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Compacted bentonite/sand mixtures are often considered as sealing/backfilling materials in deep geological disposal for radioactive waste. This study investigates the swelling pressure of compacted bentonite/sand mixtures with different bentonite fractions and dry densities upon hydration under constant-volume conditions. It was found that the swelling pressure of bentonite/sand mixtures is strongly dependent on their bentonite fraction and final montmorillonite dry density. For the samples with a bentonite fraction larger than a critical value, there is a linear relationship between the swelling pressure and final montmorillonite dry density.

By contrast, for the samples with a bentonite fraction lower than the critical value, the sand particles will be skeletonized after strong compaction and lead to a heterogeneous distribution of montmorillonite, resulting in a larger swelling pressure compared to the samples with higher bentonite fractions. The maximum sand skeleton void ratio corresponding to that at which the sand skeleton is just formed is used to estimate the critical montmorillonite dry density and the critical bentonite fraction. Comparison between the test data and the estimated results shows good agreement, indicating the relevance of the identified swelling mechanism for compacted bentonite/sand mixtures.

Introduction

In most concepts of deep geological disposal for radioactive waste, compacted bentonites have been proposed to be sealing/backfilling materials because of their low permeability, high swelling capacity and favourable radionuclide retardation property [START_REF] Dixon | A study of the compaction properties of potential clays and buffer mixtures for use in nuclear fuel waste disposal[END_REF][START_REF] Pusch | Mineral-water interactions and their influence on the physical behavior of highly compacted Na bentonite[END_REF]. Very often, the bentonites are mixed with sand to improve the thermal conductivity and mechanical resistance [START_REF] Mollins | Predicting the properties of bentonite-sand mixtures[END_REF][START_REF] Zeng | a) Experimental Investigation and Modeling of the Hydraulic Conductivity of Saturated Bentonite-Claystone Mixture[END_REF]. When the disposal galleries are closed, the local groundwater conditions are progressively recovered, and the compacted bentonite/sand mixtures are expected to swell, filling up the technological voids [START_REF] Zeng | Effect of technological voids on the swelling behaviour of compacted bentonite/claystone mixture[END_REF] and then developing a swelling pressure against the host rock [START_REF] Darde | Investigating the hydromechanical behaviour of bentonite pellets by swelling pressure tests and discrete element modelling[END_REF][START_REF] Zeng | Effects of technological voids and hydration time on the hydro-mechanical behaviour of compacted bentonite/claystone mixture[END_REF]. In the design and safety assessment of deep geological disposal, it appears essential to well understand the mechanism of swelling pressure development for the bentonite/sand mixtures.

Over the last three decades, the swelling behaviour of bentonite/sand mixtures has been widely documented. It has been commonly admitted that the swell/swelling pressure of bentonite/sand mixtures is highly related to the bentonite fraction and dry density [START_REF] Chen | Compression, swelling and rebound behavior of GMZ bentonite/additive mixture under coupled hydro-mechanical condition[END_REF][START_REF] Cui | Swelling characteristics of compacted GMZ bentonite-sand mixtures as a buffer/backfill material in China[END_REF][START_REF] Du | Revealing expansion mechanism of cementstabilized expansive soil with different interlayer cations through molecular dynamics simulations[END_REF][START_REF] Du | Prediction of swelling pressure of expansive soil using an improved molecular dynamics approach combining diffuse double layer theory[END_REF][START_REF] Schanz | Swelling pressure of a divalent-rich bentonite: Diffuse doublelayer theory revisited[END_REF][START_REF] Villar | Influence of dry density and water content on the swelling of a compacted bentonite[END_REF][START_REF] Yotsuji | Effect of interlayer cations on montmorillonite swelling: Comparison between molecular dynamic simulations and experiments[END_REF]. To further interpret the swelling mechanism of the bentonite/sand mixtures, several researchers introduced some state parameters of bentonite/sand mixtures such as bentonite dry density [START_REF] Agus | A method for predicting the swelling pressure of compacted bentonites[END_REF][START_REF] Saba | Hydro-Mechanical Behaviour of Bentonite-Sand Mixture Used as Sealing Materials in Radioactive Waste Disposal Galleries[END_REF], bentonite void ratio [START_REF] Wang | The effects of technological voids on the hydro-mechanical behaviour of compacted bentonite-sand mixture[END_REF], effective dry density of montmorillonite [START_REF] Dixon | The influence of groundwater salinity and influences on the performance of potential backfill materials[END_REF] and montmorillonite void ratio [START_REF] Sun | Swelling of compacted sand-bentonite mixtures[END_REF][START_REF] Sun | Evaluation of the swelling characteristics of bentonite-sand mixtures[END_REF][START_REF] Sun | Swelling prediction of bentonitesand mixtures in the full range of sand content[END_REF]. It was revealed that there was a linear relationship between the swelling pressure (vertical stress) and the state parameters for the bentonite/sand mixtures with high bentonite fractions. However, it was not the case for low bentonite fractions. Indeed, Sun et al. [START_REF] Sun | Swelling of compacted sand-bentonite mixtures[END_REF][START_REF] Sun | Swelling characteristics of GMZ bentonite and its mixtures with sand[END_REF] carried out swelling deformation and collapse tests on Kunigel-V1 bentonite/sand (an initial dry density of 0.86-1.51 Mg/m 3 ) and GMZ bentonite/sand (an initial dry density of 1.59-1.73 Mg/m 3 ) mixtures with bentonite fractions of 10, 17, 20 and 30%. They found that the bentonite/sand mixtures collapsed upon hydration under a large vertical stress and formed a sand skeleton. In that case, the applied vertical stress was partly borne by the sand skeleton and the measured swelling pressure did not follow the unique pressure-state parameters line for the bentonite/sand mixtures with high bentonite fractions. However, in real deep geological repositories, to ensure the sealing function, the bentonite/sand mixtures are pre-compacted to a high dry density (e.g. 1.97 Mg/m 3 in Barnichon and Deleruyelle [START_REF] Barnichon | Sealing Experiments at the Tournemire URL[END_REF] and about 2.1 Mg/m 3 in Gatabin et al. [START_REF] Gatabin | Formulation du maté riau pour la ré alisation du noyau de scellement[END_REF]), particularly in the case of low bentonite fractions. Afterwards, they swell successively under free-swell and confined conditions, under which the collapse-induced sand skeleton cannot form upon hydration and their swelling behaviour should be different from that reported in the previous studies. To the authors' knowledge, no studies have been devoted to the swelling mechanism of highly compacted bentonite/sand mixtures with low bentonite fractions under constant-volume conditions.

In this paper, the swelling pressures of bentonite/sand mixtures with various bentonite fractions and dry densities, determined by constant-volume method, were compiled from literature and analysed based on the concept of montmorillonite dry density, allowing the montmorillonite dry density heterogeneity due to the formation of sand skeleton during compaction to be identified. Then, the critical montmorillonite dry density and critical bentonite content were estimated using the maximum sand skeleton void ratio and then compared with the measured results.

Database of swelling pressure of bentonite/sand mixtures

A database of 3 sets of swelling pressure of bentonite/sand mixtures was constructed with wide ranges of bentonite fraction and dry density. Two sets of constant-volume swelling pressure tests on Tsukinuno bentonite/Mikawa silicate sand mixtures (a bentonite fraction of 5-50%) and Calcigel bentonite/quartz sand mixtures (a bentonite fraction of 30-100%) were reported by Komine and Ogata [START_REF] Komine | Experimental study on swelling characteristics of sand-bentonite mixture for nuclear waste disposal[END_REF] and Agus and Schanz [START_REF] Agus | A method for predicting the swelling pressure of compacted bentonites[END_REF], respectively. The results on MX80 bentonite/sand mixture were compiled from Karnland et al. [START_REF] Karnland | Sealing ability of Wyoming bentonite pellets foreseen as buffer material-laboratory results[END_REF], Gatabin et al. [START_REF] Gatabin | Formulation du maté riau pour la ré alisation du noyau de scellement[END_REF] and Saba [START_REF] Saba | Hydro-Mechanical Behaviour of Bentonite-Sand Mixture Used as Sealing Materials in Radioactive Waste Disposal Galleries[END_REF]. Among them, the results of Karnland et al. [START_REF] Karnland | Sealing ability of Wyoming bentonite pellets foreseen as buffer material-laboratory results[END_REF] and Saba [START_REF] Saba | Hydro-Mechanical Behaviour of Bentonite-Sand Mixture Used as Sealing Materials in Radioactive Waste Disposal Galleries[END_REF] were determined by performing constant-volume swelling pressure tests on the MX80 bentonite/sand mixtures (a bentonite fraction of 60-100%) with various dry densities. By contrast, in the study of Gatabin et al. [START_REF] Gatabin | Formulation du maté riau pour la ré alisation du noyau de scellement[END_REF], the compacted MX80 bentonite/sand mixtures (a bentonite fraction of 20-45%) at a dry density of about 2.1 Mg/m 3 were hydrated under confined conditions. After the stabilization of swelling pressure, the piston was released in steps to achieve various global final dry densities and the corresponding swelling pressures were determined.

During hydration, the large pores in the bentonite/sand mixtures are assumed to be completely invaded by swollen montmorillonite and the bentonite/sand mixtures after saturation are composed of montmorillonite and non-expansive minerals contained in bentonite, sand and pore water (Fig. 1).

As quartz is the main non-expansive mineral in bentonite, it can be assumed that the pore water is totally held in the swollen montmorillonite. In that case, the final montmorillonite dry density (ρ dm ) of bentonite/sand mixtures can be determined using Eq. ( 1):

ρ dm = G ss ρ w ρ d (B/100)(α/100) G ss ρ w -ρ d [1-(B/100)(α/100)] (1) 
where Gss is the specific gravity of sand; ρ d (Mg/m 3 ) is the dry density of the mixture; ρ w is the water unit mass; B (%) is the bentonite fraction (in dry mass) in the mixture; α (%) is the montmorillonite content in bentonite.

Table 1 summarizes the physical properties of the investigated materials. According to Eq. ( 1), the final montmorillonite dry densities in the different bentonite/sand mixtures were computed. The variations of swelling pressure with final montmorillonite dry density for the mixtures with various bentonite fractions are depicted in Fig. 2. For the Tsukinuno bentonite/sand (Fig. 2a) and Calcigel (Fig. 2b) bentonite/sand mixtures, all data remarkably agreed, providing a unique relationship between the swelling pressure and final montmorillonite dry density, regardless of the bentonite fraction. For the MX80 bentonite/sand mixtures, a critical bentonite fraction existed, separating different swelling categories. For the MX80 bentonite/sand mixtures with a bentonite fraction larger than 60%, a linear relationship was also observed (Fig. 2c). By contrast, for the MX80 bentonite/sand mixtures with a bentonite fraction lower than 45%, a bilinear decreasing trend was identified with the decrease of final montmorillonite dry density and a critical montmorillonite dry density could be defined at the intersection of the two fitting lines. As the final montmorillonite dry density is lower than the critical value, the slope of the fitting line was consistent with the samples with a bentonite fraction higher than 60%, whereas as the final montmorillonite dry density is larger than the critical one, a larger slope was observed. The critical montmorillonite dry densities for the MX80 bentonite/TH1000 sand mixtures with various bentonite fractions are summarised in Fig. 3. As the bentonite fraction increased from 20 to 45%, the critical montmorillonite dry density increased from 0.71 to 1.40 Mg/m 3 .

Interpretation and discussion

Swelling mechanism of bentonite/sand mixtures

As described above, only if the bentonite fraction is lower than the critical value, the swelling pressure will possibly deviate from the unique relationship for pure montmorillonite. Additionally, in the case of bentonite fraction lower than the critical one, a larger swelling pressure can be observed when the montmorillonite dry density is larger than the critical value. Thus, the swelling behaviour of compacted bentonite/sand mixtures can be presumably divided into three categories according to the critical bentonite fraction (Bc) and the critical montmorillonite dry density (ρ dm c ), that is, category I, After saturation, the sand particles randomly distributed in the matrix formed by the swollen montmorillonite (Fig. 4a). In that case, the global swelling pressure is controlled by the final montmorillonite dry density and follows a unique relationship, regardless of the bentonite fraction [START_REF] Sun | Evaluation of the swelling characteristics of bentonite-sand mixtures[END_REF][START_REF] Sun | Swelling prediction of bentonitesand mixtures in the full range of sand content[END_REF].

In category II, B<B c and ρ dm ≤ρ dm c . Although the sand fraction is higher than that in category I, the sand particles cannot make contact with each other at low dry densities and no sand skeleton is formed after compaction. When the samples were saturated under constant-volume conditions, the montmorillonite particles swelled and formed a matrix, while the sand particles constituted the inclusion (Fig. 4b). The relationship between the swelling pressure and final montmorillonite dry density still satisfies the linear relation. As shown in Fig. 2a andb, the final montmorillonite dry densities of Tsukinuno bentonite/sand and Calcigel bentonite/sand mixtures with low bentonite fractions were quite low and no sand skeleton was formed during compaction. Therefore, the relationship between the swelling pressure and final montmorillonite dry density coincides with the unique straight line for the samples with large bentonite fractions.

In category III, B<B c and ρ dm >ρ dm c . When the mixtures with a higher sand fraction are compacted to a larger dry density, the sand particles become in contact with each other and form a sand skeleton [START_REF] Goudarzy | Influence of non-plastic fines content on maximum shear modulus of granular materials[END_REF][START_REF] Schanz | Discussion of "Evaluation of the swelling characteristics of bentonite-sand mixtures[END_REF]. With further compaction, the montmorillonite particles outside the sand skeleton will be further compacted, while those in the pore spaces created by the sand skeleton will be shielded from the compaction process due to the high stiffness of sand skeleton. As a result, the distribution of montmorillonite particles is heterogeneous with well-filled zones outside the skeleton and poorly-filled zones inside the skeleton (Fig. 4c). The montmorillonite particles outside the skeleton will form a denser packing and thus have a higher dry density than those inside the skeleton [START_REF] Börgesson | Influence of soil structure heterogeneities on the behaviour of backfill materials based on mixtures of bentonite and crushed rock[END_REF][START_REF] Chen | Compression, swelling and rebound behavior of GMZ bentonite/additive mixture under coupled hydro-mechanical condition[END_REF][START_REF] Schanz | Discussion of "Evaluation of the swelling characteristics of bentonite-sand mixtures[END_REF]. During hydration under constant-volume conditions, the montmorillonite particles will mobilize a larger swelling pressure than that generated by the montmorillonite particles inside the sand skeleton [START_REF] Chen | Compression, swelling and rebound behavior of GMZ bentonite/additive mixture under coupled hydro-mechanical condition[END_REF]. The swelling pressure difference will be borne by the sand skeleton thanks to the high bearing capacity of sand skeleton. In that case, the measured swelling pressure of the mixture corresponds to that generated by the montmorillonite particles outside the sand skeleton. This explains why a higher swelling pressure is observed at a high final montmorillonite dry density for the MX80 bentonite/sand mixtures with low bentonite fractions (Fig. 2c).

Critical montmorillonite dry density and critical bentonite fraction

There are two critical parameters for judging whether the sand skeleton forms in the compacted bentonite/sand mixture. The critical montmorillonite dry density corresponds to the ratio of dry mass of montmorillonite (mm) to the volume of swollen montmorillonite (including the montmorillonite volume (Vm) and water volume (Vw)) when sand particles begin to make contact with each other and just form a sand skeleton:

ρ dm c = m m V m +V v (2)
In that case, the sand void ratio (es) (the ratio of the volume excluding sand Vother to the volume of sand Vs) should be equal to the maximum sand skeleton void ratio (es-max) [START_REF] Deng | Sand fraction effect on hydro-mechanical behavior of sand-clay mixture[END_REF]:

e s = V other V s = V m +V v V s =es-max (3) 
Substitution of Eq. ( 3) into Eq. ( 2) yields:

ρ dm c = ρ m (B/100)(α/100) es-maxV s = G ss ρ w (B/100)(α/100) es-max[1-(B/100)(α/100)] ( 4 
)
According to Miura et al. [START_REF] Miura | Physical characteristics of sands with different primary properties[END_REF], the maximum sand skeleton void ratio of TH1000 sand can be estimated at 1.0 from its median particle size of 0.55. Based on Eq. ( 4), the critical montmorillonite dry densities can be estimated from the sand specific gravity (Gss), maximum sand skeleton void ratio (es-max), bentonite fraction (B) and montmorillonite content (α). The estimated results are compared with the measured ones in Fig. 3. There is a reasonably good agreement between the measured and estimated results, indicating the relevance of the identified swelling mechanism of bentonite/sand mixtures.

Physically, the critical montmorillonite dry density should be smaller than the specific gravity of montmorillonite (Gsm):

ρ dm c ≤G sm (5) 
Substituting Eq. ( 4) into Eq. ( 5), the critical bentonite fraction can be deduced:

B≤B c = 100G sm es-max (G ss ρ w +G sm es-max)(α/100) (6)
For the MX80 bentonite/TH1000 sand mixture, the critical bentonite fraction is 59.3%. As the bentonite fraction is lower than 59.3%, the sand skeleton will form when the global montmorillonite dry density is larger than the critical value and the montmorillonite dry density distribution is heterogeneous, resulting in a larger swelling pressure measured under constant-volume conditions.

As the bentonite fraction is larger than 59.3%, the sand skeleton will never form.

Of note, X-ray diffraction (XRD) method, the typical method for the quantification of mineralogical composition, is generally semi-quantitative. It is believed however that the XRD method can give results with an accuracy of ±3% at a 95% confidence level [START_REF] Du | Revealing expansion mechanism of cementstabilized expansive soil with different interlayer cations through molecular dynamics simulations[END_REF]. As shown in Table 1, the montmorillonite content of MX80 bentonite was determined, equal to 86% [START_REF] Zeng | Effects of technological voids and hydration time on the hydro-mechanical behaviour of compacted bentonite/claystone mixture[END_REF]. To further examine the effect of uncertainty of montmorillonite content on the predicted result, a range of montmorillonite contents from 82 to 90% was applied to Eqs. ( 4) and ( 6). The predicted critical montmorillonite dry density and bentonite fraction for MX80 bentonite/sand mixture are presented in Fig. 5. It shows clearly that the higher the montmorillonite content, the higher the critical montmorillonite dry density and the larger the increasing rate of critical montmorillonite dry density with the increase of bentonite fraction. In particular, it can be observed from Fig. 5b that the critical bentonite fraction decreases from 62.2% to 53.7% as the montmorillonite content increases from 82

to 90%.

Conclusions

The data of swelling pressure of compacted bentonite/sand mixtures with various bentonite fractions and dry densities determined by constant-volume method, are collected and compared, showing that the swelling pressure of bentonite/sand mixtures is highly dependent on the bentonite fraction and final montmorillonite dry density. As the bentonite fraction is larger than the critical value, the swelling pressure follows a linear relationship with the final montmorillonite dry density. By contrast, as the bentonite fraction is lower than the critical bentonite fraction and the final montmorillonite dry density is larger than the critical montmorillonite dry density, the sand particles will form a sand skeleton and lead to a heterogeneous distribution of montmorillonite dry density during compaction.

As a result, a larger swelling pressure upon hydration was measured.

Additionally, the critical montmorillonite dry density and the critical bentonite fraction are estimated by considering a maximum sand skeleton void ratio when the skeleton is just formed.

The good agreement between the estimation and measurement suggests the relevance of the identified swelling mechanism of bentonite/sand mixture under constant-volume conditions. 
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 1 Properties of the investigated bentonite and sand

	Property	Komine and Ogata [16]		Agus and Schanz [1]		Gatabin et al. [13] and Saba [20]
		Tsukinuno bentonite Mikawa	Calcigel bentonite	Quartz	MX80 bentonite	TH1000
			silicate sand		sand		quartz sand
	Specific gravity 2.79	2.66	2.65	2.65	2.76 a	2.65 b
	Liquid limit (%) 473.9	-	130	-	494 a	-
	Plastic limit (%) 26.61	-	33	-	46 a	-
	Main minerals	Montmorillonite (48%) -	Montmorillonite (50-60%) -	Montmorillonite (86%)	a -
						Quartz (7%)
						Carbonate and feldspar
						(7%)
	a Data from Zeng et al. [32]				

b Data from Saba

[START_REF] Saba | Hydro-Mechanical Behaviour of Bentonite-Sand Mixture Used as Sealing Materials in Radioactive Waste Disposal Galleries[END_REF] 
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