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A study of the hydromechanical behaviour of a compacted swelling material in the range of suctions comprised between 0 and 40 MPa was performed. This study has required the development of two kinds of suction controlled oedometer devices based on two different suction control techniques. In the range of suctions higher than 8.5 MPa, the saturated salt solutions method was used and a new oedometer using this suction control technique was developed. For suctions lower than 8.5 MPa an osmotic oedometer was used. Despite the differences between the applied suction components (matric and total), the correlation between the two methods was verified for the tested material. The second part of the paper presents a set of oedometer tests conducted under various suctions. The effect of the applied suction on the hydromechanical parameters was studied. First, two swelling phases were highlighted: a low swelling phase above a suction of 4 MPa and a high swelling one below this value. These phases were considered as being related to the microstructure of compacted swelling clays. Secondly, it was shown that the slopes of the elastic part and of the plastic part of the consolidation curves were not influenced significantly by the applied suctions. In opposition, the preconsolidation pressure is affected by the decrease of the applied suctions even in the low swelling phase. Such a behaviour could be explained by the effects of wetting on the microstructure.

INTRODUCTION

Because of their very low permeability, compacted swelling soils are used for the construction of engineered barriers in waste disposal facilities. During their lifetime, these materials undergo wetting/drying cycles, i.e. suction variations. These soils exhibit large volume variations in response to suction changes. However, the relationship between suction variations and compressibility is not well known as far as compacted swelling materials are concerned. The experimental investigation of the hydromechanical behaviour of unsaturated swelling soils requires the use of suction controlled devices in a comprehensive range of suction, from low to very high suctions. However there are very few suction controlled studies performed over an extensive range of suction in the literature [START_REF] Bernier | Suction controlled experiments on Boom clay[END_REF]Al Mukthar et al. 1999;[START_REF] Villar | Investigation of the behaviour of bentonite by means of suctioncontrolled oedometer tests[END_REF][START_REF] Alonso | Expansive bentonite/sand mixtures in cyclic controlled-suction drying and wetting[END_REF][START_REF] Cui | A model for the volume change behavior of heavily compacted swelling clays[END_REF]. This is mainly related to the fact that the methods commonly used in experimental testing, such as the air overpressure method [START_REF] Richards | Capillary conduction of liquids through porous medium[END_REF] and the osmotic method [START_REF] Kassif | Experimental relationship between swell pressure and suction[END_REF] investigate only a small suction range, from saturation up to a few MPa (Fig. 1). Some developments of these methods have been used, but the maximum suction they are able to reach is about 14 MPa [START_REF] Villar | First results of suction controlled oedometer tests in highly expansive montmorillonite[END_REF][START_REF] Delage | The relationship between suction and the swelling properties in a heavily compacted swelling clay[END_REF]. The only available method to reach several hundred MPa is the control of relative humidity by means of salt solutions. However, this is a complex method to implement because of some uncertainties on the imposed suction due to temperature and pressure variations, and the measurement of the exact value of the relative humidity inside the testing device [START_REF] Delage | The relationship between suction and the swelling properties in a heavily compacted swelling clay[END_REF][START_REF] Cuisinier | Comportement hydromécanique des sols gonflants compactés[END_REF].

This paper presents a study of the hydromechanical behaviour of a compacted swelling soil carried out on a range of suction comprised between 0 and 40 MPa. In the first part, oedometers using the osmotic method and others based on the saturated salt solutions technique are introduced. The feasibility of these devices and the correlation between the two suction control methods is also discussed. In the second part, a set of suction controlled oedometer tests is presented. From these results, the influence of suction on the swelling potential ∆H/H, the preconsolidation pressure p 0 (s), the slopes of the elastic part κ, and of the plastic part λ(s), of the consolidation curves is discussed.

The results are considered with two independent variables: the net vertical stress σ v *, defined as the difference between the total vertical stress and the pore-air pressure, and the suction s, which corresponds to the difference between the pore-air pressure and the pore-water pressure [START_REF] Coleman | Stress-strain relations for partly saturated soils[END_REF][START_REF] Matyas | Volume change characteristics of partially saturated soils[END_REF]).

DESCRIPTION OF THE SUCTION CONTROLLED OEDOMETER DEVICES

Figure 1 shows that at least two complementary suction control techniques are required to perform a study over an extensive suction range. The salt solutions technique for suctions higher than 8.5 MPa and the osmotic method for suctions lower than this value were selected.

Salt solutions method

The basic principle of the saturated salt solutions technique is to introduce a sample inside a hermetic chamber where the relative humidity is maintained constant with a salt solution. The water exchange occurs by vapour transfer. The relative humidity Hr (%) is linked to the suction, through Kelvin's law:
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with R = universal gas constant (8.31 J.mol -1 .K -1 ); γ w = unit weight of water (9.81 kN.m -3 ); g = gravitational constant (9.81 m.s -2 ); M = molecular weight of water (18 10 -3 kg.mol -1 ); T = absolute temperature (K). It was possible to apply different suctions with this method, depending on the kind of salt solution used and its concentration. In this study, totally saturated salt solutions were selected.

The value of the relative humidity imposed by a given salt is highly dependent on temperature [START_REF] Afnor Nf | Mesure de l'humidité de l'air -Générateurs d'air humide à solutions salines pour l'étalonnage des hygromètres[END_REF]. In our tests, the room temperature was maintained at 20 ± 0.15 °C. The relative humidity imposed by a given saturated salt solution is known with an uncertainty comprised between 1 and 2 % (AFNOR, 1999). [START_REF] Delage | The relationship between suction and the swelling properties in a heavily compacted swelling clay[END_REF] and [START_REF] Cuisinier | Développement d'un appareil oedométrique à succion contrôlée pour l'étude des sols gonflants[END_REF] have demonstrated that these uncertainties limit the use of saturated salt solutions to suctions higher than 8.5 MPa, because below this value the relative uncertainty on the imposed suction is higher than 15 %.

Given thermodynamic considerations, the soil suction is the sum of several components; a matric potential (adsorption and capillary), an osmotic potential (related to solute concentrations), and other components (related to pressure and temperature) which are supposed as being of negligible importance here. A comprehensive review of these considerations is available in [START_REF] Fredlund | Soils mechanics for unsaturated soils[END_REF]. With the saturated salt solutions method, total suction is imposed during a test.

The new odometer device using saturated salt solutions is shown in Figure 2. This device combines, in the same system, the functions of a basic oedometer (AFNOR, 1997) and of a closed chamber with constant relative humidity (ISO 483, 1998). Based on this principle, two different devices, with two maximum vertical pressures (1 200 and 20 000 kPa) were developed. The range of suction that could be attained was comprised between 8.5 and 292.4 MPa. The diameter of the sample was 7.4 cm in the low vertical stress oedometer and 5 cm in the other one. In both cases, the initial height of the sample was about 1 cm. The different elements of the device in contact with the sample were made of porous steel in order to facilitate the vapour transfer between the sample and the saturated salt solution. Following a change of the applied suction and/or the vertical stress, several weeks are required to reach deformation equilibrium [START_REF] Cuisinier | Comportement hydromécanique d'un sol gonflant sous très fortes succions[END_REF]. Therefore, one test might take several months to be completed. The validation of the efficiency of these new oedometers was presented in [START_REF] Cuisinier | Study of the hydromechanical behaviour of a swelling soil under high suctions[END_REF].

Osmotic method

In this method, a semi-permeable membrane, is introduced between a solution of macromolecules and an unsaturated soil sample [START_REF] Zur | Osmotic control of the matric soil-water potential: I. Soil water system[END_REF]. The exchange of water is due to the process of osmosis. The amount of exchanged water, and therefore the suction, is controlled by the macromolecule concentration: the higher the concentration, the higher the suction. The macromolecule commonly in use is the polyethyleneglycol (PEG) with a molecular weight of 20 000 or 6 000 Da1 . The relationship between PEG concentration and suction (Fig. 3) is known for suctions ranging from 0 to 1.5 MPa and is independent of the PEG molecular weight [START_REF] Williams | An evaluation of polyethyleneglycol (PEG) 6 000 and PEG 20 000 in the osmotic control of soil water matric potential[END_REF]. In this range, [START_REF] Cui | Étude du comportement d'un limon compacté non saturé et de sa modélisation dans un cadre élastoplastique[END_REF] has proposed an empirical calibration relationship between PEG concentration and suction:
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where s is the suction in MPa and c the concentration of the PEG solution expressed in g of PEG per g of water. This equation is also reproduced in Figure 3. The temperature influences the relationship between PEG concentration and suction [START_REF] Guiras-Skandaji | Déformabilité des sols argileux non saturés : etude expérimentale et modélisation[END_REF]. In order to limit this effect, the temperature was maintained at 20 ± 1.5 °C.

With the osmotic suction control method, only the matric suction component of a sample is mastered during a test.

It was necessary to calibrate the PEG solution from a suction of 1.5 MPa up to 8.5 MPa. For such a calibration, a sample of PEG solution, prepared at a known concentration, is enclosed in a hermetic chamber where the relative humidity is kept constant by a saturated salt solution. [START_REF] Delage | The relationship between suction and the swelling properties in a heavily compacted swelling clay[END_REF] have performed such tests and their results, obtained with PEG 6 000, are plotted in Figure 3. An additional calibration test was made with a similar procedure using PEG 6 000 for a suction of 8.5 MPa. The final concentration of the PEG solution was 0.879 g of PEG per g of water. The result of this test was in good agreement with existing data and the empirical relationship. The osmotic method could therefore be used up to 8.5 MPa.

A schematic representation of an osmotic oedometer is presented in Figure 4 ( [START_REF] Kassif | Experimental relationship between swell pressure and suction[END_REF]. A pump allows to circulate a solution of macromolecules (PEG), at a given concentration. The solution passes through the grooved base of the oedometer, which was designed to allow fluid to circulate through the whole bottom surface of the sample. Between the sample and the PEG solution a semi-permeable membrane (Spectra/Por® n°4) was introduced to prevent PEG macromolecules from passing toward the sample. In our device, the maximum vertical pressure accessible was 1 800 kPa. The range of suction was comprised between 0 and 8.5 MPa. The deformability of the semi-permeable membrane and the overall device was evaluated. The evaporation through the upper face of the sample was minimized by positioning a plastic film all around the oedometer. The diameter of the sample was 7 cm and its initial height was about 1 cm. When a given suction was applied, approximately ten days were required for a deformation equilibrium to be reached. The mechanical loading was made in the same manner as in a typical oedometer test, and approximately 2 days were needed to reach a deformation equilibrium for a given stress step [START_REF] Cuisinier | Comportement hydromécanique des sols gonflants compactés[END_REF].

MATERIAL AND SAMPLE PREPARATION

The study was conducted with an artificially prepared mixture (40 % of silt and 60 % of bentonite). The mineralogical composition of the materials was determined by X ray diffractometry. The silt contained 60 % quartz, 20 % montmorillonite, 11 % feldspar, and the remaining part was made up of kaolinite and mica. The bentonite was composed of more than 90 % of calcium montmorillonite. The main physical properties of the materials and of the mixture are shown in Table 1.

The size of the particles used to prepare the samples was less than 400 µm (obtained by sieving). The materials were mixed together and wetted up to a gravimetric water content of 15 % (dry side of optimum). Then the mixture was statically compacted under a vertical pressure of 1 000 kPa. This low gravimetric water content, close to the shrinkage limit, was selected in order to prevent the shrinkage of the sample when very high suctions were imposed. It was not possible to prepare samples at a gravimetric water content lower than 15 % as they would not have been sufficiently cohesive to be handled.

Under these conditions, the initial dry unit weight of the samples was about 12.7 kN.m -3 . The initial matric suction, measured by the Filter Paper Method (ASTM, 1995a), was comprised between 20 and 25 MPa and the osmotic suction was comprised between 1 and 2 MPa. The swelling potential ∆H/H when a sample is fully saturated, and the swelling pressure P s , required to eliminate height variations during wetting, measured by the free swelling method (ASTM, 1995b), were respectively 19 % and 250 kPa. The gravimetric water content determined after full saturation inside an oedometer was 49 %.

STUDY OF HYDROMECHANICAL BEHAVIOUR FROM LOW TO VERY HIGH

SUCTIONS

In the remaining part of the paper, the tests are referenced in order to identify the type of suction control method: O for osmotic and S for saturated salt solutions. The subsequent letters indicate qualitatively the stress paths followed: W for wetting phase, D for drying phase and L for the loading/unloading phase.

Test program

The stress paths followed are plotted in Figure 5. All the tests began at point "A" under a low vertical pressure of about 10 kPa, and an initial suction of about 20/25 MPa. During the first phase, a different suction was applied in several steps for each test. In the second phase the samples were loaded in several steps and then unloaded under constant suction. The test OWL4 is not represented in Figure 5 as the applied suction was 0 MPa in this test.

Correlation between two suction control methods

As these two methods do not impose the same suction components, the correlation between the results obtained with them was checked. Two tests were conducted: OWL1 in the osmotic oedometer and SWL1 in the saturated salt solutions oedometer. In both tests, the same stress paths were followed. These paths began by a wetting from the initial suction to a suction of 8.5 MPa under a low vertical pressure (10 kPa). Following equilibrium under a constant suction, the samples were loaded in several steps and then unloaded (Fig. 6). The swelling potential ∆H/H registered at the end of the wetting phase, the slope of the consolidation curves κ, the slope of the virgin compression line λ(s), and the preconsolidation pressure p 0 (s), were determined and summarized in Table 2. In the same table, the initial and final gravimetric water contents of the samples w i and w f , are given. As is shown in Figure 6 and in Table 2, λ(s) and κ are not significantly affected by the suction control method contrary to p 0 (s), which is 80 kPa lower for the test performed in the osmotic oedometer. The swelling potential and the final water content are both higher in the test performed in the osmotic oedometer.

The prepared samples contained a certain amount of dissolved salts. [START_REF] Olsen | Osmosis: a cause of apparent deviations from Darcy's law[END_REF] has demonstrated that, when exposed to distilled water, the dissolved salts contained inside a soil sample tend to diffuse outwards of the sample, and the water inward of the sample. This phenomenon occurred in our osmotic tests as the semi-permeable membrane is permeable to water and solutes. In fact, during a test in the osmotic oedometer, a certain amount of water exchange is controlled by the PEG concentration, but an additional amount of water enters the soil sample because of this solute gradient. This could explain the higher water content and swelling potential ∆H/H in test OWL1 than in test SWL1 where such a phenomenon was not possible. The larger ∆H/H in test OWL1 than in test SWL1 tend to soften the soil structure and consequently, p 0 (s) is low in test OWL1. On the other hand, small variations in the calibration of osmotic suction applied by PEG solution or the uncertainty associated to suction imposed by salt solutions may explain the small differences observed in both tests.

The effect of suction components on the compressibility parameters, λ(s) and κ, is not significant in our tests. This could be explained by the nature of the clay used. During the vertical loading stage, the salt concentration is probably higher in sample SWL1 than in sample OWL1. [START_REF] Olson | Mechanisms controlling compressibility of clays[END_REF] have also shown that the salt concentration slightly affects the compressibility parameters, λ(s) and κ of calcium montmorillonite.

These tests demonstrate that the influence of the osmotic component of suction is not significant for a suction of 8.5 MPa, under which the correlation between both suction control techniques is checked for this material.

Hydromechanical behaviour from low to high suctions

Figure 7 depicts the relationship between the void ratio and the net vertical stress for all the tests. The hydromechanical parameters determined from these curves are presented in Table 2. The parameters λ(s) and κ are plotted in Figure 8. It seems that the parameter κ was not significantly affected by the applied suction in opposition to the parameter λ(s). These observations are similar to other data available in the literature (e.g. [START_REF] Alonso | Special problem soils. General report[END_REF].

Figure 9 compares the variation of p 0 (s) and ∆H/H after wetting at the applied suctions. First, it can be seen that the volume of the sample did not decrease significantly when a suction higher than the initial suction was applied (test SDL1 -40 MPa). During wetting two swelling phases were highlighted: a low swelling phase above 4 MPa and a high swelling phase below this value. It is well known that the swelling of clays occurs in several steps [START_REF] Kassif | Experimental relationship between swell pressure and suction[END_REF][START_REF] Komine | Prediction for swelling characteristics of compacted bentonite[END_REF]. The first step corresponds to the initial hydration of clays with the insertion of between the unit clay layer. This could explain the low swelling phase: the clay particles fill the initial voids of the sample. The high swelling phase started when the major part of the macropores of the sample were already filled by the expanded clay particles.

Figure 9 demonstrates that p 0 (s) decreased continuously from 40 down to 0 MPa. A basic assumption is to link this parameter to the density of the sample: the lower the density, the lower the preconsolidation pressure. But this interpretation is not sufficiently satisfactory to explain such a sharp decrease of preconsolidation pressure. A possible explanation could be the void filling by the clay particles in the low swelling phase. In fact, during the first stage of wetting, the macrostructural density is not changed significantly, but the microstructure of the sample is altered dramatically, decreasing the mechanical properties of the studied material.

However, further microstructural investigations are required before a conclusion can be arrived at on this point. It will also enable the influence of the montmorillonite swelling to be determined more precisely.

CONCLUSION

Two kinds of suction controlled oedometers, one with saturated salt solutions technique (control of total suction) and the other with the osmotic method (control of matric suction)

were used in this study. The correlation between the two methods was checked. It was found that, for the studied soil, the methods used did not significantly affect the values of the hydromechanical parameters determined.

The swelling upon wetting was studied as a function of the applied suction. Two swelling phases have been highlighted: a low swelling phase for suctions higher than 4 MPa and a high swelling phase below 4 MPa. The preconsolidation pressure is strongly affected by the suction decrease between the initial suction and 4 MPa, that is to say during the low swelling phase. This demonstrates that the preconsolidation pressure of a compacted swelling soil is not only a function of its density but it depends also on the microscopic repartition of the clay particles inside the soil.

Our results highlight the extreme sensitivity of the hydromechanical behaviour of a compacted swelling soil to any variation in suction, even in the range of very high suctions. 

Figure 2

Schematic of the suction controlled oedometer device using saturated saline solutions [START_REF] Cuisinier | Comportement hydromécanique des sols gonflants compactés[END_REF]. Schematic of the suction controlled oedometer device using osmotic solutions.
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Figure 5

Stress paths followed.
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Figure 6

Correlation between the two suction control techniques.
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Figure 7

Results of the different suction controlled oedometer tests.
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Figure 8

Parameters κ and λ(s) as a function of the applied suction during mechanical loading (white signs: salt solutions technique; black signs: osmotic technique).
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Figure 9

Percent heave (∆H/H) after wetting to a given suction and preconsolidation pressure p 0 (s) as a function of the suction applied during mechanical loading (white signs: salt solutions technique; black signs: osmotic technique).
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 2 Figure 2. Schematic of the suction controlled oedometer device using saturated salt solutions.
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 3 Figure 3. Calibration curve between suction and PEG concentration.
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 4 Figure 4. Schematic of the suction controlled oedometer device using osmotic solutions.
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 6 Figure 6. Correlation between the two suction control techniques.

Figure 7 .

 7 Figure 7. Results of the different suction controlled oedometer tests.

Figure 8 .

 8 Figure 8. Parameters κ and λ(s) as a function of the applied suction during mechanical

Figure 9 .
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Table 2

 2 Hydromechanical parameters from s = 0 to 40.0 MPa. Range of suction of the main suction control techniques.

	[O: osmotic; S: saturated salt solutions; W: wetting; D: drying; L: loading]		
	Test	Stress	Suction under	w i	w f	∆Η/Η	κ	λ(s)	p 0 (s)
	number	paths	which sample	(%)	(%)	(%)			(kPa)
		(Fig. 6)	is loaded*						
			(MPa)						
	SDL1	A-I-J-I	39.7	14.9	12.4	-0.2	0.02	0.26	1 090
	SL	A-B-A	20.8	14.9	15.1	0	0.03	0.28	1 000
	SWL1 A-C-D-C	8.5	15.0	16.8	0.5	0.03	0.31	450
	SWL2 A-C-D-C	8.5	15.0	17.0	0.5	0.03	0.30	490
	OWL1 A-C-D-C	8.5	14.7	17.7	1.2	0.03	0.29	370
	OWL2 A-C-E-F-E	4	14.5	20.7	2.8	0.03	0.30	200
	OWL3 A-G-H-G	1.2	14.9	26.4	11.6	0.03	0.23	65
	OWL4	/	0	14.7	42.0	16.2	0.05	0.22	50
	*: the initial total suction for all the samples is about 20/25 MPa			

1 Dalton (Da) = 1.6605.10 -24 g.

Range of suction of the main suction control techniques.

Cuisinier and Masrouri