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Evaluating the influence of soil plasticity on hydraulic conductivity based on a general capillary model
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Soil hydraulic conductivity depends not only on the state variables such as void ratio and pore size distribution, but also on its physical/geotechnical properties. In this study, Atterberg limits, hydraulic conductivity and mercury intrusion porosimetry (MIP) tests were performed on MX80 bentonite/Callovo-Oxfordian (COx) claystone mixtures. Based on the experimental results obtained in this study together with the test data compiled from literature, a general capillary model considering Np pores in series was used to evaluate the influence of soil plasticity on the relationship between hydraulic conductivity and pore size distribution. It was found that the best pore interconnection parameter Np was highly dependent on the soil property. The larger the plasticity index, the larger the best Np value and the more complex the pore interconnection. The relationship between the best Np value and plasticity index could be well described by an exponential equation. The general capillary model was then improved to estimate the hydraulic conductivity of different soils. The estimated values using the improved general capillary model were finally compared with the measured ones and the good agreement between the measurement and estimation revealed the good performance of the proposed model.

Introduction

Water flow through soils is a matter of concern in many geotechnical, agricultural and environmental engineering practices, for instance, in the coupled consolidation analysis of clay foundation improvement and land reclamation with dredged clay [START_REF] Yin | Influence of relative compaction on the hydraulic conductivity of completely decomposed granite in Hong Kong[END_REF]Zeng et al. 2019a), in the design of isolating barriers in waste disposal facilities [START_REF] Chapuis | Sand-bentonite liners: predicting permeability from laboratory tests[END_REF] as well as in the assessment of water infiltration rate and percolation depth into agricultural land [START_REF] Saffih-Hdadi | A method for predicting soil susceptibility to the compaction of surface layers as a function of water content and bulk density[END_REF]). Obviously, this percolation process is dominated by the hydraulic conductivity of soils based on Darcy' law. It is therefore essential to quantitatively evaluate the hydraulic conductivity of soils for the geotechnical, agricultural and environmental issues.

In general, the hydraulic conductivity of saturated soils is experimentally measured using constant-head or fall-head methods [START_REF] Deng | Study on the hydraulic conductivity of Boom clay[END_REF]. It can also be indirectly determined from the consolidation curve based on the Terzaghi's consolidation theory [START_REF] Terzaghi | Theoretical soil mechanics[END_REF]. It has been well documented that the hydraulic conductivity can be influenced by many factors, including the chemical properties of fluid, void ratio, mineralogy, grain size and shape, grain packing and orientation, pore size distribution and pore interconnection [START_REF] Yin | Influence of relative compaction on the hydraulic conductivity of completely decomposed granite in Hong Kong[END_REF][START_REF] Ren | A relation of hydraulic conductivity-void ratio for soils based on Kozeny-Carman equation[END_REF][START_REF] Teng | Evaluating the Influence of Specimen Preparation on Saturated Hydraulic Conductivity Using Nuclear Magnetic Resonance Technology[END_REF]. Several investigators attempted to develop some empirical and theoretical models to predict the hydraulic conductivity from easily determinable physical characteristics of soils (Lapierre et al. 1990;[START_REF] Dolinar | Predicting the hydraulic conductivity of saturated clays using plasticity-value correlations[END_REF]. In most empirical models, the hydraulic conductivity was related to the selected properties of soils, such as void ratio [START_REF] Berilgen | Compression and permeability relationships in high water content clays[END_REF][START_REF] Dolinar | Predicting the hydraulic conductivity of saturated clays using plasticity-value correlations[END_REF], effective grain size [START_REF] Chapuis | Predicting the saturated hydraulic conductivity of sand and gravel using effective diameter and void ratio[END_REF]) and representative pore size [START_REF] Deng | Hydraulic conductivity of cement-stabilized marine clay with metakaolin and its correlation with pore size distribution[END_REF]. However, the applicability of these empirical models to other soils needs further evaluation. Taking the channels of water flow through a cross section as uniform tubes, [START_REF] Kozeny | Uber kapillare Leitung des Wassers im Boden[END_REF] proposed a theoretical model known as Kozeny-Carman equation, which was further improved by [START_REF] Carman | Flow of gases through porous media[END_REF]:
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where k is the hydraulic conductivity; CF is a dimensionless shape constant; Ss is the specific surface area; ρ w and μ are the density and viscosity of water, respectively; g is the gravitational acceleration. Its performance was validated for sand [START_REF] Ren | A relation of hydraulic conductivity-void ratio for soils based on Kozeny-Carman equation[END_REF]). For clayey soils, which were generally characterized by an aggregated structure, pores could vary from very fine (intra-aggregate)

to very coarse (inter-aggregate) [START_REF] Kong | Engineering geological properties of weathered swelling mudstones and their effects on the landslides occurrence in the Yanji section of the Jilin-Hunchun high-speed railway[END_REF]. In that case, the pore size distribution became a crucial factor to be accounted for.

Based on the Poiseuille's equation for laminar flow through a cylindrical capillary, a capillary model was developed by [START_REF] Garcia-Bengochea | Pore distribution and permeability of silty clays[END_REF] assuming parallel and cylindrical nonintersecting pores with different diameters:

= ρ w gn 32μ d i 2 f d i (2) m i=1
where n is the porosity of soil; m is the total number of pore intervals; i is the counter from 1 to m; di and f(di) are the pore diameter and volumetric probability corresponding to i, respectively. In addition to the pore size distribution, the pore interconnection between soil sections could also influence the water flow. [START_REF] Childs | The permeability of porous materials[END_REF] and [START_REF] Marshall | A relation between permeability and size distribution of pores[END_REF] introduced a probabilistic approach to address this issue. Fig. 1a shows the water flow path through a capillary network in a soil fabric with two in-series sections having the same porosity n for a given length.

The probability that a pore of diameter d 1 from one section joins a pore of diameter d 2 of another section is nf(d 1 ) nf(d 2 ) . According to the basic idea of Poiseuille's equation, the smallest capillary between two capillaries in series governs the water flow through the capillaries (e.g. d1 from a series of d1 and d2 in Fig. 1a) [START_REF] Watabe | Probabilistic modelling of saturated/unsaturated hydraulic conductivity for compacted glacial tills[END_REF]. Correspondingly, Garcia-Bengochea et al.

(1979) derived the following equation (known as the Marshall Model) for hydraulic conductivity:
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where i 1 and i 2 are the counters from 1 to m; d i 1 and d i 2 are the pore diameters corresponding to i 1 and i 2 , respectively; d is the smaller one of d i 1 and d i 2 ; f(d i 1 ) and f(d i 2 ) are the volumetric probabilities of occurrence of pores with diameters d i 1 and d i 2 , respectively. When a more complex soil fabric is considered, the water flow path through a capillary network in the soil fabric is schematically shown in Fig. 1b. The probability that a pore of diameter d i 1 from one section joins other pores of diameters

d i 2 , d i 3 , ⋯, d i N p from other sections is nf(d i 1 ) nf(d i 2 ) ⋯ nf(d i N p ) (e.g. nf(d 1 ) nf(d 2 ) nf(d 3 ) nf(d 4 ) nf(d 5 ) nf(d 6 )
in Fig. 1b) and the diameter of the dominant flow channel d is the smallest one of d i 1 , d i 2 , ⋯, d i N p (e.g. d6 from a series of d1, d2, d3, d4, d5 and d6 in Fig. 1b). Np refers to the number of in-series pores in different sizes along a capillary water path for a given length. Under this circumstance, a general capillary model was proposed by [START_REF] Watabe | Probabilistic modelling of saturated/unsaturated hydraulic conductivity for compacted glacial tills[END_REF]2011):
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where i 1 , i 2 , ⋯, i N p are the counters from 1 to m. The capillary and Marshall models correspond to Eq. ( 4) when Np=1 and Np=2, respectively. As a first attempt, [START_REF] Watabe | Hydraulic conductivity and compressibility of mixtures of Nagoya clay with sand or bentonite[END_REF] applied the general capillary model to the hydraulic conductivity prediction for glacial tills, sandy soils and clayey soils. They found that the Np value which gives the best prediction was not the same for different soils. However, the influence mechanism of soil property on the hydraulic conductivity was not investigated in-depth.

In France, the clay-rich Callovo-Oxfordian (COx) sedimentary rock formation situated in the Meuse/Haute Marne site between 400 and 600 m depth was selected as the host rock to install the future repository for disposing radioactive wastes by the French National Agency for Nuclear Waste Management (ANDRA) [START_REF] Talandier | Dossier 2005 Argile -Synthesis: Evaluation of the Feasibility of a Geological Repository in an Argillaceous Formation (Meuse/ Haute-Marne Site)[END_REF]. The excavation of the underground tunnels for waste storage will produce a large amount of excess COx claystones to be dealt with. To reduce the financial costs and to better ensure the compatibility of chemistry with the host rock, the mixtures of the excavated COx claystone and MX80 bentonite were proposed to seal and backfill the underground drifts and shafts [START_REF] Zeng | Investigation of swelling pressure[END_REF][START_REF] Jadda | Variation of swelling pressure, consolidation characteristics and hydraulic conductivity of two Indian bentonites due to electrolyte concentration[END_REF]. After the installation in the repository, the selected mixtures are expected to exhibit permeability low enough to ensure the safety functions of the deep geological repository. Therefore, a comprehensive understanding of the permeability of bentonite/COx claystone mixtures with different bentonite fractions is essential to meet the performance target and to optimize the sealing/backfilling element design.

In this study, a series of Atterberg limits, constant-head hydraulic conductivity and mercury intrusion porosimetry (MIP) tests were carried out on MX80 bentonite and COx claystone mixtures.

The plasticity index, hydraulic conductivity and pore size distribution of the mixtures with various bentonite fractions were determined. The general capillary model was applied to evaluate the hydraulic conductivities of bentonite/claystone mixtures together with those of other soils compiled from literature. The effect of plasticity index on the best Np value was quantitatively determined, allowing an improved general capillary model to be proposed for the hydraulic conductivity estimation of different soils.

Materials and methods

Materials

The MX80 bentonite was taken from Wyoming in the USA, while the COx claystone was extracted at a depth of around 490 m in the Underground Research Laboratory (URL) operated by ANDRA.

The bentonite and claystone were crushed to less than 2 mm. Their grain size distributions determined by dry-sieving and hydrometer methods are shown in Fig. 2. The fractions of fine grains (< 0.08 mm) determined by dry-sieving method are 19% and 0.3%, while the clay contents (< 2 μm)

determined by hydrometer method are 86% and 26%, for bentonite and claystone respectively.

Based on the X-ray diffraction analysis, the bentonite consists of montmorillonite (86%) and quartz (7%), whereas the claystone comprises interstratified illite-smectite (40-45%), carbonates (30%) as well as quartz and feldspar (25-30%).

Table 1 summarizes the chemical composition of the pore water extracted from the ANDRA URL. To simulate the working environment of the bentonite/claystone mixtures, synthetic water was used in the Atterberg limits and hydraulic conductivity tests. It was prepared by mixing the components (Table 1) with deionized water until full dissolution.

Determination of index properties

Prior to the experiments, the bentonite and claystone, at their initial water contents of 11.4% and 6.1%, were first mixed together with different proportions of 10/90, 20/80, 30/70, 50/50 and 70/30 in dry mass. Subsequently, the specific gravity (Gs) values of bentonite, claystone and their mixtures were measured using the pycnometer method in accordance with ASTM D854-10 (2010).

Referring to ASTM D4318-10 (2014), the liquid limit (wL) and plastic limit (wP) were determined using percussion-cup and rolling test methods, respectively. Note that the bentonite, claystone and their mixtures were wetted with synthetic water in the Atterberg limits test. For comparison, the Atterberg limits of pure bentonite and claystone were also measured with de-ionized water.

Hydraulic conductivity tests

The hydraulic conductivity tests were performed on cylindrical samples of 50 mm diameter and 10 mm height. The pure claystone and mixtures were poured into a stainless steel ring and statically compacted at a controlled displacement rate of 0.05 mm/min to various dry densities. Subsequently, the compacted samples were transferred into the testing cell of 50 mm diameter and confined by a cap which was blocked using a screw to prevent axial swelling deformation during hydration (Fig.

3

). Afterwards, synthetic water was supplied from the bottom of the cell and the swelling pressure during the hydration was monitored by the force transducer installed at the bottom of the cell. After stabilization of the swelling pressure, the constant-head method was adopted to determine the hydraulic conductivity of the compacted bentonite/claystone mixture in this study to gain good accuracy [START_REF] Pedescoll | A comparison of in situ constant and falling head permeameter tests to assess the distribution of clogging within horizontal subsurface flow constructed wetlands[END_REF][START_REF] Sandoval | Comparison between the falling head and the constant head permeability tests to assess the permeability coefficient of sustainable Pervious Concretes[END_REF]. The constant water pressure applied at the bottom of samples was 10-200 kPa (about 1/10 of the stabilized swelling pressure), defining a hydraulic gradient ranging from 100 to 2000. The evolution of injected water volume with time was recorded. As the flow rate became steady, the tests were terminated and the corresponding hydraulic conductivity k (m/s) was computed according to Darcy' law:

k= q iA ( 5 
)
where q is the steady flow rate (m 3 /s); i is the hydraulic gradient; A is the cross-section area of sample (m 2 ). All the tests were carried out at an ambient temperature of 20±1 o C.

Mercury intrusion porosimetry tests

After the hydraulic conductivity tests, the samples were extracted from the cell for the analysis of pore size distribution by MIP. Freeze-drying method was applied for the sample preparation: the saturated samples were carefully cut into small cubes with a side approximately equal to 1 cm; each cube was rapidly immersed into liquid nitrogen previously vacuum-cooled below its freezing point (-196 °C) and then dehydrated in a vacuumed chamber for about 24 hours [START_REF] Wang | Time-and density-dependent microstructure features of compacted bentonite[END_REF]. After that, the samples were put into the low-pressure chamber of porosimeter with a working pressure from 3.6 to 200 kPa, prior to being transferred to the high-pressure chamber with a working pressure from 0.2 to 210 MPa [START_REF] Bian | Voids effect on the swelling behaviour of compacted bentonite[END_REF]. According to the Washburn equation, the pore entrance diameter d (μm) intruded by mercury at an applied pressure p (MPa) could be calculated, as follows:

d= 4T s cosα p ( 6 
)
where Ts is the interfacial tension (taken as 0.485 N/m); α is the contact angle between the mercury-air interface and soil (taken as 130°). The identified pore entrance diameter ranged from 350 to 0.006 μm.

Experimental results

Index properties

The index properties of the bentonite, claystone and their mixtures are shown in Table 2. As the bentonite fraction increased from 0 to 100%, the liquid limit determined with synthetic water increased from 41 to 291% while the plastic limit increased from 23 to 53%. The variation of the corresponding plasticity index with bentonite fraction is illustrated in Fig. 4. It clearly showed that the plasticity index determined with synthetic water increased from 17 to 238% with the increase of bentonite fraction from 0 to 100%. From Fig. 4, it could also be observed that the plasticity index of the mixtures lied below the dashed line, which could be expressed by the following equation:

I P-M =I P-B B/100+I P-C (1-B/100) (7)
where IP-B and IP-C and are the plasticity indices of bentonite and claystone, respectively; IP-M is the mean weighted plasticity index of the bentonite and claystone in the mixture. This was consistent with the observation of [START_REF] Pandian | Permeability and compressibility behavior of bentonite-sand/soil mixes[END_REF] on bentonite/clayey soil mixtures. It was suspected that the mixing of two clays with various particle sizes and non-uniform clay plate sizes influenced development of the diffuse double layer [START_REF] Schanz | An alternative approach for the use of DDL theory to estimate the swelling pressure of bentonites[END_REF]) and a smaller thickness of diffuse double layer surrounding the clay particles was expected in the bentonite/claystone mixture [START_REF] Sridharan | Liquid limit of montmorillonite soils[END_REF]). Accordingly, lower absorbed water on the external clay surface at the liquid limit [START_REF] Sridharan | Liquid limit of montmorillonite soils[END_REF][START_REF] Dolinar | Correlation between surface area and Atterberg limits of fine-grained soils[END_REF]) and a lower plasticity index were observed compared to the mean weighted value. With de-ionized water, the plasticity indices of bentonite and claystone were found to be 488 and 17%, respectively. The plasticity index of bentonite with synthetic water was significantly lower than that with de-ionized water. Yukselen-Aksoy et al.

(2008) found that the saline water could considerably reduce the plasticity index of soils with a plastic index larger than 70%. This water chemistry effect could be explained by the diffuse double layer theory. For the soils treated with saline water, the distance between two particles was inversely with the square root of the salt concentration (Zhu et al., 2013). Thereby, a larger inter-particle spacing and a larger amount of adsorbed water could be expected for the bentonite with deionized water. As a result, a higher plastic index was observed compared to that with synthetic water.

Hydraulic conductivity

The hydraulic conductivities of the samples with different bentonite fractions and void ratios are summarized in Fig. 5. For comparison, the data of [START_REF] Karnland | Sealing ability of Wyoming bentonite pellets foreseen as buffer material-laboratory results[END_REF] on pure MX80 bentonite is also presented. For the samples with 70% bentonite, it decreased from 1.00×10 -12 to 9.91×10 -14 m/s as the void ratio decreased from 0.99 to 0.61; for the samples without bentonite, it decreased from 3.65×10 -10 to 3.14×10 -11 m/s as the dry density decreased from 0.50 to 0.36. Overall, there was a linear relationship between hydraulic conductivity and void ratio. Similar phenomenon was observed by [START_REF] Berilgen | Compression and permeability relationships in high water content clays[END_REF] and [START_REF] Dolinar | Predicting the hydraulic conductivity of saturated clays using plasticity-value correlations[END_REF] when they studied the hydraulic conductivity of crystallized kaolinite and Ca-montmorillonite. As the bentonite fraction decreased from 100% to 0%, the slope of the fitting lines (represented by the solid lines in Fig. 5) kept almost constant, with a mean value of 6.577, while the intercept increased from 10 -12.722 to 10 -7.401 . This phenomenon indicated that the addition of claystone significantly reduced the sealing performance of the mixture.

Pore size distribution

Fig. 6 presents the pore size distribution curves of samples with various bentonite fractions and void ratios. On the whole, the cumulative curves of samples with larger void ratio lied above those of samples with lower void ratio (Fig. 6a, c, e, g, i and k). Regarding the density function curves, the samples with large bentonite fractions and low void ratios showed a typical bimodal pore size distribution, with small pores at 0.25 μm and large pores at 10-22 μm. For the samples with low bentonite fractions and large void ratios, another pore population at 0.17-0.52 μm (designated as medium pores) could be observed apart from the small-pore and large-pore populations (Fig. 6b,d, f, h, j and l). Following the definition of [START_REF] Bian | Voids effect on the swelling behaviour of compacted bentonite[END_REF] and Zeng et al. (2020), the pore sizes of 2 and 0.04 μm were adopted to delimit the large (2-350 μm), medium (0.04-2 μm) and small (0.006-0.04 μm) pores. According to the accumulative curves, the corresponding void ratios of large, medium and small pores were determined. Their variations with the total void ratio are illustrated in Fig. 7. It appeared that the large-pore and medium-pore void ratios decreased while the small-pore void ratio increased with the decrease of total void ratio. For the samples at the same total void ratio, as the bentonite fraction increased, the large-pore and small-pore void ratios increased whereas the medium-pore void ratio decreased. Additionally, the void ratios for various populations became more uniform, showing a more complex pore size distribution. This phenomenon could be explained as follows: as a rule, the samples compacted at dry state were characterized by a bimodal porosity, with small and large pores [START_REF] Wang | Time-and density-dependent microstructure features of compacted bentonite[END_REF][START_REF] Bian | Voids effect on the swelling behaviour of compacted bentonite[END_REF].

When the clay particles were saturated with water, the water molecules would be successively placed on the clay surface, increasing the inter-layer space [START_REF] Wang | Time-and density-dependent microstructure features of compacted bentonite[END_REF][START_REF] Bian | Voids effect on the swelling behaviour of compacted bentonite[END_REF].

During this process, some initial small pores would become medium pores. Therefore, a decrease of the small-pore void ratio and an increase of the medium-pore void ratio could be expected after saturation. In the meanwhile, the placement of water molecules on the clay surface could also lead to clay particle exfoliation, clogging the large pores [START_REF] Wang | Time-and density-dependent microstructure features of compacted bentonite[END_REF]). Note that this process was strongly dependent on the dry density of soil. For the samples with low bentonite fraction, the void ratio of bentonite was relatively large and the placement of water molecules could be significant.

Thereby, greater large-pore and medium-pore void ratios and smaller small-pore void ratio could be expected. On the contrary, with a high bentonite fraction, the void ratio of bentonite was relatively low; the limited void space did not allow full placement of water molecules, thereby limiting the microstructure change. For the samples with the same bentonite fraction, the decrease of total void ratio in the as-compacted state reduced the inter-aggregate pore volume (defined as the pores larger than 2 um by [START_REF] Wang | The effects of technological voids on the hydro-mechanical behaviour of compacted bentonite-sand mixture[END_REF]), but did not change the intra-aggregate pore volume. This explained why a greater large-pore (2-350 μm) void ratio was observed for the samples with a greater total void ratio after saturation, despite the much significant clogging process of large pores, thanks to the greater void ratio of bentonite.

Influence of plasticity index on hydraulic conductivity based on the general capillary model

From the general capillary model (Eq. ( 4)), the relationship between the hydraulic conductivity and the pore-size parameter (PSP) can be expressed by Eqs. ( 8) and ( 9) in the double-liner and double-logarithmic forms, respectively:

k= ρg 32μ PSP (8) log(k)=log( ρg 32μ )+log(PSP) ( 9 
)
where PSP is calculated from the pore size distribution using Eq. ( 10):

PSP=n N p ⋯ d 2 f d i 1 f d i 2 ⋯f d i N p m i N p =1 ( 10 
) m i 2 =1 m i 1 =1
The parameter Np refers to the pore interconnection and reflects the pore tortuosity. To further analyse the influence of Np, Eq. ( 10) with Np=1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 was applied to compute the PSP of MX80 bentonite/COx claystone mixtures, Louiseville clay (Lapierre et al. 1990) bentonite/claystone mixture with a bentonite fraction of 30% and void ratio of 0.62 are described in Appendix A. In Fig. 8, the measured hydraulic conductivity is presented versus the PSP value for Np=1, 2, 3, 4, 5, 6, 7, 8, 9 and 10, together with estimated hydraulic conductivity using Eq. ( 8). For clarity, all the data are presented in the double-logarithmic plane and the relationship between the estimated hydraulic conductivity and PSP value can be described by a straight line with a slope of 1.

For comparison, also plotted in Fig. 8 is the relationship between the measured hydraulic conductivity and PSP determined by [START_REF] Watabe | Probabilistic modelling of saturated/unsaturated hydraulic conductivity for compacted glacial tills[END_REF]2011) for Québec glacial tills (Np=1, 2 and 3), sandy soils (Np=2, 3, 4 and 5) and clayey soils (Np=2, 3, 4 and 5). For all the samples, the larger the value of Np, the lower the PSP value and the lower the estimated hydraulic conductivity using Eq. ( 8), suggesting that the samples with a more complex pore interconnection had a lower hydraulic conductivity. When the Np value was lower than 4, the measured hydraulic conductivities of the MX80 bentonite/COx claystone mixtures appeared on the right-hand of the estimated line. It appeared that the theoretical estimations with Np=5, 6, 6, 7, 9 and 10 were the best fit for the hydraulic conductivities of MX80 bentonite/COx claystone mixtures with 0%, 10%, 20%, 30%, 50% and 70% bentonite, respectively. This phenomenon indicated that the pore structure was more complex for the samples with a higher bentonite fraction, which was consistent with the MIP results.

For the Louiseville clay, Québec glacial tills, sandy soils, clayey soils, Shanghai muddy clay, Al-Ghat soil, Wuhan clay, Nanyang clay, Maryland clay and Rajasthan monovalent bentonite, the theoretical equation showed the best performance for the hydraulic conductivity estimation when the Np was equal to 5, 3, 4, 5, 4, 5, 4, 6, 6 and 10, respectively.

As an easily determinable property, the plasticity index IP represents the water quantity adsorbed to the internal and external clay surfaces [START_REF] Dolinar | Predicting the hydraulic conductivity of saturated clays using plasticity-value correlations[END_REF]. Generally, the higher the clay fraction (< 2 μm), the larger the plasticity index [START_REF] Seed | Fundamental aspects of the Atterberg limits[END_REF][START_REF] Shi | Compression and undrained shear strength of remoulded clay mixtures[END_REF]. As illustrated in Fig. 1, Np represents the number of in-series pores in various diameters for a given length.

Obviously, the larger the clay fraction, the smaller the grain size, the more complex the pore interconnection and the larger the Np value. To quantitatively evaluate the influence of soil property on the Np value, the best Np values are plotted versus the plasticity index in Fig. 9 for various soils.

Note that the plasticity indices of sandy and clayey soils reported by [START_REF] Watabe | Hydraulic conductivity and compressibility of mixtures of Nagoya clay with sand or bentonite[END_REF] ranged from 0 to 15.3 and from 20.5 to 30.7, respectively. In Fig. 9, the mean plasticity indices of 7.6 and 25.4 were considered for the sandy and clayey soils, respectively. This relationship could be expressed by the following exponential function, with a correlation coefficient of 0.940:

N p =11.587-8.423exp -0.0096I p (11)
According to Eq. ( 11), the best Np values of MX80 bentonite/COx claystone mixtures with 0%, 10%, 20%, 30%, 50% and 70% bentonite, Québec glacial tills, sandy soil, clayey soil, Louiseville clay, Shanghai muddy clay, Al-Ghat soil, Wuhan clay, Nanyang clay, Maryland clay and Rajasthan monovalent bentonite were found to be 4. 50, 5.22, 6.18, 7.25, 8.55, 9.90, 5.75, 3.16, 3.76, 4.99, 4.65, 4.97, 4.63, 5.11, 6.16 and 10.20, respectively. Note that the value of Np applied to Eq. ( 10) must be a natural number. In this study, two limit values of hydraulic conductivity were first determined using Eq. ( 8) and ( 10) with two adjacent natural numbers of the estimated Np and then the hydraulic conductivity of samples was estimated by a linear interpolation. The relationship between the estimated and measured hydraulic conductivities for different soils is shown in Fig. 10.

The estimated hydraulic conductivities agreed well with the measured values, with errors in the range from 1/5 to 5 times the measured values in most cases. This good agreement confirmed the performance of the proposed method in the estimation of hydraulic conductivity.

Conclusions

In this study, the hydraulic conductivity of bentonite/claystone mixtures with different bentonite fractions and void ratios were experimentally determined, together with the pore size distribution.

The experimental results obtained and the data compiled from literature were interpreted using the general capillary model considering Np pores in series, allowing the influence of plasticity index on the relationship between the hydraulic conductivity and the pore size distribution to be investigated.

The following conclusions can be drawn.

(1) There was a liner relationship between the logarithms of hydraulic conductivity and void ratio.

The slope of the fitting lines, kept almost constant for the samples with various bentonite fractions whereas the intercept increased with the decreasing bentonite fraction, suggesting that the addition of claystone reduced the sealing performance of the mixture.

(2) According to the microstructure investigation, the dry density of bentonite is lower for the samples with lower bentonite fractions and larger void ratios and therefore, a larger medium-pore (0.04-2 μm) volume but a lower small-pore (0.006-0.04 μm) volume was observed after saturation due to the more significant swelling of bentonite.

(3) Based on the general capillary model, it was found that the higher the plasticity index, the larger the best value of Np, indicating a more complex pore interconnection for the soils with higher plasticity. The relationship between Np and plasticity index could be described by an exponential equation. Based on this equation, an improved general capillary model was proposed. The results estimated using this model were then compared with the measured ones and the good agreement of hydraulic conductivity between the measurement and estimation revealed the performance of the proposed model. 
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			Bentonite/claystone mixtures with different bentonite fraction (B)	
	Soil property	Claystone						Bentonite
			B=10%	B=20%	B=30%	B=50%	B=70%	
	Water content (%) 6.1	6.6	7.2	7.7	8.8	9.8	11.4
	Specific gravity	2.70	2.71	2.71	2.72	2.73	2.74	2.76
	Liquid limit (%)	40	54	73	98	140	208	291
	Plastic limit (%)	23	25	27	29	34	41	53
	Plasticity index (%) 17	29	46	69	106	167	238
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Appendix A. The details of calculating the PSP value with Np=4 for the bentonite/claystone mixture sample with a bentonite fraction is 30% and void ratio of 0.62 According to Eq. ( 10), the pores should be divided into discrete intervals before the calculation of PSP. Generally, the smaller the discretized intervals, the more precise the calculation of PSP.

However, more discretized intervals will increase the computation time. After performing several trial computations, the pores were divided into 33 groups in this study, as shown in Fig. 1A.

According to the cumulative pore volume curve of the bentonite/claystone mixture sample with a bentonite fraction of 30% and void ratio of 0.62, the volumetric probability (f(d)) of each group (corresponding to different average diameters of d) was calculated. The pore volumetric probability distribution of the sample is summarized in Fig. 1A. Afterwards, Np=4, m=33, n=0.62/(1+0.62)=0.38 and the pore volumetric probability distribution were substituted into Eq. ( 10). Fig. 2A is a flowchart showing the process of calculating the PSP value with Np=4. The corresponding PSP value of the sample was calculated to be 0.0225 μm 2 .