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Introduction

In many countries, compacted bentonite-based materials have been selected to backfill and seal the underground galleries for high-level radioactive waste disposal, thanks to their high swelling characteristic, low permeability and good 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][START_REF] Komine | Experimental study on swelling characteristics of compacted bentonite[END_REF][START_REF] Komine | Experimental study on swelling characteristics of sand-bentonite mixture for nuclear waste disposal[END_REF][START_REF] Sellin | The use of clay as an engineered barrier in radioactive-waste management-a review[END_REF].

Once the galleries are closed, the pore water from the host rock will infiltrate into the technological voids existing between the blocks and the host rock and among the blocks themselves, hydrating the compacted blocks from outside [START_REF] Saba | Hydro-mechanical behaviour of bentonite-sand mixture used as sealing materials in radioactive waste disposal galleries[END_REF][START_REF] Villar | Dismantling of the first section of the FEBEX in situ test: THM laboratory tests on the bentonite blocks retrieved[END_REF]2008; [START_REF] Wang | The effects of technological voids on the hydro-mechanical behaviour of compacted bentonite-sand mixture[END_REF]. The compacted sealing/backfill materials near the technological voids quickly swell, filling up the technological voids, while those far from the technological voids swell slowly. These processes lead to a lower dry density in the external zone and a larger dry density in the inner zone [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][START_REF] Villar | Influence of dry density and water content on the swelling of a compacted bentonite[END_REF]. Under this circumstance, the overall dry density does not fully characterize the hydro-mechanical performance of sealing/backfill materials and the dry density distribution becomes significant factor to be accounted for [START_REF] Gens | Hydromechanical behaviour of a heterogeneous compacted soil: experimental observations and modelling[END_REF][START_REF] Gens | On the hydration of unsaturated barriers for high-level nuclear waste disposal[END_REF].

The dry density distribution of compacted bentonite-based materials with technological voids is strongly dependent on the hydration time. [START_REF] Bian | Voids effect on the swelling behaviour of compacted bentonite[END_REF] studied the variation of dry density distribution of compacted bentonite during the saturation process. They indicated that the soils after the filling of initial voids could be divided into a compression zone in which the dry density of soils was lower than the overall one and a swelling zone with a higher dry density.

Over time, the soils in the swelling zone were subjected to further swelling, while the soils in the compression zone were compressed by the swelling pressure from the swelling zone. By means of large-scale testing in a tunnel (FEBEX test), the dry density distributions of compacted bentonite after 5-and 18-year hydrations were compared by [START_REF] Gens | On the hydration of unsaturated barriers for high-level nuclear waste disposal[END_REF] and [START_REF] Villar | Physical evolution of a bentonite buffer during 18 years of heating and hydration[END_REF]. They found that the heterogeneous distribution of dry density of compacted bentonite was still persistent after 18 years. Therefore, the question that arises was whether this compacted bentonite with technological voids would reach a homogeneous state in long term.

To address this question, a series of infiltration tests were performed on a compacted MX80 bentonite/Callovo-Oxfordian (COx) claystone mixture with different technological voids and the evolution of dry density distribution was determined. Particular attention was paid to the effect of boundary friction between the samples and porous discs. An analytical method was proposed to estimate the final dry density distribution of samples with technological voids.

Materials and methods

A mixture of MX80 bentonite and crushed COx claystone was used, at a proportion of 30/70 in dry mass. This mixture was proposed as a candidate sealing/backfill material by the French National Radioactive Waste Management Agency (Andra). The MX80 bentonite was collected from Wyoming, USA, while the COx claystone was extracted from the Andra Underground

Research Laboratory (URL), in Bure, France. Both the bentonite and claystone were first crushed and passed through 2 mm sieve. The mean particle size D50 of bentonite and claystone fragments are 0.55 and 0.58 mm, respectively (Fig. 1). The basic physical and mineralogical properties of the bentonite and claystone are listed in Table 1. The bentonite has a hygroscopic water content of 11.4%, a liquid limit of 494%, a plastic limit of 46% and a specific gravity of 2.76. The claystone is characterized by a hygroscopic water content of 6.1%, a liquid limit of 41%, a plastic limit of 24% and a specific gravity of 2.70. Mineralogy analysis showed that the main minerals of bentonite and claystone are montmorillonite (86%) and interstratified illite/smectite (40-45%), respectively. [START_REF] Fouché | Fabric control on strain and rupture of heterogeneous shale samples by using a non-conventional mechanical test[END_REF] The bentonite was firstly mixed thoroughly with claystone, at initial water contents. The water content of the obtained mixture was 7.7%. Afterwards, the mixture was statically compacted in a rigid mould of 50 mm inner diameter. The target thickness of the compacted disks was 10 mm and the dry density ranged from 1600 to 2000 kg/m 3 (Table 2). To study the effect of technological voids, fourteen disks with a dry density of 2000 kg/m 3 were compacted and trimmed into different diameters of 47.43 mm (tests T01-07) and 44.72 mm (tests T08-14). Subsequently, they were placed between two metallic porous discs and filter papers, and then positioned at the center of the testing cell of 50 mm inner diameter (Fig. 2). The gaps between the sample and the cell wall (Fig. 3a) corresponded to 10% and 20% of the total volume for samples T01-07 and T08-14, respectively. The corresponding overall final dry densities are 1800 and 1600 kg/m 3 , respectively. On the top, the piston was blocked by a screw to prevent axial displacement. Afterwards, the samples were hydrated from the bottom of the cell with synthetic water, which has the same chemical composition as the pore water in the host rock in Bure (see Table 3 for the recipe of preparation). A force transducer was placed under the bottom of the cell and a radial pressure sensor (0.006 m in diameter) was mounted at the cell, allowing the axial force and the radial pressure to be measured, respectively. For each case, seven identical samples were hydrated for 0.5, 5, 15, 60, 240, 720 and 2160 h to investigate the evolution of dry density distribution. The samples after the prescribed hydration times were extracted from the cell and divided into three parts (I, II and III), as shown in Fig. 3b. Each part was cut into small pieces for the dry density measurement based on the fluid displacement technique using a non-aromatic hydrocarbon fluid (Kerdane) [START_REF] Delage | Suction effects in deep Boom clay block samples[END_REF]) and a mean value was considered in further analysis. For comparison, other five disks (T15-19) were compacted to different dry densities of 1600, 1700, 1800, 1900 and 2000 kg/m 3 in a compaction mould (50 mm in inner diameter) and then directly transferred into the test cell (having the same inner diameter with compaction mould) to avoid the gap between the samples and the cell wall.

Subsequently, the disks were hydrated with synthetic water under constant-volume conditions for 2160 h and both the axial and radial swelling pressure were recorded.

Experimental results

Axial and radial swelling pressures

The axial and radial swelling pressures of the samples without voids increased and then reached stabilization after 3-58 h [START_REF] Zeng | Investigation of swelling pressure of bentonite/claystone mixture in the full range of bentonite fraction[END_REF]. The final axial and radial swelling pressures of samples without voids are summarized in Table 2. As the dry density increased, both the axial and radial swelling pressures increased. When the swelling pressures were displayed as a function of dry density in a semi-logarithmic plot (Fig. 4), unique relationships were obtained:

P a =a 1 exp b 1 ρ d =25.824exp 6.102×10 -3 ρ d (1) P r =a 2 exp b 2 ρ d =1.199exp 7.598×10 -3 ρ d (2)
where Pa and Pr are the axial and radial swelling pressures (Pa), respectively; ρ d is the dry density of sample (kg/m 3 ); a1, a2, b1 and b2 are fitting parameters. For the samples with technological voids, the final axial and radial swelling pressures are summarized in Table 2. It appeared that the final axial and radial swelling pressures tended to be stable after 60 h. The final axial and radial swelling pressures are also plotted in Fig. 4 for samples T07 and T14 after 2160-h hydration. Comparison with the case without voids showed that the samples with technological voids had a slightly higher axial swelling pressure but a lower radial one, especially for the sample with 20% voids.

Dry density profiles of samples with technological voids

The dry density profiles of samples with technological voids after various hydration times are depicted in Fig. 5. After filling of technological voids, the dry density, assumed to be axisymmetrically distributed, was characterized by a decreasing trend of dry density from the center of samples. The dry density of part I which corresponded to the initial technological voids was lower than the overall dry density ρ d-overall , whereas those of parts II and III were higher than ρ d-overall . Over time, part I was subjected to compression with an increase in dry density, while parts II and III further swelled with a decrease in dry density, suggesting the occurrence of a homogenization process. In Fig. 6, the variations of dry densities of the three parts are plotted on the scale of logarithm of hydration time. It appeared that the dry density evolutions for all the three parts followed an exponential function. For the sample with 10% technological voids, the asymptotic values for parts I, II and III are 1762.9, 1788.0 and 1824.6 kg/m 3 , respectively; for the sample with 20% technological voids, the asymptotic values for parts I, II and III are 1575.9, 1612.7 and 1668.3 kg/m 3 , respectively. As the asymptotic values of dry densities were not the same for parts I, II and III, it could be deduced that the heterogeneous distribution of dry density would remain forever. 

Discussion

During the homogenization process, the part with higher dry density further swelled, while those with lower dry density was compressed. These displacement processes were accompanied by the boundary friction between the samples and the porous discs, which restricted the radial displacement [START_REF] Zhong | Influence of interfacial friction and specimen configuration in Split Hopkinson Pressure Bar system[END_REF]. Fig. 7 depicts the horizontal stresses of an element (0.01 m in thickness) of a cylindrical sample. The vector sum of swelling forces (Fs) and friction force (two sides) can be defined using Eq. (3): where Pr and P θ are the swelling pressures (Pa) in the r and θ directions, respectively; T is the sample thickness (0.01 m); dr and dθ are the radius and angle increments of the element. Since the cross section area of the element is infinitely small, the friction stress (Sf) on this element can be assumed to be linearly distributed and the force (two sides) (Ff) in the radial direction can be expressed as:

F s =P
F f =2 [ 1 2 S f + 1 2 (S f + ∂S f ∂r dr)] rdrdθ (4)
Once Fs cannot exceed maximum Ff, radial displacement stops. According to the force equilibrium in the r direction, the sum of all the forces in radial direction should be equal to zero: By substituting ∂P θ /∂θ=0 (the pressure in θ direction kept constant under axisymmetric conditions) and neglecting the three-order derivatives and taking sin (dθ 2)≈dθ/2 ⁄ , Eq. ( 6) was simplified as: (3) the dry density is uniformly distributed along the axial direction and can be described using an exponential function with r = 0 as the symmetry axis [START_REF] Bian | Voids effect on the swelling behaviour of compacted bentonite[END_REF]:

F s -F f =0 ( 
T P θ -P r r -T ∂P r ∂r -2S f =0 (7)
ρ d =a 3 exp b 3 r (8)
where a3 is the soil dry density at the center of samples and b3 is the homogeneity coefficient reflecting the dry density distribution. The larger the absolute value of b3, the more heterogeneous the dry density distribution; b3 = 0 indicates the homogenous distribution of dry density.

Based on the assumptions, Pa, Pr and P θ can be determined from Eqs. ( 1) and ( 2):

P a =a 1 exp a 3 b 1 exp b 3 r (9) P r =P θ =a 2 exp a 3 b 2 exp b 3 r (10)
After substitution of Eqs. ( 8) and ( 10) into Eq. ( 7), the friction stress is formulated based on two parameters, a3 and b3:

S f = a 2 a 3 b 2 b 3 T 2 exp b 3 r exp a 3 b 2 exp b 3 r (11)
To determine parameters a3 and b3, two additional equations are required.

Physically, the friction stress between the soil and the porous discs for all the elements should be less than or equal to the limiting one. Moreover, there is at least one element at which the friction stress is exactly equal to the limiting one. Generally, the limiting friction stress (S f l )

depends not only on the stress perpendicular to the interface but also on the material properties:

S f l =P a tanf+c (12) 
where f and c are the friction angle (°) and the cohesion (Pa) for the interface between the samples and the porous discs, respectively. In the final state, the relationship between the friction stress and the limiting friction stress can be expressed as:

S f ≤S f l (13)
By substituting Eqs. ( 11) and ( 12) into Eq. ( 13), the following expression can be derived:

- 1 c [ a 2 a 3 b 2 b 3 T 2 exp b 3 r exp a 3 b 2 exp b 3 r +a 1 tanfexp a 3 b 1 exp b 3 r ] ≤1 (14) 
The left-hand side is defined as f(r). As discussed above, there is at least one element with the limiting friction stress. Thus, the maximum of f(r) from 0 to R (the radius of sample) should be equal to 1:

Max f(r)=Max {- 1 c [ a 2 a 3 b 2 b 3 T 2 exp b 3 r exp a 3 b 2 exp b 3 r +a 1 tanfexp a 3 b 1 exp b 3 r ]} =1 (15) 
Additionally, based on mass conservation, the integral of ρ d over the horizontal cross-section of samples should be equal to the product of overall dry density and surface area:

∫ ∫ ( R 0 a 3 exp b 3 r )rdrdθ 2π 0 =πR 2 ρ d-overall (16) 
It can be further developed as:

- 2a 3 b 3 2 R 2 (b 3 Rexp b 3 R -exp b 3 R +1)=ρ d-overall (17) 
Combining Eqs. ( 15) and ( 17) yields:

{ Max f(r)=1 - 2a 3 b 3 2 R 2 (b 3 Rexp b 3 R -exp b 3 R +1)=ρ d-overall (18) 
According to the experimental results of [START_REF] Potyondy | Skin friction between various soils and construction materials[END_REF], the friction angle and cohesion between clay and smooth steel could be taken as 6.5° and 6699 Pa. These values were taken here to represent the boundary/soil interface properties. Based on Eq. ( 18), parameters a3 and b3 could be computed following an iteration procedure. The values of a3 for the samples with 10% and 20% voids were found to be 1835.5 and 1649.2, respectively; the values of b3 for the samples with 10% and 20% voids were -1.174 and -1.820, respectively. By substituting the values of a3 and b3, the dry density distributions in the final state could be estimated, as illustrated in Fig. 8a. It appeared clearly that the dry density distributions of samples were still heterogeneous in the final state. Additionally, the sample with 20% voids had a larger absolute value of b3 and a more significant heterogeneity could be observed in that case. Also plotted in Fig. 8a are the asymptotic values which were obtained by fitting the dry density evolution curves using exponential functions (Fig. 6). It appeared that the estimated dry density distribution agreed well with the fitting results. According to Eqs. ( 11) and ( 12), the friction stress and limiting friction stress at different positions could be calculated. As shown in Fig. 8b, both the friction stress and limiting friction stress decreased with the increasing radius.

Additionally, the friction stress was equal to the limiting friction stress at the center of samples and the difference between them increased with the increasing radius. Based on Eqs. ( 7) and ( 12), the friction stress and limiting friction stress were dependent on the radial swelling pressure gradient and axial swelling pressure, respectively. Upon hydration, the soils in the external zone swelled to fill the technological voids, with a quick decrease of dry density. With further swelling of the soils in the internal parts, the radial swelling pressure gradient induced by the dry density gradient would lead to the radial displacement of soils, increasing the dry density and the axial swelling pressure of the soils adjacent to periphery. As a result, a larger limiting friction stress was observed compared to the friction stress. Meanwhile, the dry density gradient of soils close to the center would increase and a further radial displacement took place.

When the friction stress at the center of the sample became equal to the limiting friction stress, the homogenization process would stop. From the estimated dry density distribution curves in Fig. 8a, the dry densities at the border (r = 0.025 m) for the samples with 10 and 20% voids were found to be 1782 and 1576 kg/m 3 , respectively. Using Eq. ( 2), the corresponding radial swelling pressures could be estimated at 0.92 and 0.19 MPa, respectively, which were lower than the measured values (Table 2). This was due to the fact that the present study only focused on the influence of boundary friction on the mean dry density distribution along the radial direction, without considering the dry density distribution along the axial direction. Indeed, since the friction stress directly acted on the two surfaces of samples, it significantly affected the dry density distribution in the zones close to the surfaces of the samples. This influence was expected to be the minimum in the middle part.

Thereby, the dry density would display an inversely U-shaped distribution along the axial direction. As shown in Fig. 2, the radial pressure sensor was in contact with the middle part of sample (a circular area with a diameter of 0.006 m), which had a dry density closer to the overall one. This explained the slight difference between the measured radial swelling pressures of the samples with and without voids (Fig. 4).

In a real repository, the backfill/sealing elements can be several meters in diameter and a few tens of meters in axial length. The radial technological voids between the compacted blocks and the host rock and the axial technological voids between the compacted blocks can be created during the construction of backfill/sealing elements. In the case of radial technological voids, the heterogeneous dry density distributions in the radial direction at the two ends of the backfill/sealing elements will remain owing to the interface friction with the concrete plugs, while that in the intermediate section of the backfill/sealing elements can achieve a relatively homogenous state in the radial direction. As far as the axial technological voids are concerned, the interface friction with the host rock will impede the axial homogenization process, resulting in a heterogeneous distribution of dry density in the axial direction. Henceforth, these heterogeneities in terms of dry density distribution must be taken into account in the assessment of long-term performance and safety of deep geological repositories.

Conclusions

The boundary friction effect on the evolution of dry density distribution was investigated on compacted bentonite/claystone mixture with different technological voids upon hydration.

Results showed that the initial heterogeneity due to the presence of technological voids decreased with time. Further analysis of the dry density evolution curves for different parts indicated that this heterogeneity would remain forever.

The final heterogeneity could be attributed to the effect of friction stress between the sample and the porous discs. When the vector sum of swelling forces in the radial direction was lower than or equal to the limiting friction force for all elements, the homogenization process would stop. According to the force equilibrium in the final state and the mass conservation, the final dry density distributions of samples were estimated. The good agreement between the estimated and measured dry density distributions showed the relevance of the identified mechanism for the final heterogeneous dry density distribution.
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Table 1 .

 1 Physical and mineralogical properties of MX80 bentonite and COx claystone

	Soil property	MX80 bentonite	COx claystone
	Specific gravity	2.76	2.70
	Liquid limit (%)	494	41
	Plastic limit (%)	46	24
	Plasticity index (%)	448	17
	Main minerals	Montmorillonite (86%)	Interstratified illite/smectite (40-45%) a
		Quartz (7%)	Carbonates (30%) a
	a		

Table 2 .

 2 Experimental program and main results

	Test	Technological void (%)	Duration (h)	Initial dry density of disk (kg/m 3 )	Overall dry density (kg/m 3 )	Final axial swelling pressure (×10 6 Pa)	Final radial swelling pressure (×10 6 Pa)
	T01	20	0.5	2000	1800	1.07	0.20
	T02	20	5	2000	1800	1.63	1.07
	T03	20	15	2000	1800	1.63	1.08
	T04	20	60	2000	1800	1.58	1.13
	T05	20	240	2000	1800	1.62	1.14
	T06	20	720	2000	1800	1.59	1.12
	T07	20	2160	2000	1800	1.62	1.15
	T08	0	0.5	2000	1600	0.78	0.04
	T09	10	5	2000	1600	0.59	0.19
	T10	10	15	2000	1600	0.52	0.20
	T11	10	60	2000	1600	0.51	0.20
	T12	10	240	2000	1600	0.51	0.20
	T13	10	720	2000	1600	0.53	0.20
	T14	10	2160	2000	1600	0.53	0.20
	T15	0	2160	1600	1600	0.45	0.21
	T16	0	2160	1700	1700	0.83	0.53
	T17	0	2160	1800	1800	1.62	1.16
	T18	0	2160	1900	1900	2.81	2.35
	T19	0	2160	2000	2000	5.24	4.51

Table 3 .

 3 Recipe for the synthetic water preparation

	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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