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Compaction and sealing properties of bentonite/claystone mixture: Impacts of bentonite fraction, water content and dry density
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Compacted block composed of 70% crushed Callovo-Oxfordian claystone and 30% MX80 bentonite has been proposed as a possible material for sealing a potential repository of radioactive waste. In this study, the compaction property of the bentonite/claystone mixtures with various bentonite fractions and water contents were first investigated to define an appropriate protocol for the fabrication of blocks. Results show that the increase of bentonite fraction decreased the overall compressibility and the achievable dry density at a given stress. As the water content increased, the compressibility at a relatively low vertical stress increased due to the increasing deformability of aggregates and the decreasing inter-aggregate friction; contrarily, at a high vertical stress, a lower compressibility was observed for the samples with a higher water content because a larger stress was required to squeeze water within aggregates. During demoulding, the required demoulding pressure increased with the increase of bentonite fraction and decreased wit h the increasing water content. Then, to assess the suitability of the material, the swelling pressures and hydraulic conductivities of the compacted blocks were determined. It was found that the swelling pressure increased and the hydraulic conductivity decreased with the increases of bentonite fraction and dry density. By contrast, as the water content increased, more water was intercalated in the interlayer spaces and the inter-aggregate pore volume decreased, resulting in reductions of the swelling pressure and hydraulic conductivity.

Introduction

In the French concept of radioactive waste disposal at great depth, the Callovo-Oxfordian (COx) claystone is considered by the French National Radioactive Waste Management Agency (Andra) as a potential host rock [START_REF]Dossier 2005 Argile -Synthesis: Evaluation of the Feasibility of a Geological Repository in an Argillaceous Formation (Meuse/Haute-Marne Site)[END_REF]. The underground repository will be excavated in the COx formation and the radioactive waste canisters are to be placed in the disposal cells that consist of horizontal cased microtunnels of 70 cm in diameter and at least 80 m in length [START_REF] Menaceur | The thermo-mechanical behaviour of the Callovo-Oxfordian claystone[END_REF]. Note that this concept is different from that of China, in which the containers are embedded in GMZ bentonite-based materials and granite [START_REF] Ye | Advances on the knowledge of the buffer/backfill properties of heavily-compacted GMZ bentonite[END_REF]. A mixture composed of excavated COx claystone and bentonite is recently proposed as a candidate sealing material to ensure the chemical-mineralogical compatibility with the host rock and to lower the costs [START_REF] Zhang | Characterization of excavated claystone and claystone-bentonite mixtures as backfill/seal material[END_REF][START_REF] Zhang | Sealing behaviour of crushed claystone-bentonite mixtures[END_REF][START_REF] Middelhoff | Combined impact of selected material properties and environmental conditions on the swelling pressure of compacted claystone/bentonite mixtures[END_REF]Zeng et al., 2020a;2020b). To seal drifts and shafts, this material is industrially fabricated into blocks at a high dry density and then transported and emplaced in the drifts and shafts. [START_REF]Dossier 2005 Argile -Synthesis: Evaluation of the Feasibility of a Geological Repository in an Argillaceous Formation (Meuse/Haute-Marne Site)[END_REF]. Swelling of the blocks can be expected upon the intrusion of groundwater from the host rocks, which can resist the propagation of excavation-damaged zone [START_REF] Middelhoff | Combined impact of selected material properties and environmental conditions on the swelling pressure of compacted claystone/bentonite mixtures[END_REF] and prevent the release of radionuclides into the biosphere [START_REF] Zhang | Characterization of excavated claystone and claystone-bentonite mixtures as backfill/seal material[END_REF]. To this end, it is necessary to investigate the compaction property of bentonite/claystone mixture for practical fabrication and the sealing property of the compacted mixture for the suitability assessment of material.

In practice, the bentonite and claystone powders are first pre-mixed and humidified to reduce the compaction energy and the fabrication cost. During the mixing and humidifying processes, particle segregation and water-induced aggregation are unavoidable, which leads to uneven distributions of water content and bentonite fraction and thus influences the compaction and sealing properties of the mixture. Additionally, it has been admitted that there are excavationinduced fractures in the host rock as well as gaps between the surrounding rock between compacted blocks and joints between blocks [START_REF] Bian | Swelling behavior of compacted bentonite with the presence of rock fracture[END_REF]Zeng et al., 2020a;2020b).

Upon wetting, the block density will decrease in these zones, resulting in great variations of swelling pressure and hydraulic conductivity.

In the past decades, some studies addressed the compression behaviour [START_REF] Zhang | Sealing behaviour of crushed claystone-bentonite mixtures[END_REF], swelling pressure (Tang et al., 2011a(Tang et al., , 2011b;;[START_REF] Wang | Experimental study on the swelling behaviour of bentonite/claystone mixture[END_REF][START_REF] Zhang | Characterization of excavated claystone and claystone-bentonite mixtures as backfill/seal material[END_REF][START_REF] Zeng | Investigation of swelling pressure of bentonite/claystone mixture in the full range of bentonite fraction[END_REF][START_REF] Middelhoff | Combined impact of selected material properties and environmental conditions on the swelling pressure of compacted claystone/bentonite mixtures[END_REF] and hydraulic conductivity (Zeng et al., 2020c) of crushed COx claystone or its mixture with bentonite. [START_REF] Zhang | Sealing behaviour of crushed claystone-bentonite mixtures[END_REF] compared the compressibility of crushed COx claystone and two COx claystone/MX80 bentonite mixtures (proportions of 60/40 and 80/20 in dry mass) and reported that the achievable dry density under a given load decreased with the increase of bentonite fraction. [START_REF] Zeng | Investigation of swelling pressure of bentonite/claystone mixture in the full range of bentonite fraction[END_REF]2020c;2020d) experimentally determined the swelling pressure and hydraulic conductivity of MX80 bentonite/COx claystone mixtures with different bentonite fractions and dry densities and found that the swelling pressure increased while the hydraulic conductivity decreased as the sample dry density increased. However, there has been few published data on the effect of water content on the compaction and sealing properties of the mixture. Moreover, the information of the rebound behaviour upon unloading and the needed pressure for demoulding are quite scarce.

The aim of present study is to comprehensively investigate the effects of bentonite fraction (B), dry density (𝜌 d ) and water content (w) on the compaction and sealing properties of the MX80 bentonite/COx claystone mixture. A series of one-dimensional compaction tests were first performed on the mixtures with various bentonite fractions and water contents, to study the effects of bentonite fraction and water content on the compression and rebound indices and the needed demoulding pressure. Afterwards, constant-volume swelling pressures and hydraulic conductivities of the compacted blocks with different bentonite fractions, water contents and dry densities were experimentally determined to study the sealing performance of the mixtures.

The microstructure of the compacted samples was analysed in relation to the compaction and sealing properties of the mixtures.

Materials and methods

Materials

The soils tested in this study were MX80 bentonite and COx claystone mixtures. The MX80 bentonite is a commercial bentonite extracted from Wyoming, USA. The physical and mineralogical properties of the bentonite are summarized and compared with other reference bentonites in Table 1. The COx claystone was taken at approximately 490 m depth from the Underground Research Laboratory (URL) in Bure, France. The claystone contains 40%-45% interstratified illite/smectite, 30% carbonates and 25-30% quartz and feldspar [START_REF] Fouché | Fabric control on strain and rupture of heterogeneous shale samples by using a non-conventional mechanical test[END_REF]. The liquid limit is 41%, the plastic limit is 24% and the specific gravity is 2.70 (Zeng et al., 2020e). To acquire relatively homogeneous and representative samples in the laboratory, the bentonite and claystone were crushed into powders with particle size smaller than 2.0 mm. As shown in Fig. 1, the mean particle sizes D50 of the bentonite and claystone determined by dry-sieving method are 0.55 and 0.58 mm, respectively. The size distributions of bentonite and claystone grains larger than about 0.3 mm are quite close.

To simulate the working environments of compacted blocks, the saturation water used in the swelling pressure and hydraulic conductivity tests was synthetic pore water of COx claystone.

The synthetic pore water was prepared by mixing the relevant chemical components (Table 2) with de-ionized water until full dissolution. It has the same chemical composition as the site water in Bure. GMZ bentonite [START_REF] Liu | An investigation of the physical properties of clayey materials used in nuclearwaste disposal at great depth[END_REF] Kunigel-V1 bentonite [START_REF] Nakashima | Nuclear magnetic resonance properties of water-rich gels of Kunigel-V1 bentonite[END_REF][START_REF] Sun | Swelling of compacted sand-bentonite mixtures[END_REF] 

Compaction tests

According to the preliminary studies of Zeng et al. (2020a;2020b;2020e), the compacted mixture of 70% MX80 bentonite and 30% COx claystone at a dry density of 2.0 Mg/m 3 can meet the requirements in terms of hydraulic conductivity and swelling pressure. To account for the detrimental influence of variable bentonite/claystone mass ratio, another two MX80 bentonite/COx claystone mixtures with 20 and 25% bentonite were prepared in this study. The bentonite and claystone powders were mixed at proportions of 20/80, 25/75 and 30/70 for more than 10 min using a stirrer. The equilibrium gravimetric water contents of the bentonite and claystone powders under laboratory conditions (a relative humidity of about 60%) were 11.4% and 6.1%, respectively. The corresponding water contents of the mixtures with 20, 25 and 30% bentonite were 7.2, 7.4 and 7.7%, respectively. Some of the mixtures were humidified by spraying de-ionized water to reach various moulding water contents of approximately 9.0, 11.0 and 12.5%, as shown in Table 3. The wet mixtures were then conserved in hermetic containers for more than 24 h for moisture homogenization. The compaction tests were performed using a set-up shown in Fig. 2. Prior to compaction, the inner wall of the compaction mould having an inner diameter of 50 mm was first coated with grease and the mixtures were then poured into the compaction mould (with inner and outer diameters of 50 and 90 mm). After installation of the piston, the compaction mould was placed on the top plate of the displacement shaft and adjusted to connect the top of the piston to the force transducer. Afterwards, the mixtures were statically compressed at a constant displacement rate of 0.05 mm/min. The displacement and compression force were monitored using a linear variable differential transformer (LVDT) and a force transducer, respectively. To study the rebound behaviour, the samples were unloaded at the dry density of 1.7 Mg/m 3 and then reloaded. This unloading/reloading cycle was repeated at dry densities of 1.8, 1.9 and 2.0 Mg/m 3 . After compressed to a dry density of 2.1 Mg/m 3 , the samples were unloaded to zero. Additionally, another sample for each case was prepared and compressed directly at a constant displacement rate of 0.05 mm/min without unloading/reloading cycles. The samples had a final height of 10 mm and the corresponding dry density was 2.0 Mg/m 3 .

Fig. 2. Schematic diagram of the one-dimensional compression test

After unloading, a residual stress was expected to exist in radial direction, which influenced the demoulding behaviour [START_REF] Saba | Microstructure and anisotropic swelling behaviour of compacted bentonite/sand mixture[END_REF][START_REF] Eriksson | Compaction Properties of Bentonite Clay[END_REF]. The needed demoulding pressure could also be a major concern for the practical fabrication of blocks. In this study, the compacted samples at a dry density of 2.0 Mg/m 3 were extracted from the compaction mould by pushing the bottom of the samples at a constant displacement rate of 5 mm/min and the needed demoulding force was recorded using a force transducer (Fig. 3). 

Swelling pressure and hydraulic conductivity tests

According to the results from PGZ2 in situ tests in the Andra URL, the technological gaps were estimated at 12% of the volume of gallery [START_REF] Gatabin | Competing effects of volume change and water uptake on the water retention behaviour of a compacted MX-80 bentonite/sand mixture[END_REF]. Taking into account 10 and 20% technological gaps, the compacted blocks at an initial dry density of 2.0 Mg/m 3 would swell upon hydration, filling up the technological gaps, and the final dry densities of sealing material were 1.8 and 1.6 Mg/m 3 , respectively (Zeng et al., 2020e). In this study, to account for the effect of the technological gaps on the sealing property, the compacted samples with various dry densities of 1.6, 1.8 and 2.0 Mg/m 3 were prepared according to the compaction properties of the mixtures (Table 3). Then, they were transferred into the testing cell (having the same diameter as the compaction mould), following the guidelines provided by AFNOR (1995).

Subsequently, the assembled cell was positioned in a stainless steel frame and the top cap was locked by a screw to prevent the axial deformation (Fig. 4). After that, the water inlet was connected to the synthetic pore water reservoir and the sample was hydrated with synthetic pore water at a constant water head of 1.0 m. The swelling pressure was monitored by a force transducer mounted under the cell base. Once the swelling pressure stabilized, the hydraulic conductivity tests were conducted according to [START_REF] Afnor | De´termination a` l'oedoperme´ame`tre des caracte´ ristiques de gonflement -Flux et permeábilite´ des geósynthetiques bentonitiques (GSB)[END_REF]. The details of the experimental setup can be found in Zeng et al. (2020c;2020d). The applied water pressures were 40, 100 and 200 kPa for the samples with dry densities of 1.6, 1.8 and 2.0 Mg/m 3 , respectively and the corresponding hydraulic gradients were 400, 1000 and 2000. Note that the water injected pressures for all the samples were lower than 1/10 of the swelling pressures to minimize the microstructure disturbance. After the stabilization of the flow rate, the hydraulic conductivity was calculated based on the Darcy's law. 

Microstructure investigation

To interpret the compaction and sealing properties, the microstructure features of compacted samples with various dry densities (1.8 and 2.0 Mg/m 3 ) and water contents (7.7 and 12.5%) was investigated using mercury intrusion porosimetry (MIP). The compacted samples were first cut into small cubes with a side approximately equal to 1 cm and then freeze-dried. Afterwards, an autopore IV 9500 mercury intrusion porosimeter was employed to explore the pore structures.

The mercury pressure increased by steps from 3.6 kPa to 228 MPa, corresponding to a maximum entrance diameter of 350 µm and a minimum entrance diameter of 5.5 nm. For each pressure increment, the intruded volume of mercury was monitored for the determination of pore size distribution.

Experimental results

Compression and rebound behaviour

The variations of void ratio (e) versus the logarithm of vertical stress (σ v ) for the mixtures with different bentonite fractions and water contents are shown in Fig. 5. It can be observed that the e-σ v curves are similar for the samples with (represented by solid lines) and without (represented by dash lines) unloading/reloading cycles. As the water content increased, the initial void ratio increased since the grain would swell after absorbing water and led to a larger bulk volume. Upon loading, steeper e-σ v curves were observed in general at higher water contents, suggesting that the increase of water content contributed to the soil compaction. After unloading, the mixtures with different water contents followed almost the same slope. When the water content increased from 7.5 to 12.5%, the vertical stress required to achieve a dry density of 2.0 Mg/m 3 (corresponding to a void ratio 0.36) decreased from 48.0 to 44.8 MPa for the mixture with 30% bentonite and from 43.1 to 35.7 MPa for the mixture with 25% bentonite.

By contrast, for the mixture with 20% bentonite, it decreased from 37.7 to 31.3 MPa. A comparison of the e-σ v curves for the mixtures with various bentonite fractions showed a slight increase of initial void ratio with the increasing bentonite fraction, but this effect was less significant than that of water content. Additionally, a larger vertical stress was needed to achieve a given void ratio at a higher bentonite fraction. The variation of the compression index with vertical stress is depicted in Fig. 6. An inversed "U-shape" relationship between C c * and logarithm of σ v was observed and a critical vertical stress could be identified, suggesting two stages during the compaction: (i) when the vertical stress increased from 0 to the critical value, the compression index increased; (ii) the compression index turned to decrease when the vertical stress was larger than the critical value.

Taking the mixtures with a bentonite fraction of 30% as examples, the critical vertical stresses of samples with water contents of 7.7, 9.1, 11.0 and 12.5% were equal to 14.28, 8.63, 1.83 and 1.61 MPa, respectively. Moreover, a higher C c * at a lower vertical stress (lower than the critical value) was observed for the mixtures with a larger water content, while the mixtures at a lower water content exhibited a higher C c * at a higher vertical stress (larger than the critical value).

Fig. 7 summarizes the relationship between the rebound index and vertical stress for the mixtures with different water contents and bentonite fractions. On the whole, the rebound index increased with the increasing vertical stress, regardless of the water content. At a given vertical stress, a higher rebound index was observed on the mixtures with a larger bentonite fraction. 

Demoulding pressure

After unloaded to zero, the samples were extracted from the cell. The variation of the demoulding pressure with displacement is shown in Fig. 8. Note that the demoulding pressure was calculated by dividing the demoulding force by the contact surface area of the samples with the compaction mould. On the whole, all the samples first experienced a rapid increase of demoulding pressure until reaching the maximum static friction stress at about 0.2 mm displacement. After that, the demoulding pressure decreased, becoming relatively stable beyond 1.0 mm displacement. In that case, the demoulding pressure was equal to the sliding friction stress. The maximum demoulding pressures of samples with various bentonite fractions and water contents are summarized in Fig. 9. For the samples with the same bentonite fraction, the maximum demoulding pressure decreased as the water content increased. Additionally, at a given water content, the higher the bentonite fraction, the larger the required demoulding pressure. 

Swelling pressure

The effects of bentonite fraction, dry density and water content on the swelling pressure kinetics of bentonite/claystone samples are depicted in Fig. 10. The swelling pressure increased slowly at the first 1-9 min of hydration, and then further increased at a higher increasing rate until about 300-1000 min hydration. Afterwards, for the samples at dry densities of 1.8 and 2.0 Mg/m 3 , the swelling pressure turned to stabilization (Fig. 10a and10b); by contrast, for the samples with a dry density of 1.6 Mg/m 3 , the swelling pressure reached a peak value and then decreased slightly probably due to the significant collapse of loose aggregate structure [START_REF] Delage | Ageing effects in a compacted bentonite: a microstructure approach[END_REF][START_REF] Zeng | Investigation of swelling pressure of bentonite/claystone mixture in the full range of bentonite fraction[END_REF] (Fig. 10b). On the whole, the variations of swelling pressure were of "gentlesharp-gentle" feature with the increase of the logarithm of time. [START_REF] Sridharan | Swelling behaviour of compacted fine-grained soils[END_REF] and [START_REF] Chen | Effects of solution concentration and vertical stress on the swelling behavior of compacted GMZ01 bentonite[END_REF] proposed to divide the swelling pressure curves into three stages: (i) a small initial swelling stage, (ii) a large primary swelling stage and (iii) a small secondary swelling stage. At given bentonite fraction and dry density, the effect of water content on the increasing rates of all stages was insignificant but the time needed to reach stabilization and the stabilized swelling pressure decreased considerably with the increasing water content and degree of saturation (Table 3). By contrast, a higher increasing rate of primary swelling could be identified for the samples with larger bentonite fraction and dry density. Moreover, more time was needed to reach equilibrium conditions for the samples with larger bentonite fraction and dry density. The final swelling pressures of samples with various bentonite fractions, dry densities and water contents are presented in Fig. 11. As the water content increased, a noticeable decrease of final swelling pressure was observed for the samples, which was consistent with the observation by [START_REF] Ye | Ageing effects on swelling behaviour of compacted GMZ01 bentonite[END_REF] on GMZ bentonite and by [START_REF] Lang | Experimental study on the influence of preliminary desiccation on the swelling pressure and hydraulic conductivity of compacted bentonite[END_REF] on Calcigel bentonite. Additionally, a comparison of the swelling pressures of samples with different dry densities indicated that the samples with a larger dry density exhibited a more significant decrease with the increase of water content. The similar phenomenon was reported by [START_REF] Rao | Influence of initial degree of saturation on swell pressures of compacted Barmer bentonite specimens[END_REF] on the compacted Barmer bentonite/sand mixture.

Hydraulic conductivity

According to Zeng et al. (2020d), the saturation degree of samples was very close to 1.

Subsequently, the hydraulic conductivity was determined on the saturated samples. Fig. 12a shows the influences of bentonite fraction and water content on the hydraulic conductivity of samples at a dry density of 2.0 Mg/m 3 . When the water content increased from about 7.5 to 12.5%, the hydraulic conductivity was found to decrease from 1.80×10 -12 to 6.13×10 -13 m/s, from 1.42×10 -12 to 6.05×10 -13 m/s and from 7.62×10 -13 to 5.37×10 -13 m/s, respectively for the samples with 20, 25 and 30% bentonite. For the samples with a lower bentonite fraction, a higher value of hydraulic conductivity at a given water content and a more significant decrease were observed. The effects of water content and dry density on the hydraulic conductivity of samples with 30% bentonite are illustrated in Fig. 12b. For the samples at dry densities of 1.6, 1.8 and 2.0 Mg/m 3 , the hydraulic conductivity decreased by 58.8, 53.1 and 29.5%, respectively, when the water content increased from approximately 7.7 to 12.5%. The lower the dry density, the more significant the decrease of hydraulic conductivity with the increasing water content. mixtures with various dry densities and water contents. From the cumulative curves (Fig. 13a), it appears that the final intruded mercury void ratios of all the samples were lower than the global void ratios, indicating a significant undetectable porosity with a diameter smaller than 5.5 nm (corresponding to the inter-particle and inter-layer spaces) [START_REF] Delage | Ageing effects in a compacted bentonite: a microstructure approach[END_REF]. When the water content increased, more water molecules were placed along the clay monolayers.

These processes gave rise to increases in the volume of pores with a diameter smaller than 5.5 nm; in that case, a larger difference between the final intruded mercury void ratio and global void ratio was observed for the samples with a higher water content (Fig. 13a). From the density function curves (Fig. 13b), a bimodal porosity distribution could be observed for all the samples, with two pore populations corresponding to: (i) intra-aggregate pores with an average pore diameter of 0.02 μm; (ii) inter-aggregate pores with an average pore diameter of 5 μm. In this study, the moulding water contents (7.7 and 12.5%) were lower than the optimum one (18.2%) [START_REF] Middelhoff | Combined impact of selected material properties and environmental conditions on the swelling pressure of compacted claystone/bentonite mixtures[END_REF]. As indicated by [START_REF] Delage | Microstructure of a compacted silt[END_REF][START_REF] Delage | Ageing effects in a compacted bentonite: a microstructure approach[END_REF], the soils compacted dry of optimum could be described by a typical aggregate microstructure. Fig. 13b also shows that the increase of dry density significantly reduced the volume of inter-aggregate pores between 0.1 and 350 μm, with no obvious changes in the intra-aggregate pore volume. At a given dry density, a lower inter-aggregate pore volume was observed for the samples with a higher water content, while the effect of water content on the intra-aggregate pore volume was almost negligible. 

Discussion

Effect of water content on the compression property

As commented above, the effect of water content on the compressibility was highly dependent on the applied vertical stress: at a relatively low vertical stress, the compressibility of the mixture increased with increasing water content; on the contrary, at a high vertical stress, a lower compressibility was observed for the mixtures with a higher water content. This phenomenon is consistent with the observations by [START_REF] Tang | Analysing the form of the confined uniaxial compression curve of various soils[END_REF] on remoulded highplasticity soils and by [START_REF] Kochmanová | Influence of the Soil Fabric on the Mechanical Behaviour of Unsaturated and Saturated Clay[END_REF] on Kunigel-VI and NSF clays. When the mixtures were poured into the compaction mould, large pores (inter-aggregate pores) were produced between the granules of bentonite and claystone powders. Most water was stored within the aggregates while the inter-aggregate pores were mainly filled with air. As the external vertical stress increased and exceeded the inter-aggregate friction and compression strength of aggregates, the aggregates rearrangement and deformation occurred, resulting in a rapid compaction of the air-filled pores. Therefore, an increase of C c * with the vertical stress was observed at low vertical stresses. With the further increase of vertical pressure, the volume of the air-filled pores became small and the water within aggregates began to be squeezed.

Compared to air that could flow easily, the water needed a higher stress to be squeezed. Thereby, the slope of e-logσ v curve was smaller than that at a low vertical stress and a decrease of C c * was observed at high vertical stresses. This explained the U-shape of C c * -logσ v curve in a wide range of vertical stress. At low vertical stresses, the inter-aggregate friction and the deformability of aggregate were strongly related to the water content. The increase of water content would soften the soil aggregates as well as the bond between them, leading to an increase of C c * [START_REF] Tang | Analysing the form of the confined uniaxial compression curve of various soils[END_REF]. As high vertical stresses, for the mixtures with a higher water content, a higher stress was required to squeeze water and a lower C c * could be expected.

Effects of water content and bentonite fraction on the required demoulding pressure

After compaction, the required demoulding pressure of samples with a dry density of 2.0 Mg/m 3 decreased with the increase of water content and increased with increase of bentonite fraction (Fig. 9). When the axial compaction pressure decreased to zero, the radial stress would remain thanks to the mechanical stiffness of the compacted samples. This residual stress in the radial direction was highly dependent on the maximum compression pressure previously applied on the samples. The larger the maximum compression pressure, the higher the residual stress in the radial direction. As remarked above, the maximum compression pressure increased with the increase of bentonite fraction and decreased with the increase of water content. Thereby, a larger residual stress would be expected for the samples with a larger bentonite fraction and lower water content. During demoulding, the residual stress acted as the normal stress perpendicular to the shear direction, influencing the friction stress along the cell wall. This explained why a larger required demoulding was observed for the samples with a higher bentonite fraction and lower water content.

Effects of water content and dry density on the swelling pressure and hydraulic conductivity

From Fig. 11, the swelling pressure of bentonite/claystone mixtures increased with the increase of dry density and decreased with the increase of water content. It has been well documented that the swelling pressure at a given water content followed a linear relationship with the expansive mineral dry density of the samples [START_REF] Middelhoff | Combined impact of selected material properties and environmental conditions on the swelling pressure of compacted claystone/bentonite mixtures[END_REF]. The higher the expansive mineral dry density, the larger the swelling pressure. By contrast, the water content dependence of swelling pressure could be explained by the pore structure of compacted samples [START_REF] Sridharan | Swelling pressure of clays[END_REF][START_REF] Baille | Swelling pressures and one-dimensional compressibility behaviour of bentonite at large pressures[END_REF]. When water was added, increasing water molecules were placed along the clay surface, which could be evidenced by the larger undetected undetectable pore volume using MIP technique for the samples with a higher water content (Fig. 13b). Upon hydration, less water would be further intercalated between the clay layers and the swelling of aggregates were less significant. As a result, a lower swelling pressure was observed for the samples with a higher water content.

Unlike the swelling pressure, the hydraulic conductivity decreased with the increase of water content and dry density (Fig. 12). According to [START_REF] Cuisinier | Microstructure and hydraulic conductivity of a compacted lime-treated soil[END_REF] and [START_REF] Wang | Hydraulic conductivity and microstructure changes of compacted bentonite/sand mixture during hydration[END_REF], water transfer through compacted soils mainly depended on the inter-aggregate pore volume.

As remarked above, the increase of dry density by compaction mainly reduced the interaggregate pore volume (Fig. 13). Expectedly, the higher the dry density, the lower the interaggregate pore volume and the smaller the hydraulic conductivity. For the samples with a higher water content, a lower inter-aggregate pore volume could be expected due to the larger deformability of the aggregates and the lower inter-aggregate friction. Additionally, as mentioned above, the samples with a higher water content had a larger undetectable pore volume due to the placement of more water molecules along the clay layers (Fig. 13), which were largely immobilized and made a negligible contribution to the water flow [START_REF] Pusch | GMM -a general microstructural model for qualitative and quantitative studies of smectite clays[END_REF][START_REF] Saiyouri | Experimental study of swelling in unsaturated compacted clays[END_REF]. Both of them reduced the effective pore space for water flow through the compacted samples and resulted in a lower hydraulic conductivity.

Conclusions

The effects of bentonite fraction, dry density and water content on the compaction and sealing properties of the MX80 bentonite/COx claystone mixture have been investigated by carrying out a series of compaction, swelling pressure, hydraulic conductivity and MIP tests. From the experimental results, the following conclusions can be drawn.

At a relatively low vertical stress, the compressibility of samples increased with incre asing water content due to the larger deformability of aggregates and the lower inter -aggregate friction; on the contrary, at a high vertical stress, a lower compressibility was observed with samples at a higher water content because a larger stress was required to squeeze water within aggregates. As the bentonite fraction increased, the overall compressibility and the achievable compacted density at a given stress decreased considerably. During demoulding, a larger pressure was required for the samples with a larger bentonite fraction and lower water content because of the larger residual stress normal to the cell wall after compaction.

The swelling pressure of bentonite/claystone mixture increased with the increase of dry density and bentonite fraction thanks to the increasing expansive mineral dry density. By contrast, it decreased as the water content increased due to the decreasing water adsorption capability.

Additionally, the higher the bentonite fraction and dry density of samples, the larger the decrease of swelling pressure with the increase of water content.

As the water content increased, the hydraulic conductivity of bentonite/claystone mixture decreased due to the decreasing inter-aggregate pore volume and the increasing interlayer space.

Additionally, more significant decrease of hydraulic conductivity with the increasing water content was observed for the samples with lower bentonite fraction and dry density.
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Table 1 .

 1 Physical and mineralogical properties of bentonites

	Soil property	MX80 bentonite (Zeng et al., 2020e)

Table 2 .

 2 Chemical composition of the synthetic pore water

	Component	NaCl NaHCO3 KCl	CaSO4▪2H2O MgSO4▪7H2O CaCl2▪2H2O Na2SO4
	Content (g/L)	1.950 0.130	0.035 0.630	1.020	0.080	0.700

Table 3 .

 3 Experimental programme

	No.	Bentonite fraction (%)	Water content (%)	Target dry density for Ps and kw tests (Mg/m 3 )	Degree of saturation (%)
	T01		7.2	2.0	54.9
	T02		8.9	2.0	67.8
	T03		11.1	2.0	84.6
	T04		12.6	2.0	96.0
	T05		7.4	2.0	56.2
	T06		9.1	2.0	69.1
	T07		11.1	2.0	84.3
	T08		12.5	2.0	95.0
	T09		7.7	2.0	58.3
	T10		9.1	2.0	68.9
	T11		11.0	2.0	83.3
	T12		12.5	2.0	94.7
	T13		7.7	1.8	41.0
	T14		9.1	1.8	48.5
	T15		11.0	1.8	58.6
	T16		12.5	1.8	66.6
	T17		7.7	1.6	30.0
	T18		9.1	1.6	35.4
	T19		11.0	1.6	42.8
	T20		12.5	1.6	48.6
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