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INFLUENCE OF EFFECTIVE STRESS AND TEMPERATURE ON THE CREEP BEHAVIOR OF A SATURATED COMPACTED CLAYEY SOIL
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The compacted clay barrier of shallow depth repositories for wastes would be subjected to temperature variations. Consequently, the hydro-mechanical properties of compacted clays could be progressively modified, and thus affect the performance of repositories. The influence of effective stress and temperature on the creep behavior of a saturated compacted clayey soil was experimentally investigated by performing a series of incremental loading creep tests using a temperature-controlled oedometer. Applied effective vertical stress varied from 10 to 1300 kPa within a large temperature range of 5°C to 70°C. The results showed that the compression and swelling indices appear not to be affected by temperature, whereas the yield stress decreases as the temperature increases. The secondary compression is time-dependent; creep strains decrease with time till reaching a stable value corresponding to a period of 10 days. The creep coefficient Cαe increases with the increase of the effective stress and temperature. Moreover, relationships between the creep coefficient Cαe, incremental compression index C * c, effective stress and temperature were further analyzed. A linear relationship between Cαe and C * c was observed in the considered stress range and the (Cαe/C * c) ratio appears to be temperature dependent. Finally, the main results were discussed and interpreted in the light of a suitable constitutive framework.

Introduction

Compacted clays will be potentially used as engineering barriers for the disposal of waste at shallow depths due to their low permeability, high exchange capacity and retention properties [START_REF] Lerouge | A deep alteration and oxidation profile in a shallow clay aquitard: Example of the Tégulines Clay, East Paris Basin, France[END_REF] . These repositories will be submitted to cyclic changes of temperature due to climate variations over their service life (>10 000 years). These variations could affect the evolution of the hydro-mechanical properties, in particular the compressibility and the creep of these materials and consequently alter the long term performance of the repository. This study will be focused on the impact of temperature on the long-term behavior of compacted clays, and more specifically the impact of temperature variations on creep.

When a saturated clay soil is loaded one-dimensionally, its deformation occurs in two successive phases: (1) primary consolidation related to the dissipation of excess water pressure; and (2) secondary compression or creep, i.e., time-dependent deformation under constant effective stress. Two Hypotheses have been proposed by Ladd et al. [START_REF] Ladd | Stressdeformation and strength characteristics. State-of-the-Art Report[END_REF] . Hypothesis A assumes that creep occurs only after the end of primary consolidation (EOP) and that the strain at EOP is the same in both in-situ (thick sample) and laboratory (thin sample) tests. In contrast, Hypothesis B assumes that creep occurs in the whole compression process and starts simultaneously with the primary consolidation, and that the strain at EOP depends on the sample thickness. To date, many models have been proposed to study creep behavior of soft soils (e.g., Šuklje 3 ; Bjerrum [START_REF] Bjerrum | Engineering geology of Norwegian normally-consolidated marine clays as related to settlements of buildings[END_REF] ; Mesri and Goldewski 5 ; Leroueil et al. [START_REF] Leroueil | Stress-strain-strain rate relation for the compressibility of sensitive natural clays[END_REF] ; Yin and Graham [START_REF] Yin | Elastic viscoplastic modelling of the time-dependent stress-strain behaviour of soils[END_REF] ; Grimstad et al. [START_REF] Grimstad | Modeling creep and rate effects in structured anisotropic soft clays[END_REF] ). Detailed review of most constitutive models describing the creep behavior of soft clays has been done recently by Karim and Gnanendran [START_REF] Karim | Review of constitutive models for describing the time dependent behaviour of soft clays[END_REF] . In this context, Börgesson and Hernelind 10 investigated the canister settlement by modelling the shear creep effects in nuclear waste repositories using a model based on Singh and Mitchell's 11 deviatoric creep formulation.

The creep coefficient Cαe is both time and stress dependent [START_REF] Mesri | Time and stress compressibility interrelationship[END_REF][START_REF] Green | The influence of several factors on the rate of secondary compression of soil[END_REF][START_REF] Tavenas | Creep behaviour of an undisturbed lightly overconsolidated clay[END_REF][START_REF] Graham | Time effects on the stressstrain behaviour of natural soft clays[END_REF][START_REF] Leroueil | Stress-strain-strain rate relation for the compressibility of sensitive natural clays[END_REF][START_REF] Olson | Secondary consolidation. Advanced Soil Mechanics -Secondary Effects[END_REF][START_REF] Suneel | Compressibility characteristics of Korean marine clay[END_REF] . Suneel et al. [START_REF] Suneel | Compressibility characteristics of Korean marine clay[END_REF] showed that the creep strain increases with increasing effective stress in normally consolidated state. In addition, the value of Cαe is related to other soil parameters (e.g. the natural water content wN, the compression index Cc and the effective stress ' v  ), but the most common correlation is the Cαe/Cc concept developed by Mesri and co-workers [START_REF] Mesri | Time and stress compressibility interrelationship[END_REF][START_REF] Mesri | The uniqueness of the end-of-primary (EOP) void ratioeffective stress relationship[END_REF][START_REF] Mesri | Cα/Cc concept and K0 during secondary compression[END_REF] . The Cαe/Cc is considered a material constant, and is used together with the EOP e-log σ ׳ v curve to assess the secondary compression behavior of any one soil [START_REF] Mesri | Cα/Cc concept and K0 during secondary compression[END_REF] . Early laboratory work, in particular, Walker and Raymond 20 highlighted a linear relationship between Cαe and Cc on Leda clay over the entire applied stress range. This observation was confirmed by many other researchers on various soils [START_REF] Mesri | The uniqueness of the end-of-primary (EOP) void ratioeffective stress relationship[END_REF][START_REF] Mesri | Cα/Cc concept and K0 during secondary compression[END_REF] . Later, it was found that Cαe and Cc increase with the effective vertical stress, reach a maximum value at a stress slightly higher than the yield stress, and then decrease and finally remain constant [START_REF] Graham | Time effects on the stressstrain behaviour of natural soft clays[END_REF][START_REF] Suneel | Compressibility characteristics of Korean marine clay[END_REF][START_REF] Mesri | Secondary compression of peat with or without surcharging[END_REF][START_REF] Walker | Secondary settlement in sensitive clays: Discussion[END_REF][START_REF] Powell | Time-dependent behaviour of the Bearpaw Shale in oedometric loading and unloading[END_REF] . This divergence about the relationship between Cαe and Cc could be related to the applied vertical stress range values, i.e., it is more likely to observe a convex relationship at high vertical stresses. Whatever is the shape of this relationship, the Cαe/Cc ratio was found to be constant during the tests [START_REF] Mesri | Time and stress compressibility interrelationship[END_REF][START_REF] Suneel | Compressibility characteristics of Korean marine clay[END_REF][START_REF] Walker | The prediction of consolidation rates in a cemented clay[END_REF][START_REF] Powell | Time-dependent behaviour of the Bearpaw Shale in oedometric loading and unloading[END_REF][START_REF] Feng | Consolidation behavior of a soft mud treated with small cement content[END_REF][START_REF] Deng | An experimental study on the secondary deformation of Boom clay[END_REF] .

The temperature impact on the creep behavior of compacted soils has been considered in a few number of studies. Based on oedometric creep tests results on Bryce clay at different temperatures (from 5 to 50°C), Green [START_REF] Green | The influence of several factors on the rate of secondary compression of soil[END_REF] showed that the creep coefficient is both effective stress and temperature dependent; the effect of temperature is more pronounced on Cαe at low effective stress. Typically, under a constant effective stress of 96 kPa, Cαe varies by 37.5% when the temperature changes between 5 and 50°C [START_REF] Green | The influence of several factors on the rate of secondary compression of soil[END_REF] . A series of creep tests on a clayey sulphide soils within a temperature range of 5-60°C showed that creep parameter was dependent on temperature, the higher the temperature, the higher the creep coefficient [START_REF] Eriksson | Compression properties of sulphide soils-Influence from time and temperature, a laboratory study[END_REF] . The creep behavior could also be evaluated by performing constant rate of strain test (CRS) [START_REF] Leroueil | The isotache approach. Where are we 50 years after its development by Professor Šuklje?[END_REF][START_REF] Leroueil | Stress-strain-strain rate relation for the compressibility of sensitive natural clays[END_REF] 

Materials and methodology

Material

The study was performed on a compacted clayey soil from the East of France. [START_REF] Afnor | NF P94-093 -Sols: Reconnaissance et essais : Détermination des références de compactage d 'un matériau[END_REF] . The studied material is classified as lean clay, CL, according to the Unified Soil Classification System 32 and A2 according to the French standard for soil classification [START_REF] Gtr | Réalisation des remblais et des couches de forme[END_REF] .

Sample preparation

For the sample preparation, the dry powder (< 400 µm) was carefully mixed and wetted with deaerated and demineralized to the standard optimum moisture content. The prepared soils were then stored in airtight bags for at least 24 hours for moisture content equilibration. Then, soil samples were statically compacted in greased stainless steel rings of the oedometer cells to the maximum dry density. The samples' dimensions are 50 mm in diameter and 10 ± 0.1 mm in height. The maximum compaction pressure reached is 1200 kPa. Initial void ratio determined in these conditions is 0,515 ± 0.008.

Compression creep tests

Testing device

An oedometer with temperature-control system was developed for conducting oedometer creep tests, and studying the combined effects of vertical stress and temperature on soils (Fig. 1). A compressed air pressure system was designed for the load application. The target vertical load was applied to the sample by air pressure through pressure regulator.

The maximum corresponding vertical stress is 1300 kPa for 50 mm samples. Vertical displacement of the sample was measured using LVDT (linear variable differential transformer) sensors with an accuracy of 0.01 mm. The control of temperature was obtained using a climatic chamber. It allows for working at temperatures ranged from 5 to 100°C with a ± 0.7°C accuracy. The temperature is continuously measured and recorded during the test by a temperature sensor connected to the cell, near the soil sample. The system comprises also a volume/pressure controller to control the pore water pressure at the base of the sample. The sample is installed between two initially dry porous stones. 

Experimental procedures

The compacted sample with the confining ring was set up on the oedometer. An initial constant vertical stress of 10 kPa was applied to ensure the contact of loading piston with sample. Deaerated and demineralized water was then supplied to the sample through the porous element from the bottom to saturate the sample. A water pressure of 10 kPa was applied and maintained during the entire test at the base of the sample. The saturated samples were drained from the top (Fig. 1). An experimental procedure was established to check the material sample saturation level. Firstly, the injected water volume was measured as a linear function of time (over a long period of time) and secondly by measuring the water content of the sample at the end of the saturation phase (see Jarad [START_REF] Jarad | Temperature impact on the consolidation and creep behaviour of compacted clayey soils[END_REF] ).

The saturation phase was reached in seven days. Once, the vertical swelling deformation of the sample at this initial vertical stress and desired temperature was stabilized, the incremental loading was started. The ratio of change in applied vertical stress was limited to 0.5 times the previous vertical stress (AFNOR) [START_REF]Partie 1 : essai de compressibilité sur matériaux fins quasi saturés avec chargement par paliers[END_REF] . Finally, at the end of the test, water content of the sample was measured and the degree of saturation was calculated and confirmed to be equal to 100%, which indicates that the sample was fully saturated. In the following sections, the end of the saturation phase was considered as the reference initial state. It is also worth noting the concept of preconsolidation pressure considered in this paper. Indeed, in its geological meaning, the preconsolidation pressure of a soil is unique, constant and corresponds to its maximum overburden stress in its past stress history. Otherwise, the preconsolidation pressure is assumed here as ''yield stress'' which separates two domains: the overconsolidated domain (corresponding to low loads where deformations are small and reversible) and the normally consolidated domain (corresponding to high loads where deformations are more important and largely irreversible). In this paper the Casagrande method is used to determine the yield stress ' . p 

Experimental program

In the context of shallow depth low activity radioactive waste disposals, the expected effective vertical stresses vary between 360 and 500 kPa (corresponding to the depths below 30 m), and the temperature values are supposed to be between 5 and 50°C [START_REF]Etude des scenarios de gestion a long terme des dechets de faible activite massique a vie longue[END_REF][START_REF]Projet de stockage de déchets radioactifs de faible activité massique à vie longue (FA-VL)[END_REF] . To respect this context, in this study, applied effective stresses were ranged between 10 and 1280 kPa, and temperature was imposed between 5-70°C. The experimental program consists of three test series (Table 1): 



Results

Void ratio-time relationship

A typical test result in terms of variation of void ratio with logarithm of time (e-log t) at a single loading step in the compression tests is presented in Fig. 2a. It shows the two phases of the compression process: (1) the primary consolidation, where excess pore pressure dissipated; and (2) the secondary compression, that corresponds to creep, i.e., deformation under constant effective stress due to internal soil structure rearrangement.

The end of primary consolidation (EOP) is a point marking the transition between the two phases. It is defined graphically as the point of intersection of the tangent lines when void ratio is plotted against log time (Fig. 2a). In this framework, the secondary compression is assumed negligible during the primary consolidation and started at the EOP. It is quantified by the creep coefficient Cαe expressed by Eq. ( 1): log( )
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where Δe is the variation in void ratio and Δlog t is the variation in time over one log cycle. Regarding the variation of Cαe with time during the secondary compression stage, it was observed that Cαe decreases in a more marked manner at 1280 kPa compared to 680 kPa.

At 1280 kPa, Cαe decreases rapidly, during the first hour, from 9.5 x 10 -3 to 5.8 x 10 -3

followed by an intermediate period where Cαe continues to decrease and then reaches a final value of 3.8 x 10 -3 . Whereas, at 680 kPa, Cαe decreases slowly from 5.9 x 10 -3 to 4.9 x 10 - 3 followed by an intermediate period where Cαe continues to decrease and then reached a final value of 2.6 x 10 -3 . These results confirm that Cαe is both time and stress dependent. 

Void ratio-effective vertical stress behavior with temperature

Fig. 4 shows the relationship between the void ratio e and vertical stress 2). The observed increase in void ratio at the initial vertical stress corresponds to the swelling deformation obtained when the sample is fully saturated (Fig. 4b). This increase is characterized by the swelling potential ΔH/H0, equivalent to (Δe/ (1+e0)). This parameter was reduced at higher temperatures (Fig. 4b). For example, the swelling potential decreases from 6.9% at 20°C to 1.1% at 70°C. In the loading phase, the compressibility curves are characterized by a settlement which begins to appear only after the initial loading of 10 kPa during which the soil swells. In the unloading phase, the compressibility curves are characterized by highly accentuated slopes to which correspond high values of the swelling index. This behavior is related to the swelling nature of the studied clay. Similar observation was stated by many researchers [START_REF] Khemissa | Laboratory investigation on the behaviour of an overconsolidated expansive clay in intact and compacted states[END_REF][START_REF] Picarelli | Deterioration processes of hard clays and clay shales[END_REF][START_REF] Weimin | Effects of salt solutions on the hydro-mechanical behavior of compacted GMZ01 Bentonite[END_REF][START_REF] Tang | Experimental study on hydro-mechanical coupling behaviours of highly compacted expansive clay[END_REF] . Fig. 4b also shows that, at constant temperature, the void ratio decreases with increasing vertical stress. Whereas, at constant vertical stress, the void ratio decreases with increasing temperature indicating that the soil becomes more compressible and the entire compression curve moves to the left. 

Temperature effect on the swelling and compression indices

Based on the (e-log 2. Fig. 5a shows the variation of the compression and swelling indices with temperature. From the obtained experimental results, summarized in Table 2, it appears that the compression and swelling indices change very slightly with temperature. On average, the compression index (Cc) and the swelling index (Cs) appear be about 0.161 and 0.007, respectively.

Temperature effect on the yield stress

The yield stress ' p  of tested samples was evaluated using the Casagrande method as graphically represented in Fig. 4a. The determined yield stress for tested samples at 5, 20, 50 and 70°C are given in Table 2. A yield stress ' p  -temperature relationship was plotted in Fig. 5b. It was found that as the soil temperature increases the yield stress σꞌp decreases.

For example, the percentage of the decrease in yield stress ' p  is 14.9% due to the temperature increase from 5 to 70°C. This corresponds to a negative hardening or softening of the soil. 

Temperature and effective vertical stress effect on the creep coefficient

To investigate the combined effect of temperature and effective vertical stress on the secondary compression (creep) coefficient Cαe, one-dimensional ILCr oedometer creep tests were carried out on the studied material at 5, 20, 50 and 70°C (Table 1). In this study, load increments prior to the creep ones were kept until the end of primary consolidation is achieved. The duration for each creep load increment (ILCr) was more than ten days under a constant effective vertical stress (Table 1). The values of Cαe were determined as mentioned above in section 3.1.1 using Eq. ( 1). This approach was used to investigate Cαe for all samples. The evolution of the creep coefficient Cαe versus vertical stress at various temperatures is depicted in Fig. 6. Accordingly, it can be seen that Cαe increases with vertical stress and temperature increase, especially at higher effective vertical stress.

However, a scatter was observed in the initial stages of loading, which could be related to the influence of stress level, void ratio, mechanical loading rate, loading mode and loading interval. Regardless of this, the dependency of Cαe on the applied effective vertical stress and temperature can be readily observed. To further investigate the effect of temperature, determined values of Cαe for the larger level stresses are compared. Fig. 7 shows the variation range of creep coefficient Cαe with temperature under higher effective stress corresponding to 680 kPa and 1280 kPa. An increase in creep coefficient with increasing temperature can be observed. For example, under the effective vertical stress of 1280 kPa, the increase percentage in Cαe is 13.6% as the temperature increase from 5 to 70°C. These results confirmed that the Cαe is dependent on the applied effective vertical stress and temperature. 

Discussion and analyses of results

The effect of temperature on the soil compressibility is first discussed. Moreover, the modification of the compressibility parameters with temperature is analyzed using the Cam-Clay Model. The main objective of the second part of the discussion section is to analyze the temperature impact on the creep coefficient in the framework of the Cαe/Cc concept proposed by Mesri and Goldewski 5 .

Temperature effect on the soil compressibility

Based on the experimental results obtained in this study, temperature has appeared to modify very slightly the compression index (Cc) and swelling index (Cs). In the case of remolded illitic clay, by performing isothermal oedometer tests at various temperatures, Campanella and Mitchell 42 also indicated that the variations of (Cc) and (Cs) with temperature were negligible. This phenomenon has been subsequently confirmed by many other authors. Furthermore, all the tests performed at various temperatures showed an increase in the swelling index upon mechanical stress release when greater vertical stresses were reached. This behavior is commonly associated with the swelling nature of the clay [START_REF] Khemissa | Laboratory investigation on the behaviour of an overconsolidated expansive clay in intact and compacted states[END_REF][START_REF] Picarelli | Deterioration processes of hard clays and clay shales[END_REF][START_REF] Weimin | Effects of salt solutions on the hydro-mechanical behavior of compacted GMZ01 Bentonite[END_REF][START_REF] Tang | Experimental study on hydro-mechanical coupling behaviours of highly compacted expansive clay[END_REF] . Mohajerani et al. [START_REF] Mohajerani | Oedometric compression and swelling behaviour of the Callovo-Oxfordian argillite[END_REF] and Crisci et al. [START_REF] Crisci | One Dimensional Consolidation of Opalinus Clay from Shallow Depth[END_REF] related the observed swelling index increase to the mechanical degradation of the material when subjected to high stresses and to various loading and unloading cycles.

The effect of temperature on the yield stress, which defines the limit between elastic and plastic domains, has been studied. The results obtained on compacted samples at 5, 20, 50 and 70°C showed a decrease of this parameter with increasing temperature. A decrease of this parameter with the temperature leads to a contraction of the elastic domain. As shown in Fig. 8, similar results were obtained on structured and natural soils by many researchers [START_REF] Eriksson | Compression properties of sulphide soils-Influence from time and temperature, a laboratory study[END_REF][START_REF] Boudali | Viscous behaviour of natural clays[END_REF][START_REF] Marques | Viscous behaviour of St-Roch-de-l'Achigan clay, Quebec[END_REF][START_REF] Tidfors | Temperature effect on preconsolidation pressure[END_REF][START_REF] Moritz | Geotechnical Properties of Clay at Elevated Temperatures[END_REF][START_REF] Cekerevac | Dependency law for thermal evolution of preconsolidation pressure[END_REF] . This phenomenon could be related to the decrease in adsorbed water of clay particles. This reduction facilitates formation of mineral to mineral contacts because water acts as an elastic material between two clay particles and consequently produces plastic deformation and reduces the elastic domain [START_REF] Tidfors | Temperature effect on preconsolidation pressure[END_REF][START_REF] Shariatmadari | The effect of elevated temperature on compressibility and swelling of bentonite-sand mixtures[END_REF] . Several relationships have been proposed in the literature to describe the evolution of the yield stress as a function of temperature (Laloui et Cekerevac [START_REF] Laloui | Numerical simulation of the non-isothermal mechanical behaviour of soils[END_REF] ; Cui at al. [START_REF] Cui | Thermomechanical model for saturated clays[END_REF] ). Hueckel and Borsetto [START_REF] Hueckel | Thermoplasticity of saturaed clays: constitutive equations[END_REF] were the first to propose an extension of the modified Cam-Clay Model to take into account the effect of temperature in the case of saturated soils:
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where p * 0 is the yield stress in saturated state at a reference temperature (room temperature) T0, T is the current temperature, ΔT = T-T0 stands for the temperature difference with respect to a reference temperature and α1 and α2 are the coefficients depending on thermal sensibility of the soil. By fitting experimental data, p * 0, α1 and α2

were determined (Table 3). Afterwards, the compressibility behavior with temperature can be well simulated in the framework of the Cam-Clay Model using the equation ( 2)

and the calibrated parameters given in Table 3. In this model, the compression index (Cc) and the swelling index (Cs) are related to λ(0) (λ=Cc/ln10) and κ (κ = Cs /ln10), respectively. These Cam Clay parameters are for volumetric strain in isotropic stress. 

Temperature effect on the creep coefficient

A logarithmic function was used to fit oedometer tests data of void ratio against time after the primary consolidation (Fig. 2a). The results obtained on compacted samples at 5, 20, 50 and 70°C indicated an increase of Cαe at higher temperatures. For instance, under the effective vertical stress of 1280 kPa, the increase percentage in Cαe is 13.6% as the temperature increase from 5 to 70°C. These results revealed that the creep behavior of the tested compacted clayey soils is both stress and temperature dependent. The increase in creep coefficient at higher temperature could be explained by the reduction in viscosity of soil skeleton and pore water 52 .

The Mesri and Goldewski 5 concept was adopted here to analyze the long term behavior of the studied clayey soil with temperature. For example, the value of Cαe at 1280 kPa, higher effective vertical stress, was chosen for each temperature-controlled oedometer creep test. The relationship between the maximum Cαe and Cc, defined as the slope of the NCL, for each of the three temperatures shows that the ratio Cαe/Cc varies in a narrow range from 0.022 to 0.026. Table 4 summarizes the values of the Cαe/Cc ratio at different temperatures. All the values of Cαe/Cc lie within the range of 0.025-0.075 proposed by Mesri and Godlewski 5 for a number of inorganic clays and silts. The results show also that the Cαe/Cc ratio increases with increasing temperature. As the compression index Cc changes slightly with temperature, the increase in the Cαe/Cc is due essentially to the increase of the creep coefficient Cαe with increasing temperature. Then, it can be concluded that the Cαe/Cc ratio of the compacted soil is temperature dependent.  curves obtained at different temperatures, it appears that these curves are not perfectly linear during loading and unloading, especially for the initial loading stages (Fig. 4). Consequently, to further explore effects of temperature and effective vertical stress on the Cαe/Cc ratio, an incremental compression index C * c was defined by Eq. ( 3) as the change in void ratio during the load increment for the samples of series N°1. It should be pointed out that C * c differs from the compression index defined as the slope of the NCL. This approach was adopted by many other researchers [START_REF] Graham | Time effects on the stressstrain behaviour of natural soft clays[END_REF][START_REF] Powell | Time-dependent behaviour of the Bearpaw Shale in oedometric loading and unloading[END_REF][START_REF] Deng | An experimental study on the secondary deformation of Boom clay[END_REF] .

* ' log c v C e     (3) 
where C * c is the incremental compression index; Δe is the change in void ratio over one load increment; Δ ' v  is the change in stress over the same load increment correspondingly.

It can be seen from the Fig. 9 that, during the initial loading stages, C * c increased almost linearly with effective vertical stress, then it increased more slowly and finally tended to be a constant value in the final loading stages. Fig. 9 also shows that, at higher vertical stress from 400 kPa to 1280 kPa, the incremental compression index C * c was not depended on temperature, particularly at 20 and 50°C. From the analysis mentioned above, it was shown that both the incremental compression index C * c and the secondary compression index Cαe are functions of effective vertical stress. The relationship between Cαe and C * c at different temperatures was investigated (Fig. 10). This evolution shows a limit value of C * c equal to 0.16, corresponding to an effective vertical stress of 420 kPa. The evolution of Cαe with C * c is quite constant at C * c values lower than 0.16 while Cαe increases in a more marked manner with C * c values higher than 0.16. Regarding the C * c values above the limit value, Cαe increases linearly with C * c (Fig. 10). The slopes of this linear increase of Cαe with C * c at 5, 20, 50 and 70°C are 0.0186, 0.0179, 0.0182 and 0.0209, respectively. It was found that the Cαe/ C * c ratio increases with temperature increase (Fig. 11). Fig. 11 shows also the evolution of Cαe/ Cc ratio with temperature.

Based on the obtained results, it can be concluded that the concept of (Cαe/C * c) ratio may also be applied to the used material in this study in the range of C * c higher than 0.16. On conclusion, in the light of these findings, the ratio of Cαe/C * c could be assumed temperature dependent for the studied compacted soil. 

Conclusions

The influence of effective stress and temperature on the creep behavior of a saturated Clayey Soils-IS-Hiroshima. 95, 3-8 (1995). 
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 1011 Fig. 10. Evolution of Cαe versus C * c.

4 . 5 . 6 .

 456 The creep coefficient Cαe and the incremental compression index C * c are both stress-dependent and increase almost linearly with the effective stress increase. The creep coefficient Cαe increases with increasing temperature, especially at higher effective vertical stresses. Whereas, the incremental compression index C * c could be considered independent of temperature. The slope of the Cαe -C * c depends on a limit value of C * c: for C * c<0.16 a constant evolution of Cαe with C * c is observed, while for C * c>0.16 Cαe increases linearly with C * c. In addition, this linear relationship appears to be dependent on temperature, with a slightly higher (Cαe/C * c) ratio at higher temperatures due to the increase of Cαe with increasing temperature.Furthermore, the results of this work allowed information to be gathered for better understanding the creep behavior of compacted clayey soils as a function of effective vertical stress and temperature. The obtained data will be also used to model the behavior of structures made up of compacted soils under the effect of thermal variations in the long term. 52. Akagi, H., & Komiya, K. Constant rate of strain consolidation properties of clayey soil at high temperature. in Proc. Int. Symp. Compression and Consolidation of
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 110214315416518619719821924102511 Fig. 1. Schematic drawing of the oedometer (placed in the temperature-controlled

  . Leroueil et. al[START_REF] Leroueil | Stress-strain-strain rate relation for the compressibility of sensitive natural clays[END_REF] suggested that the Cαe/Cc represents the same behavior of the variation in the yield stress versus logarithmic cycle of time or strain rate, Boudali et al.[START_REF] Boudali | Viscous behaviour of natural clays[END_REF] and Marques et al.[START_REF] Marques | Viscous behaviour of St-Roch-de-l'Achigan clay, Quebec[END_REF] conducted CRS tests at various temperatures to investigate the influence of temperature on the strain rate-yield stress relationship of a natural clays. They found approximately parallel slopes of the logarithmic strain rate-yield stress relationship at different temperatures. The key

	i.e.,  . Investigation of the creep behavior dependency on changes in stress level and temperature ' log( ) / log( ) /     pv ec CC   
	must be done. Therefore, this paper aims to investigate experimentally the variations of
	Cαe under different effective vertical stresses at various temperatures of a saturated
	compacted clayey soils. For this purpose, a temperature-controlled oedometer was used
	to perform tests under a wide range of stress and temperature. The saturated compacted
	samples were submitted to incremental loading oedometer creep tests, and the creep
	coefficient was determined for each increment load. The results were analyzed with
	Cαe/Cc concept.

concern in this study is the impact of temperature on creep for compacted clays while existing studies were primarily focused on natural sensitive clays that have a specific microstructure and are highly cemented.

As the engineered barriers are made of compacted clayey soils, a correct assessment of consolidation and creep behavior of the considered material is a fundamental necessity.

Table 2 . Effect of temperature on the

 2 

	T (°C)	Δe/(1+e0) (%)	Cc (-)	Cs_L (-)	Cs_UNL (-)	σ'p (kPa)
	5	4.79	0.163	0.008	0.059	68.4
	5	4.84	0.155	0.011	0.066	67.9
	20	6.70	0.172	0.005	0.072	66.5
	20	6.85	0.160	0.013	0.067	65.1
	50	3.43	0.161	0.006	0.059	62.6
	50	3.51	0.162	0.005	0.058	62.0
	70	1.10	0.158	0.004	0.047	58.0
	70	1.29	0.158	0.004	0.047	58.0

Δe/(1+e0), Cc, Cs_L, Cs_UNL, and σꞌp.

Table 3 . Calibrated constitutive parameters.

 3 

	Cc (-)	λ (0) (-)	Cs (-)	κ (-)	p * 0 (kPa)	α1 (-)	α2 (-)
	0.161	0.070	0.007	0.003	66.28	-0.0909	-0.0008

Table 4 . Influence of temperature on the Cc, Cαe and the Cαe /Cc ratio at σꞌv = 1280 kPa.

 4 

	T (°C)	Cc (-)	Cαe (×10 -3 )	Cαe (-)	Cαe /Cc (-)
	5	0.163	3.619	0.0036	0.022
	20	0.172	3.780	0.0038	0.022
	50	0.161	3.949	0.0040	0.025
	70	0.158	4.112	0.0041	0.026
	By examining closely the e-log	' v		
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