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The pre-compacted MX80 bentonite/Callovo-Oxfordian (COx) claystone mixture has been proposed as a candidate sealing material in a French deep geological repository for high-level radioactive waste. An in-depth understanding of the hydraulic property of this material is essential for accessing the over-pack corrosion and nuclide migration along the gallery. In this study, water flow in the compacted bentonite/claystone mixture was investigated by carrying out infiltration and water retention tests under constant-volume conditions alongside detailed microstructure observation. The evolution of total water hydraulic conductivity with suction was experimentally determined based on the instantaneous profile method. It was observed that the measured total hydraulic conductivity increased slowly at high suctions, then quickly at low suctions, and finally approached the saturated value. A new method was developed based on the evolving pore structure, accounting for both vapour and liquid-water hydraulic conductivities. The total hydraulic conductivity predicted by the proposed method agreed well with the measured one, indicating the reliability of the predictive method. The vapour hydraulic conductivity was larger than the liquid-water one at a suction larger than 15.2 MPa while liquid-water hydraulic conductivity became dominant at a suction lower than 15.2 MPa. In addition, based on the predicted vapour and liquid-water hydraulic conductivities, a numerical model was set up to simulate the water infiltration process. Comparison between the simulation and the measurement showed close agreement, validating the two-phase water flow mechanism in the bentonite/claystone mixture.
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Introduction

In most concepts of radioactive waste disposal at great depth, bentonites are considered as possible sealing materials on their own or in combination with other materials due to the high swelling characteristics, low permeability and radionuclides retention capacity [START_REF] Pusch | Mineral-water interactions and their influence on the physical behavior of highly compacted Na bentonite[END_REF][START_REF] Yong | Formulation of backfill material for a nuclear fuel waste disposal vault[END_REF]. Because of the ease of controlling initial properties, the sealing materials are often compacted in blocks and placed in the drifts and shafts. When the local groundwater conditions are recovered, the compacted blocks will adsorb water and swell, filling up the technological voids. Then, the compacted blocks are further hydrated under constant-volume conditions and develop a swelling pressure against the host rock, with microstructure changes and subsequent changes in hydraulic properties [START_REF] Cui | Determining the unsaturated hydraulic conductivity of a compacted sand-bentonite mixture under constant-volume and free-swell conditions[END_REF]. Therefore, the water flow through the compacted bentonite-based materials is a major concern in the design and safety assessment of deep geological repositories.

The hydraulic parameters (hydraulic diffusivity or conductivity) of bentonite-based materials have been largely studied, especially in saturated state. Generally, the saturated hydraulic conductivity was measured by monitoring the water inlet and/or outlet flows at constant water head [START_REF] Cui | Determining the unsaturated hydraulic conductivity of a compacted sand-bentonite mixture under constant-volume and free-swell conditions[END_REF]. It was found that the saturated hydraulic conductivity of bentonitebased materials was influenced by many factors: initial water content [START_REF] Haug | Impact of molding water content on hydraulic conductivity of compacted sand-bentonite[END_REF], dry density [START_REF] Komine | Simplified evaluation on hydraulic conductivities of sand-bentonite mixture backfill[END_REF], spatial distribution of dry density (Wang et al., 2013a), hydraulic gradient [START_REF] Dixon | Critical gradients and pressures in dense swelling clays[END_REF]1999) and temperature [START_REF] Villar | Influence of temperature on the hydro-mechanical behaviour of a compacted bentonite[END_REF]. However, the compacted bentonite-based materials are initially unsaturated at very high suctions when placed in the gallery. Thus, the unsaturated hydraulic parameter is also an important factor to be accounted for. The unsaturated hydraulic parameter can be measured by either steady-state method [START_REF] Lu | Constant flow method for concurrently measuring soil-water characteristic curve and hydraulic conductivity function[END_REF] or unsteady-state method [START_REF] Daniel | Measurement of hydraulic conductivity of unsaturated soils with thermocouple psychrometers[END_REF]. Very often, instantaneous profile method (unsteady-state method) is used for compacted clays. [START_REF] Kanno | Coupled thermo-hydro-mechanical modelling of bentonite buffer material[END_REF], [START_REF] Kröhn | New conceptual models for the resaturation of bentonite[END_REF], [START_REF] Börgesson | Thermohydro-mechanical characterisation of a bentonite-based buffer material by laboratory tests and numerical back analyses[END_REF] and [START_REF] Zhang | Hydro-mechanical analysis of GMZ bentonite-sand mixtures in the water infiltration process as the buffer/backfill mixture in an engineered nuclear barrier[END_REF] performed infiltration tests on compacted pure bentonite or a bentonite/sand mixture. At different times, the samples were extracted and sliced for the determination of water content profile. Due to the time-consuming testing process, the obtained data were quite limited and the water movement could occur during the cutting of samples after testing. To improve the accuracy, [START_REF] Daniel | Measurement of hydraulic conductivity of unsaturated soils with thermocouple psychrometers[END_REF], [START_REF] Lemaire | Imbibition test in a clay powder (MX-80 bentonite)[END_REF], [START_REF] Cui | Determining the unsaturated hydraulic conductivity of a compacted sand-bentonite mixture under constant-volume and free-swell conditions[END_REF] and [START_REF] Wang | Hydraulic conductivity and microstructure changes of compacted bentonite/sand mixture during hydration[END_REF] continuously measured the water content or suction profiles of soil columns upon wetting using dual-energy γ radiation technique or relative humidity sensors installed at various locations. It has been observed that the unsaturated hydraulic conductivity of bentonite-based materials decreased and then increased after a certain suction [START_REF] Cui | Determining the unsaturated hydraulic conductivity of a compacted sand-bentonite mixture under constant-volume and free-swell conditions[END_REF][START_REF] Wang | Hydraulic conductivity and microstructure changes of compacted bentonite/sand mixture during hydration[END_REF], unlike the hydraulic conductivity of low plasticity unsaturated soils which increased constantly with suction decrease [START_REF] Van Genuchten | A closed-form equation for predicting the hydraulic conductivity of unsaturated soils[END_REF][START_REF] Fredlund | Unsaturated Soil Mechanics in Engineering Practice[END_REF]. [START_REF] Wang | Hydraulic conductivity and microstructure changes of compacted bentonite/sand mixture during hydration[END_REF] attributed this phenomenon to the variation of largepore volume with hydration: the large pores were progressively invaded by the swollen clay aggregates at the beginning of hydration [START_REF] Romero | An insight into the water retention properties of compacted clayey soils[END_REF]; contrastingly, while saturation was approached, the large-pore volume increased again due to the formation of 2-dmensional (2D) pores by division of clay aggregates. Note that the water flow includes liquid water flow and water vapour diffusion. In their analyses, the portions of water flow in liquid and vapour phases were not distinguished and the corresponding water flow mechanisms were not clarified.

In past decades, the contribution of vapour and liquid water flux to the global water flow was addressed by several researchers based on experimental results and numerical simulations [START_REF] Kanno | Coupled thermo-hydro-mechanical modelling of bentonite buffer material[END_REF][START_REF] Kröhn | New conceptual models for the resaturation of bentonite[END_REF][START_REF] Kröhn | Re-saturation of compacted bentonite under repository-relevant flow conditions[END_REF][START_REF] Zhang | Hydro-mechanical analysis of GMZ bentonite-sand mixtures in the water infiltration process as the buffer/backfill mixture in an engineered nuclear barrier[END_REF]. [START_REF] Kröhn | New conceptual models for the resaturation of bentonite[END_REF] assumed that bentonite was exclusively hydrated by vapour diffusion in the pore space and proposed a constant diffusion coefficient to characterise the water infiltration process. However, the calculated value of the diffusion coefficient was found to be lower than the experimental one, suggesting that the contribution of liquid water flow could not be ignored. Additionally, the water diffusivity for both the vapour and liquid phases could vary with water content. To address this issue, [START_REF] Kanno | Coupled thermo-hydro-mechanical modelling of bentonite buffer material[END_REF] and [START_REF] Börgesson | Thermohydro-mechanical characterisation of a bentonite-based buffer material by laboratory tests and numerical back analyses[END_REF] proposed an empirical equation, attempting to distinguish the vapour and liquid flow processes. However, the fundamental physics of vapour and liquid flows were not examined.

Several empirical, macroscopic, and statistical models have also been developed to predict the hydraulic conductivity of unsaturated soils based on experimental findings and theoretical considerations [START_REF] Leong | Review of soil-water characteristic curve equations[END_REF][START_REF] Xu | Calculation of unsaturated hydraulic conductivity using a fractal model for the pore-size distribution[END_REF][START_REF] Zou | A macroscopic model for predicting the relative hydraulic permeability of unsaturated soils[END_REF][START_REF] Ye | An unsaturated hydraulic conductivity model for compacted GMZ01 bentonite with consideration of temperature[END_REF][START_REF] Zhai | Estimation of permeability function from the soil-water characteristic curve[END_REF]. Among them, the statistical model provides the most reliable results [START_REF] Leong | Review of soil-water characteristic curve equations[END_REF][START_REF] Fredlund | Unsaturated Soil Mechanics in Engineering Practice[END_REF]. By simplifying the pore structure as a bundle of capillaries, the relative hydraulic conductivity was estimated based on the Poiseuille's equation [START_REF] Burdine | Relative permeability calculations from pore size distribution data[END_REF][START_REF] Watabe | Probabilistic modelling of saturated/unsaturated hydraulic conductivity for compacted glacial tills[END_REF]. With the statistical model, [START_REF] Romero | Water permeability, water retention and microstructure of unsaturated compacted Boom clay[END_REF] derived the relative hydraulic conductivity of Boom clay based on the pore size distribution. However, the pore structure was assumed to be unchanged upon wetting/drying in previous works. This assumption is not valid for high-plasticity soils. It has been reported that the pore structure of compacted bentonite-based materials could significantly evolve along with mechanical and hydraulic loading [START_REF] Delage | Ageing effects in a compacted bentonite: a microstructure approach[END_REF][START_REF] Romero | An insight into the water retention properties of compacted clayey soils[END_REF][START_REF] Wang | Hydraulic conductivity and microstructure changes of compacted bentonite/sand mixture during hydration[END_REF]. Therefore, it becomes necessary to account for the evolutionary character of pore structure in hydraulic conductivity prediction.

In this study, infiltration and water retention tests under constant-volume conditions were carried out on a compacted MX80 bentonite/Callovo-Oxfordian (COx) claystone mixture, allowing the total water hydraulic conductivity of the mixture to be determined by instantaneous profile method. The microstructure evolution of the mixture upon wetting was also investigated using mercury intrusion porosimetry (MIP). Based on the test results, a novel method considering the evolving pore structure was proposed to predict the hydraulic conductivity for both vapour and liquid phases. Finally, a numerical model was set up to verify the feasibility of the proposed method and investigate the contribution of vapour and liquid water flux.

Materials and methods

Materials

The material used was a mixture of MX80 bentonite and COx claystone with a proportion of 30/70 in dry mass, which has been proposed as a candidate sealing material by the French National Radioactive Waste Management Agency (Andra, France). The MX80 bentonite was extracted from Wyoming, USA, while the COx claystone was taken at a depth of around 490 m in the Andra Underground Research Laboratory (URL) in Bure. Table 1 summarises the physico-chemical properties of bentonite and claystone. Fig. 1 shows the grain size distributions of bentonite and claystone determined by dry sieving method. The dry bentonite and claystone have mean grain diameters D50 of 0.55 and 0.58 mm, respectively. The bentonite and claystone were immersed into de-ionized water and wet-sieved through 80 μm sieve. The grain size distributions for the bentonite and claystone particles smaller than 80 μm were determined by hydrometer method [START_REF] Afnor | Geotechnical investigating and testing, Laboratory testing of soils. Part 4: Determination of particle size distribution[END_REF] and the results are also shown in Fig. 1. The respective clay contents (< 2 μm) of bentonite and claystone are 86% and 26%. 2). 

Water retention and MIP tests

The water retention property of the compacted bentonite/claystone mixture was determined under constant-volume conditions. The samples (50 mm in dia. and 5 mm in thick) were prepared by static compaction at a constant displacement rate of 0.05 mm/min to reach a dry density of 1.80 Mg/m 3 . This value was selected to fulfil the requirements of Andra (swelling pressure is between 1 and 2 MPa and hydraulic conductivity is less than 10 -11 m/s) [START_REF] Zeng | Effects of technological voids and hydration time on the hydro-mechanical behaviour of compacted bentonite/claystone mixture[END_REF]. After compaction, the initial suction of the mixture was measured by a chilled mirror dew point tensiometer (Decagon WP4), equal to 67.1 MPa (Table 3). To simulate the saturation process, the compacted samples were hydrated under constant-volume conditions at various suctions controlled using the osmotic (for suction of 1 MPa) and vapour equilibrium (for suctions equal to or higher than 4.2 MPa) techniques, as shown in Fig. 2. Six samples were placed into a special stainless steel cell (an inner diameter of 50 mm). To apply the osmotic technique, the semi-permeable membrane was placed between the porous stones and the sample and then installed between two perforated bases (Fig. 2a). Afterwards, the whole cell was immersed in a PEG 20000 (polyethylene glycol) solution corresponding to the target suction, which was controlled by Brix index [START_REF] Delage | The relationship between suction and swelling properties in a heavily compacted unsaturated clay[END_REF] using a refractometer in practice. To apply the vapour equilibrium technique, the compacted sample was sandwiched between metallic stainless porous stones and covered by two perforated bases (Fig. 2b). Then, two external bases with valves were added and a device containing a saturated salt solution was allowed to circulate for suction control. The different salt solutions used for controlling suctions are presented in Table 3. The whole apparatus was weighed regularly and the weight was found to increase rapidly at the beginning and become stable after about 25 days. Additionally, another sample sandwiched between metallic stainless porous stones was covered by two perforated bases and two external bases. Afterwards, synthetic water was injected into the sample from two valves to apply zero suction and the equilibration was achieved after approximately 2 days [START_REF] Zeng | Investigation of swelling pressure of bentonite/claystone mixture in the full range of bentonite fraction[END_REF]. To ensure the equilibrium, all the samples were hydrated for 2 months and then extracted from the cell; the water content was determined by oven-drying at 105°C for 24 h. Note that the water content of the sample saturated with synthetic water (T07) was corrected by excluding the salt sediment from the dried samples, because the salts in synthetic water would precipitate out after oven-drying. The suction was measured using the WP4

potentiometer. The measured results were found to be close to the target suctions, confirming that the duration of hydration was long enough. 3). To minimise disturbance of the microstructure during dehydration, the samples were cut into small cubes with a side approximately equal to 1 cm and then freeze-dried following the procedure proposed by [START_REF] Delage | Influence de la lyophilisation sur la structure d'une argile sensible du Qué bec[END_REF]. Afterwards, an autopore IV 9500 mercury intrusion porosimeter with a maximum pressure of 230 MPa was employed to investigate the pore structure in the range from 350 to 0.006 μm pore diameter.

Infiltration test

To simulate the practical fabrication and construction processes of compacted blocks, identical discs of bentonite/claystone mixture with a diameter of 50 mm and a height of 50 mm were first statically compacted in a cylindrical mould at a constant displacement rate of 0.05 mm/min.

Then, five discs were piled up inside a stainless steel cell 270 mm long, with 50 mm internal diameter and 80 mm outer diameter (Fig. 3). The total height of the discs was 250 mm and the total gaps between them were 0.21 mm. These gaps corresponded to 0.2% of the total void volume of the sample and their influence could be ignored. After placement of two porous stones at two sides, the sample was covered by the top and bottom stainless plugs. Next, the two ends of the cell were tightly closed by metallic discs. Subsequently, four relative humidity sensors were installed in small holes at various heights along the cell: RH1 (50 mm), RH2 (100 mm), RH3 (150 mm) and RH4 (200 mm). To monitor the relative humidity at the top of the sample, another relative humidity sensor (RH5) was installed on the upper base. Afterwards, one valve on the lower base was connected to a burette and synthetic water was injected from the bottom of cell. The injected water volume was read from burette and the synthetic water in the burette was recharged regularly to keep the water head at the same level as the top of sample.

For air evacuation, one valve on the upper base was kept open. The whole setup was placed in a constant temperature room (20 ± 1 °C). The test was conducted for 200 days. 

Hydraulic conductivity

The evolution of the relative humidity at different locations is presented in Fig. 4. As the infiltration started, the relative humidity at RH1 increased rapidly and then tended to a stabilization value of 99.2% after 254 h. The increasing rate decreased with increasing distance from the wetting end and much more time was needed to reach a given relative humidity for the sensor at a more distant location. The relative humidity at RH5 kept almost constant at the beginning of hydration. After about 800 h, it started to increase and then reached 91.3% after 4800 h. 

s=- 10 -6 ρ w RT M lnH r (1)
where, R is the universal gas constant (8.314 J/(mol•K)), T is the absolute temperature (K), ρ w is the water unit weight (1000 kg/m 3 ) and M is the molecular mass of water vapour (0.018016 kg/mol).

Figs. 4 and 5 present the evolution of suction and the suction profiles with a time interval of 300 h, respectively. The initial suctions at different positions were 68.2 ± 1.3 MPa, corresponding to 60.4 ± 0.6 % initial relative humidity. As the hydration started, an instantaneous decrease was observed at the wetting end while the suctions at different heights decreased progressively at various rates, depending on the distances from the wetting end. With the hydration, the average slope of the suction profile increased gradually. (2)

where θ sat is the saturated water content; a (MPa), c and e (e=1-1/c) are the fitting parameters.

From the measurement of suctions, the corresponding volumetric water contents were calculated using Eq. (2). where ψ is the water potential in meter (s=10 -6 ρ w gψ ); z is the distance from the bottom of sample; q is the water flow rate (m/s); k is the hydraulic conductivity (m/s); D is the water diffusivity (m 2 /s). Since the gravity and osmotic potentials were quite low, the matric potential was taken as the water potential in this study.

Accordingly, the water diffusivity can be calculated by the following equation based on the volumetric water content profiles at different times [START_REF] Kanno | Coupled thermo-hydro-mechanical modelling of bentonite buffer material[END_REF]:

D= ∫ (θ t=t 2 -θ t=t 1 )dz H h i 1 2 {( ∂θ ∂z ) t=t 2 z=h i + ( ∂θ ∂z ) t=t 1 z=h i } 1 t 2 -t 1 (4)
where hi is the height of the studied location; H is the total height of sample; θ t=t 1 and θ t=t 2 are the volumetric water contents at instants t1 and t2, respectively. ∫ (θ t=t 2 -θ t=t 1 )dz ) t=t 2 z=h i are deduced from the tangents of volumetric water content profiles at instant t1 and t2, respectively (Fig. 8).

Then, the hydraulic conductivity is calculated using the following equation [START_REF] Kanno | Coupled thermo-hydro-mechanical modelling of bentonite buffer material[END_REF]:

k=D dθ dψ (5)
where dψ/d𝜃 is deduced from the water retention curve described by Eq. ( 2):

dψ dθ = 10 6 a ceρ w gθ sat [1+(s/a) c ] (e+1) (s/a) (1-c) (6)
where g is the gravitational acceleration (m/s 2 ). The variation of the measured hydraulic conductivity with suction at different locations is shown in Fig. 10. Note that the hydraulic conductivity derived by instantaneous method is the total one, which includes vapour and liquid-water hydraulic conductivities. The total hydraulic conductivity was about 4.56×10 -15 m/s in the as-compacted state. As the suction decreased, it showed a slow increase (suction higher than 30 MPa) followed by a rapid increase (suction lower than 30 MPa). It finally approached the saturated value of 2.12×10 -12 m/s [START_REF] Zeng | Effects of technological voids and hydration time on the hydro-mechanical behaviour of compacted bentonite/claystone mixture[END_REF]. The lower the suction, the higher the increasing rate of total hydraulic conductivity.

Microstructure

Fig. 11 presents the pore size distribution curves of the compacted bentonite/claystone mixture hydrated from as-compacted state (67.1 MPa) to 0 MPa. For the as-compacted sample, two populations were clearly identified: large pores with an entrance diameter of 2-50 μm and small pores with an entrance diameter of 0.006-0.04 μm. During wetting, the peak value of larger pores decreased as the suction decreased from 67.1 to 24.9 MPa and then increased as the suction decreased from 9 to 0 MPa. By contrast, the peak value of small pores (0.006-0.04 μm)

decreased by 24%, although the mean diameter stayed always around 0.02 μm. Additionally, another population with a diameter of 0.05-0.5 μm appeared (defined as medium pores) when the suction became smaller than 1 MPa. This phenomenon could be explained as follows: upon hydration, water molecules were progressively placed on the clay surfaces. During this process, the clay aggregates swelled, enlarging the small-pore space into the medium-pore population and progressively invading the initial large-pore space [START_REF] Wang | Hydraulic conductivity and microstructure changes of compacted bentonite/sand mixture during hydration[END_REF][START_REF] Zeng | Effects of technological voids and hydration time on the hydro-mechanical behaviour of compacted bentonite/claystone mixture[END_REF].

When the large and small pores were transformed into the medium-pore population, a significant increase in medium-pore void ratio occurred. Meanwhile, the aggregates would be divided into smaller ones and fissure-like 2D pores with a mean diameter of 20 μm could appear [START_REF] Wang | Time-and density-dependent microstructure features of compacted bentonite[END_REF]. The variation of large-pore volume was due to the combined effects of the appearance of 2D pores and the invasion of swollen clay particles. This explained the decrease of large-pore volume with decreasing suction, followed by an increase when the suction was lower than 9 MPa. 

Prediction of hydraulic conductivity

When a column of bentonite-based materials is wetted from one end, liquid water is driven to the zone far from the wetting end through the water-filled pore space by suction gradient.

Simultaneously, the water at the interface of liquid water evaporates to the air-filled space and is subsequently driven into the zone far from the wetting face by vapour pressure gradient [START_REF] Börgesson | Thermohydro-mechanical characterisation of a bentonite-based buffer material by laboratory tests and numerical back analyses[END_REF][START_REF] Kröhn | New conceptual models for the resaturation of bentonite[END_REF]. With hydration, the air-filled porosity space gradually decreases while the water-filled porosity increases. Moreover, the pore size distribution of bentonite-based materials can evolve (Fig. 11) and significantly influence the water flow. In previous works, the portions of water flow in liquid and vapour phases were not explicitly determined. Thus, the aim of this study is to propose a novel method for predicting the hydraulic conductivities in vapour and liquid phases based on the evolving pore structure.

Vapour phase

According to [START_REF] Philip | Moisture movement in porous materials under temperature gradients[END_REF], the vapour diffusivity in soil (Dv) can be calculated from that in air (Da):

D v =n v τ g D a ( 7 
)
where nv is the air-filled porosity and τ g is the tortuosity factor. The vapour diffusivity in air can be estimated from the ambient temperature using the following equation (Šimunek et al., 2009):

D a =2.12×10 -5 ( T 273.15 ) 2 (8) 
The tortuosity factor in soil is mainly dependent on the air-filled porosity [START_REF] Moldrup | Tortuosity, diffusivity, and permeability in the soil liquid and gaseous phases[END_REF]. [START_REF] Millington | Permeability of porous solids[END_REF] suggested that the relationship between the tortuosity factor and air-filled porosity can be described by Eq. ( 9):

τ g =n v 1 3 ⁄ (9)
Afterwards, the vapour hydraulic conductivity is determined using the following equation (Šimunek et al., 2009):

k v =D v ρ vs H r Mg ρ w RT (10)
where ρ vs is the saturated vapour density (kg/m 3 ). It can be estimated from the ambient temperature using Eq. ( 11) (Šimunek et al., 2009):

ρ vs =10 -3 exp(31.3716- 6014.79 T -7.92495×10 -3 T) T (11)

Liquid phase

Based on the Poiseuille's equation for laminar flow through a capillary tube, the hydraulic conductivity for a distribution of capillary tubes (kc) having different diameters di can be expressed as [START_REF] Lapierre | Mercury intrusion and permeability of Louiseville clay[END_REF]:

k c = ρ w gn 32μ ∑ d i 2 f(d i ) l i=1 ( 12 
)
where n is the porosity; μ is the water viscosity; i is the counter from 1 to l; di and f(di) are the pore diameter and volumetric probability corresponding to i, respectively. According to Eq. ( 12), the following equation can be deduced to describe the ratio of the liquid-water hydraulic conductivity in unsaturated state to the saturated one (kr) [START_REF] Burdine | Relative permeability calculations from pore size distribution data[END_REF][START_REF] Watabe | Probabilistic modelling of saturated/unsaturated hydraulic conductivity for compacted glacial tills[END_REF]:

k r = ∑ d j 2 f(d j ) m j=1 ∑ d p 2 f(d p ) r p=1 (13) 
where m and r are the total numbers of pore intervals in unsaturated and saturated states, respectively; j and p are the counters from 1 to m and r, respectively; dj and dp are the diameters of pores filled by water in unsaturated and saturated states, respectively; f(dj) and f(dp) are the volumetric probabilities corresponding to the pore diameters of dj and dp, respectively. Then, the liquid-water hydraulic conductivity (kl) of unsaturated soil can be derived from the saturated hydraulic conductivity (ks):

k l =k r k s (14) 
Notably, the pores were assumed to be cylindrical and all water was assumed to be mobile in this study. The influences of irregular pore shape [START_REF] Tuller | Adsorption and capillary condensation in porous media: Liquid retention and interfacial configurations in angular pores[END_REF] and interlayer water immobility (Pusch et al., 1990) on the liquid-water hydraulic conductivity will be investigated in further studies.

Predicted hydraulic conductivity of bentonite/claystone mixture

According to Eq. ( 2), the air-filled porosities of the compacted bentonite/claystone mixture at various suctions are deduced using Eq. ( 15):

n v =n {1- 1 [1+(s/a) c ] e } (15) 
The relative humidity values can be back-calculated from the suctions using Eq. ( 1). Using Eqs.

(7)-( 11), the vapour hydraulic conductivities at different suctions were predicted and the variation of the predicted vapour hydraulic conductivity of compacted bentonite/claystone mixture with suction is illustrated in Table 4 and Fig. 10. Overall, the vapour hydraulic conductivity decreased from 2.47×10 -15 to 2.50×10 -16 m/s as the suction decreased from 67.1 to 1 MPa.

In unsaturated states, the soil water is subjected to capillary force as a function of the pore size (Tang et al., 2009). The larger the pore size, the smaller the capillary force. Therefore, the soil water is stored within the smaller pores while the larger pores are occupied by air [START_REF] Watabe | Probabilistic modelling of saturated/unsaturated hydraulic conductivity for compacted glacial tills[END_REF]. According to the air-filled porosities and cumulative porosity curves (Fig. 11a) of samples at different suctions, the delimiting sizes of air-filled and water-filled pores could be identified and the results are summarised in Table 4. As illustrated in Fig. 11b-h, the stripe zones with a diameter smaller than delimiting sizes represent the water-filled pores while the nonstripe zones with a diameter larger than the delimiting sizes refer to the air-filled pores. Based on the water-filled pore size distributions at different suctions, the kr value of compacted bentonite/claystone mixture was calculated. After substitution of kr values and a saturated hydraulic conductivity (2.12×10 -12 m/s) into Eq. ( 14), the liquid-water hydraulic conductivities at various suctions were obtained and the results are summarised in Table 4 and Fig. 10. The liquid-water hydraulic conductivity kept almost constant at 6.69×10 -18 m/s when the suction was larger than 35 MPa. When the suction decreased to lower than 35 MPa, the liquid-water hydraulic conductivity increased sharply and approached the saturated one. From Fig. 10, the liquid-water hydraulic conductivity was lower than 1% of the vapour hydraulic conductivity when the suction was larger than 24.9 MPa. As the suction decreased to about 15.2 MPa, the liquid-water hydraulic conductivity became comparable to the vapour hydraulic conductivity. In a nearly saturated state, the liquid-water hydraulic conductivity became 1000 times larger than the vapour hydraulic conductivity. Summarising, the vapour flow prevailed at the beginning of hydration, while the liquid water flow became more and more dominant with the hydration. Also plotted in Fig. 10 is the variation of the predicted total hydraulic conductivity kT with suction. Overall, the predicted total hydraulic conductivity was in good agreement with the measured one. It kept almost constant as the suction was higher than 24.9 MPa and then increased considerably with the decrease of the suction from 24.9 to 0 MPa. It is worth noting that this phenomenon was different from that reported by [START_REF] Ye | An experimental study of the water transfer through confined compacted GMZ bentonite[END_REF] on Mg/m 3 . In their studies, an obvious decrease of total hydraulic conductivity with suction decrease was observed at a high suction level. This decreasing hydraulic conductivity was ascribed to the high porosities of samples. At high suctions, the soil water was stored within the aggregates and the microstructure of aggregates governed the suction level. The water volume ratio (the ratio of water volume to solid volume) only depended on suction, regardless of the sample porosity since the variation of porosity in the as-compacted state did not affect aggregates (Wang et al., 2013a). At the same suction, the samples with a larger porosity would exhibit a larger air-filled porosity. According to Eq. ( 7), a larger vapour hydraulic conductivity at high suctions and a steeper decrease of vapour hydraulic conductivity with suction decrease were expected for the samples with a larger porosity. Consequently, a significantly decreasing trend of hydraulic conductivity was observed at a high suction level.

Numerical simulation of the infiltration test

To simulate the water infiltration process in compacted bentonite/claystone mixture, a onedimensional numerical model 0.25 m high (with a mesh size of 0.001 m) was set up with the aid of commercial software Geostudio/SEEP-W. The continuity equation is expressed as [START_REF] Kanno | Coupled thermo-hydro-mechanical modelling of bentonite buffer material[END_REF]:

∂θ ∂t + ∂q ∂z =0 (16) 
Combining Eqs. ( 3) and ( 16) yields:

∂θ ∂t - ∂ ∂z (k dψ dθ ∂θ ∂z )=0 (17) 
The initial and boundary conditions were the same as those in the infiltration test. The water retention property and the predicted vapour and liquid-water hydraulic conductivities (Fig. 10)

were applied to the material. A transient seepage analysis was performed for the same period as the infiltration test (200 days). The numerical results were compared to the experimental ones in Fig. 4. On the whole, the experimental and numerical results matched quite well in terms of relative humidity, suction and volumetric water content, indicating the good reliability of the proposed methods for predicting both vapour and liquid-water hydraulic conductivities, and confirming the two-phase infiltration mechanism.

In addition, the contribution of vapour and liquid water flux to the water flow was also examined, by inputting the water retention property and the predicted liquid-water hydraulic conductivity.

The simulated results are compared to those with consideration of both vapour and liquid water flux in Fig. 4. Ignoring vapour transport significantly postponed the starting time of relative humidity increase and suction decrease while the increasing rate of relative humidity and decreasing rate of suction were more rapid. This phenomenon could be attributed to the liquidwater hydraulic conductivity being lower than the total hydraulic conductivity, especially at high suctions (Fig. 10). Without considering vapour diffusion, the volumetric water content increased slowly and a larger starting time of water content increase was observed. With the increase of water content, the liquid-water hydraulic conductivity of the soil close to the wetting end increased and the vapour hydraulic conductivity became negligible. By contrast, the liquidwater hydraulic conductivity of the soil far from the wetting end was still significantly lower than the total hydraulic conductivity. As a result, most water was left in the soil close to the wetting end and a more rapid increase in volumetric water content was observed, compared to that accounting for both vapour and liquid water flux. However, after a certain hydration time, the overall water content of the whole column after the same hydration time was still lower than that with consideration of both the vapour and liquid water flux (Fig. 10). These revealed that the vapour diffusion could facilitate the water infiltration, especially for the soil far from the wetting end.

Conclusions

Water flow in a compacted bentonite/claystone mixture was investigated by performing infiltration and water retention tests, allowing the total water hydraulic conductivity to be experimentally determined by instantaneous profile method. Based on the evolving pore structure of mixture upon wetting, vapour and liquid-water hydraulic conductivities were predicted and the infiltration process was numerically reproduced to investigate the contribution of vapour and liquid water flux. According to the obtained results, the following conclusions are drawn.

As the suction decreased from initial value (about 67.1 MPa) to zero, the measured total hydraulic conductivity increased slowly from 4.56×10 -15 m/s (suction higher than 30 MPa), then rapidly (suction lower than 30 MPa), and finally approached the saturated hydraulic conductivity of 2.12×10 -12 m/s.

According to the evolving pore structure of bentonite/claystone mixture, a method of predicting the vapour and liquid-water hydraulic conductivities was proposed based on the Philip and de

Vries' equation and capillary model, respectively. Overall, the predicted total hydraulic conductivity agreed well with the measured one. Additionally, as the suction was larger than 15.2 MPa, the vapour flow prevailed; by contrast, as the suction was lower than 15.2 MPa, the liquid water flow became dominant.

The results from numerical simulation using the predicted vapour and liquid-water hydraulic conductivities were in good agreement with the measurements, showing the relevance of proposed methods for vapour and liquid-water hydraulic conductivities. Ignoring vapour transport postponed the starting time of relative humidity increase or suction decrease, and underestimated the water content, especially for the soil far from the wetting end.
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Fig. 1 .

 1 Fig. 1. Grain size distributions of MX80 bentonite and crushed COx claystone

Fig. 2 .

 2 Fig. 2. Determination of the water retention curve under constant-volume conditions: (a) osmotic technique; (b) vapour equilibrium technique

Fig. 3 .

 3 Fig. 3. Schematic layout of the infiltration test

Fig. 4 .

 4 Fig. 4. Evolution of (a) relative humidity, (b) suction and (c) volumetric water content during water infiltration at different locations. Note: in the naming of curves, _VL and _L stand for the simulation results by considering both vapour and liquid water as well as only liquid water, respectively

Fig. 5 .

 5 Fig. 5. Suction profiles at different infiltration times

  Figs. 4 and 7 illustrate the evolution of volumetric water content at various locations and the volumetric water content profiles with a time interval of 300 h, respectively. The soils at the wetting end became saturated instantaneously and the average slope of volumetric water content profile tended to be vertical with the hydration time. The water flow volume passing through a cross section during a time period is equal to the total water volume change of the soils above this cross section, as indicated in Fig.8. To validate the calculation of volumetric water content, the calculated water volume change of the whole sample was compared to the injected water volume (Fig.9). A close agreement was obtained between the measured and calculated values, suggesting a good reliability of computed evolution of water content at different locations.

Fig. 6 .Fig. 7 .Fig. 8 .Fig. 9 .

 6789 Fig. 6. Water retention curve of MX80 bentonite/COx claystone mixture under constant-volume conditions

  passing through the section at the studied location during a time period from t1 to t2. (

Fig. 10 .Fig. 11 .

 1011 Fig. 10. Relationship between the measured and predicted hydraulic conductivities and suction

  compacted GMZ bentonite at a dry density of 1.70 Mg/m 3 , Wang et al. (2013b) on compacted MX80 bentonite/sand mixture (a proportion of 70/30 in dry mass) at a dry density of 1.67 Mg/m 3 and Liu et al. (2020) on GMZ bentonite pellets mixture at a global dry density of 1.45

  

  

Table 1 .

 1 Physico-chemical properties of MX80 bentonite and COx claystone

	Soil property	MX80 bentonite	COx claystone
	Water content (%)	11.4	6.1
	Specific gravity	2.76	2.70
	Liquid limit (%)	494	41
	Plastic limit (%)	46	24
	Plasticity index (%)	448	17
	Main minerals	Smectite (86%)	Interstratified illite/smectite (40-45%) a
		Quartz (7%)	Carbonate (30%) a
		Carbonate and feldspar (7%)	Quartz and feldspar (25-30%) a
	a After Fouché et al. (2004)		

Table 2 .

 2 Recipe for the synthetic water preparation

	Component	NaCl NaHCO3 KCl	CaSO4▪2H2O MgSO4▪7H2O CaCl2▪2H2O Na2SO4 Total
	Content (g/L) 1.950 0.130	0.035 0.630	1.020	0.080	0.700	4.545

Table 3 .

 3 Experimental programme

	Test	Suction control method and duration	Suction (MPa) MIP
	T01	As-compacted		67.1	√
	T02		NaCl	38	√
	T03	Vapour equilibrium method	(NH4)2SO4	24.9	√
	T04	(2 months)	KNO3	9	√
	T05		K2SO4	4.2	√
	T06	Osmotic method (2 months) PEG solution (0.302 g PEG/1 g water)	1	√
	T07	Synthetic water (2 months)		0	√

Table 4 .

 4 Predicted liquid-water and vapour hydraulic conductivities at various suctions

	Suction (MPa)	Delimiting size (μm)	kr	Liquid-water hydraulic conductivity (m/s)	Vapour hydraulic conductivity (m/s)	Total hydraulic conductivity (m/s)
	67.1	0.023	4.31×10 -6	9.13×10 -18	2.47×10 -15	2.48×10 -15
	38	0.023	2.31×10 -6	4.90×10 -18	2.77×10 -15	2.77×10 -15
	24.9	0.040	8.65×10 -6	1.83×10 -17	2.62×10 -15	2.63×10 -15
	9	1.59	2.10×10 -2	4.46×10 -14	1.78×10 -15	4.64×10 -14
	4.2	6.04	4.53×10 -2	9.60×10 -14	1.16×10 -15	9.71×10 -14
	1	31.5	2.65×10 -1	5.62×10 -13	2.50×10 -16	5.63×10 -13
	0	350	1.00	2.12×10 -12	0	2.12×10 -12
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