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ABSTRACT: The paper is centred on the enhancement of an existing hydro-mechanical model for argillaceous hard soils - 

weak rocks to provide predictive capability with respect to temperature evolution in the light of new experimental evidence. A 

number of developments of the original temperature-independent formulation are proposed. In particular, functions describing 

the yield locus, stiffness and strength parameters are improved to consider the elastic domain shrinking and the degradation of 

stiffness and strength parameters with temperature elevation. The developed thermo-mechanical constitutive model is applied, 

via a suitable coupled THM formulation, to the coupled THM analysis of an in-situ heating test performed in the Meuse/Haute-

Marne Underground Research Laboratory. The relevance and importance of the temperature effect in the damaged zone around 

the in-situ heating tunnel are clearly demonstrated.   
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1 INTRODUCTION 

This contribution focused on the thermo-mechanical 

modelling of argillaceous hard soils - weak rocks, i.e., 

geological materials where fine-grained particles pre-

dominate (Gens, 2013). The tremendous interest in 

these materials lies in the fact that they are very desira-

ble as potential host media for high-level radioactive 

waste (Tourchi, 2020). The temperature elevation 

might affect the crack network of the (excavation dam-

age zone) EDZ and overall rock permeability in the 

close field, resulting in possible thermo-mechanical” 

failure. For a proper understanding and appropriate 

modelling of the excavation damaged zone around re-

pository cells at elevated temperatures, the combined 

effects of thermo-hydro-mechanical (THM) phenome-

na should be considered in a constitutive model.  

Several thermo-mechanical models that can repro-

duce most of the observed behaviour of saturated clays 

at elevated temperatures have been developed by sev-

eral researchers. Hueckel and Borsetto (1990) devel-

oped one of the first models by extending the well-

known Cam Clay model to consider thermo-

elastoplastic behaviour. Their proposed model involves 

the shrinking of the elastic domain during heating (i.e., 

thermal softening) and its expansion during cooling 

when the stress path falls within the yield surface. In 

fact, adopting similar assumptions, most subsequent 

models are based on the same principle (Abuel-Naga et 

al., 2009; Cui et al., 2000; Di Donna and Laloui, 2015; 

Graham et al., 2001; Hamidi et al., 2017, 2015; Hamidi 

and Tourchi, 2018; Laloui and Francois, 2009; Mo-

daressi and Laloui, 1997; Robinet et al., 1996; Tourchi 

and Hamidi, 2015; Yao and Zhou, 2013). In the mean-

time, the concept of bounding surface plasticity has al-

so been extended to improve the modelling of cyclic 

behaviour at various temperatures and volume change 

under thermal loading at intermediately and highly 

overconsolidated states (Cheng et al., 2020; Di Donna 

and Laloui, 2015; Golchin et al., 2022, 2022; Laloui 

and Cekerevac, 2008; Laloui and François, 2009; Mo-

daressi and Laloui, 1997; Zhou and Ng, 2018). 

As noted in the previous paragraph, many of the 

thermo-mechanical are formulated in the framework of 

critical state concept and modified Cam-clay, in which 

thermo-plastic behaviour is incorporated using a tem-

perature-dependent yield pressure. The latter is particu-

larly suitable for normally consolidated (or lightly 

overconsolidated) soft clays, where their behaviour is 

controlled, to a large extent, by a volumetric yielding 

mechanism. However, this is not necessarily the case 

for indurated argillaceous materials, where strong post-

sedimentation diagenetic bonds make the mobilisation 

of the shear resistance more likely in typical engineer-

ing applications, including deep tunnelling. 
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Mohr-Coulomb type of failure criterion, with two 

strength parameters to describe the plastic behaviour, is 

more appropriate for these endured rocks. When com-

pared with the work on the thermo-mechanical model-

ling of clays, a limited number of thermo-mechanical 

models are developed for argillaceous rocks. The pecu-

liarities of the mechanical response of argillaceous 

rocks to heating established in experiments consist of a 

thermal hardening, with an elastic thermal expansion 

observed below the maximum supported temperature, 

followed by a plastic contraction at yielding once the 

maximum temperature is reached, as well as more duc-

tile behaviour with an apparent decrease in peak 

strength at elevated temperature. 

Recent experimental findings led to the idea of ex-

tending a reference isothermal constitutive model 

(Mánica et al., 2017) to non-isothermal conditions. The 

core of the mechanical part of the reference model is 

taken from the Mohr-Coulomb yield criterion, which 

has been generalised to include anisotropy of strength 

and stiffness, behaviour nonlinearity and occurrence of 

plastic strains before peak strength, softening after the 

peak, time-dependent creep deformations and permea-

bility increase due to damage in both saturated and un-

saturated conditions. The proposed non-isothermal 

model consists of an elasticity law, plastic flow rule, 

hardening law, and yield condition. These elements are 

generalised to depend explicitly on temperature and 

suitably modified to reproduce the main features of the 

thermo-mechanical behaviour of the endured argilla-

ceous rocks mentioned above. In the following sec-

tions, the proposed thermo-elastoplastic model is intro-

duced. The proposed model is then applied to the THM 

modelling of an in-situ heating test carried out in Cal-

lovo-Oxfordian (COx) claystone in the Meuse/Haute-

Marne underground research laboratory (Bumbieler et 

al., 2021; Tourchi et al., 2021, 2019a, 2019b).  

2 THERMOPLASTICITY  

There are quite comprehensive experimental data on 

the thermo-mechanical behaviour of clays. In general, 

heating a saturated clay under drained conditions in-

duces strength and volumetric changes that depend on 

the clay’s temperature and stress history condition. The 

temperature-induced volume change tends to be con-

tractive and irreversible for normally consolidated 

clays, whereas it becomes reversible and expansive for 

highly overconsolidated clays. On the other hand, ex-

perimental data on the thermo-mechanical behaviour of 

argillaceous rocks are scarcer in the scientific 

literature.  

The following main characteristics of the thermal 

behaviour of argillaceous rocks appear to be the most 

important (Liu et al., 2019; Mohajerani et al., 2014; 

Zhang et al., 2007): modification of mechanical behav-

iour; quantitatively, this corresponds to a continuous 

variation of mechanical characteristics (e.g., strength 

parameters and stiffness) with temperature, and quali-

tatively it represents a transition to more ductile behav-

iour, and temperature-induced reversible expansive 

strains followed, at some temperature value, by irre-

versible contracting strains. 

 

2.1 Temperature-induced changes in strength 

parameters 

With regard to thermal shear resistance changes in ar-

gillaceous rocks namely Opalinus clay and COx clay-

stone, more ductile behaviour with an apparent de-

crease in strength at elevated temperature, initially 

observed by Zhang et al. (2007) on Opalinus clay was 

confirmed by Menaceur et al. (2015) on COx 

claystone. More recently, Liu et al. (2019) conducted a 

series of lateral decompression tests (LD) with constant 

mean stress (𝑝∘′ = 12 MPa) on the COx claystone 

samples. Reduction of the shear strength due to the in-

crease in temperature was evidenced on COx claystone 

samples confirming previously obtained thermo-

mechanical strength degradation performed in the con-

ventional triaxial tests (Figure 1).  

 
Figure 1. Results of lateral decompression tests at various 

temperatures on COx claystone samples. 

 

Considering the thermal extension of the Mohr-

Coulomb model, as a single yield surface plasticity, the 

material behaviour upon shearing depends on the 

strength parameters (internal friction angle and cohe-

sion strength), which modify the yield locus. The ther-

mal evolution of the internal friction angle is expressed 

using a linear relation as follows: 

 𝜑𝑚𝑜𝑏(𝑇) = 𝜑(𝑇0)[1 − 𝛼 𝑙𝑛(𝑇/𝑇0)]     (1) 

 

where 𝜑(𝑇0), 𝜑𝑚𝑜𝑏(𝑇)  are the friction angle at the ref-

erence temperature (T0) and elevated temperature (T). 

The coefficient α is a model parameter that controls the 

thermal evolution of the internal friction angle. The 

other parameter controlling the yield locus evolution is 

the  cohesion strength which it is assumed that it varies 
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with temperature in the same way but not equal to the 

friction angle. 

 

2.2 Dependency law for the thermal evolution of 

stiffness 

All experiments noted above observed the reduction of 

Young’s modulus with temperature increase. As shown 

in Figure 2 it appears that the E-T relationship for COx 

claystone can be normalised. The dashed lines are 

drawn using Equation (2) and interpolation of the la-

boratory data. 

 𝐸(𝑇) = 𝐸(𝑇0)[1 − 𝛾 𝑙𝑛(𝑇/𝑇0)]        (2) 

 

where E(𝑇0) is Young’s modulus at initial temperature 

(T0.) and 𝛾 is a temperature-independent constant. The 

coefficient 𝛾 is the model constant that controls the 

thermal evolution of Young’s modulus. 

 
Figure 2. Normalised evolution of Young's modulus with 

temperature. 

3 CONSTITUTIVE THERMO-

ELASTOPLASTIC MECHANISM 

The model presented here comprises two main 

deformation mechanisms: an instantaneous response 

related to stress and temperature change and a time-

dependent response occurring under constant stress. 

The instantaneous response is described within the 

framework of elastoplasticity so that under low 

deviatoric stresses, the response is linear elastic but 

characterised through a transverse isotropic form of 

Hooke’s law. For higher deviatoric stresses, plastic 
deformations can take place. An initial, a peak and a 

residual yield limit are considered. A generalised effec-

tive stress expression has been adopted here: 

 𝝈′ = 𝝈 + 𝑆𝑒𝑠𝐵𝐈             (3) 

 

where 𝜎′ is the effective stress tensor, σ is the total 
stress tensor, Se is the equivalent degree of saturation 

(defined below), s is suction, B is Biot’s coefficient, 

and I is the identity tensor. In the following, the term 

“stress” always denotes effective stress.  

When there is unsaturation, the modified van Genuch-

ten (van Genuchten, 1980) expression provides the re-

tention curve that connects suction and equivalent de-

gree of saturation, as shown below 𝑆𝑒 = 𝑆𝑙−𝑆𝑙𝑟𝑆𝑙𝑠−𝑆𝑙𝑟 = [1 + (𝑆𝑃) 11−𝜆]−𝜆
         (4) 

where 𝑆𝑙 is the degree of saturation, 𝑆𝑙𝑟 is the residual 

degree of saturation, 𝑆𝑙𝑠 is the degree of saturation in 

saturated conditions (normally 1 ), and 𝑃 and 𝜆 are 

model parameters. 

 
Figure 3. Mobilised friction angle as a function of tempera-

ture and plastic equivalent strain, 𝜖𝑒𝑞𝑝
(Tourchi et al., 2022). 

 

Cohesion evolves in parallel but not equal with the 

friction angle according to: 

 𝑐𝑚𝑜𝑏𝑇 = 𝑐𝑝𝑒𝑎𝑘𝑇 𝑐𝑜𝑡 𝜑𝑖𝑛𝑖𝑇0 𝑡𝑎𝑛 𝜑𝑚𝑜𝑏𝑇
         (5) 

 

where 𝑐𝑚𝑜𝑏𝑇  is the mobilised cohesion at temperature T, 𝑐𝑝𝑒𝑎𝑘𝑇  is the peak cohesion, and 𝜑𝑖𝑛𝑖𝑇0  and 𝜑𝑚𝑜𝑏𝑇  are the 

initial and mobilised friction angles at initial and ele-

vated temperatures, respectively. The Prager’s con-
sistency condition requires that, to maintain the yield-

ing process, 

 𝑑𝑓 = ∂𝑓∂𝝈′ : 𝑑𝝈′ + ∂𝑓∂𝜑 𝑑𝜑 + ∂𝑓∂𝑐 𝑑𝑐 = 0     (6) 

 

where  

 𝑑𝜑 = 𝜕𝜑𝜕𝜀𝑝 𝜕𝜀𝑝 + 𝜕𝜑𝜕𝑇 𝑑𝑇           (7) 

 𝑑𝑐 = 𝜕𝑐𝜕𝜀𝑝 𝜕𝜀𝑝 + 𝜕𝑐𝜕𝑇 𝑑𝑇           (8) 

 

Besides, a non-associated flow rule is adopted in the 

model. Rather than deriving a specific function for the 
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plastic potential, the flow rule is directly obtained from 

the yield criterion in the following way: 

 𝑑𝑔 = 𝜔 𝜕𝑓𝜕𝑝′ 𝜕𝑝′𝜕𝝈′ + 𝜕𝑓𝜕𝐽 𝜕𝐽𝜕𝝈′ + 𝜕𝑓𝜕𝜃 𝜕𝜃𝜕𝝈′ = 0       (9) 

 

where g, ω, 𝜃 and 𝐽  are the plastic potential, a constant 

that controls the volumetric component of plastic 

deformations, Lode angle and deviatoric stress 

invariant. Hence, if the flow rule is assumed to be non-

associated, that is if 

 𝑑𝜺𝑝 = 𝑑𝜆 𝜕𝑔𝜕𝝈′              (10) 

 

As 𝑑𝜑 = 𝑑𝜑(𝑑 𝜀𝑒𝑞𝑝 , 𝑑 𝑇) and 𝑑𝑐 = 𝑑𝑐(𝑑 𝜀𝑒𝑞𝑝 , 𝑑 𝑇) 

the plastic multiplier 𝜆, which controls the amount of 

the plastic strain rate, is affected by the change in 𝜑 

and c (Tourchi et al., 2020): 

 𝑑𝜆 = 1𝐻 [ 𝜕𝑓𝜕𝝈′ : 𝝈′ + (𝜕𝑓𝜕𝜑 𝜕𝜑𝜕𝑇 + 𝜕𝑓𝜕𝑐 𝜕𝑐𝜕𝑇) 𝑑𝑇] ≥ 0   (11) 

 𝐻 = − 𝜕𝑓𝜕𝜑 𝜕𝑔𝜕𝝈′ 𝜕𝜑𝜕𝜀𝑣𝑝 + 𝜕𝑓𝜕𝑐 𝜕𝑔𝜕𝜎′ 𝜕𝑐𝜕𝜀𝑣𝑝        (12) 

 

Therefore the plastic strain increment is affected by 

the thermal variation of internal friction and cohesion, 

as long as 𝜎′ ≠ 0. Otherwise, this dependence disap-
pears, as for both forms of the yield locus  𝜕𝜑 𝜕𝑇⁄ = 0 

and 𝜕𝑐 𝜕𝑇⁄ = 0.  

 𝑑𝜀𝑝𝑑𝑇 = 1𝐻 𝜕𝑔𝜕𝜎′ [(𝜕𝑓𝜕𝜑 𝜕𝜑𝜕𝑇 + 𝜕𝑓𝜕𝑐 𝜕𝑐𝜕𝑇)]            (13) 

 

3.1 Viscoplastic components 

The time-dependent response is characterised by a 

modified form of Lemaitre’s law.  
 𝑑𝜀𝑣𝑝 = 𝑑𝑡(𝜀̇𝑣𝑝)             (14) 

 

where 𝑑𝜀𝑣𝑝 is the visco-plastic strain increment (time-

dependent response), dt is the time increment and 𝜀̇𝑣𝑝 

is the visco-plastic strain rate tensor. It is assumed that 

visco-plastic deformations are mainly caused by devia-

toric stresses, with strain rates given by: 

 𝜺̇𝑣𝑝 = 23 𝜀̇𝑣𝑝𝑞 𝑠               (15) 𝑞 = (32 𝒔 : 𝐬)12
              (16) 

 𝜀̇𝑣𝑝 = 𝜛⟨𝑞 − 𝜎𝑠⟩𝑛(1 − 𝜀𝑒𝑞𝑣𝑝)𝑚
        (17) 

 

where ϖ is a viscosity parameter, σs is a threshold from 

which viscoplastic strain is activated, ⟨⟩ are the Macau-

lay brackets, n and m are material constants and 𝜀𝑒𝑞𝑣𝑝
 is 

the state variable of the time-dependent response given 

by: 𝜀𝑒𝑞𝑣𝑝 = ∫ (23 𝜺̇𝑣𝑝: 𝜺̇𝑣𝑝)𝑡0 12 𝑑𝑡          (18) 

 

In this way, larger viscoplastic strain rates are ob-

tained for higher deviatoric stresses, and those rates 

decrease as viscoplastic strains accumulate in time, as 

observed in laboratory tests (Souley et al., 2011). 

4 IN-SITU HEATING TEST  

In order to illustrate the applicability of the proposed 

model, a finite element simulation has been performed 

using the finite element software CODE_BRIGHT 

(Olivella et al., 1996). The coupled THM behaviour of 

the ALC1604 in situ heating test (Tourchi et al., 2021) 

has been simulated using a two-dimensional model 

domain. In this case, the model has been run for the 

section located at a distance into the tunnel of 17.5m 

which is the location of the three boreholes that contain 

six temperature sensors and piezometers. The model 

domain and the finite element mesh used are depicted 

in Figure 4. The model also incorporates the geometry 

of the sleeve and the air gap between the sleeve and the 

COx claystone.  

An initial constant temperature of 21.8°C has been 

assumed throughout the geometry. An anisotropic 

lithostatic initial stress distribution has been prescribed. 

Values at the experiment level are 16.2 MPa, 12.4 MPa 

and 12.7 MPa for the vertical, major and minor hori-

zontal components, respectively. A hydrostatic distri-

bution of water pressure was initially defined, with a 

value equal to the field value (4.7 MPa) at the test lev-

el.  Model parameters for the thermo-mechanical con-

stitutive model can be found in Tourchi et al. (2021). 

 
Figure 4. Domain, finite element mesh and boundary condi-

tions. 
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4.1 Thermal results  

The observed evolution of temperatures is shown in 

Figure 5 and compared with the results of the analyses 

using proposed non-isothermal model and reference 

model (Tourchi et al., 2021). It can be noted that, after 

about one year of heating, temperatures generally rise 

very slowly throughout the COx claystone. Moreover, 

anisotropic effects are noticeable, temperature along 

the bedding increases more rapidly than in the orthog-

onal direction.  

 

4.2 Excavation damaged zone 

The heat emitted by the high-level radioactive waste 

will increase the temperature in the host rock, with a 

maximum admitted temperature of 90°C around the 

waste canisters in the French concept. As stated above, 

the ALC1604 cell is parallel to the major horizontal 

stress (σH) and has a nearly isotropic stress state in the 

plane normal to the tunnel axis. Despite that, the EDZ 

extends further in the horizontal direction, suggesting 

strong anisotropic characteristics of the rock mass. The 

comparison of the computed plastic multiplier incre-

ments distributions at the end of heating with those ob-

tained from the isothermal reference model is shown in 

Figure 6. Thermoplastic-induced fractures caused by 

EDZ extension during the heating phase are distin-

guished in the plots. 

 

 
Figure 5. Evolution of temperatures in COx claystone, ob-

servations and computed results. 

 

4.3 Pore pressures 

The low permeability of COx claystone ensures that 

the resulting excess pore pressure does not dissipate 

rapidly. Figure 7 presents a comparison between the 

results of the analysis and pore pressure measurements. 

The results of the analysis using isothermal model have 

also been added. It is apparent that the pore pressure 

increase is reasonably well captured by the presented 

model for both excavation and heating phases. As 

shown in the figure, the closer to the plastic zone the 

point is, the more accurate the model result is, indicat-

ing that the proposed model is able to capture the main 

features of the mechanical and hydraulic behaviours 

associated with thermo-mechanical evolution of EDZ.  

 

 
Figure 6. Computed plastic multiplier at the end of heating 

in the horizontal direction. 

 

 
Figure 7. Evolution of pore pressure increments at various 

points in the COx claystone: observed and computed results. 

5 CONCLUSIONS 

This paper presents a thermo-mechanical model for ar-

gillaceous rocks developed within the framework of 

elastoplasticity that includes a number of features that 

are relevant for a satisfactory description of their ther-

mo-mechanical behaviour. The comparison of the ex-

perimental data on COx claystone samples with the 

model predictions shows that all observed phenomena 

are correctly described. The constitutive model has 

then been applied to the analysis of the in-situ heating 

test conducted in the Meuse/Haute- Marne Under-

ground Research Laboratory (MHM URL). The pattern 

of observed pore water pressure, as well as the dam-

aged zone, are generally satisfactorily reproduced. It 

has been shown that it is essential to incorporate the 

thermal dependency of strength parameters and stiff-

ness if the field observations, and pore pressures, are to 

be adequately represented.  
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