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In general, due to their geological formation by deposition, natural stiff clays exhibit anisotropic thermo-hydro-mechanical behaviour. This behaviour is important to be considered in geological and geo-environmental engineering. In this study, natural stiff Teguline clay was extracted at different depths and the thermal conductivity, compressibility and hydraulic conductivity were determined on samples along various orientations with respect to the bedding plane. Significant thermal and hydraulic conductivity anisotropies were evidenced with higher values along the bedding plane, indicating that both heat and water transfers preferentially occurred along the direction parallel to the bedding plane. Moreover, the compression index in the horizontal direction were found lower than in the vertical direction, while opposite phenomenon was observed for the yield stress. The degrees of thermal conductivity anisotropy ηΤ, compression index anisotropy ηCc1, yield stress anisotropy ησ ' y and hydraulic conductivity anisotropy ηk1 were found comparable, indicating that bedding is a good indicator of the inherent thermo-hydro-mechanical anisotropy for natural stiff clays. Upon loading in oedometer after the yield stress, the inherent anisotropy changed: for the vertical sample (loading direction normal to the bedding plane), loading led to more and more anisotropy, while for the horizontal sample (loading direction parallel to the bedding plane), the inherent anisotropy disappeared first; then, the induced anisotropy was developed. These findings provided useful information for analyzing the thermo-hydro-mechanical anisotropy of natural soils in geotechnical and geo-environmental engineering.

Introduction

Due to their layered microstructure resulting from their initial deposition, natural stiff clays generally exhibit inherent anisotropy, which leads to directional dependence of their thermal, mechanical and hydraulic properties. This anisotropic feature is important to be accounted for while analysing the stability of the galleries excavated for geological nuclear waste disposal [START_REF] Armand | Short-and long-term behaviors of drifts in the Callovo-Oxfordian claystone at the Meuse/Haute-Marne Underground Research Laboratory[END_REF]François et al., 2014;[START_REF] Salehnia | Coupled modeling of Excavation Damaged Zone in Boom clay: Strain localization in rock and distribution of contact pressure on the gallery's lining[END_REF][START_REF] Seyedi | Transverse Action"-A model[END_REF], because: i) during excavation, the damage of the host rock (thus the excavation damaged zone) is strongly depending on its anisotropy [START_REF] Naumann | Experimental investigations on anisotropy in dilatancy, failure and creep of Opalinus Clay[END_REF][START_REF] Niandou | Laboratory investigation of the mechanical behaviour of Tournemire shale[END_REF]Zhang et al., 2015); ii) after excavation, the stresses exerted to the concrete linings also strongly depend on the anisotropy by the surrounding host rock [START_REF] Armand | Short-and long-term behaviors of drifts in the Callovo-Oxfordian claystone at the Meuse/Haute-Marne Underground Research Laboratory[END_REF]. This explains the particular attention paid recently to the anisotropic features of Boom Clay (Dao et al., 2014a;Dao et al., 2014b;Dao et al., 2015a;Dao et al., 2015b), Callovo-Oxfordian claystone [START_REF] Armand | Short-and long-term behaviors of drifts in the Callovo-Oxfordian claystone at the Meuse/Haute-Marne Underground Research Laboratory[END_REF]Zhang et al., 2015;[START_REF] Seyedi | Transverse Action"-A model[END_REF] and Tournemire shale [START_REF] Niandou | Laboratory investigation of the mechanical behaviour of Tournemire shale[END_REF][START_REF] Masri | Experimental investigation of the effect of temperature on the mechanical behavior of Tournemire shale[END_REF], and of Opalinus Clay [START_REF] Naumann | Experimental investigations on anisotropy in dilatancy, failure and creep of Opalinus Clay[END_REF][START_REF] Bertrand | Anisotropic modelling of Opalinus Clay behaviour: From triaxial tests to gallery excavation application[END_REF][START_REF] Favero | Anisotropic behaviour of Opalinus Clay through consolidated and drained triaxial testing in saturated conditions[END_REF].

It has been well documented that for natural clays, the thermal conductivity and hydraulic conductivity in the horizontal direction are in general larger than in the vertical direction [START_REF] Midttømme | Thermal conductivity of sedimentary rocks: uncertainties in measurement and modeling[END_REF]Dao et al., 2014a), suggesting that the generally horizontal bedding planes are preferential flow directions for heat and fluids. [START_REF] Alshawmar | Evaluation of compressibility, anisotropy and at-rest lateral earth pressure in Champlain Sea clays[END_REF] carried out one-dimensional consolidation tests on undisturbed sensitive Champlain Sea clay and found that the ratio of horizontal to vertical preconsolidation pressure varied from 0.71 to 0.95. Moreover, the horizontal compression index was 1% to 23%, higher than the vertical one, showing a larger compressibility in the horizontal orientation. This can be attributed to the directional differences in soil fabric and in stress history during soil sedimentation [START_REF] Khan | Strength-deformation behaviour of a weathered clay crust[END_REF].

The natural clays (such as Opalinus Clay) also exhibited anisotropic features in terms of strength with higher value in the direction parallel and perpendicular to the bedding plane and lower value in the direction at 45° to the bedding plane [START_REF] Naumann | Experimental investigations on anisotropy in dilatancy, failure and creep of Opalinus Clay[END_REF].

It is also recognised that the anisotropic hydro-mechanical behavior is directly correlated to the microstructure features [START_REF] Hicher | Microstructural analysis of inherent and induced anisotropy in clay[END_REF]Zeng et al., 2017). Zeng et al. ( 2017) investigated the anisotropic swelling of Teguline clay associated with change in microstructure during wetting. The clay samples were allowed to swell freely or only in the vertical direction. The results showed that swelling occurred mainly in the direction perpendicular to the bedding plane, accompanied with the development of micro-fissures parallel to the bedding plane, the swelling along the bedding direction being negligible. The wetting-induced micro-fissures corresponded to the damage of soil, which could significantly modify the hydro-mechanical properties of soil in an anisotropic fashion.

Albeit the importance of anisotropy features recognised for natural soils from both academic and practical points of view, such results remain relatively limited, mainly because of the relatively large variability of natural soils that renders the interpretation of the test results difficult. This study aims at investigating the anisotropy feature of the thermo-hydro-mechanical behaviour of natural clays. Natural Teguline clay was considered for this purpose and its thermal conductivity, compressibility and hydraulic conductivity was determined in various orientations with respect to the bedding plane, which allowed the inherent anisotropy to be identified. Furthermore, the development of stress-induced anisotropy beyond the yield stress was also analyzed.

Materials and methods

Test materials

Stiff Teguline clay samples were extracted from borehole AUB1011 at depths of 18.21 m and 31.76 m, also from borehole AUB1012 at depths of 5.46 m, 11.56 m, 18.06 m, 30.5 m, 30.8 m and 31.22 m, in the area of Albian Paris Basin (Aube, France), following the direction perpendicular to the bedding plane that was found to be parallel to the ground surface through observation of a piece of Teguline clay immersed in water. They were then covered by membrane and conserved in a fully confined cell (T1), preventing water loss and soil rebounding. This clay has a liquid limit of 42.0-56.5%, a plastic limit of 17.5-29.4% and a specific gravity of 2.71. The mineralogy was mainly defined by illite, illite-smectite, kaolinite, chlorite, quartz and carbonates (Zhang et al., 2018). The clay content and quartz content vary over depth, and their profiles are presented in Fig. 1. It can be observed that Teguline clay consists of 15-60% of clay minerals and 20-70% of quartz. It is worth noting that the tested Teguline clay cores were taken at the depths between 5 m and 40 m. The clay content varied from 35% to 58% and the quartz content from 28% to 46%, showing a certain variability of mineralogy.

Thermal conductivity tests

After opening the Teguline clay from the fully confined cell (T1) in the laboratory, the samples were prepared by trimming to reach the dimensions of 85 mm in diameter and 60 mm -90 mm in height. Then, they were covered by plastic film to avoid water loss by evaporation. The test program is presented in Table 1.

A thermal properties analyzer, KD2, was used to measure the thermal conductivity. Its principle is based on the transient hot-wire method. This device meets the requirements of ASTM Standards (ASTM D5334-00, 2000). In order to install the thermal probe into the soil, a hole was drilled in the centre of each sample.

A layer of thermal grease was first applied on the surface of the probe to ensure a good contact between the soil and the probe. Then, the probe with grease was inserted into the sample. The thermal conductivity was measured in three orientations (θ = 0 °, θ = 90 °, and θ = 45 ° to the bedding plane). For a better accuracy, five successive measurements were conducted and a mean value was considered for further analyses.

Due to the geological formation by deposition, the Teguline clay is considered as transversely isotropic material. In that case, the measured thermal conductivity λ0 corresponds to that in the direction parallel to the bedding plane λ‖. However, in the case of θ = 90 °, the measured thermal conductivity λ90 is not the value in the direction perpendicular to the bedding plane (λ⊥). The true value of λ⊥ was thus back calculated using the following equation: (1)

Eq. ( 1) has been used by many authors [START_REF] Penner | Anisotropic thermal conduction in clay sediments[END_REF][START_REF] Munroe | Thermal Conductivity of Samples From Borehole VC-1[END_REF][START_REF] Davis | Thermal conductivity anisotropy of metasedimentary and igneous rocks[END_REF]Dao et al., 2014a;[START_REF] Popov | New methods and instruments for determination of reservoir thermal properties[END_REF][START_REF] Riche | Thermal conductivity of snow measured by three independent methods and anisotropy considerations[END_REF]Ye et al., 2017) to determine the thermal conductivity in the direction perpendicular to the bedding plane λ⊥ in different materials (snow, igneous rocks, clay sediments, etc.).

The thermal conductivity of θ =45 ° was calculated by Eq. ( 2) (Dao et al., 2014a):
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The thermal conductivity of clays depends on the composition (solid, water and gas phases), the nature of the dominant minerals, the density and temperature [START_REF] Farouki | Thermal properties of soils[END_REF][START_REF] Midttømme | Thermal conductivity of sedimentary rocks: uncertainties in measurement and modeling[END_REF]Tang et al., 2008;Ye et al., 2017). The effect of the slightly decrease of degree of saturation (Sr) of the studied samples was accounted for according to the Johansen's method [START_REF] Johansen | Thermal conductivity of soils[END_REF][START_REF] Farouki | Thermal properties of soils[END_REF]:
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where λsat, λ and λdry expressed in W/(m (5)

where Sr is the degree of saturation, ρd is the dry unit mass of soil and ρs is the unit mass of solids, both expressed in kg/m 3 .

The degree of thermal conductivity anisotropy ηΤ is defined as:

⊥ ∥ T λ λ η = (6)
where λ‖ (equal to λ0) and λ⊥ were respectively the thermal conductivities in the directions parallel and perpendicular to the bedding plane.

Compressibility and hydraulic conductivity measurements

The samples extracted from borehole AUB1012 at depths of 11.56 m and 30.5 m, 30.8 m were used for the compressibility and the hydraulic conductivity measurements. Samples of 50 mm in diameter and 20 mm in height were prepared by trimming from two directions: horizontal direction and vertical direction. The test program is presented in Table 2.

After installing the soil sample in oedometer cell, step loading was applied up to the in-situ effective vertical stress without putting the sample in contact with water in order to avoid soil swelling which would affect the soil microstructure and thereby the soil hydro-mechanical behavior [START_REF] Delage | Suction and in-situ stresses of deep Boom clay samples[END_REF][START_REF] Cui | An insight into the unloading/reloading loops on the compression curve of natural stiff clays[END_REF]. The in-situ effective vertical stress σ ' vo was estimated using Eq. ( 7):

′ v0 = ℎ - (7)
where γ is the mean unit weight of the soil above the depth considered, h is the depth of the soil core (see Table 2); u0 is the in-situ pore pressure estimated from the ground water level that is assumed to be at the ground surface for simplicity (Zhang et al., 2018).

The value of σ ' vo for AUB1012 extracted at 11.56 m was found to be 0.125 MPa.

This value was applied to the sample trimmed in the horizontal and the vertical directions (11.56 m). The values of σ ' vo for AUB1012 extracted at 30.8 m and 30.5 m were estimated at 0.34 MPa, which was applied to the sample trimmed in the horizontal (30.8 m) and the vertical (30.5 m) directions. It is worth noting that, experimentally, it is difficult to adopt an appropriate stress to be applied to the horizontal sample. Thus, for simplicity, the in-situ effective vertical stress applied to samples in both the horizontal and vertical directions. This also made the comparison between the responses of the samples in two directions easier.

After application of σ ' vo, the bottom porous stone and the drainage system were saturated with de-ionized water, and the sample was kept saturated for 1 week. Then, a constant water pressure of 0.1 MPa was applied using a controller of pressure/volume (CPV) from the lower base of the cell, and the upper base was kept at atmospheric pressure. Based on the water flux monitored, the hydraulic conductivity was determined by the constant-head method. Afterwards, the injection pressure of 0.1 MPa was reduced to 0.01 MPa, and the compression test was performed in a conventional way by step loading (see Table 2), up to 7.87 MPa for AUB1012 at depth of 11.56 m in two directions and 16.08 MPa for AUB1012 at depths of 30.80 m in the horizontal direction and 30.50 m in the vertical direction.

The hydraulic conductivity test was also performed after stabilization at each loading step. The axial displacement was monitored using a LVDT (Linear Variable Differential Transformer), and the deformation was considered as stabilized when the vertical strain rate was lower than 5×10 -4 every 8 h (AFNOR, 1997). Note that the compression curve of vertical sample (where loading occurred in the direction normal to the bedding plane) from AUB1012 (11.56 m) was collected from Zhang et al.

(2018).

All the tests were performed at a controlled temperature of 20 ± 1 °C.

Experimental results

Thermal conductivity

Since the values of degree of saturation were slightly lower than 100%, the thermal conductivity values at saturated state were first calculated using Eqs. (3), ( 4) and (5).

Figs. 2(a)-2(d) show the changes of thermal conductivity with dry density and water content along the three directions (λ0, λ45, λ90) for samples AUB1011 and AUB1012.

The calculated values of λ45 and λ⊥ were also plotted. A good agreement was obtained between calculation and measurement in case of λ45, justifying the calculation method adopted. A significant thermal anisotropy was identified with the highest thermal conductivity values in the direction parallel to bedding, the smallest ones in the direction perpendicular to bedding and the values in-between at 45 °. This is consistent with the results reported by Dao et al. (2014a) on Boom Clay: the thermal conductivity in the horizontal direction was found to be higher than in the vertical direction. Moreover, the thermal conductivity along three directions (λ0, λ45, λ90) increased with the increase of dry density (Figs. 2a and2c), but decreased with the increase of water content (Figs. 2b and2d). This is commonly explained by the thermal conductivities of soil components (Tang et al., 2008): the thermal conductivity of solids (λs is equal to 7.7 W/(m.k) for quartz and 2.0 W/(m.k) for other minerals) is much higher than that of water (λw = 0.57 W/(m.k)). Tang et al. (2008) worked on compacted MX80 bentonite and they also observed that the thermal conductivity increased with the increase of dry density and decreased with the increase of water content.

Figs. 3(a)-3(b) show the changes of degree of thermal conductivity anisotropy ηΤ

with dry density and water content for samples AUB1011 and AUB1012. It appears that ηΤ varied from 1.49 to 1.65 for samples AUB1011 and from 1.23 to 1.55 for samples AUB1012. In addition, the degree of thermal conductivity anisotropy slightly decreased with dry density, but slightly increased with water content.

Compressibility and hydraulic conductivity

Fig. 4 presents the compression curves of samples AUB1012 in two directions and at two depths. It can be observed that slight swells occurred during saturation under the in-situ vertical stress σ ' vo for the four samples, suggesting that the in-situ stresses were slightly underestimated. By approximating each curve with two straight lines, the compression indexes Cc1 (corresponding to the common rebounding index Cs) at lower stress and the compression indexes Cc2 (corresponding to the common compression index Cc) at higher stress were determined. Meanwhile, the yield stresses σ ' y (corresponding to the common pre-consolidation pressure σp ' ) were determined as indicated by arrows in the figure . A degree of compression index anisotropy could be then defined either by ηCc1 (ratio of Cc1 in the vertical direction to Cc1 in the horizontal direction) or by ηCc2 (ratio of Cc2 in the vertical direction to Cc2 in the horizontal direction). Similarly, the degree of yield stress anisotropy ησ ' y was defined as the σ ' y in the horizontal direction divided by the one in the vertical direction. These parameters are reported in Table 3. The Cc1 and Cc2 in the horizontal direction were found to be slightly lower than in the vertical direction, while opposite phenomenon was observed in terms of yield stress. For sample AUB1012 at 11.56 m, the ηCc1 and ησ ' y were respectively 2.14 and 1.86, while for sample AUB1012 at 30.5 m and 30.8 m, the two parameters were respectively equal to 2.43 and 2.21. Interestingly, the values of ηCc2 were much lower, close to 1, indicating that after yield, the vertical sample had similar compressibility with the horizontal one.

The hydraulic conductivity k of Teguline clay in two directions and at two depths are shown in Fig. 5. For samples at 11.56 m, the logarithm of hydraulic conductivity almost linearly increased with the void ratio in two directions. A significant hydraulic conductivity anisotropy was evidenced, with higher values in the horizontal direction.

Further examination showed that for AUB 1012 at 11.56 m, the distance between the lines in two directions gradually decreased after yielding, suggesting that the microstructures of the vertical sample and the horizontal one were getting closer. This phenomenon was not clear for AUB 1012 at 30.50 m and 30.80 m. A degree of hydraulic conductivity anisotropy can be then defined either by ηk1 (ratio of k1 in the horizontal direction to k1 in the vertical direction at the same void ratio) before the yield stress or by ηk2 (ratio of k2 in the horizontal direction to k2 in the vertical direction at the same void ratio) after the yield stress. For samples AUB1012 at 11.56 m, the ηk1 and ηk2 were respectively 1.73 and 1.5, while for samples AUB1012 at 30.5 m and 30.8 m, owing to the limited data before the yield stress in the horizontal direction, only ηk2 could be determined, which was about 2.0. This hydraulic conductivity anisotropy was also identified on Boom Clay (Yu et al., 2011): a ηκ of 1.86 was obtained with a hydraulic conductivity in the horizontal direction (6.5×10 -12 m/s), higher than in the vertical direction (3.5×10 -12 m/s).

In order to investigate the coupling effect between compressibility and permeability, the compression and hydraulic conductivity results are presented together in Fig. 6 in terms of normalized void ratio e/e0 and normalized hydraulic conductivity k/k0 versus the logarithm of vertical stress σ ' v for samples AUB1012 at 11.56 m (Fig. 6(a)) and AUB1012 at 30.5 m, 30.8 m (Fig. 6(b)). The yield stresses in two directions are also indicated on the compression curves. It can be observed from Fig. 6(a) that: i) the normalized void ratio e/e0 decreased with the vertical stress σ ' v in two directions and the decrease of e/e0 in the vertical direction was found to be higher than in the horizontal direction; ii) the normalized k/k0 decreased with the vertical stress σ ' v in two directions; a linear curve was observed in the vertical direction, while a nearly bi-linear curve was identified in the horizontal direction: when the stress was lower than a threshold stress of 1.91 MPa (higher than the corresponding yield stress of 1.04 MPa), the decrease of k/k0 was small, and when the stress was higher than 1.91 MPa, the decrease of k/k0 was significantly larger; iii) upon loading below the threshold stress of 1.91 MPa, the decrease of k/k0 in the horizontal direction was lower than in the vertical direction, which was consistent with the corresponding variation of e/e0 versus σ ' v; by contrast, beyond the threshold stress of 1.91 MPa, the decrease of k/k0 in the horizontal direction was higher than in the vertical direction, which was opposite to the corresponding variation of e/e0 versus σ ' v, indicating that significant microstructure changes occurred upon loading beyond the threshold stress of 1.91 MPa for the horizontal sample. The similar phenomena were observed for the samples at depths 30.5 m and 30.8 m (in Fig. 6(b)).

Discussion

Thermal conductivity

As mentioned previously, quartz has significantly higher thermal conductivity than other minerals. Thus, the global thermal conductivity of soil λs is controlled by the volumetric fractions of quartz and other minerals, as follows (Tang et al., 2008):

= (8)
where λq and λo are respectively the thermal conductivities of quartz (7.7 W/(m.K))

and other minerals (2.0 W/(m.K)). vq is the volumetric fraction of quartz.

The thermal conductivity of soil also depends significantly on the arrangement of particles [START_REF] Mcgaw | Heat conduction in saturated granular materials[END_REF][START_REF] Hadley | Thermophysical properties of deep ocean sediments[END_REF]. Many models were used to predict the thermal conductivity [START_REF] Mcgaw | Heat conduction in saturated granular materials[END_REF][START_REF] Hadley | Thermophysical properties of deep ocean sediments[END_REF], among which the series model which assumes perpendicular arrangement of conduction layers and the parallel model which assumes parallel arrangement of conduction layers allowed the lower and upper bounds of thermal conductivities to be defined, as follows:

= + 1 - (9) = + 1 - ( 10 
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where n is the soil porosity; λw and λs are respectively the thermal conductivities of water and soil solid, expressed in W/(m.K).

Fig. 7 presents the comparisons of thermal conductivities between the calculated (using the Eqs. ( 8), ( 9) and ( 10)) and the measured values. It is worth noting that, the measured λ0 and calculated λ⊥ (using Eq. ( 1) based on the measured λ0 and λ90) were considered as the measured values in the directions parallel and perpendicular to the bedding plane, respectively. In the calculation, the thermal conductivities of quartz, other minerals and water were taken equal to 7.7 W/(m.K), 2.0 W/(m.K) and 0.57 W/(m.K), respectively (Tang et al., 2008). The volumetric fractions of quartz, clay content were determined from Fig. 1 and the soil porosities were calculated from the dry densities (in Table 1). All results of samples AUB1011 and AUB1012 are considered in the analysis. The thermal conductivity results in Fig. 7(a) show that the series model gave satisfactory results, in particular while considering the quartz effect.

On the contrary, the parallel model gave underestimation without considering the quartz effect and gave overestimation with consideration of quartz effect.

Basically, in case of series model, heat flow took place through water, quartz and other minerals in series in the direction perpendicular to the bedding plane. In that case as less solid contacts could be expected, a lower thermal conductivity was obtained. In the case of parallel model, heat flow took place through water quartz and other soil minerals in the direction parallel to the bedding plane. As more solid contacts were involved in that case, a higher thermal conductivity was expected. The satisfactory results given by the series model with consideration of quartz effect (in Fig. 7(a)) suggests that the volumetric fraction of quartz was important to be accounted for. However, it appears that the parallel model with consideration of the quartz effect overestimated the thermal conductivity (in Fig. 7(b)); thus in that case it seems more suitable to not consider the quartz effect. In fact, the real soil arrangement was neither fully in series, nor fully in parallel. Thus, in the case of series model the consideration of quartz effect compensated the effect of soil particles and water that are not in series, while in the case of parallel model the non-consideration of quartz effect compensated to some extent the effect of soil particles and water that are not in parallel.

Compressibility and hydraulic conductivity

Basically, compression in oedometer obeys K0 condition. The value of K0 can be estimated using the following equation (Della [START_REF] Vecchia | Some remarks on the hydro-mechanical constitutive modelling of natural and compacted Boom clay[END_REF][START_REF] Lima | Water retention properties of two deep Tertiary clay formations within the context of radioactive waste disposal[END_REF]Zhang et al., 2018):

= 1 - ! ′ √OCR (11)
where Ko SC is the earth pressure coefficient at rest for over-consolidation soil, ϕ ' is the effective internal friction angle, OCR is the over-consolidation ratio. For Teguline clay extracted at 11.56 m and 30.5 m, the OCRs are respectively 4.5 and 5.3 (determined from Fig. 4), and the effective internal friction angle ϕ ' is about 27.3° (Zhang et al., 2018). The Ko SC values determined using Eq. ( 11) are respectively 1.15 and 1.24 for samples extracted at 11.56 m and 30.5 m, indicating that the maximum effective stress that Teguline clay had suffered in the horizontal direction in the history was expected to be higher than in the vertical direction. This is the reason why the yield stress in the horizontal direction was higher than in the vertical direction.

The degrees of anisotropy identified in terms of thermal conductivity, compression index, yield stress and hydraulic conductivity are not far from each other for the studied Teguline clay: ηΤ varied from 1.23 to 1.65, ηCc1 from 2.14 to 2.43, ησ ' y from 1.86 to 2.21 and ηk1 was 1.73. This indicates that bedding is a good indicator of thermo-hydro-mechanical anisotropy for natural stiff clays.

The compression curves (see Fig. 4) and hydraulic conductivities (see Fig. 5) in the horizontal and the vertical directions were found to gradually converge after yield, suggesting that the hydro-mechanical anisotropy of the horizontal sample was approaching that of the vertical one. As the microstructure of soil does not change significantly before the yield stress, the anisotropy identified represents the inherent one. On the contrary, significant microstructure change can be expected beyond the yield stress and in that case any anisotropy identified represents the induced one.

Thereby, the large values of ηCc1, ησ ' y and ηk1 obtained suggest a significant inherent anisotropy of Teguline clay, in agreement with the results of thermal conductivity.

Upon loading beyond the yield stress, similar values of compression index Cc2 in two directions (see Table 3) were obtained. This does not indicate an isotropic behaviour;

it just suggests that the microstructures of the vertical sample and the horizontal one were getting closer after yielding. The evolution of microstructure for vertical and horizontal Teguline clay samples during loading can be described in Fig. 8. For the vertical sample, loading in oedometer after the yield stress led to more and more anisotropic microstructure feature because of the expected increase of particle orientation (Delage and Lefebvra, 1984;[START_REF] Cui | An insight into the unloading/reloading loops on the compression curve of natural stiff clays[END_REF], while for the horizontal sample, the inherent anisotropy disappeared first upon loading; then, induced anisotropy developed with the increase of particle orientation. Thus, the changes of principle stresses (as if rotation of principal stresses took place) was involved in that case and the horizontal sample experienced changes from initial inherent anisotropy to isotropy and then to the stress-induced anisotropy.

The microstructure changes during loading for vertical and horizontal samples described in Fig. 8 were in agreement with the evolution of k/k0 with σ ' vo in semi-logarithmic plot (Figs. 6(a) and 6(b)). For the horizontal sample, the decrease of k/k0 with σ ' v was small before the threshold stress, as the fluid flow in the direction parallel to the bedding is dominant and in that case the bedding plane acts as preferential path for water flow. By contrast, beyond the threshold stress, dramatic decrease of k/k0 was observed, indicating that inherent anisotropy disappeared and induced anisotropy appeared with the increase of particle orientation. In that case, water flow in the direction normal to the induced orientated particles became prevailing. Thereby, for the horizontal sample, the threshold stress identified in the k/k0 -σ ' v curve in semi-logarithmic plot separated the zone with prevailing parallel flow (in the direction parallel to the inherent bedding plane) from the zone with prevailing perpendicular flow (in the direction perpendicular to the induced orientated particles). This threshold stress should correspond to the stress that generated the isotropic state in the soil. For the vertical sample, no clear threshold stress was observed in the k/k0-σ ' v curve in semi-logarithmic plot. This is logical because loading in oedometer after the yield stress led to more and more anisotropy and in that case the changes of perpendicular flow (in the direction perpendicular to the bedding plane before the yield stress and normal to the induced orientated particles after the yield stress) were dominant.

Conclusion

The anisotropy feature of stiff Teguline clay was investigated in terms of thermal conductivity, compressibility and hydraulic conductivity. The results obtained allow the following conclusions to be drawn.

A significant thermal conductivity anisotropy was evidenced: the highest value was in the direction parallel to the bedding plane and the smallest one in the direction perpendicular to the bedding plane, the one at 45° being logically in between, in agreement with the results of hydraulic conductivity. The compression index also revealed the anisotropic feature of Teguline clay: lower values were identified in the horizontal direction. Moreover, the clay anisotropy was also characterized by higher values of yield stress in the horizontal direction than in the vertical direction.

The degrees of thermal conductivity anisotropy ηΤ, compression index anisotropy ηCc1, the yield stress anisotropy ησ ' y and hydraulic conductivity anisotropy ηk1 were not far from each other, suggesting that bedding is a good indicator of the inherent thermo-hydro-mechanical anisotropy for natural stiff clays.

Upon loading in oedometer, the inherent anisotropic features of Teguline clay changed after the yield stress: for the vertical sample, loading led to more and more particle orientation and thus more and more anisotropy. On the contrary, for the horizontal sample, loading led to the disappearance of the inherent anisotropy first, before creating the stress-induced anisotropy. The evolution of k/k0 versus σ ' vo in semi-logarithmic plot also was found to be in agreement with the microstructure changes.

These findings confirm that natural stiff clays, through their formation by deposition, develop orientated microstructure. As a result, anisotropic features develop in terms of thermal conductivity, compressibility and hydraulic conductivity.

These anisotropic features changed upon loading beyond the yield stress or the threshold stress. This anisotropy feature is important to be accounted for when constructing geotechnical and geo-environmental structures in natural stiff clays. Zeng, L.L., Cui, Y.J., Conil, N., Zghondi, J., Armand, G., Talandier, J., 2017.

Experimental study on swelling behaviour and microstructure changes of natural stiff clays upon wetting. Can. Geotech J. 54(5), 700-709. Table 1. Program for thermal conductivity tests Note that the horizontal direction refers to the loading direction parallel to the bedding plane, while the vertical direction refers to the loading direction normal to the bedding plane. 
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Table 1 .

 1 Program for thermal conductivity tests

	Core	Depth(m)	Water content (%)	Dry density (Mg/m 3 )	Direction
		18.21	13.68	1.98	0°, 45°and 90°
	AUB1011				
		31.76	12.13	2.04	0°, 45°and 90°
		5.46	19.53	1.74	0°, 45°and 90°
		11.56	15.28	1.87	0°, 45°and 90°
	AUB1012	18.06	14.69	1.90	0°, 45°and 90°
		30.5	12.20	2.04	0°, 45°and 90°
		31.22	12.19	2.06	0°, 45°and 90°

Table 2 .

 2 Program for compressibility and hydraulic conductivity tests

	Core	Depth(m) Direction	Stress path (MPa)
			Horizontal
		11.56		0.125-0.375-0.874-1.874-3.872-7.869
			Vertical
	AUB1012		
		30.8	Horizontal
				0.345-0.594-1.094-2.093-4.092-8.089-16.083
		30.5	Vertical

Table 3 .

 3 Parameters obtained from the compression curves

	Core	Direction	CC1	ηCc1	σ ' y	ησ ' y	CC2	ηCc2
		Horizontal 0.0081		1.04		0.074	
	AUB1012 11.56 m			2.14		1.86		1.09
		Vertical	0.0173		0.56		0.081	
	AUB1012 30.8 m Horizontal 0.0042		3.97		0.064	
				2.43		2.21		1.14
	AUB1012 30.5 m Vertical	0.0102		1.80		0.073