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A compacted mixture of Callovo-Oxfordian (COx) claystone/MX80 bentonite is a promising sealing material in the French Cigé o project for radioactive waste disposal at great depth. Over time, the sealing material will be saturated by the site water originating from the surrounding rock and the water chemistry can affect the performance of the sealing material. In this study, the effects of water chemistry and technological gaps on the hydro-mechanical property were investigated by performing hydration tests on the compacted claystone/bentonite mixture with technological gaps using deionised water and synthetic site solution for 10 and 590 days. After the tests, the dry density, water content and microstructure distributions were also determined to complement the program. Results show that the synthetic site solution did not affect the swelling pressure and hydraulic conductivity after a short term of 10 days. With the increase of hydration time, the specimens with technological gaps tended to be homogeneous, resulting in a reduction of hydraulic conductivity. Because of the cation exchanges and the decreased diffuse double layer thickness, the synthetic site solution reduced the swelling pressure and increased the hydraulic conductivity in long term, especially for the specimens with lower global dry densities.

Introduction

Bentonite-based materials are the most suitable sealing/backfill material in underground radioactive waste repositories because of the high swelling potential, low permeability and favorable retention property [START_REF] Castellanos | Chemical impact on the hydromechanical behaviour of high-density FEBEX bentonite[END_REF][START_REF] Sellin | The use of clay as an engineered barrier in radioactive-waste management-a review[END_REF]. One of the possibilities is to pre-compact the bentonite-based materials into blocks and then installed into shafts and drifts. During the installation of compacted blocks, technological gaps inevitably remain between blocks and at the interfaces with the host rock. Upon hydration, the swelling of the compacted blocks will close technological gaps and prevent polluted fluid migration. After that, a swelling pressure will be generated, confining the excavation damaged zone of host rock and thus reducing the fluid flow via this zone [START_REF] Darde | Modelling the behaviour of bentonite pellet-powder mixtures upon hydration from dry granular state to saturated homogeneous state[END_REF]. To this end, the hydro-mechanical property developed by the compacted bentonite-based materials with technological gaps is a key factor in the safety assessment of the underground repositories.

The hydro-mechanical property of bentonite-based materials with initial technological gaps has been investigated by many researchers (Villar et al., 2005;2019;[START_REF] Bian | Voids effect on the swelling behaviour of compacted bentonite[END_REF][START_REF] Jia | Effects of a simulated gap on anisotropic swelling pressure of compacted GMZ bentonite[END_REF]Zeng et al., 2020a, b;[START_REF] Watanabe | Self-sealing behavior of compacted bentonite-sand mixtures containing technological voids[END_REF]. It has been found that the technological gaps led to a heterogeneous dry density distribution upon hydration [START_REF] Bian | Voids effect on the swelling behaviour of compacted bentonite[END_REF]. The heterogeneity of dry density distribution could decrease with the increase of hydration time (Zeng et al., 2020c) but it would remain over a long time due to the boundary friction with the host rock (Zeng et al., 2020d).

In addition, the pore water of the host rock is of certain salinity (Wang et al., 2014a). It has been documented that the cations in the pore water significantly affected the crystalline swelling process as well as the montmorillonite type through the cation exchanges (Sun et al., 2018;[START_REF] Xiang | Prediction of swelling characteristics of compacted GMZ bentonite in salt solution incorporating ion-exchange reactions[END_REF][START_REF] Middelhoff | Hydro-mechanical behavior of claystone-based backfill materials under geoenvironmental conditions[END_REF][START_REF] Du | Revealing expansion mechanism of cementstabilized expansive soil with different interlayer cations through molecular dynamics simulations[END_REF][START_REF] Yotsuji | Effect of interlayer cations on montmorillonite swelling: Comparison between molecular dynamic simulations and experiments[END_REF]. Given that other factors are the same, larger replacing power could be expected for the cation with a higher valence. Moreover, the cations in pore water could influence the diffuse double layer thickness during osmotic swelling process (Siddiqua et al., 2011;[START_REF] Castellanos | Chemical impact on the hydromechanical behaviour of high-density FEBEX bentonite[END_REF]. Generally, the larger the solution concentration, the lower the net repulsive stress and the smaller the final swelling pressure [START_REF] Mitchell | Fundamentals of Soil Behaviour[END_REF][START_REF] Chen | Combined thermal and saline effects on the swelling pressure of densely compacted GMZ bentonite[END_REF]. The interaction of bentonite-based materials with the pore water could alter the size of the available channel for water flow and influence the hydraulic conductivity [START_REF] Pusch | Experimental Study of the Effect of High Porewater Salinity on the Physical Properties of a Natural Smectitic Clay[END_REF]Villar et al., 2006;[START_REF] Chen | Swelling pressure and hydraulic conductivity of compacted GMZ01 bentonite under salinization-desalinization cycle conditions[END_REF]. The diffuse double layer thickness would reduce with the increasing cation concentration of pore water [START_REF] Yong | Soil Properties and Behaviour[END_REF][START_REF] Zhu | Influence of salt solutions on the swelling pressure and hydraulic conductivity of compacted GMZ01 bentonite[END_REF]. Therefore, at a given void ratio, a higher hydraulic conductivity could be expected for a specimen hydrated with a higher cation concentration due to the poor development of diffuse double layers [START_REF] Castellanos | Chemical impact on the hydromechanical behaviour of high-density FEBEX bentonite[END_REF].

In France, a compacted mixture comprising crushed Callovo-Oxfordian (COx) claystone and a minor content of bentonite is a possible sealing material for the economical and environment reasons [START_REF] Zhang | Characterization of excavated claystone and claystone-bentonite mixtures as backfill/seal material[END_REF][START_REF] Middelhoff | Hydro-mechanical behavior of claystone-based backfill materials under geoenvironmental conditions[END_REF]. Zeng et al. (2020c) studied the hydro-mechanical property of COx claystone/MX80 bentonite mixture with 10 and 20% technological gaps during 90-day hydration.

They found that the heterogeneity because of the existent of technological gaps could lead to a more significant aeolotropic swelling behaviour and a higher hydraulic conductivity compared to the case without technological gaps (Zeng et al., 2020c). Unfortunately, the effect of pore water chemistry was not addressed in their study. Wang et al. (2014a) examined the swelling pressure evolution of compacted COx claystone/MX80 bentonite at short and long time scales. They found that the synthetic site solution had no obvious influence on the swelling pressure at 100 h but a significant decrease (9%) was observed for the specimen saturated with site solution after 700 days. Note that their study was limited to the swelling behaviour of mixture with a bentonite content of 70%. For the mixture with less claystone, the influence of water chemistry can be different due to the lower content of clay mineral. [START_REF] Middelhoff | Hydro-mechanical behavior of claystone-based backfill materials under geoenvironmental conditions[END_REF] conducted a series of hydration test on compacted COx claystone/MX80 bentonite mixture with a bentonite content of 30% (dry density of 1.72 Mg/m 3 ) and indicated that synthetic site solution had negligible impacts on swelling pressure after 7 days and on hydraulic conductivity after 1 year. However, few systematic studies have been focused on the longterm effect of site solution on the hydro-mechanical property of claystone/bentonite mixture at low amount of bentonite with technological gaps.

In the present work, hydration tests were first conducted on the COx claystone/MX80 bentonite mixture with various technological gaps for 10 and 590 days using deionised water and synthetic site solution. The long-term effects of site water chemistry and technological gaps on the hydromechanical property of compacted blocks were investigated. After that, water content, dry density and microstructure distributions of the specimen were measured, allowing better understanding the influence mechanism of site solution chemistry and technological gaps.

Materials and experimental methods

Materials

The material studied in the present study was a mixture comprising 70% COx claystone and 30% MX80 bentonite (Wyoming, USA) in weight. This proportion was selected to well fulfill the requirements of the French National Radioactive Waste Management Agency (Andra) in terms of global swelling pressure and hydraulic conductivity (Zeng et al., 2020c). The COx claystone was produced by excavation of drifts in Andra Underground Research Laboratory (URL) at about -490 m (Bure, France). The bentonite and claystone were processed to maximum grain diameters of 2.0 m. Fig. 1 depicts the grain size distributions of bentonite and claystone obtained by dry-sieving and hydrometer methods. The respective average grain diameters D50 of dry bentonite and claystone are 0.55 and 0.58 mm. This similarity will contribute to a relatively homogeneous state during the mixing process. The main physico-chemical characteristics of bentonite and claystone are presented in Table 1. Prior to the experiment, the COx claystone and bentonite at a proportion of 70/30 were thoroughly mixed using a stirrer for more than 10 min. The equivalent specific gravity and initial water content of the mixture are 2.72 and 7.7%, respectively.

In this study, the specimens were hydrated with both deionised water and synthetic site solution.

The synthetic site solution simulates the working conditions of the sealing material in the repository.

The composition of synthetic site solution corresponds to the pore water of claystone formation. It was obtained by dissolving the chemical components (Table 2) in deionised water.

Experimental methods

The mixture was first compacted statically in a rigid steel ring at a controlled rate of 0.05 mm/min. The compacted specimens were 50 mm in diameter and 10 mm in height and the target dry density is 2.0 Mg/m 3 . Eight identical compacted specimens were prepared in total. 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]. To investigate the detrimental effect of technological gaps, 10 and 20% technological gaps were thus taken into account. Six compacted specimens were trimmed into smaller diameters of 44.72 mm (ST01 and LT05) and 47.43 mm (ST02-03 and LT06-07) (Table 3). Then, the trimmed specimens were installed and centered in the testing cell (a diameter of 50 mm) (Fig. 2). The specimens were placed between two metallic porous stones and filter papers. Afterwards, the cells were closed by placing the upper cap and the cap was then blocked with a screw to restrain the axial swell (Fig. 3). The lateral gaps between the trimmed specimens and cell wall were equal to 10 and 20% of the total volume, corresponding to 1.8 and 1.6 Mg/m 3 global dry densities. Afterwards, synthetic site solution was supplied from the bottom in tests ST01-02 and LT05-06, while specimens ST03 and LT07 were hydrated with deionised water. For comparison, specimens ST04 and LT08 were directly transferred into the testing cell and no gap was left at the interface with cell wall. Then, the specimens were saturated with site solution under a water head of about 1 m. As shown in Table 3, ST and LT stand for short and long terms, respectively. For tests ST, the specimens were hydrated for 10 days while for tests LT, the specimens were hydrated for about 590 days. During the hydration, the axial swelling force was measured with a force transducer. For tests ST01-02 and LT05-06, a pressure sensor was installed in the middle of specimens to monitor the radial pressure. At the end of swelling pressure tests, the hydraulic conductivity of all the specimens was determined using constant-head method, following the French standard AFNOR (2008). To minimise the disturbance on the microstructure, the respective water pressures were 40, 100 and 200 kPa for the specimens at 1.6, 1.8 and 2.0 Mg/m 3 global dry densities, which were smaller than a tenth of the maximum swelling pressures.

After prescribed hydration times, the specimens were taken out of the cell for the determination of water content, dry density and microstructure feature. For the tests with initial technological gaps (ST01-03 and LT05-07), the specimens were divided into three zones, namely outer, middle and central (Fig. 4). Outer zone represents a ring with a 40 inner diameter and a 50 mm outer diameter, corresponding to the technological gaps; middle zone refers to a ring of 20 and 40 mm in inner and outer diameters, respectively; central zone is a cylinder of 20 mm in diameter. To minimise the influence of water evaporation, the removal and cutting operations were completed in less than 5 min.

Afterwards, each zone was cut into several cubes. For the tests without gaps (ST04 and LT08), the specimens were directly cut into cubes. The water content of the soils was determined after drying in the oven at 105 °C for 24 h and the dry density was derived from the Archimedes' buoyancy after immersion in an immiscible oil (commercial Kerdane). The microstructure observation was also carried out by the use of mercury intrusion porosimetry (MIP). The samples were first frozen with liquid nitrogen and dehydrated in a freeze-drier for 24 h. Subsequently, the freeze-dried samples were subjected to vacuum and filled with mercury, and then put into a pressure chamber with a maximum mercury pressure of 228 MPa. Correspondingly, the maximum and minimum intruded pore diameters were 350 and 0.006 μm, respectively.

Experimental results

Swelling pressures

Fig. 5 presents the kinetics of axial and radial swelling pressures for the specimens with initial technological gaps. The curves of identical specimens were quite similar, suggesting the excellent repeatability of the hydration tests. As shown in Fig. 5a, the axial swelling pressure started with an increase at the beginning of hydration. For the specimens without technological gaps or with 10% technological gaps, the axial swelling pressures stabilised after 58.3 and 7.4 h, respectively. For the specimens with 20% technological gaps, the axial swelling pressure increased until reaching a peak, then decreased, and stabilised at 5.8 h. By contrast, the radial swelling pressure was not detected at the beginning for the specimens with technological gaps. After 0.08 and 0.18 h, the radial swelling pressure became measurable, indicating that the pre-set 10 and 20% technological gaps were filled by the swollen claystone/bentonite mixtures. Then, the radial swelling pressure increased and reached a first stability stage after about 7.5 and 5.7 h in the case of 10 and 20% gaps, respectively (Fig. 5b).

As far as the water chemistry was concerned, the swelling pressure curves of the specimens hydrated with deionised water and synthetic site solution for 10 days were fairly similar, suggesting a negligible effect of water chemistry in short term (Fig. 5). Fig. 6 compares the axial swelling pressures of tests LT05-08 during 590 days. The axial swelling pressure for the specimens with initial gaps decreased from 10 to 590 days, especially for those hydrated with synthetic site solution. For clarity, the unified axial swelling pressure, the ratio of the axial swelling pressure to the value at 10 days, was calculated. Fig. 7 illustrates the kinetics of unified axial swelling pressure with the hydration time from 10 to 590 days. For the specimen without technological gaps (LT08) and the specimen hydrated with deionised water (LT07), the axial swelling pressure remained almost constant over this period. For the specimens with 10% and 20% technological gaps and hydrated with synthetic site solution, the axial swelling pressure decreased by 4 and 13%, respectively. As the technological gaps increased, the decrease was more significant. Additionally, the variations of axial and radial swelling pressures after 10 and 590 days of hydration with the global dry density are also summarised in Fig. 8. There were linear relationships between the axial and radial swelling pressures and global dry density. The fitted curved at 590 days lied below that at 10 days. The specimens with 10% technological gaps (LT06-07) hydrated with deionised water and synthetic site solution exhibited almost the same axial swelling pressure at 10 days. However, compared to that hydrated with deionised water, a remarkably lower axial swelling pressure was observed on the specimen hydrated synthetic site solution after 590 days.

Hydraulic conductivity

Fig. 9 presents the hydraulic conductivities of specimens with various technological gaps after 10 and 590 days. After hydration with synthetic site solution for 10 days, the respective hydraulic conductivities of the specimens with 1.6, 1.8 and 2.0 Mg/m 3 global dry densities were 1.50×10 -11 , 3.49×10 -12 and 7.07×10 -13 m/s. On the whole, the hydraulic conductivity reduced linearly as the global dry density increased. Under further hydration, the hydraulic conductivity decreased. After 590 days of hydration, the respective hydraulic conductivities decreased to 1.29×10 -11 , 1.97×10 -12 and 6.07×10 -13 m/s for the specimens with 1.6, 1.8 and 2.0 Mg/m 3 global dry densities. This hydraulic conductivity reduction became more considerable as the global dry density decreased. For the specimens with 10% technological gaps hydrated with synthetic site solution and deionised water, the hydraulic conductivity was quite close at 10 days. After 590 days, the specimen hydrated with synthetic site solution (LT06) exhibited a larger hydraulic conductivity than that hydrated with deionised water (LT07).

Water content and dry density profiles

After the hydration tests, the water content and dry density distributions of specimens with initial technological gaps were determined. The obtained results are summarized in Fig. 10. After 10-day hydration, the corresponding degree of saturation was in the range of 99-100%, indicating that the specimens were saturated. However, the specimens with initial technological gaps exhibited significant heterogeneous distributions of water content and dry density. The outer zone which included the initial technological gaps had lower dry densities and larger water contents than the middle and central zones. While the technological gaps increased, the dry density and water content distributions were more heterogeneous. Moreover, the dry densities of middle and central zones were larger than the global one while the dry density of outer zone was lower, as shown in Fig10a. Upon further hydration, the denser zones (middle and central zones) could undergo further swelling which decreased the dry density, while the looser zone (outer zone) was compressed by the swelling pressure [START_REF] Bian | Voids effect on the swelling behaviour of compacted bentonite[END_REF]. As a result, the dry density heterogeneity decreased with further hydration.

Although the heterogeneity decreased, it was still persistent after 590 days of hydration.

Microstructure features

The cumulative curves and corresponding density curves are presented in Fig. 11 for specimens with 20% gaps, Fig. 12 for specimens with 10% gaps and Fig. 13 for specimens without technological gaps. The specimens with initial technological gaps exhibited a heterogeneous distribution of microstructure. As shown in Figs. 11a and12a, the cumulative curves of outer zone lie above those of middle and central zones. As the hydration time increased from 10 to 590 days, the cumulative curves of middle and central zones went up while that of outer zone went down, resulting in a more homogenous distribution of microstructure. Similarly, for the specimens without gaps, the cumulative curve of the specimen hydrated for 590 days (ST04) lied below that of the specimen hydrated for 10 days (LT08) (Fig. 13a). Comparison of the specimens hydrated with various solutions shows that the cumulative curve of the specimens with synthetic site solution (LT06) lied above those of the specimens with deionised water (LT07) after 590 days (Fig. 12a). For all the specimens, the total intruded void ratios were lower than that deduced from the measured dry density, which could be ascribed to the limitation of MIP technique.

From Fig. 13b, a bimodal pore distribution was identified for the as-compacted specimen at 2.0 Mg/m 3 dry density, with dominant large pores (around 6 μm) and dominant small pores (around 0.02 μm). For the specimens without technological gaps, the hydration was accompanied by an increase of the diameter of large pores and a decrease of the peak value of small pores, even though the distribution was still bimodal (Fig. 13b). For the specimens with technological gaps, the hydration not only increased the large-pore diameter and reduced the peak value of small pores, but also led to an additional population with a diameter of 0.17-0.40 μm between the two peaks (termed as medium pores) (Figs. 11b and12b). As suggested by Wang et al. (2014b), 2 and 0.04 μm were taken as the delimiting diameters between large and medium pores and between medium and small pores, respectively. According to the cumulative curves and the delimiting diameters, the large-pore, medium-pore and small-pore void ratios of the specimens after different hydration times are summarised in Fig. 14. Also presented in Fig. 14 is the void ratio of inaccessible pores (<0.006 or > 350 μm ). The larger the technological gaps, the higher the large-pore, medium-pore and inaccessible-pore void ratios and the smaller the small-pore void ratio. On the whole, outer zone of the specimens with technological gaps (ST01-02) exhibited a smaller small-pore void ratio but higher inaccessible-pore, medium-pore and large-pore void ratios than middle and central zones at 10 days.

As the hydration time increased from 10 to 590 days, the medium-pore and large-pore void ratios of outer zone decreased. By contrast, the large-pore void ratio of middle and central zones decreased and the medium-pore void ratio increased gradually. Additionally, the void ratios of pore populations of the specimens hydrated with synthetic site solution and deionised water for 590 days are also compared in Fig. 15. The specimen hydrated with synthetic site solution (LT06) showed slightly higher large-pore and small-pore void ratios but a smaller inaccessible-pore void ratio compared to that hydrated with deionised water (LT07).

Interpretation and discussion

When the hydration started, water rapidly filled the technological gaps. The compacted blocks imbibed water from the lateral side as well as the top and bottom. The hydration of compacted block with technological gaps could be characterised by two main processes: a filling process and a homogenization process (Zeng et al., 2020a). During the filling process, the dry density of the external zone of the compacted blocks decreased quickly while that of the internal zone decreased slowly due to the larger wetting distance. This resulted in a heterogeneous dry density distribution: the outer zone had a smaller dry density while the middle and central zones exhibited larger ones (Fig. 10a). Upon further hydration, the specimen was subjected to a homogenisation process, with an increasing dry density in outer zone and a decreasing dry density in middle and central zones. However, after 590 days of hydration, the dry density distribution for the specimen with technological gaps was still heterogeneous (Fig. 10a). Similar phenomenon was reported by [START_REF] Gens | On the hydration of unsaturated barriers for high-level nuclear waste disposal[END_REF] and Villar et al. ( 2019) by means of large-scale testing in a tunnel. Zeng et al. (2020b) reported that the friction between specimens and porous stones resisted the homogenisation process and the heterogeneity could be persistent forever.

During the filling process, water molecules entered and intercalated between the clay layers of the side zone of the compacted blocks, increasing the inter-layer space. The clay aggregates swelled and increased the intra-aggregate pore size. Meanwhile, the swelling of clay aggregates could invade the pores between aggregates and reduce the inter-aggregate pore volume. The merging of increased intra-aggregate pores (small pores) and reduced inter-aggregate pores (large pores) corresponded to the appearance of medium pores. During the swelling of aggregates, fissure-like 2-dimensional (2-D) pores with an average diameter of 20 μm could appear with the division of clay aggregates into smaller ones (Wang et al., 2014b). This explained why the large-pore volume increased upon hydration. During the homogenization process, the large and medium pores for outer zone corresponding to the initial technological gaps would be compressed, resulting in decreases of the larger-pore and medium-pore volumes (Fig. 14). Contrastingly, middle and central zones further swelled with a decrease of small-pore volume and increases of medium-pore and large-pore volumes.

In long term, the large-pore volume would slightly decrease due to the water redistribution [START_REF] Delage | Ageing effects in a compacted bentonite: a microstructure approach[END_REF]. Commonly, fluid flow through soils was highly related to the large-pore volume [START_REF] Cuisinier | Microstructure and hydraulic conductivity of a compacted lime-treated soil[END_REF]Wang et al., 2013). While the large-pore volume of three zones increased from 10 to 590 days, a lower hydraulic conductivity was observed in the case of 590-day hydration (Fig. 9).

In addition to the technological gaps, the water chemistry of the site solution could also influence the hydro-mechanical property of claystone/bentonite mixture. The hydration of bentonite-based material mainly includes crystalline and osmotic swelling processes [START_REF] Mitchell | Fundamentals of soil behaviour[END_REF]. The crystalline swelling process represents the stepwise insertion of water molecule layers in interlayer space.

Generally, Na-montmorillonite has a larger water adsorption capacity than Ca-montmorillonite during the crystalline swelling process [START_REF] Liu | Prediction of swelling pressures of different types of bentonite in dilute solutions[END_REF][START_REF] Du | Revealing expansion mechanism of cementstabilized expansive soil with different interlayer cations through molecular dynamics simulations[END_REF][START_REF] Yotsuji | Effect of interlayer cations on montmorillonite swelling: Comparison between molecular dynamic simulations and experiments[END_REF]. When a montmorillonite was saturated with saline solution, cation exchange can occur, which is mainly controlled by the nature of exchangeable cation and the available cations in the permeating water. A typically competitive order is: Na + <K + <Mg 2+ <Ca 2+ [START_REF] Mitchell | Fundamentals of soil behaviour[END_REF]Wang et al., 2014a). When the claystone/bentonite mixture was saturated with synthetic site solution, the Na-montmorillonite could be transformed to Mg-or Ca-montmorillonite (Sun et al., 2019). Subsequent to the adsorption of water molecules on clay surfaces, the electrical double-layer repulsion is the principal driving power for further swelling. Generally, with the increase of saline solution concentration, the diffuse double layer thickness and net repulsive stress would decrease [START_REF] Yong | Soil Properties and Behaviour[END_REF][START_REF] Mitchell | Fundamentals of Soil Behaviour[END_REF].

In the case of high specimen dry densities, the effect of water chemistry on crystalline and osmotic swelling processes could be less significant due to the lower permeability and the poor development of diffusion double layer [START_REF] Pusch | Microstructure of Smectite Clays and Engineering Performance[END_REF]Wang et al., 2014a), at least in short term. This explained why the synthetic site solution with lower salinity had a negligible influence on the hydro-mechanical property in the case of 10-day hydration. With further hydration, the cations in synthetic site solution could weaken the swelling process and lead to a lower a swelling pressure than that with deinoised water after 590 days of hydration (Fig. 7). Moreover, the smaller the global dry density, the more intensive the interaction between synthetic site solution and clay minerals due the higher permeability and the more remarkable the swelling pressure reduction. Owing to the constriction of interlayer space, a larger large-pore volume was observed on the specimen hydrated with synthetic solution (LT06), compared to that hydrated with deionised water (LT07), especially for the outer zone (Fig. 15). This phenomenon could be attributed to the higher cation concentration, in addition to the lower dry density of the outer zone. As indicated by [START_REF] Ye | Membrane behavior of compacted GMZ bentonite and its granite mixture[END_REF], the migration velocity of cation could be larger than that of water molecule due to the membrane effect. As a result, the cation concentration of outer zone (closer to the wetting end) was larger than those of middle and central zones. Thus, a more significant water chemistry effect was observed on the outer zone. After 590 days of hydration, the specimen hydrated with synthetic site solution exhibited a larger hydraulic conductivity than that hydrated with deionised water (Fig. 9) because of the larger large-pore volume.

From Fig. 7, the axial swelling pressure decreased by 4 and 13% after 590 days of hydration with synthetic site solution in the case of 1.8 and 1.6 Mg/m 3 global dry densities respectively.

Similarly, Wang et al. (2014a) identified a decrease of 9% after 700 days of hydration while dealing with the swelling behaviour for COx claystone/MX80 bentonite with a proportion of 30/70 in weight and at 1.70 Mg/m 3 dry density. Additionally, similar microstructure changes after hydration were observed on claystone/bentonite mixtures with proportions of 70/30 and 30/70 in weight. It appears that the synthetic site solution exerted a similar influence on the swelling behaviour of claystone/bentonite mixtures disregarding bentonite content. Even though the clay mineral content was low for claystone/bentonite mixture at a low bentonite content, the influence of water chemistry on the swelling behaviour could not be ignored in long term due to its high permeability.

Conclusions

Hydration tests with different solutions were conducted on compacted claystone/bentonite mixtures with various technological gaps, allowing the effects of water chemistry and technological gaps on the hydro-mechanical property to be investigated. The involved mechanisms of the swelling pressure and hydraulic conductivity variations were further examined by analysing the microstructure features.

According to the obtained results, the following conclusions were drawn.

In short term, the presence of technological gaps led to significant heterogeneity of dry density distribution. While the gaps increased, the swelling pressures reduced and the hydraulic conductivity increased. The synthetic site solution had a negligible influence on the swelling pressure and hydraulic conductivity for specimens with technological gaps.

As the hydration time increased, the heterogeneity because of the existent of technological gaps would decrease. It appears from the microstructure observation that the large pores of external zone were compressed by the swelling of the internal zones and the large-pore void ratio of internal zones decreased owing to the water redistribution, reducing the hydraulic conductivity.

In long term, the synthetic site solution weakened the swelling process and increased the largepore volume due to cation exchange and diffuse double layer shrinking. A lower swelling pressure and a larger hydraulic conductivity were observed on specimens hydrated with synthetic site solution, especially for those at a low dry density.

The claystone/bentonite mixture at a low bentonite content was not immune to the water chemistry thanks to its high permeability, although the clay mineral content was low. The synthetic site solution could reduce the sealing property of claystone/bentonite mixtures regardless of bentonite content. Unfortunately, the final state of claystone/bentonite mixtures after hydration were not available due to the technical limitations in this study. To further investigate the completion criteria of the interaction between claystone/bentonite mixtures and site solution, it is recommended to comprehensively compare the chemical compositions of the influent and effluent during the hydration test. 
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	Property	COx claystone	MX80 bentonite
	Initial water content (%) 6.1	11.4
	Specific gravity	2.76	2.76
	Liquid limit (%)	520	494
	Plastic limit (%)	42	46
	Plasticity index (%)	478	448
	CEC (meq/100 g)	22 a	78-85 c
	Na +	2.9 a	62.4-66.8 c
	K +	2.6 a	0.2-1.3 c
	Mg 2+	4.6 a	3-4 c
	Ca 2+	11.7 a	6.6-7.4 c
	Main minerals	Interstratified illite/smectite (40-45%) b	Montmorillonite (86%)
		carbonates (30%) b	quartz (7%)
		quartz and feldspar (25-30%) b	carbonate and feldspar (7%)

a

Table 2

 2 Recipe for the synthetic site solution preparation
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	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
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