repository in 76 

the COx formation by assessing the effect of choice of THM modelling [12-13]. The numerical 77 

simulation of a deep repository is a case study based on the French geological repository for 78 

high-level radioactive waste, Cigéo project. The data was provided by the French National 79 

Agency for Radioactive Waste Management (Andra) leading Task E. Calculations presented in 80 

the following sections are not part of the design of the real project.  81 

Considerable effort has been expended in numerical modelling and interpretation of 82 

experimental results related to coupled THM processes to understand the mechanism of the 83 

coupling process [14-21]. These studies focused on interpretation of the THM response of in-84 

room or in-situ experiments. A series of conceptual design studies for a DGR was also carried 85 

out in the past [22-33]. These studies include two and three-dimensional thermal transient and 86 

thermo-mechanical analyses. Because it is not numerically practical to include near-field details 87 

in a repository size model, these analyses are typically divided into near-field and far-field 88 

modelling. The near-field model includes a unit cell geometry from a repository with an adiabatic 89 

thermal condition, no hydraulic flow and roller mechanical boundary condition applied on the 90 

four vertical external boundaries and as such, this represents a repository with an infinite 91 

horizontal dimension. The purpose of a near-field model is to study the THM responses of 92 

engineered or natural sealing materials, for example, nuclear waste container temperature, clay-93 

based buffer material saturation, or stability of the rock surrounding the placement room. 94 

However, for a finite dimension repository, results generated with this approach are accurate for 95 

early times with the thermal response overestimated at longer times [33]. To correct for this, a 96 

method was proposed by Guo [33] to modify near-field thermal results, but the method cannot 97 

be used to solve hydraulic and mechanical response. In this study, a coupled THM model is 98 

proposed in which both far-field geometry of a DGR and near-field details at the location of 99 

interest are incorporated.  100 



2 Coupled THM theory 101 

2.1 Thermal equations 102 

To simplify the modelling, thermal radiation is not considered. The following thermal equation is 103 

used for thermal modelling [34]: 104 

 105 

��� ��
�� + �����	 · ∇T + ∇ · 
 = �     (1) 106 

 107 

where T is temperature (ºC), � is time (s), � is bulk density (kg/m3), �� is equivalent specific heat 108 

capacity of the porous matrix (J/(kg·ºC)), � is a specific source of heat (W/m3), ��� is specific 109 

heat capacity of water (J/(kg·ºC)), 	 is Darcy’s velocity (m/s), and q is the heat flux (W/m2), 110 

which can be defined as follows [34]:  111 

 112 


 = −�∇�      (2) 113 

 114 

where � is the thermal conductivity tensor (W/(m·ºC)). 115 

In Equation (1), �� is the density of water (kg/m3), which is a function of temperature and pore 116 

pressure and can be linearly expressed as follows [35]:   117 

 118 

�� = ��(1 + �(� − ��� − ��(� − ����    (3) 119 

 120 

where �� is the density of water at reference pressure and reference temperature (kg/m3), β is 121 

the water compressibility (1/Pa), �� is the water volumetric thermal expansion coefficient (1/ºC), 122 

� is the pore pressure (Pa), �� is the reference pressure (Pa), and �� is the reference 123 

temperature (ºC). 124 



2.2 Hydraulic equations 125 

Water balance equation is used for the coupled model as follows: 126 

 127 
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 129 

where ' is the vector of gravity (m/s2), * is permeability tensor (m2), +, is the volumetric strain 130 

(unitless), and - is viscosity (Pa⋅s) , which is a function of temperature and can be expressed as 131 

follows [36]: 132 

 133 

- = /01�( 2
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 135 

where A is a constant (Pa⋅s), and B is an exponential constant (ºC). 136 

In Eq. (4), � is porosity (unitless), which is a function of temperature, pore pressure and 137 

volumetric strain and can be expressed as follows:  138 

 139 

� = (�� + �2+, + (�2 − ���(� − ���(1 − �2�67 − α9(�2 − ���(� − ����/(1 + +,� (6) 140 

 141 

where ��  is the initial porosity (unitless), �9 is the volumetric thermal expansion coefficient of 142 

the rock (1/ºC), Cm is the compressibility of the solid phase (Pa-1), and �2 is the Biot coefficient 143 

(unitless).  144 

2.3 Mechanical equations 145 

In this exercise, the COx is assumed to be an elastic material. The following equation is used for 146 

the mechanical response of the COx, including hydraulic and thermal effects [37]: 147 



 148 

    � �;<
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 150 

where < is the displacement vector, ?, is the body force, > is the total stress tensor (negative is 151 

compressive stress in this equation). Thermal and hydraulic processes are coupled to the 152 

mechanical equations through addition of a stress term for pore pressure (>@A�, which is the 153 

external stress and is equal to  −�2�BC) and addition of a strain term for thermal expansion such 154 

that stress - strain relationship becomes: 155 

 156 

> − �2�BC = DC: (F − F��     (8) 157 

 158 

where BC is a 3x3 identity tensor, F is the strain tensor, DC is the 4th order elasticity tensor, “:” 159 

stands for the double-dot tensor product (or double contraction), and F� is the strain due to 160 

thermal expansion and can be calculated using the following equation: 161 

 162 

F� = GH
5 (� − ���BC      (9) 163 

 164 

The strain is calculated using the following equation: 165 

 166 

F = �
3 I(∇<�� + ∇<J      (10) 167 

 168 

2.4 Implementation of the coupled THM theory in COMSOL 169 

The mathematical equations described above have been implemented in the finite element code 170 

COMSOL. In COMSOL, a fully coupled approach can be implemented to solve all set of 171 



equations for thermal, mechanical, and single/multiphase flow in the same simulator 172 

(COMSOL). The fully coupled approach forms a single large system of equations that solve for 173 

all of the unknowns and includes all of the couplings between the unknowns at once within a 174 

single iteration. A Newton-Raphson iteration scheme for non-linear problems with the MUMPS 175 

direct solver for the linear updates is used in this fully coupled approach. Backward 176 

differentiation formula (BDF) dynamic time-stepping is used but with a cap (e.g., a cap time step 177 

size of 1x1010 s is used in Sections 3) to ensure time steps do not span multiple output times.  178 

3. Coupled THM COMSOL model 179 

3.1 Three-dimensional COMSOL model  180 

3.1.1 Model geometry  181 

Figure 2 shows the geometry of the three-dimensional COMSOL model of a Base Case for the 182 

coupled THM simulation of a deep geological repository in the COx formation in France. The 183 

model geometry dimensions are 2.5 km x 2.0 km x 3.0 km including one quarter of a DGR 184 

considering symmetric conditions. It includes one connection gallery and 3 access galleries 185 

leading to 28 HLW cells at each side. There are 168 HLW cells in total with a cell-to-cell 186 

distance of 52.3 m, 162 of which are approximated using cuboid blocks to simplify the model. 187 

The other six central HLW cells are modelled in detail with individual micro-tunnels resolved in 188 

the model (Figure 2). The proposed configuration is a case representative of a quarter of a HLW 189 

repository for investigation purposes.   190 

The COx formation is surrounded by the Dogger and Oxfordian limestone layers and it can be 191 

vertically divided into three unit layers: the Clay unit (UA), the Transition unit (UT), and the Silty 192 

Carbonate-Rich unit (USC). These three units differ in terms of mineralogical composition [6]. In 193 

total, eight geological layers are considered in this model. The depths of the different geological 194 

units and their abbreviations are shown in Table 1 [13]. 195 



Modelling results are output at three locations, which are represented as Points P1, P2 and P3 196 

shown in Figure 2. P1 is centrally located between the third HLW Cell and the fourth HLW Cell, 197 

P2 is 2 m from the centre of the third HLW Cell and P3 is on the ground surface above P1. 198 

3.1.2 Initial conditions for the Base Case 199 

The excavation of the access/connection tunnels is simulated and the results from the 200 

simulation of the access/connection tunnels are considered as the initial conditions for the HLW 201 

cell excavation stage and the results from the HLW cell excavation stage are considered as the 202 

initial conditions for the heating stage. The analyses focus on the last two stages. The time 203 

between the excavation of the access/connection tunnels and the HLW cell excavation is fixed 204 

to 10 years. The HLW cell excavation occurs at year 0 in the modelling. The HLW packages are 205 

emplaced inside the HLW cells two years later. 206 

The initial temperature, initial pore pressure and initial stresses for the simulation of excavation 207 

of the access/connection tunnels at t = -10 years are functions of depth from the ground surface 208 

as shown in Figure 3. The initial stress is geostatic and isotropic in the Barrois, limestone and 209 

Kimmeridgian layers and anisotropic for the rest of them. The anisotropy ratio varies with depth 210 

from 1 to 1.3 in the Carbonated Oxfordian layer and it remains constant for the lower layers. 211 

3.1.3 Boundary conditions for the Base Case 212 

The temperature on the top surface (Plane O′A′B′C′), the bottom surface (Plane OABC), the 213 

back surface (Plane CBB′C′) and the right surface (Plane AA′B′B) is also a function of depth 214 

from the ground surface as shown in Figure 3(a). Adiabatic condition is applied on the left 215 

surface (Plane OO′C′C) and the front surface (Plane OO′A′A) assuming that only one quarter of 216 

the entire repository is modelled (i.e., the planes OO′C′C and OO′A′A are symmetric surfaces). 217 

The heat power applied per meter HLW cell as a function of time is shown in Figure 4 [13]. 218 



The pore pressure on the top surface, the bottom surface, the back surface (Plane BB′C′C) and 219 

the right surface (Plane AA′B′B) is a function of depth from the ground surface as shown in 220 

Figure 3(b). No hydraulic flow is assumed to cross the left surface and the front surface 221 

assuming they are symmetric surfaces given that a DGR site chosen has a very slow 222 

hydrogeological flow.   223 

The top surface is a mechanical free surface. A normal total stress σx which is a function of 224 

depth as shown in Figure 3(c) is applied on the right surface (Plane AA′B′B). A normal total 225 

stress σy which is also a function of depth as shown in Figure 3(c) is applied on the back surface 226 

(Plane CBB′C′). A roller boundary condition is applied on the left, front and bottom surfaces.  227 

Boundary conditions of the HLW cells and the access tunnel during the last two stages of the 228 

simulations are shown in Table 2 [13].  229 

3.1.4 Material parameters 230 

Table 3 shows the minimum, mean and maximum values of the THM parameters of each layer 231 

in the vertical direction used for the simulation and these parameters are defined by 232 

DECOVALEX-2019 Task E [13]. In the Base Case modelling, the mean values are used. Table 233 

4 shows the horizontal to vertical ratios of each parameter in the horizontal direction against its 234 

corresponding value in the vertical direction and they are defined by DECOVALEX-2019 Task E 235 

[13].  236 

3.2 Two-dimensional COMSOL model for the Base Case 237 

Coupled THM 3-dimensional (3D) modelling typically requires a significant execution time. To 238 

understand whether a 2-dimensional (2D) model (plane strain) can be used (instead of a 3D 239 

model) to help understand the THM response in a deep geological repository, an analysis is 240 

also performed using a 2D Base Case model using the same parameters, same initial 241 



conditions and same boundary conditions as those used in the 3D Base Case model. The 2D 242 

model is a vertical cross section of geometry shown in Figure 2 through Points P1, P2 and P3. 243 

4. Modelling results 244 

4.1 Base Case modelling  245 

4.1.1 THM modelling results from the Base Case 246 

This section describes the modelling results related to the Base Case. In the Base Case, the 247 

mean values of the THM parameters are used except for Biot coefficient for which the minimum 248 

value (0.6) is used.   249 

Figure 5 compares the temperatures at locations of Points P1 and P2 between the 2D model 250 

and the 3D model. There is no obvious difference between the 2D model and the 3D model 251 

during the first 100 heating years. After 100 years, the 2D model overestimates the 252 

temperatures at different locations. The maximum observed difference between the 2D model 253 

and the 3D model is less than about 3ºC at any location after 700 years. The peak temperatures 254 

at P2 and P1 are 59ºC after 29.7 years and 44ºC after 387 years from the 3D model, 255 

respectively. 256 

Figure 6 compares the pore pressures at Points P1 and P2 between the 2D model and the 3D 257 

model. There is no difference in pore pressure during the first 40 years. After 40 years, at 258 

different locations, the 2D model greatly overestimates the pore pressure. The maximum 259 

observed difference between the 2D model and 3D model is about 3.7 MPa (51%) at Points P1 260 

and P2 and occurs at 500 years. However, the difference between the maximum values 261 

obtained using 2D model and using 3D model is about 1.7 MPa which is an increase of about 262 

13.8% (i.e., (14 MPa-12.3 MPa)/12.3 MPa). The peak pore pressures are 12.0 MPa at Point 2 263 

after 40 years and 12.3 MPa at Point P1 after 38 years from the 3D model.  264 



Figure 7 compares the uplifts at Point P3 between the 2D model and the 3D model. The 2D 265 

model greatly overestimates the uplift at the ground surface (P3). The peak value is 15.7 cm 266 

from the 2D model against 9.6 cm from the 3D model. Therefore, the 2D model overestimates 267 

the ground surface uplift about 64%.  268 

The 2D model stands for a repository with infinite horizontal dimension in the Y-direction (see 269 

Figure 2 for direction). There are no thermal and hydraulic flux and no horizontal movement in 270 

the out-of-plane direction, thus the results from the 2D model greatly overestimate the THM 271 

response of rock caused by the heat in a finite DGR. Therefore, a 2D model cannot be used to 272 

accurately model the THM response in a DGR and surrounding rock in reality.  273 

Figure 8 shows the simulated uplifts on the ground surface along O′A′ (for location see Figure 2) 274 

at four different times (100 years, 1000 years, 1580 years and 10000 years) obtained using 3D 275 

model. The uplift above the repository area is comparatively uniform at different times. The 276 

results shows that the uplift slope on the ground surface caused by existence of a DGR is less 277 

than 0.01% at anywhere on the ground surface. 278 

Figure 9 shows the simulated stresses (positive is compressive) (a) in the X-direction and (b) in 279 

the Z-direction at Points P1 and P2 using the 3D model, respectively. Due to thermal expansion, 280 

the horizontal stress increases in the X-direction are about 4.5 MPa after 40 years at Point 2 281 

and 4.6 MPa after 750 years at Point P1. Due to the vertical thermal expansion of the rock near 282 

the HLW cell wall greater than that at Point P1, the vertical stress decreases about 3.8 MPa at 283 

40 years and later the thermal load decrease causes the decrease in thermal contraction in the 284 

surrounding rock, which, in turn, results in increase in the vertical stress at P1. At Point P2, the 285 

vertical stress increases at the first two years due to the adjacent HLW cell excavation and then 286 

decreases until 120 years and thereafter increase for the same reason as for the location of P1. 287 

In summary, the temperatures reach peak values of 59ºC at Point P2 at Year 29.7 and 44ºC at 288 

mid-point (P1) between two HLW cells at Year 387. The pore pressures are 12.0 MPa at Point 289 



P2 after 40 years and 12.3 MPa at Point P1 after 38 years. The simulated uplift on the ground 290 

surface above Point P1 reaches its peak value of 9.6 cm after 1570 years. Due to thermal 291 

expansion, the horizontal stress in the X-direction increases about 4.6 MPa at Point P1 and 4.5 292 

MPa at Point P2 after about 750 years, while vertical stress at Point P1 decreases about 3.8 293 

MPa. 294 

The 2D model significantly overestimates the THM response of a deep geological repository. 295 

The thermal results between the 2D and the 3D models are found to have the best agreement 296 

within the first 100 years, the hydraulic results have a good agreement within the first 40 years, 297 

and the uplifts on the ground surface have a good agreement within the first 10 years. Maximum 298 

observed overestimations by the 2D are found to be 7% for temperature, 51% for pore pressure 299 

and 64% for the ground surface uplift.  300 

4.1.2. Validation of geometrical simplifications 301 

To shorten the calculation time, in the 3D model, the repository is simplified as six blocks with 302 

only six central HLW cells incorporated in detail. How the results may be affected by this 303 

simplification is studied. Reducing the number of HLW cells incorporated in detail to four or two 304 

has a very slight influence on the numerical results regardless the location of the studied points 305 

as shown in Figure 10. Increasing the number of HLW cells incorporated in detail to eight has 306 

no influence on the temperature and the pore pressure at different points. Similar conclusions 307 

are obtained in terms of the effective stress. These results validate the simplification, which 308 

reduces the computational cost of modelling a full HLW repository. This validation exercise is 309 

also done under plane-strain conditions by comparing a simplified model with six central HLW 310 

cells and blocks against a detailed geometry model. 311 

4.1.3 Influence of different boundary conditions 312 

4.1.3.1 Influence of the galley wall boundary conditions 313 



Figure 11 shows the Influence of filling access/connection tunnels with fully-saturated buffer (a) 314 

after 2 years and (b) after 1000 years instead of applying atmospheric boundary condition on 315 

the gallery wall on the pore pressure at Points P1 and P2. Assuming the galleries are filled with 316 

fully saturated buffer materials after two years does not have any influence for the first 60 years 317 

but later greatly overestimates pore pressures at both Points P1 and P2. Assuming the galleries 318 

are filled with buffer materials fully saturated after 1000 years does not have any influence on 319 

modelling results but overestimates pore pressures after 1000 years at both Points P1 and P2. 320 

Both cases do not affect the peak pore pressure.  Similar conclusions are obtained in terms of 321 

the effective stress. 322 

Figure 12 shows the influence of assuming the buffer materials in galleries are fully saturated 323 

after two years and after 1000 years on the uplift at Point P3. Assuming the galleries are filled 324 

with fully saturated buffer material after two years overestimates the peak uplift about 14%. 325 

Assuming the galleries are filled with buffer materials fully saturated after 1000 years 326 

overestimates peak value about 6%. Therefore, estimation of the time for the filling material in 327 

access/connection tunnels reaching fully saturated is very important for the boundary condition 328 

setting in this kind of modelling.  329 

4.1.3.2 Influence of the HLW cell wall boundary conditions 330 

Figure 13 shows the influence of using fixed boundary condition on the HLW cell wall 331 

(representing the steel casing used for containing HLW) instead of free boundary condition used 332 

in the Base Case on the pore pressure at Points P1 and P2. There is no noticeable influence on 333 

the pore pressure at P1 and P2. Similar conclusions are obtained in terms of the effective stress 334 

and uplift on the ground surface. This indicates that the HLW cell boundary conditions can only 335 

influence the very small zone near the HLW cell wall.  336 

4.1.3.3 Influence of the model vertical dimension and other boundary conditions  337 



Influence of the model vertical dimensions (e.g., 1135 m, 1635 m, or 2635 m) is studied and the 338 

results show only the ground surface uplift is affected by the vertical dimensions of the 339 

repository domain [38]. There is no obvious difference in the uplift between the model with a 340 

vertical dimension of 2635 m and the Base Case which has a vertical dimension of 3000 m, but, 341 

with smaller dimensions (e.g., 1135 m or 1635 m), the uplift is underestimated because the 342 

thermal expansion of the rock within the depth range of 1135 m to 2635 m is not considered. 343 

However, no change in numerical results of the temperature, pore pressure and effective 344 

stresses is observed. 345 

The following cases are also studied to investigate the influence of boundary conditions applied 346 

on the external boundary surface in Figure 2 [38]: 347 

• The influence of using fixed pore pressure boundary condition on the model bottom surface 348 

instead of no-flow boundary condition used in the Base Case on the pore pressure at Point 349 

P1 and P2.  350 

• The influence of using no heat flow boundary condition on the front and right side vertical 351 

surfaces of the model instead of using fixed temperature boundary condition used in the 352 

Base Case on the temperature and pore pressure at Points P1 and P2. 353 

Due to the dimensions being large enough, no differences are observed for both cases 354 

compared with the Base Case results suggesting model boundary conditions are not driving 355 

model results. 356 

In summary, model results are not sensitive to exterior model hydraulic, or thermal, or 357 

mechanical boundary conditions. This indicates that the model domain (2 km x 2.5 km x 3 km) is 358 

appropriate to perform the coupled THM modelling. The boundary conditions on the gallery wall 359 

have influence on the pore pressure but do not influence the peak value. Assuming the galleries 360 

are filled with fully saturated buffer materials after two years overestimates the ground surface 361 



uplift 14%. Using fixed or free boundary condition on the HLW cell wall does not influence the 362 

analysis of the pore pressure at the selected locations.  363 

4.2 Parameter sensitivity analyses 364 

In this section, the influence of the different THM parameters on the THM responses is studied 365 

using the 3D model. It includes the influence of the minimum or maximum values of each THM 366 

parameter used for all layers of USC, UT, UA23 and UA1, the minimum values of hydraulic 367 

permeability of each single sublayer of COx, the minimum values of thermal conductivity of each 368 

single sublayer of COx, and the maximum values of Young’s modulus of each single sublayer of 369 

COx. 370 

4.2.1 Sensitivity analyses of THM parameters of COx including USC, UT, UA23 and UA1 371 

The influence of all THM parameters on the temperature at P2 is studied, but only the minimum 372 

thermal conductivity, minimum specific heat capacity, and minimum equivalent density of rock of 373 

Layers USC, UT, UA23 and UA1 have influence on the temperature increase at P2 as shown in 374 

Figure 14. The minimum values of thermal conductivity of Layers USC (a decrease of 28%), UT 375 

(27%), UA23 (25%) and UA1 (31%) cause peak value increase of temperature at P2 of 6ºC 376 

(from 59ºC to 64.8ºC).  377 

The influence of all THM parameters of Layers USC, UT, UA23 and UA1 on the pore pressures 378 

at P2 is studied. Only minimum permeability, the minimum thermal conductivity, the maximum 379 

porosity, maximum Young’s modulus, and minimum specific heat capacity have obvious 380 

influence on increasing pore pressure at P2 as shown in Figure 15. The minimum permeability 381 

(a decrease of 86%) of Layers USC, UT, UA23 and UA1 causes the peak value of pore 382 

pressure to increase from 11.9 MPa at 40 years to 16.6 MPa at 6 years (about increase 40%).  383 

Figure 16 shows the influence of the minimum permeability, the minimum thermal conductivity, 384 

minimum Young’s modulus, minimum specific heat capacity, maximum Poisson’s ratio, 385 



maximum Biot coefficient, and maximum thermal expansion of Layers USC, UT, UA23 and UA1 386 

on the uplift at P3. All these parameter values cause the uplift at P3 to increase. The minimum 387 

permeability (a decrease of 86%) of Layers USC, UT, UA23 and UA1 causes the peak value of 388 

the uplift to increase from 9.6 cm at 1570 years to 12.9 at 780 year (about increase 34%). 389 

In summary, the three major factors influencing temperatures are thermal conductivity, specific 390 

heat capacity and equivalent density with the most important factor being thermal conductivity. 391 

Assuming a minimum value for thermal conductivity results in a maximum temperature 392 

overestimation of 8.5ºC in the rock near the HLW cell. 393 

The major significant five factors influencing the pore pressure are permeability, thermal 394 

conductivity, porosity, Young’s modulus, and specific heat capacity with the most important 395 

factor being permeability. Assuming a minimum value for permeability (a decrease of 86%) 396 

results in a maximum pore pressure overestimation at P2 by 40%. 397 

The major significant five factors influencing the ground surface uplift are permeability, thermal 398 

expansion, Young’s modulus, Poisson’s ratio, and Biot coefficient, with the most important factor 399 

being permeability. Assuming a minimum value for permeability (a decrease of 86%) results in a 400 

maximum uplift overestimation at the ground surface by 34%. 401 

4.2.2 Sensitivity analyses of parameters of a single sublayer rock of COx 402 

4.2.2.1 Influence of minimum permeability values of Layer UA23, or UA1, or UT, or USC used 403 

on the THM response 404 

Figure 17 shows the influence of the minimum permeability values of Layer UT, or UA1, or 405 

UA23 or USC used in the COMSOL model on the pore pressure at Points P1 and P2.  Although 406 

there are some influences of the minimum permeability values of Layer UT, or UA1, or USC 407 

used on the pore pressure at later time (after 100 years), there is no influence on the pore 408 

pressure peak value. However, the influence of the minimum permeability value of Layer UA23 409 



(a decrease of 86%) is significant and it can cause overestimation of the peak pore pressure 410 

27% at Point P1 and 39% at Point2. 411 

4.2.2.2 Influence of minimum thermal conductivity values of Layer UA23, or UA1, or UT, or 412 

USC used on the THM response 413 

Figure 18 shows the influence of the minimum thermal conductivity values of Layer UA23, or 414 

UT, or UA1, or USC used in the COMSOL model on (a) temperature and (b) pore pressure at 415 

Points P1 and P2. The influences of the minimum thermal conductivity values of Layer UT, or 416 

UA1 or USC on the temperature or on the pore pressure at different locations are very minor, 417 

because these layers are far away from the repository. The thermal conductivity of Layer UA23 418 

has a significant influence on the temperatures and on the pore pressures at Points P1 and P2. 419 

Using the minimum thermal conductivity of Layer UA23 (a decrease of 25%) can cause 13% 420 

overestimation of the peak temperature at Point P2.  421 

4.2.2.3 Influence of maximum Young’s Modulus values of Layer UA23, or UA1, or UT, or USC 422 

used on the THM response 423 

Figure 19 shows the influence of the maximum Young’s modulus of Layer UA23, or UA1, or UT, 424 

or USC used in the COMSOL model on the pore pressure at Point P1 and Point P2. There is no 425 

influence of using maximum Young’s modulus values of Layer UA1, or UT, or USC instead of 426 

using the mean value on the pore pressure. But using the maximum value of the Young’s 427 

modulus of Layer UA23 (an increase of 52%) can overestimate 7% of the peak value of the pore 428 

pressure. 429 

In summary, the major factors influencing the THM responses of the deep geological repository 430 

are the THM parameters of Layer UA23 which hosts the deep geological repository. The THM 431 

parameters in the layers above or below Layer UA23 do have an influence on the THM 432 

responses but the influence is very minor because they are far away from the DGR. 433 



5. Validation 434 

There are no available direct theoretical solution or physical test results for this model at this 435 

moment. To validate this model, two steps are taken. The first step is to validate the coupled 436 

THM model implemented in COMSOL by comparing the THM response in an infinite rock mass 437 

with a point heat source using a theoretical solution [39-40]. The second step is to validate the 438 

coupled THM model for the HLW repository by comparing the thermal components from the 439 

Base Case calculation with the calculated results from Guo [33], which can provide accurate 440 

thermal results for a deep geological repository.  441 

5.1 Validation of the coupled THM model 442 

When a point heat source is buried in a saturated soil, the temperature changes that occur will 443 

cause the pore water to expand a greater amount than the voids of the soil. If the soil is 444 

sufficiently permeable these pore pressures will dissipate. Smith and Booker [39] developed an 445 

analytical solution for a linear theory of thermo-poroelastic consolidation in a homogeneous 446 

isotropic material.  447 

In the calculation for comparison, the dimensions of a 3D COMSOL model built are 15 m x 15 m 448 

x 15 m as shown in Figure 20. The initial temperature, initial pore pressure and initial stresses 449 

are set to 0°C, 0 MPa, and 0 MPa. The three symmetric planes (x = 0 m, y = 0 m, and z = 0 m, 450 

see Figure 20 for location) are defined as impermeable and adiabatic. At external model 451 

boundaries (x = 15 m, y = 15 m, and z = 15 m), the temperature and pore pressure are set to 452 

0°C and 0 Pa. A constant point power of Q = 700 W is applied at point (0, 0, 0). Regarding 453 

mechanical conditions, all boundaries are free except the symmetric planes (x= 0 m, y = 0 m, 454 

and z = 0 m) where a roller boundary condition is applied.   455 

For the purpose of validation, the material in the packer borehole is assumed to be rock 456 

material. The rock and water parameters used are as shown in Table 5. 457 



The modelled temperatures, pore pressures, displacements and normal stresses at Points Q1 458 

(0.35, 0, 0), Q2 (0.5, 0, 0), Q3 (1.5, 0, 0) and Q4 (0.35, 0.5, 0.6) are compared with the 459 

theoretical solutions below.   460 

Figure 21 compares the simulated (a) temperatures and (b) pore pressures using the COMSOL 461 

model with the analytical solutions at Points Q1, Q2, Q3 and Q4 and Figure 22 compares the 462 

simulated (a) displacements and (b) normal stresses using the COMSOL model with the 463 

theoretical solutions at Point Q4, respectively. The calculated results match the theoretical 464 

solution exactly. This indicates that the coupled THM model used in this paper can be used to 465 

correctly model the THM response in a fully saturated poroelastic material. 466 

In summary, the excellent agreement between the numerical model and the analytical solutions 467 

indicates that the proposed coupled model can be used to simulate coupled THM processes in 468 

a fully saturated geotechnical material. 469 

5.2 Validation of the 3D COMSOL model 470 

In this study, only six HLW cells are incorporated in detail to simplify the model and reduce the 471 

calculation time. The accuracy of this coupled THM model and the simplification used in this 472 

model need to be validated. Guo [33] proposed a method which can calculate accurate 473 

temperatures at any locations in a deep geological repository. In Guo [33], a near-field thermal 474 

modelling is performed to predict the thermal response in the near-field area from a horizontally 475 

infinite DGR. By subtracting the thermal response caused by the heat load beyond the finite 476 

DGR area from the near-field modelling results, the true thermal response in the near-field area 477 

is obtained for a finite DGR. 478 

To validate the coupled THM COMSOL model, the temperatures at Points P1 and P2 calculated 479 

using the method proposed in Guo [33] are compared with the thermal components of the 480 

coupled THM model results of the Base Case as shown in Figure 23. The excellent agreement 481 



in the temperature comparison indicates that the coupled THM model in Section 3 is correctly 482 

built. 483 

6. Conclusions 484 

A fully coupled THM 3D model is successfully implemented in the platform of COMSOL. This 485 

model is simplified by using cuboid blocks to represent the HLW cells with only six central HLW 486 

cells of interest modelled in detail. This simplification makes the model be easily used to model 487 

not only far-field THM response of a DGR but also the near-field THM response of the rock near 488 

HLW cells. The coupled THM model is initially validated by comparing the modelled THM results 489 

for a point heat load in an infinite rock mass with the analytical solution. It is also validated by 490 

comparing its thermal component for the Base Case with accurate results calculated using 491 

another numerical method. Using this model, a series of 2D or 3D coupled THM modelling has 492 

been performed to gain a better understanding of the thermal, hydraulic and mechanical 493 

responses in the near-field and far-field areas of case studies based on some data from the 494 

Cigéo project. 495 

The modelling results for the Base Case of the 3D model show: 496 

• The temperature at Point P2 reaches its peak of 59ºC after 29.7 years; and the 497 

temperature at mid-point (Point P1) between two HLW cells reaches its peak 44ºC after 498 

387 years; 499 

• The peak pore pressures are 12.0 MPa at Point P2 after 40 years and 12.3 MPa at Point 500 

P1 after 38 years; 501 

• The simulated uplift on the ground surface above Point P1 reaches its peak of 9.6 cm after 502 

1570 years; and 503 

• The ground surface slop change caused by the DGR existence is less than 0.01%. 504 



The thermal results from 2D and 3D models are found to have the best agreement within the 505 

first 100 years. The hydraulic results have a good agreement within the first 40 years and the 506 

mechanical results also have a good agreement within 40 years. Maximum observed 507 

temperature difference is 3ºC at different locations and occurs at 700 years, maximum observed 508 

pore pressure difference is 3.7 MPa at both Point P1 and Point P2 and occurs at 500 years, and 509 

maximum observed ground surface uplift difference is 6.1 cm (an increase of 64%). The 2D 510 

model represents a DGR with an infinite length of the HLW cells. Therefore, the 2D model is 511 

only appropriate for early stage after the waste emplacement and it overestimates the long-term 512 

THM responses of the DGR due to the null flux and no horizontal movement in the out-of-plane 513 

direction. 514 

Assuming the buffer materials in the galleries is fully saturated after 1000 year only slightly 515 

influences pore pressure and ground surface uplift after 1000 years. Assuming the galleries are 516 

filled with fully saturated buffer materials after 2 years can cause pore pressure to increase only 517 

after 60 years but does not influence the peak value.  518 

Applying the fixed mechanical boundary condition on the HLW cell walls does not significantly 519 

influence the analysis of the pore pressure at P1 and P2.  520 

An importance ranking of all THM parameter is presented for the temperature, pore pressure 521 

and uplift in which the most important parameters are thermal conductivity, permeability and 522 

thermal expansion. The most important factor influencing temperature is thermal conductivity. 523 

The most important factor influencing pore pressure is rock permeability. The most important 524 

factors influencing the ground surface uplift are rock permeability and rock thermal expansion. 525 

The influences of the THM parameters of the rock above or below Layer UA23 on the THM 526 

response in near-field or far-field results are very minor. 527 
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Figure 1: Possible architecture of Cigéo, the industrial geological disposal facility 

 

 

 

 



Figure 2: Model geometry of the Base Case with 6 placement cells presented in detail 

 
 
 
 

 



Figure 3: Initial conditions for the THM modelling: (a) Temperature; (b) Pore pressure; and (c) 
Total stresses  
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Figure 4: Heat power applied per meter cell with time 
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Figure 5: Comparison of simulated temperatures at Points P1 and P2 between 2D model and 
3D model 
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Figure 6: Comparison of simulated pore pressure at Points P1 and P2 between 2D model and 
3D model 
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Figure 7: Comparison of simulated uplift at P3 (ground surface above P1) between 2D model 
and 3D model 
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Figure 8: Uplift on the ground surface along Line O′A′ above the repository central line at four 
different times 
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Figure 9: Stresses at Points P1 and P2 (a) in the X-direction and (b) in the Z-direction against 
time 
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Figure 10: Influence of the number of HLW cells incorporated in detail on (a) temperature and 
(b) Pore pressure at points P1 and P2. 
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Figure 11: Influence of access/connection tunnels filled with fully-saturated buffer (a) after 2 
years and (b) after 1000 years on the pore pressure at Points P1 and P2 
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Figure 12: Influence of access/connection tunnels filled with buffer after 2 years and 1000 years 
on the uplift at Point P3. 
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Figure 13: Influence of fixed boundary condition on the HLW cell wall after 2 years on pore 
pressure at Points P1 and P2 
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Figure 14: Temperatures at Point P2 from Base Case and cases with minimum values of 
thermal conductivity, equivalent density or thermal capacity 
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Figure 15: Pore pressure at P2 for the Base Case and cases which cause the pressure to 
increase 
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Figure 16: Uplift at Point P3 for the Base Case and cases which cause the ground surface uplift 
to increase 
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Figure 17: Influence of minimum permeability values of Layer UT, or UA1, or UA23 or USC 
used on pore pressure at (a) Point P1 and (b) Point P2 
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Figure 18: Influence of minimum thermal conductivity values of Layer UT, or UA1, or UA23 or 
USC used on (a) temperatures and (b) pore pressures at Points P1 and P2  
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Figure 19: Influence of maximum Young’s modulus values of Layer UT, or UA1, or UA23 or 
USC used on pore pressures at Points P1 and P2 
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Figure 20: COMSOL point heat source model geometry 



Figure 21: Comparison of the simulated (a) temperatures and (b) pore pressures using 
COMSOL model with the theoretical solutions at Points Q1, Q2, Q3 and Q4. 
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Figure 22: Comparison of the modelled (a) displacements and (b) normal stresses using the 
COMSOL model with the theoretical solutions at Point Q4. 
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Figure 23: Comparison of temperatures between the coupled THM COMSOL model and the 
accurate results at Points P1 and P2 
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Table 1: Depths of each geological unit considered in the COMSOL model and its thickness 

Formation Abbreviation Depth (m) Thickness (m) 

Barrois Limestone bar 0 – 103.4 103.4 

Kimmeridgian kim 103.4 – 211.4 108 

Carbonated 
Oxfordian 

oxf 211.4 – 488.0 276.6 

C
a

llo
v
o

-O
x
fo

rd
ia

n
 

USC usc 488.0 – 517.4 29.4 

UT ut 517.4 – 532.6 15.2 

UA23 
(UA2-UA3) 

ua23 
532.6 – 595.8  

(cells at depth of 560 m) 
63.2 

UA1 ua1 595.8 – 635.0 39.2 

Dogger dog >635.0



Table 2: Boundary conditions on the HLW cell walls and access tunnel walls for the Base Case 

 
 
 
 
 
 

Time Boundary condition type HLW cells Access tunnels 

0 – 2 years 

Thermal Initial temperature Initial temperature 

Hydraulic Atmospheric pressure Atmospheric pressure 

Mechanical Free surface Free surface 

2 – 10000 years 

Thermal Heat power No flux 

Hydraulic No flux Atmospheric pressure 

Mechanical Free surface Free surface 

 

 



 

Table 3: Minimum, mean and maximum values of THM parameters of geological formations 

 
 
 
 
 
 

Layer 
�� ���  b �

�
 �� � 	� 
� �
 

109 Pa    10-20 m2 103 kg/m3 W/(m·ºC) 10-5 ºC-1 J/(kg·ºC) 

bar 3.60 0.3 0.6 0.130 10 2.45 1.10 2.20 1024 

Kim 3.60 0.3 0.6 0.130 10 2.45 1.10 2.20 1024 

Oxf 330.00 0.3 0.6 0.130 10000 2.47 2.3 0.45 925 

usc 
min 5.50 0.2 0.6 0.097 0.26 2.42 1.29 1.00 842 

mean 12.80 0.3 0.6 0.150 1.87 2.48 1.79 1.75 978 

max 20.10 0.4 1.0 0.185 7.33 2.54 2.45 2.50 1114 

ut 
min 4.00 0.2 0.6 0.143 0.26 2.40 1.08 1.00 842 

mean 8.50 0.3 0.6 0.173 1.87 2.45 1.47 1.75 978 

max 12.80 0.4 1.0 0.206 7.33 2.49 1.91 2.50 1114 

ua23 
min 3.70 0.2 0.6 0.150 0.26 2.34 9.80 1.00 842 

mean 7.00 0.3 0.6 0.193 1.87 2.42 1.31 1.75 978 

max 10.70 0.4 1.0 0.249 7.33 2.48 1.81 2.50 1114 

ua1 
min 3.80 0.2 0.6 0.128 0.26 2.40 1.12 1.00 842 

mean 12.50 0.3 0.6 0.164 1.87 2.46 1.63 1.75 978 

max 21.80 0.4 1.0 0.205 7.33 2.51 2.22 2.50 1114 

dog 31.00 0.3 0.6 0.100 100 2.47 2.30 0.45 925 

 

 

 



Table 4: Ratios of horizontal to vertical parameters 

 
 
 
 
 
 
 
 
 

 �� ��⁄  �� ��⁄  �� ��⁄  �� ��⁄  

bar 1.0 1.0 1.0 1.4 

kim 1.0 1.0 1.0 1.4 

oxf 1.0 1.0 1.0 1.0 

usc 1.5 1.0 3.0 1.0 

ut 1.5 1.0 3.0 1.5 

ua23 1.5 1.0 3.0 1.5 

ua1 1.5 1.0 3.0 1.5 

dog 1.0 1.0 1.0 1.0 

 
 

 



Table 5: THM parameters of the rock used in the analytical solution for validation 

Parameters Rock Water 

Initial porosity 0.15 NA 

Equivalent thermal conductivity of rock (W/(m· ºC)) 1.7 NA 

Equivalent density of rock (kg/m3) 2400 NA 

Equivalent heat capacity of rock (J/(kg· ºC)) 1000 NA 

Permeability (m2) 4.5x10-20 NA 

Young’s modulus (MPa) 4500 NA 

Poisson’s ratio 0.3 NA

Rock volumetric thermal expansion (1/ºC) 4.2x10-5 NA

Reference density of water (kg/m3) NA 1000 

Compressibility of water (1/Pa) NA 0 

Heat capacity of water (J/(kg· ºC)) NA 4180 

Dynamic viscosity of water (Pa·s) NA 1x10-3 

Water volumetric thermal expansion (1/ ºC) NA 4x10-4

Biot coefficient 0.6 NA 




