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Investigation of the hydro-mechanical behaviour of a pellet/powder MX80 bentonite mixture using an infiltration column
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Non-compacted pellet/powder bentonite mixtures are considered as candidate sealing plug materials in geological disposals of radioactive waste. Due to its nature, this mixture is characterized by a heterogeneous porosity network, which is responsible for its complex hydromechanical (HM) behaviour. The French Institute of Radioprotection and Nuclear Safety (IRSN) has investigated this mixture within the SEALEX project. Both in situ large-scale and laboratory small-scale experiments were carried out. This paper presents the results of a smallscale mock-up test at 1/10 th scale of the in situ experiments, in which the pellet/powder mixture was saturated from both sides (top and bottom of the specimen). Both swelling pressure and relative humidity were monitored at several positions of the specimen. Different responses from the sensors were found, depending on the local porosity as well as the evolution of the hydration front. The HM response of the mixture is strongly conditioned by the initial pellet/powder distribution, which depends on the protocol followed for the specimen preparation. After 800day hydration, an anisotropy was found between the axial and the radial swelling pressures, due to the presence of larger void at the top of the sample and the friction at the cell wall. The sample was still heterogeneous after 800-day hydration mainly due to the initial heterogeneous porosity distribution, combined with the effect of friction and the non-saturation of the mixture.

The evolution of injected water with time revealed that the sample was not full saturated after 800-day hydration.

Introduction

Powder/pellet bentonite mixtures are considered as one of the candidate sealing materials for deep underground radioactive waste repositories thanks to their favourable properties: high swelling capacity, high radionuclide migration retardation properties and operational advantages: easy to manufacture and install (especially in vertical shafts). Once installed in the gallery, the pellet/powder bentonite mixture is initially unsaturated. Then, the saturation process starts under constrained volume condition due to the infiltration of pore water from the host rock, generating a swelling potential that allows filling the voids within the mixture. Due to its nature, these mixtures are characterized by an initial heterogeneous porosity distribution [START_REF] Molinero-Guerra | In-depth characterisation of a mixture composed of powder/pellets MX80 bentonite[END_REF], which results in a complex hydro-mechanical behaviour during the saturation process. It is therefore essential to investigate this swelling behaviour in order to validate the material for the sealing plug in the underground radioactive waste disposal.

In this context, the Institute of Radioprotection and Nuclear Safety (IRSN, France) has launched the SEALEX (SEALing performance Experiments) project, within which the work presented here was conducted. The purpose of this project is to investigate the long-term hydraulic performance of sealing systems in normal and critical scenarios, as well as different core compositions and configurations (mixture composed of bentonite pellets with bentonite powder or of sand with bentonite powder, pre-compacted or in situ compacted). Figure 1 presents the layout of the experiments.

The hydro-mechanical behaviour of different configurations of sealing plugs was investigated at both laboratory and field scales [START_REF] Wang | Experimental study on the swelling behaviour of bentonite/claystone mixture[END_REF][START_REF] Saba | Investigation of the swelling behaviour of compacted bentonite-sand mixture by mock-up tests[END_REF][START_REF] Mokni | Hydro-mechanical analysis of SEALEX in situ tests -Impact of technological gaps on long term performance of repository seals[END_REF]. An important result from these investigations is the relationship between the swelling pressure and the dry density of bentonite [START_REF] Börgesson | Modelling of the physical behaviour of clay barriers close to water saturation[END_REF][START_REF] Dixon | Swelling and hydraulic properties of bentonites from Japan, Canada and the USA[END_REF][START_REF] Lloret | Mechanical behaviour of heavily compacted bentonite under high suction changes[END_REF][START_REF] Karnland | Sealing ability of Wyoming bentonite pellets foreseen as buffer material -laboratory results[END_REF][START_REF] Gens | Hydromechanical Behavior of a Heterogenous Compacted Soil: Experimental Observations and Modelling[END_REF][START_REF] Villar | Basal spacings of smectite in compacted bentonite[END_REF][START_REF] Wang | A comparative study on the hydro-mechanical behaviour of compacted bentonite/sand plug based on laboratory and field infiltration tests[END_REF][START_REF] Saba | Investigation of the swelling behaviour of compacted bentonite-sand mixture by mock-up tests[END_REF][START_REF] Schanz | Swelling pressure characteristics of compacted Chinese Gaomiaozi bentonite GMZ01[END_REF]. These relationships were derived on the basis of the measured axial swelling pressure of the investigated materials. However, few investigations have been carried out on the radial swelling of the studied sealing plug [START_REF] Saba | Investigation of the swelling behaviour of compacted bentonite-sand mixture by mock-up tests[END_REF]. Therefore, it is fundamental to further investigate the complex patterns governing the swelling behaviour of the initially heterogeneous mixture of pellet/powder of bentonite in order to ensure that this repository configuration design meets the performance targets.

The swelling capacity of pellet/powder bentonite mixtures was investigated by [START_REF] Imbert | Hydro-mechanical response of a bentonite pellets/powder mixture upon infiltration[END_REF] through a series of infiltration tests on a 50/50 pellet/powder FoCa bentonite compacted at different dry densities. After full saturation, the swelling pressure was found analogous to that of a specimen of powder compacted at the same dry density. [START_REF] Van Geet | The use of microfocus X-ray computed tomography in characterising the hydration of a clay pellet/powder mixture[END_REF] studied the hydration process of a 50/50 pellet/powder FoCa bentonite mixture by X-ray computed tomography. The results showed the progressive decrease of the density of pellets and the apparent homogenisation after saturation. Other sealing plug configurations were investigated by mock-up tests. [START_REF] Wang | A comparative study on the hydro-mechanical behaviour of compacted bentonite/sand plug based on laboratory and field infiltration tests[END_REF] and [START_REF] Saba | Investigation of the swelling behaviour of compacted bentonite-sand mixture by mock-up tests[END_REF] studied a compacted MX80 bentonite/sand mixture (with a proportion of 70/30 in dry mass). [START_REF] Saba | Investigation of the swelling behaviour of compacted bentonite-sand mixture by mock-up tests[END_REF] investigated the anisotropy of swelling pressure of compacted bentonite/sand mixture. µCT observations revealed that the material was looser in the radial direction than in the axial one. The homogenisation process of a granular material made of highly compacted bentonite pellets (granular buffer material, GBM) was investigated by [START_REF] Garcia-Siñeriz | Engineered barrier of bentonite pellets and compacted blocks: State after reaching saturation[END_REF] under the context of the EB (engineered barrier) experiment. Upon dismantling, a gradient of density and water content was found within the GBM, probably due to the initial heterogeneity of the material [START_REF] Villar | Contribution of CIEMAT to EB dismantling report. Physical state of the bentonite[END_REF].

No investigations have been carried out on the swelling of non-compacted pellet/powder bentonite mixtures. This is however crucial in the design of sealing plugs for deep radioactive waste disposal, because the initial heterogeneous distribution of porosity of these configurations might result in an anisotropy of swelling. Therefore, this study aims at investigating the HM behaviour of this kind of mixture by simulating the SEALEX in situ experiments at a small scale (1/10 th , resulting in 60 mm in diameter and 120 mm in height). Radial swelling pressure at different positions, as well as axial swelling pressure and relative humidity were monitored during hydration from both sides (top and bottom of the sample). The volume of injected water was also recorded during the test.

Investigated material

The soil studied is a mixture of pellet/powder MX80 bentonite at a proportion of 80/20 in dry mass. The bentonite investigated comes from Wyoming, USA. It was provided by the Laviosa-MPC company under the commercial name Expangel SP7 for pellets and SP30 for the powder.

The MX80 bentonite has a smectite content of 80%, other minerals being quartz, calcite and pyrite. The cation exchange capacity (CEC) is 98 meq/100g, with Na+ as major exchangeable cation (52 meq/100g). The liquid limit is 560%, the plastic limit is 62% and the unit mass is 2.77 Mg/m 3 [START_REF] Saba | Investigation of the swelling behaviour of compacted bentonite-sand mixture by mock-up tests[END_REF].

Pellets of bentonite were produced by Laviosa-MPC Company by compaction of a powder of MX80 bentonite in a mould of 7 mm in diameter and 7 mm in height. Compaction was performed at a water content of 6±1% by applying instantaneous compaction effort by following the vertical axis of the pellet, resulting in a pellet dry density ρ d = 2.06±0.06 Mg/m 3 , corresponding to a void ratio e = 0.30±0.07. The pellets were stored in the laboratory in a hermetic plastic box at 20°C. The initial suction (s = 135 ± 3 MPa) was measured in the laboratory with a chilled mirror dew point tensiometer (Decagon WP4C), at an initial water content w = 7.25%, slightly higher than the fabrication one, due to further hydration after fabrication [START_REF] Molinero-Guerra | In-depth characterisation of a mixture composed of powder/pellets MX80 bentonite[END_REF].

3.17% was found in the laboratory after drying at 105°C for 24 h, corresponding to an initial suction s = 190.9 MPa (measured with a chilled mirror dew point tensiometer -Decagon WP4).

More details about the initial state of the material can be found in Molinero [START_REF] Molinero-Guerra | In-depth characterisation of a mixture composed of powder/pellets MX80 bentonite[END_REF].

The saturation water used in the test is synthetic water having the same chemical composition as the pore water of the Callovo-Oxfordian claystone from the ANDRA underground research laboratory in Bure ( Table 1). The water was obtained by mixing the chemical components with distilled water until full dissolution.

Results of mercury intrusion porosimetry (MIP) tests for a pellet of bentonite at its initial state are presented in Figure 2. A pore population with an average entrance diameter of 11.9 nm is detected, as well as a second one at diameters around 4 -5 µm that represents 6.8% of the total porosity. For the pellet/powder mixture, macro-voids existing between pellets and powder grains will play an important role in the HM behaviour. The investigated material is characterized by a multimodal porosity network with a heterogeneous distribution of the porosity within the sample. The latter was demonstrated by a qualitative analysis of a vertical slice obtained by carrying out µ-CT observations of a pellet/powder bentonite mixture prepared by following the same protocol as the investigated specimen in the mock-up test (Figure 3). This feature is crucial since it conditions the overall HM behaviour of the material.

Experimental methods

Experimental set-up

The layout of the small-scale infiltration cell (mock-up test cell) is presented in Figure 4. The dimensions correspond to 1/10 th of the in situ SEALEX experiments (60 mm in diameter and 120 mm in height). The confined saturation conditions for the pellet/powder bentonite mixture are ensured by a rigid structure that keeps a zero radial displacement (the estimated axial strain is 5 x 10 -6 ) and a piston blocked by a screw, which prevents any axial displacement. The material is saturated from both sides (top and bottom), simulating the SEALEX in situ experiments. The sample is placed between two pore stones and two filter papers. The bottom and the upper bases are equipped with a water inlet and an air outlet. The air outlet is needed to evacuate the air that is present in the base and in all the system near the inlets. Mechanical valves are mounted and sealed at the faces of both inlets, allowing the entrance of water and the evacuation of air. Flexible water hoses are connected to the valves. The side serving as a water inlet is connected to a burette and to a water tank, allowing the volume of injected water to be measured during hydration. Six total pressure sensors are installed in the cell (SP20, SP40, SP60, SP80, SP100 and SP120), which allow the measurements of the radial swelling pressures at different positions (h = 20, 40, 60, 80, 100 and 120 mm from the bottom side). Figure 3 presents the pellet/powder mixture together with the position of the radial swelling pressure sensors. A force transducer is installed under the cell base, which monitors the axial swelling pressure. In this study, the relative humidity is also recorded by five relative humidity sensors (RH31, RH51, RH71, RH91 and RH111) placed at different heights (h = 31, 51, 71, 91 and 111 mm, see Figure 4), allowing the evolution of suction to be monitored while hydration.

Sample preparation and test procedure

The sample was prepared directly into the cell that was already placed on the tray of the force transducer with the radial sensors screwed to the cell. The pellet/powder mixture was obtained by following the first protocol proposed in Molinero Guerra et al. ( 2016), which allows a relatively homogeneous sample to be obtained. However, a perfect homogeneous distribution cannot be obtained due to the nature of the mixture. It was to fill the cell by packets corresponding to one layer of pellets spread over the base of the cylinder and to add the corresponding amount of powder (taking into account the proportion 80% pellets -20% powder in dry mass). Figure 3 presents a vertical section of the pellet/powder mixture obtained by microfocus X-ray computed tomography observations on a sample at its initial state, together with the positions of the swelling pressure sensors. The global dry density is 1.49 Mg/m 3 .

Once the sample was prepared, the two stainless steel plates were fixed with three rods. The central screw was adjusted to ensure the constant volume conditions. The test was started by opening the water inlet valves. At the beginning of the test, air in the base or in the piston was evacuated by opening the air outlet valve until no air bubble was observed in the pipes. Synthetic water was injected by both the top and the bottom of the sample, as the SEALEX in situ experiments. The applied water pressure while hydration was equal to the atmospheric pressure at both top and bottom boundaries. Radial and axial swelling pressures, as well as relative humidity were recorded automatically by a data logger. The volume of injected water was also controlled while hydration by two graduated burettes connected to the hydration system. No water pressure was applied during the saturation process.

Results

Investigation of the swelling pressure

The evolution of the swelling pressure with a zoom on the first 15 days is shown in Figure 5. A different rate of increase is identified for each sensor. For sensor SP100, located at 100 mm from the bottom (and 12 mm from the top hydration front), an initial fast increase of swelling pressure is observed, reaching a peak value of 2.15 MPa, then a decrease until 1.5 MPa, and finally an increase to reach stabilisation at about 2.5 MPa. This phenomenon occurs during the first hours of hydration. For other sensors, the rates of increase are similar, being the sensor located at 20 mm from the bottom (SP20) the one who exhibits a higher swelling pressure after 15 days (1.5 MPa), because of its proximity to the front of hydration. The difference in the increase rate depends on the evolution of the hydration front as well as the local porosity of the material characterized by an initial heterogeneous distribution of macro-porosity. After a few hours, water reaches sensor SP40. This sensor presents a negative rate at the beginning of the test, which could be interpreted as a collapse of the material at this level due to the presence of larger voids. The evolution of SP60 indicates that water arrives after 4 days of hydration.

Figure 6 presents the evolution of swelling pressure during 200-day hydration. The lowest swelling pressure and increase rate are observed for sensor SP120, located at the top of the sample. This is because, at this level, the sensor is in contact with the porous stone (see Figure 3), thus the response does not correspond to the behaviour of the soil. For the sensors located at the middle position (SP40, SP60, SP80 and SP100), the increase rate and the swelling pressure depend not only on the distance to the hydration front, but also on the local porosity defined by the pellets/powder grains distribution. A common value of about 2.5 MPa of swelling pressure is reached after 60 days of hydration except for SP20. Afterwards, sensors SP40, SP60 and SP80 exhibit the same increase rate until 110 days of hydration, where a stabilized swelling pressure is reached. At 120 days, SP80 presents an increase of swelling pressure followed by a stabilization at 135 days of hydration. Sensor SP100 presents a different response: an increase of swelling pressure is observed after 60 days, with a value almost constant, and then at 93 days it increases again to reach a constant value (the same increase is observed for SP40, SP60 and SP80), lower than the swelling pressures from other radial sensors (except that at 120 mm, which value is the lowest as it was explained previously). It should be noted that the swelling pressures after 200 days are different for all the sensors. This phenomenon will be discussed later. The axial swelling pressure corresponds to the global pressure transmitted to the piston, and its value is lower than those from other sensors. However, no consistent comparison can be made with the radial rates since in the latter case the pressures are measured locally. The rate of increase of the axial swelling pressure cannot be compared to the radial rates as the force transducer measures a global force and not the local total pressure.

According to the cell design (Figure 4), the swelling pressure of the material is transmitted to the upper piston, and then the force is transmitted to the force transducer. Therefore, two phenomena should be considered to interpret the measured axial swelling pressure: (i) the local porosity at the top of the sample, which is higher due to the presence of larger voids (see Figure 3, where the porous stone is in contact with some pellets at the top of the sample but there is no powder at this level) and (ii) the effect of friction. These two combined phenomena might explain the lower value of swelling pressure.

The evolution of the swelling pressures for 845-day hydration is shown in Figure 7. Some oscillations are observed after 200 days of hydration. These oscillations could be due to laboratory temperature changes. They are not related to electrical problems because the response of the sensors was corrected with respect to the electrical voltage. After 700 days of hydration, a common value of about 4 MPa of swelling pressure is reached for sensors SP20, SP40, SP60 and SP80. Sensor SP100 still remains at a lower value, slightly higher than 3 MPa, as well as the axial pressure (2.5 MPa).

Figure 8 presents the swelling pressure profiles at a time interval of 5 days. As it was explained before, the swelling pressure at 120 mm is not representative because the sensor is in contact with the porous stone at this level. At the bottom of the sample, the increasing rate of swelling pressure is lower because there might not be preferential arrangement of pellets at this level.

After 50 days of hydration, the lowest value of swelling pressure is at 60 mm, which corresponds to the farthest position from the hydration front. These heterogeneous swelling pressure values depend on the local porosity of the material, which is controlled by the initial pellet/powder distribution within the sample. The profiles of swelling pressure every 100 days are shown in Figure 9. An increase of the swelling pressure is observed at 40 mm, 60 mm and 80 mm due to the evolution of the hydration front and the consequent swelling of the material at these levels. A heterogeneity of the final value of swelling pressure is observed after 800 days of hydration, with a mean value slightly higher than 4 MPa.

Investigation of the relative humidity

The evolution of the relative humidity with time is shown in Figure 10. Starting at 36.7% relative humidity corresponding to 138 MPa of suction, the curves show different rates for different sensors. Those located close to the front of hydration (RH31 and RH111) exhibit the highest rates, and a value of 100% is reached after 15 days for RH111 and 20 days for RH31.

Sensor RH111, located at 9 mm from the top hydration front, exhibits the highest rate because of the effect of gravity and the presence of voids at this level of the sample (Figure 3), which creates preferential paths for injected water. For sensors RH51 and RH91 the increase rate is similar, and saturation is reached after 45 days of hydration. Sensor RH71, located at 29 mm from the top hydration front, exhibits the lowest increase rate, with a value of 100% reached after almost 50-day hydration. The response of the sensors located at an intermediate position in the sample (RH51, RH71 and RH91) depends on the evolution of the hydration front.

The total volume of water injected while hydration, as well as the volume injected by the top and the bottom are presented in Figure 11. At the beginning of the test, the rate of increase is comparable for the top and bottom injection. However, a higher volume is injected by the top due to the existence of larger voids (Figure 3) combined with the gravity effect. The infiltration by the top of the specimen is controlled by the water level of the burette which hydrates the sample by the top. The volume of water injected by the top of the sample increased instantaneously after 125 days of hydration due to a manipulation of the burette connected to the hydration system; the water level was adjusted to the top of the cell. After 700 days of hydration, the volumes injected by the bottom and the top are 78.2 cm 3 and 128.2 cm 3 respectively. The total volume injected during the test is 206.4 cm 3 . As it can be observed, the rate of increasing is still positive after 700 days of hydration. This suggests that the sample is not entirely saturated after 700 days of hydration.

The profiles of relative humidity at a time interval of 5 days are presented in Figure 12. At the beginning of the test, before hydration, different values are observed for every sensor (around 40% of relative humidity). This is because the initial suction is not homogeneous within the sample, thus the results depend on the local relative humidity. Then, while wetting, an instantaneously increase is observed at 31 mm and 111 mm, due to the proximity of the hydration front. The evolution of other sensors depends on the evolution of the hydration front.

A total saturation (corresponding to a value of relative humidity of 100%) is observed after 40-day hydration. However, it was observed that the rate of injected water is still positive after 700-day hydration. This means that the measured relative humidity value of 100% after 40 days corresponds to the saturation of the large pores, and it does not represent the full saturation of the sample.

Discussion

The anisotropy of swelling pressure observed in this investigation can be interpreted based on two key features: (i) the dependence of the swelling pressure on the dry density of bentonite and (ii) the initial heterogeneous distribution of the material. The swelling pressure evolution of the sensor located at 100 mm (SP100) during the first 200 days (Figure 5) is due to the presence of larger voids at this level, as it is observed in Figure 3. A peak is observed at the beginning of the hydration process. This peak and consequent temporary drop corresponds to the reorganization of the microstructure of the soil induced by the collapse of the larger voids, so inter-pellet voids [START_REF] Alonso | Hydromechanical behaviour of compacted granular expansive mixtures: experimental and constitutive study[END_REF][START_REF] Gens | Hydromechanical Behavior of a Heterogenous Compacted Soil: Experimental Observations and Modelling[END_REF]. During hydration, pellets start swelling and filling the larger voids between them. This kind of response can be associated to the limit between two layers of pellets with powder of bentonite located in the inter-pellet voids, as it can be observed in Figure 3 at 100 mm. The heterogeneous distribution of pellets and powder within the sample plays an important role in the creation of these larger voids.

Figure 13 displays the evolution of swelling pressure with suction for sensors SP40, SP60, SP80 and SP100. As the positions of the RH sensors and SP sensors are not the same, an interpolation of the evolution of the suction is carried out in order to estimate the suction at the same level as the SP sensors. These calculations were not carried out for sensor SP20 as there is no RH sensors between the bottom hydration front and SP20. For sensor SP100, from the initial state (point A), a sudden increase of the swelling pressure is observed until a value of suction of 120 MPa. Then, a peak is observed (point B) due to the reorganization of the microstructure of the soil induced by the collapse of the macro-pores (inter-pellets voids). Then, the swelling pressure increases while wetting again until a constant value is reached (2.5 MPa) before saturation. It is worth noting that the calculated suctions using RH measurements correspond to the local macro structural suctions prevailing locally at the measured point. Unfortunately, the RH sensors do not allow the measurement of the evolution of suction at the microstructural level (micro-pores within pellets) which might experience a delay in hydration.

For other sensors (SP40, SP60 and SP80 in Figure 13) this behaviour is not observed. The shape of the wetting path depends on the local density of the material, which depends on the pellet/powder structural distribution at the corresponding position as well as the vicinity of the hydration front. The increase rate of swelling pressure of sensor SP40 is negative at the beginning of the test, which might be due to a reorganization of the macrostructure at this level.

The behaviour is different compared to sensor SP100 as no swelling is observed before the collapse. The rate of increase of swelling pressure for SP40 is the lowest for the four sensors, indicating that the material has a low dry density at this level. This response can be associated to the limit of two layers of pellets with no grains of powder between the pellets. This distribution can be observed in Figure 3 at 40 mm. For sensor SP60, a decrease in suction is observed with no swelling before 50 MPa suction. It is believed that there is concentration of bentonite powder grains in the vicinity of this sensor with no pellets (this kind of distribution can be observed in Figure 3 between SP20 and SP60). Therefore, bentonite grains swell but no pressure is recorded by the sensor until suction reaches 50 MPa due to its loose structure. For sensor SP80, swelling pressure increases with a rate higher than SP60, but no collapse of the macrostructure is observed. No constant value of swelling pressure is observed for both sensors under a certain value of suction, as it was observed for sensor SP100, indicating that the structure of the mixture is still changing at this state of the hydration process. After 700 days, a is interlayer adsorbed water, a water density of 1.316 Mg/m 3 can be estimated from the theoretical volume of injected water and the measured value. [START_REF] Marcial | A simple method to consider water density changes in the calcualtion of the degree of saturation of swelling clays[END_REF] obtained a water density of 1.02 Mg/m 3 , 1.27 Mg/m 3 and 1.57 Mg/m 3 for a sample of compacted MX80 bentonite at a dry density of 1.354 Mg/m 3 , 1.691 Mg/m 3 and 1.952 Mg/m 3 respectively. It is worth noting that the water in the interlayer zone of expansive clays has several features which are quite different from those of free water. This increase in water density, which depends on the relative humidity, could be partially associated with the predominant exchangeable cations in the clay, and the difference in the interaction mechanisms between each cation and the interlayer water [START_REF] Jacinto | Influence of water density on the waterretention curve of expansive clays[END_REF]. Possible water evaporation during the test should be considered as another reason for this difference of water intake.

Conclusions

In the context of the SEALEX project (IRSN), a small-scale test (1/10 th ) was performed in order to investigate the HM behaviour of pellet/powder MX80 bentonite mixture. The swelling pressure at different positions in the sample allowed better understanding the complex swelling behaviour of this heterogeneous material.

The evolution of the radial swelling pressure for the different positions are due to the local porosity of the material combined to the evolution of the hydration front. Local porosities depend strongly on the initial heterogeneous distribution of pellets and powder within the sample. A collapse of the material is observed at the sensor located at 100 mm due to the presence of larger voids at this level, corresponding to the limit between two layers of pellets with some bentonite powder grains between them. At 40 mm from the bottom, a collapse is found at the beginning of the test with no previous swelling, due to the reorganization of the macro structure at this level. This behaviour could be related to the limit between two layers of pellets without powder grains between them. For the rest of the sensors, no collapse is observed because there are no macrovoids in the vicinity of the sensors.

The anisotropy observed between radial and axial swelling pressure is due to the presence of larger voids at the top of the sample, where the top pore stone contacts with some pellets without no powder grains between them, as well as the friction of the material with the cell while swelling. Note that the effect of friction could be much more significant in field scale.

Moreover, it is believed that the sample is more compact radially than axially due to the fabrication process, which can greatly affect the pellet/powder distribution, and consequently the HM behaviour of the material.

The evolution of radial swelling pressure depends on the pellet/powder distribution. Different responses can be obtained even if the same protocol is followed. The final dry density profile is not entirely homogeneous at the end of test due to the initial heterogeneous distribution of porosities combined to the effect of friction and the non-saturation of the mixture.

During the saturation process, a difference was observed between the measured volume of injected water and that estimated by considering the total porosity. This difference is partially explained by changes in water density, as it was concluded by [START_REF] Jacinto | Influence of water density on the waterretention curve of expansive clays[END_REF][START_REF] Marcial | A simple method to consider water density changes in the calcualtion of the degree of saturation of swelling clays[END_REF]. The water density depends on the relative humidity, and it is associated with the predominant exchangeable cations in the clay, and the difference in the interaction mechanisms between each cation and the interlayer water. This dependence should be considered in the investigation on the performance of sealing plugs with bentonite-based materials. Table 1. Chemical composition of the synthetic water 
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Table 1 .

 1 Chemical composition of the synthetic water

	Components	NaHCO 3 Na 2 SO 4 NaCl KCl CaCl 2	MgCl 2 O6H 2 O SrCl 2 6H 2 O
				2H 2 O		
	Mass (g) per	0.28	2.216	0.615 0.075 1.082	1.356	0.053
	litre of solution					

Figure 1. Layout of the SEALEX in situ tests (after Mokni et al., 2016).

common value of 4 MPa of swelling pressure is observed for radial sensors except SP100, which value is slightly higher than 3 MPa.

Based on the initial average dry density of the mixture (1.49 Mg/m 3 ) and the relationships between axial swelling pressure and dry density derived by [START_REF] Karnland | Sealing ability of Wyoming bentonite pellets foreseen as buffer material -laboratory results[END_REF] and [START_REF] Wang | Experimental study on the swelling behaviour of bentonite/claystone mixture[END_REF], the final value of the axial swelling pressure is estimated. It ranges from 4.15 MPa to 4.66 MPa. The lower measured value (2.5 MPa) is due to: (i) the material preparation protocol, which results in a concentration of macrovoids at the top of the sample, where the porous stone is in contact with some pellets without powder grains between them (Figure 3) and (ii) the friction of the material with the cell while swelling [START_REF] Saba | Investigation of the swelling behaviour of compacted bentonite-sand mixture by mock-up tests[END_REF], which is transmitted to the force transduced. However, it is believed that the effect of friction is not as significant as in the case of compacted bentonite/sand mixture. Therefore, the difference between the axial and radial swelling pressure in this study is mainly due to the heterogeneity of the material. Moreover, in the vicinity of the radial sensors, different pellets/powder arrangements are clearly observed (Figure 3), which is due to the sample preparation process in which the cell is filled by packets corresponding to one layer of pellets spread over the base of the sample (see for instance Molinero [START_REF] Molinero-Guerra | In-depth characterisation of a mixture composed of powder/pellets MX80 bentonite[END_REF]. This lead to different responses of the sensors. Note that other values of swelling pressure can be found in the literature for the MX80 bentonite at 1.5 Mg/m 3 of dry density. [START_REF] Komine | Predicting swelling characteristics of bentonites[END_REF] found a value of 1.5 MPa at the mentioned suction, whereas [START_REF] Agus | A method for predicting swelling pressure of compacted bentonites[END_REF] found a value of 2.5 MPa.

These values differ from the relationships found by [START_REF] Karnland | Sealing ability of Wyoming bentonite pellets foreseen as buffer material -laboratory results[END_REF] and [START_REF] Wang | Experimental study on the swelling behaviour of bentonite/claystone mixture[END_REF], showing a certain data scatter of the available data.

The total volume of injected water is 206.4 cm 3 after 700 days of hydration. However, taking into account the dry density of the material, the theoretical injected volume when the mixture is saturated should be 155 cm 3 . This difference may be partially explained by the water density changes [START_REF] Jacinto | Influence of water density on the waterretention curve of expansive clays[END_REF][START_REF] Marcial | A simple method to consider water density changes in the calcualtion of the degree of saturation of swelling clays[END_REF]. Based on the hypothesis that all water in the sample