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1 Introduction 
Callovo-Oxfordian (COx) claystone is the candidate host rock for the future French deep geological 
repository for radioactive waste, located in the north-east of France. In the design of this repository, 
COx claystone is expected to experience thermal loads of up to 90 C during operation. To better 
understand the response of COx under the complex thermo-hydro-mechanical (THM) loading, various 
in-situ and laboratory tests have been conducted across different scales (Belmokhtar et al. 2017; Zhang 
et al. 2019; Braun et al. 2021; Bumbieler et al. 2021; Plúa et al. 2024). It should be noted that before 
laboratory investigations, the material undergoes complex sequences such as excavation and core 
extraction, which could induce moisture loss and stress release. 

The influence of desaturation on the mechanical performance of clayey rocks has been studied. Ewy 
(2015) demonstrated that moisture loss during the deconfinement can lead to performance degradation 
and structural damage. Conil et al. (2018) further emphasized the importance of core extraction and 
conditioning procedures, leading to the development of special storage cells designed to minimize the 
effects of desaturation and stress release. Nevertheless, the specific impact of mechanical unloading on 
the plastic mechanisms of the material is not yet fully understood. Research on similar clay-rich 
formations, such as the Opalinus claystone, has suggested that the excavation-induced response is not 
purely linear-elastic (Corkum and Martin 2007). Therefore, investigating the unloading process of 
COx claystone is important to evaluate the impact of stress release history on its subsequent 
mechanical properties. 

To this end, the present study utilizes a core extracted after an in-situ heating experiment conducted by 
Andra in the Meuse/Haute-Marne Underground Research Laboratory (MHM URL). One specimen 
was resaturated and subjected to a series of multi-step isotropic unloading-reloading cycles in the 
laboratory. By decomposing the total measured strains into reversible elastic and irreversible plastic 
components, this study quantitatively evaluates the evolution of plastic swelling and hardening 
mechanisms. The findings aim to understand how the stress history induced by excavation affects the 
mechanical behaviour, with a particular focus on plastic behaviour. 

2 Experimental investigations 
2.1 Material and testing device 
The MHM URL is located in the Callovo-Oxfordian formation at a depth of approximately 490 m. At 
this level, a vertical and minor horizontal stress of about12.7 MPa, a major horizontal stress of 16 MPa, 
and a pore pressure of 4.5 MPa was reported from in-situ experiments (Wileveau et al. 2007). Previous 
characterisation of the COx claystone at this level reported an average water content of 7.9%, an 
average porosity of 17.5%, and a clay fraction of about 42% (Conil et al. 2018).  

The core used in this study was extracted after the in-situ heating experiment named as CRQ(Plúa et 
al. 2024), which aims to better understand the thermally-induced hydro-fracturing of the COx 
claystone. A thermal loading and a corresponding thermal induced pore pressure were applied on the 
COx to generate tensile stresses higher than the tensile strength. For the core CRQ1733_03 used in 
this study, it was heated up to 95 C for 1 month. After cooling down, the core was extracted and 
embedded in the T1 cell to minimize the mechanical degradation and damage due to the desaturation 
and microcracking (Ewy 2015; Conil et al. 2018). 

Upon opening the packages in laboratory, the cores were immediately wrapped in tape to minimize 
moisture exchange with the atmosphere. The specimens were cored perpendicular to the bedding 
planes and machined to a disk with a diameter of 38 mm and a height of approximately 10 mm. 
Petrophysical characterization was performed using the remaining material. A bulk density of 2.41 
g/cm3was determined by hydrostatic weighing in a hydrocarbon, while the dry mass was obtained after 
oven-drying at 105 C. Using a solid density of 2.72 g/cm3 provided by Andra (Gaucher et al. 2004), a 
water content of 6.8%, a porosity of 17.5% and a degree of saturation of 92.7%were calculated. 
Additionally, a suction of 24.7 MPa was measured using a chilled-mirror dewpoint tensiometer. These 
results confirmed high degree of saturation of the specimen, indicating a good conservation of the 
moisture before laboratory testing. For long-term preservation, the specimen was wrapped in parafilm 
and aluminium foil and sealed in vacuum bags. 
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compression in both directions is observed. It is worth noting that this plastic compression initiated at 
8 MPa, which is lower than the initial resaturated stress level of 10 MPa. This observation indicates 
that the previous unloading-induced plastic swelling led to a reduction in the compression yield limit, 
implying an interaction between the swelling and compression yield limits. 

3.2 Second cycle: Compression-induced hardening of swelling yield limit 
To further investigate the effect of stress history on the plastic response, a loading-unloading cycle 
was performed between 10 and 18 MPa (Steps 8 to 23), as shown in Fig. 3c and in Fig. 3d. During the 
cyclic loading steps, plastic compressive strains develop progressively, reaching approximately 
0.037% in axial direction and 0.028% in radial direction. In the subsequent unloading phase, a 
predominantly elastic response is observed between 18 and 14 MPa, where plastic strains remain 
relatively stable. However, clear plastic expansion begins to develop in both directions once the 
effective confining pressure decreases below 12-14 MPa. This variation of the swelling yield limit, 
compared to the first unloading cycle, indicates an increase in this limit as a result of the previous 
plastic compression. This observation further implies the 1hardening effect of the compressive loading 
history on the swelling yield limit. 

3.3 Final cycle: Validation of the coupled plastic compression-swelling response 
An additional unloading-reloading cycle was conducted between 6 and 14 MPa (Steps 24 to 36) to 
verify the mutual influence and hardening effect between the two yield limits, as presented in Fig. 3e 
and Fig. 3f. During unloading from 10 to 6 MPa, plastic swellings continue to develop and reached 
similar values as the first unloading cycle when ’conf=6 MPa. During the subsequent reloading, an 
elastic response was again observed in 6 and 8 MPa, followed by the onset of plastic compression 
above this stress level. The plastic strains obtained during unloading from 14 to 10MPa show a small 
expansion in both directions, which can be interpreted as the material being within its elastic range or 
undergoing a small amount of plastic expansion. 

4 Discussion 
The mechanical response of the heat-treated COx claystone is governed by its loading history. The 
strain evolution and plastic behaviour reveal a stress-path dependency, where the yield limits for 
plastic swelling/compression mechanisms vary according to the stress history. Specifically, the 
consistent activation of plastic swelling during unloading phases confirms the existence of a swelling 
yield limit at low confinement. Conversely, subsequent reloading induces plastic compression, which 
can initiate at stress levels lower than the initial state depending on the previous expansion. These 
findings also suggest a narrow elastic domain bounded by two yield limits. Furthermore, the 
interaction between these limits indicates a coupling effect, where the activation of the compression 
mechanism leads to a hardening and shift of the swelling yield limit. 

Such behaviour has been less discussed for COx claystone, but similar responses have been reported in 
other clayey materials. For instance, Cui et al.(2013), identified the bi-linear unloading/reloading paths 
in YP Clay, which were interpreted as transitions between mechanical-dominant and physico-
chemical-dominant mechanisms. Additionally, loading-unloading cycles applied on Boom clay 
exhibited stress-strain hysteresis loops attributed to the high clay content (Yu et al. 2021). The plastic 
swelling phenomenon in such materials can be linked to the increase in the thickness of the adsorbed 
water layers. Given that the COx claystone in this study has a high clay content of 42%, a similar 
physico-chemical mechanism is likely responsible for the plastic swelling, and the stress-strain loops 
observed. 

5 Conclusion 
To investigate the effect of mechanical unloading on the mechanical response of the Callovo-
Oxfordian claystone, a multistep isotropic unloading–reloading test was conducted on a specimen 
extracted after an in-situ heating experiment. By decomposing total strains into elastic (reversible) and 
plastic (irreversible) components, the following conclusions can be drawn: 

1. During the unloading phase from the initial in-situ stress state, the specimen exhibits significant 
plastic swelling, suggesting the presence of a swelling yield limit at low confining pressure. 
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2. The plastic compression and swelling yield mechanisms exhibit a coupled behaviour. Plastic 
swelling during unloading reduces the compression yield limit, while subsequent compressive 
loading increases the swelling yield limit, demonstrating a mutual hardening effect controlled by 
stress history. 

These results highlight the path dependency of the mechanical response of COx claystone. The 
excavation-induced stress release may alter the elastic domain and yield limits of the material prior to 
laboratory testing. Therefore, the effects of unloading during sampling and excavation should be 
considered when evaluating the THM performance of COx claystone. Future research focusing on 
microstructural evidence and advanced constitutive modelling will be useful to quantify these coupled 
hardening mechanisms. 
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