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Abstract: In general, due to their geological formation by deposition, natural stiff 34 

clays exhibit anisotropic thermo-hydro-mechanical behaviour. This behaviour is 35 

important to be considered in geological and geo-environmental engineering. In this 36 

study, natural stiff Teguline clay was extracted at different depths and the thermal 37 

conductivity, compressibility and hydraulic conductivity were determined on samples 38 

along various orientations with respect to the bedding plane. Significant thermal and 39 

hydraulic conductivity anisotropies were evidenced with higher values along the 40 

bedding plane, indicating that both heat and water transfers preferentially occurred 41 

along the direction parallel to the bedding plane. Moreover, the compression index in 42 

the horizontal direction were found lower than in the vertical direction, while opposite 43 

phenomenon was observed for the yield stress. The degrees of thermal conductivity 44 

anisotropy ηΤ, compression index anisotropy ηCc1, yield stress anisotropy ησ’
y and 45 

hydraulic conductivity anisotropy ηk1 were found comparable, indicating that bedding 46 

is a good indicator of the inherent thermo-hydro-mechanical anisotropy for natural 47 

stiff clays. Upon loading in oedometer after the yield stress, the inherent anisotropy 48 

changed: for the vertical sample (loading direction normal to the bedding plane), 49 

loading led to more and more anisotropy, while for the horizontal sample (loading 50 

direction parallel to the bedding plane), the inherent anisotropy disappeared first; then, 51 

the induced anisotropy was developed. These findings provided useful information for 52 

analyzing the thermo-hydro-mechanical anisotropy of natural soils in geotechnical 53 

and geo-environmental engineering.  54 

Key words: Clays; Anisotropy; Thermal conductivity; Compressibility; Hydraulic 55 
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conductivity 56 
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Introduction 58 

Due to their layered microstructure resulting from their initial deposition, natural stiff 59 

clays generally exhibit inherent anisotropy, which leads to directional dependence of 60 

their thermal, mechanical and hydraulic properties. This anisotropic feature is 61 

important to be accounted for while analysing the stability of the galleries excavated 62 

for geological nuclear waste disposal (Armand et al., 2013; François et al., 2014; 63 

Salehnia et al., 2015; Seyedi et al., 2017), because: i) during excavation, the damage 64 

of the host rock (thus the excavation damaged zone) is strongly depending on its 65 

anisotropy (Naumann et al., 2007; Niandou et al., 1997; Zhang et al., 2015); ii) after 66 

excavation, the stresses exerted to the concrete linings also strongly depend on the 67 

anisotropy by the surrounding host rock (Armand et al., 2013). This explains the 68 

particular attention paid recently to the anisotropic features of Boom Clay (Dao et al., 69 

2014a; Dao et al., 2014b; Dao et al., 2015a; Dao et al., 2015b), Callovo-Oxfordian 70 

claystone (Armand et al., 2013; Zhang et al., 2015; Seyedi et al., 2017) and 71 

Tournemire shale (Niandou et al., 1997; Masri et al., 2014), and of Opalinus Clay 72 

(Naumann et al., 2007; Bertrand and Collin, 2017; Favero et al., 2018).  73 

It has been well documented that for natural clays, the thermal conductivity and 74 

hydraulic conductivity in the horizontal direction are in general larger than in the 75 

vertical direction (Midttømme and Roaldset, 1999; Dao et al., 2014a), suggesting that 76 

the generally horizontal bedding planes are preferential flow directions for heat and 77 

fluids. Alshawmar (2014) carried out one-dimensional consolidation tests on 78 

undisturbed sensitive Champlain Sea clay and found that the ratio of horizontal to 79 
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vertical preconsolidation pressure varied from 0.71 to 0.95. Moreover, the horizontal 80 

compression index was 1% to 23%, higher than the vertical one, showing a larger 81 

compressibility in the horizontal orientation. This can be attributed to the directional 82 

differences in soil fabric and in stress history during soil sedimentation (Khan, 1993). 83 

The natural clays (such as Opalinus Clay) also exhibited anisotropic features in terms 84 

of strength with higher value in the direction parallel and perpendicular to the bedding 85 

plane and lower value in the direction at 45° to the bedding plane (Naumann et al., 86 

2007). 87 

It is also recognised that the anisotropic hydro-mechanical behavior is directly 88 

correlated to the microstructure features (Hicher et al., 2000; Zeng et al., 2017). Zeng 89 

et al. (2017) investigated the anisotropic swelling of Teguline clay associated with 90 

change in microstructure during wetting. The clay samples were allowed to swell 91 

freely or only in the vertical direction. The results showed that swelling occurred 92 

mainly in the direction perpendicular to the bedding plane, accompanied with the 93 

development of micro-fissures parallel to the bedding plane, the swelling along the 94 

bedding direction being negligible. The wetting-induced micro-fissures corresponded 95 

to the damage of soil, which could significantly modify the hydro-mechanical 96 

properties of soil in an anisotropic fashion.  97 

Albeit the importance of anisotropy features recognised for natural soils from 98 

both academic and practical points of view, such results remain relatively limited, 99 

mainly because of the relatively large variability of natural soils that renders the 100 

interpretation of the test results difficult. This study aims at investigating the 101 
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anisotropy feature of the thermo-hydro-mechanical behaviour of natural clays. Natural 102 

Teguline clay was considered for this purpose and its thermal conductivity, 103 

compressibility and hydraulic conductivity was determined in various orientations 104 

with respect to the bedding plane, which allowed the inherent anisotropy to be 105 

identified. Furthermore, the development of stress-induced anisotropy beyond the 106 

yield stress was also analyzed. 107 

 108 

Materials and methods  109 

Test materials 110 

Stiff Teguline clay samples were extracted from borehole AUB1011 at depths of 111 

18.21 m and 31.76 m, also from borehole AUB1012 at depths of 5.46 m, 11.56 m, 112 

18.06 m, 30.5 m, 30.8 m and 31.22 m, in the area of Albian Paris Basin (Aube, 113 

France), following the direction perpendicular to the bedding plane that was found to 114 

be parallel to the ground surface through observation of a piece of Teguline clay 115 

immersed in water. They were then covered by membrane and conserved in a fully 116 

confined cell (T1), preventing water loss and soil rebounding. This clay has a liquid 117 

limit of 42.0-56.5%, a plastic limit of 17.5-29.4% and a specific gravity of 2.71. The 118 

mineralogy was mainly defined by illite, illite-smectite, kaolinite, chlorite, quartz and 119 

carbonates (Zhang et al., 2018). The clay content and quartz content vary over depth, 120 

and their profiles are presented in Fig. 1. It can be observed that Teguline clay consists 121 

of 15-60% of clay minerals and 20-70% of quartz. It is worth noting that the tested 122 

Teguline clay cores were taken at the depths between 5 m and 40 m. The clay content 123 
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varied from 35% to 58% and the quartz content from 28% to 46%, showing a certain 124 

variability of mineralogy.    125 

Thermal conductivity tests  126 

After opening the Teguline clay from the fully confined cell (T1) in the laboratory, 127 

the samples were prepared by trimming to reach the dimensions of 85 mm in diameter 128 

and 60 mm - 90 mm in height. Then, they were covered by plastic film to avoid water 129 

loss by evaporation. The test program is presented in Table 1. 130 

A thermal properties analyzer, KD2, was used to measure the thermal 131 

conductivity. Its principle is based on the transient hot-wire method. This device 132 

meets the requirements of ASTM Standards (ASTM D5334-00, 2000). In order to 133 

install the thermal probe into the soil, a hole was drilled in the centre of each sample. 134 

A layer of thermal grease was first applied on the surface of the probe to ensure a 135 

good contact between the soil and the probe. Then, the probe with grease was inserted 136 

into the sample. The thermal conductivity was measured in three orientations (θ  = 0°, 137 

θ = 90°, and θ  = 45° to the bedding plane). For a better accuracy, five successive 138 

measurements were conducted and a mean value was considered for further analyses.  139 

Due to the geological formation by deposition, the Teguline clay is considered as 140 

transversely isotropic material. In that case, the measured thermal conductivity λ0 141 

corresponds to that in the direction parallel to the bedding plane λ‖. However, in the 142 

case of θ = 90°, the measured thermal conductivity λ90 is not the value in the direction 143 

perpendicular to the bedding plane (λ⊥). The true value of λ⊥ was thus back 144 

calculated using the following equation: 145 
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Eq. (1) has been used by many authors (Penner, 1963; Munroe and Sass, 1987; 147 

Davis et al., 2007; Dao et al., 2014a; Popov et al., 2012; Riche and Schneebeli, 2013; 148 

Ye et al., 2017) to determine the thermal conductivity in the direction perpendicular to 149 

the bedding plane λ⊥ in different materials (snow, igneous rocks, clay sediments, 150 

etc.). 151 

The thermal conductivity of θ =45° was calculated by Eq. (2) (Dao et al., 2014a): 152 
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The thermal conductivity of clays depends on the composition (solid, water and 154 

gas phases), the nature of the dominant minerals, the density and temperature (Farouki, 155 

1986; Midttømme and Roaldset, 1999; Tang et al., 2008; Ye et al., 2017). The effect 156 

of the slightly decrease of degree of saturation (Sr) of the studied samples was 157 

accounted for according to the Johansen’s method (Johansen, 1975; Farouki, 1986): 158 

  
( )

dry

e

dry
sat λ
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λλ-
λ +=                           (3) 159 

where λsat, λ and λdry expressed in W/(m·K) are respectively the thermal 160 

conductivities at saturated state, unsaturated state and dry state; Ke is the Kersten’s 161 

number. 162 

The Kersten’s number (Ke) and the thermal conductivity at dry density λdry can 163 

be determined by the following equations:  164 

( ) 1.0/100log re +≅ SK                          (4) 165 
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where Sr is the degree of saturation, ρd is the dry unit mass of soil and ρs is the unit 167 

mass of solids, both expressed in kg/m3.  168 

The degree of thermal conductivity anisotropy ηΤ is defined as: 169 

⊥

∥
T λ

λη =                               (6) 170 

where λ‖ (equal to λ0) and λ⊥ were respectively the thermal conductivities in the 171 

directions parallel and perpendicular to the bedding plane. 172 

Compressibility and hydraulic conductivity measurements 173 

The samples extracted from borehole AUB1012 at depths of 11.56 m and 30.5 m, 174 

30.8 m were used for the compressibility and the hydraulic conductivity 175 

measurements. Samples of 50 mm in diameter and 20 mm in height were prepared by 176 

trimming from two directions: horizontal direction and vertical direction. The test 177 

program is presented in Table 2. 178 

After installing the soil sample in oedometer cell, step loading was applied up to 179 

the in-situ effective vertical stress without putting the sample in contact with water in 180 

order to avoid soil swelling which would affect the soil microstructure and thereby the 181 

soil hydro-mechanical behavior (Delage et al., 2007; Cui et al., 2013). The in-situ 182 

effective vertical stress σ’
vo was estimated using Eq. (7): 183 

                       �′
v0

= �ℎ − ��                          184 

(7) 185 

where γ is the mean unit weight of the soil above the depth considered, h is the depth 186 
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of the soil core (see Table 2); u0 is the in-situ pore pressure estimated from the ground 187 

water level that is assumed to be at the ground surface for simplicity (Zhang et al., 188 

2018).  189 

The value of σ’
vo for AUB1012 extracted at 11.56 m was found to be 0.125 MPa. 190 

This value was applied to the sample trimmed in the horizontal and the vertical 191 

directions (11.56 m). The values of σ’
vo for AUB1012 extracted at 30.8 m and 30.5 m 192 

were estimated at 0.34 MPa, which was applied to the sample trimmed in the 193 

horizontal (30.8 m) and the vertical (30.5 m) directions. It is worth noting that, 194 

experimentally, it is difficult to adopt an appropriate stress to be applied to the 195 

horizontal sample. Thus, for simplicity, the in-situ effective vertical stress applied to 196 

samples in both the horizontal and vertical directions. This also made the comparison 197 

between the responses of the samples in two directions easier. 198 

After application of σ’
vo, the bottom porous stone and the drainage system were 199 

saturated with de-ionized water, and the sample was kept saturated for 1 week. Then, 200 

a constant water pressure of 0.1 MPa was applied using a controller of 201 

pressure/volume (CPV) from the lower base of the cell, and the upper base was kept 202 

at atmospheric pressure. Based on the water flux monitored, the hydraulic 203 

conductivity was determined by the constant-head method. Afterwards, the injection 204 

pressure of 0.1 MPa was reduced to 0.01 MPa, and the compression test was 205 

performed in a conventional way by step loading (see Table 2), up to 7.87 MPa for 206 

AUB1012 at depth of 11.56 m in two directions and 16.08 MPa for AUB1012 at 207 

depths of 30.80 m in the horizontal direction and 30.50 m in the vertical direction. 208 
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The hydraulic conductivity test was also performed after stabilization at each loading 209 

step. The axial displacement was monitored using a LVDT (Linear Variable 210 

Differential Transformer), and the deformation was considered as stabilized when the 211 

vertical strain rate was lower than 5×10-4 every 8 h (AFNOR, 1997). Note that the 212 

compression curve of vertical sample (where loading occurred in the direction normal 213 

to the bedding plane) from AUB1012 (11.56 m) was collected from Zhang et al. 214 

(2018).  215 

All the tests were performed at a controlled temperature of 20 ± 1°C. 216 

 217 

Experimental results  218 

Thermal conductivity 219 

Since the values of degree of saturation were slightly lower than 100%, the thermal 220 

conductivity values at saturated state were first calculated using Eqs. (3), (4) and (5). 221 

Figs. 2(a)-2(d) show the changes of thermal conductivity with dry density and water 222 

content along the three directions (λ0, λ45, λ90) for samples AUB1011 and AUB1012. 223 

The calculated values of λ45 and λ⊥ were also plotted. A good agreement was 224 

obtained between calculation and measurement in case of λ45, justifying the 225 

calculation method adopted. A significant thermal anisotropy was identified with the 226 

highest thermal conductivity values in the direction parallel to bedding, the smallest 227 

ones in the direction perpendicular to bedding and the values in-between at 45°. This 228 

is consistent with the results reported by Dao et al. (2014a) on Boom Clay: the 229 

thermal conductivity in the horizontal direction was found to be higher than in the 230 
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vertical direction. Moreover, the thermal conductivity along three directions (λ0, 231 

λ45, λ90) increased with the increase of dry density (Figs. 2a and 2c), but decreased 232 

with the increase of water content (Figs. 2b and 2d). This is commonly explained by 233 

the thermal conductivities of soil components (Tang et al., 2008): the thermal 234 

conductivity of solids (λs is equal to 7.7 W/(m.k) for quartz and 2.0 W/(m.k) for other 235 

minerals) is much higher than that of water (λw = 0.57 W/(m.k)). Tang et al. (2008) 236 

worked on compacted MX80 bentonite and they also observed that the thermal 237 

conductivity increased with the increase of dry density and decreased with the 238 

increase of water content.  239 

Figs. 3(a)-3(b) show the changes of degree of thermal conductivity anisotropy ηΤ 240 

with dry density and water content for samples AUB1011 and AUB1012. It appears 241 

that ηΤ varied from 1.49 to 1.65 for samples AUB1011 and from 1.23 to 1.55 for 242 

samples AUB1012. In addition, the degree of thermal conductivity anisotropy slightly 243 

decreased with dry density, but slightly increased with water content. 244 

 245 

Compressibility and hydraulic conductivity 246 

Fig. 4 presents the compression curves of samples AUB1012 in two directions and at 247 

two depths. It can be observed that slight swells occurred during saturation under the 248 

in-situ vertical stress σ’
vo for the four samples, suggesting that the in-situ stresses were 249 

slightly underestimated. By approximating each curve with two straight lines, the 250 

compression indexes Cc1 (corresponding to the common rebounding index Cs) at 251 

lower stress and the compression indexes Cc2 (corresponding to the common 252 
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compression index Cc) at higher stress were determined. Meanwhile, the yield stresses 253 

σ’
y (corresponding to the common pre-consolidation pressure σp

’) were determined as 254 

indicated by arrows in the figure. A degree of compression index anisotropy could be 255 

then defined either by ηCc1 (ratio of Cc1 in the vertical direction to Cc1 in the horizontal 256 

direction) or by ηCc2 (ratio of Cc2 in the vertical direction to Cc2 in the horizontal 257 

direction). Similarly, the degree of yield stress anisotropy ησ’
y was defined as the σ’

y 258 

in the horizontal direction divided by the one in the vertical direction. These 259 

parameters are reported in Table 3. The Cc1 and Cc2 in the horizontal direction were 260 

found to be slightly lower than in the vertical direction, while opposite phenomenon 261 

was observed in terms of yield stress. For sample AUB1012 at 11.56 m, the ηCc1 and 262 

ησ’
y
 were respectively 2.14 and 1.86, while for sample AUB1012 at 30.5 m and 30.8 m, 263 

the two parameters were respectively equal to 2.43 and 2.21. Interestingly, the values 264 

of ηCc2 were much lower, close to 1, indicating that after yield, the vertical sample had 265 

similar compressibility with the horizontal one.  266 

The hydraulic conductivity k of Teguline clay in two directions and at two depths 267 

are shown in Fig. 5. For samples at 11.56 m, the logarithm of hydraulic conductivity 268 

almost linearly increased with the void ratio in two directions. A significant hydraulic 269 

conductivity anisotropy was evidenced, with higher values in the horizontal direction. 270 

Further examination showed that for AUB 1012 at 11.56 m, the distance between the 271 

lines in two directions gradually decreased after yielding, suggesting that the 272 

microstructures of the vertical sample and the horizontal one were getting closer. This 273 

phenomenon was not clear for AUB 1012 at 30.50 m and 30.80 m. A degree of 274 
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hydraulic conductivity anisotropy can be then defined either by ηk1 (ratio of k1 in the 275 

horizontal direction to k1 in the vertical direction at the same void ratio) before the 276 

yield stress or by ηk2 (ratio of k2 in the horizontal direction to k2 in the vertical 277 

direction at the same void ratio) after the yield stress. For samples AUB1012 at 11.56 278 

m, the ηk1 and ηk2 were respectively 1.73 and 1.5, while for samples AUB1012 at 30.5 279 

m and 30.8 m, owing to the limited data before the yield stress in the horizontal 280 

direction, only ηk2 could be determined, which was about 2.0. This hydraulic 281 

conductivity anisotropy was also identified on Boom Clay (Yu et al., 2011): a ηκ of 282 

1.86 was obtained with a hydraulic conductivity in the horizontal direction (6.5×10−12 283 

m/s), higher than in the vertical direction (3.5×10−12 m/s).  284 

In order to investigate the coupling effect between compressibility and 285 

permeability, the compression and hydraulic conductivity results are presented 286 

together in Fig. 6 in terms of normalized void ratio e/e0 and normalized hydraulic 287 

conductivity k/k0 versus the logarithm of vertical stress σ’
v for samples AUB1012 at 288 

11.56 m (Fig. 6(a)) and AUB1012 at 30.5 m, 30.8 m (Fig. 6(b)). The yield stresses in 289 

two directions are also indicated on the compression curves. It can be observed from 290 

Fig. 6(a) that: i) the normalized void ratio e/e0 decreased with the vertical stress σ’
v in 291 

two directions and the decrease of e/e0 in the vertical direction was found to be higher 292 

than in the horizontal direction; ii) the normalized k/k0 decreased with the vertical 293 

stress σ’
v in two directions; a linear curve was observed in the vertical direction, while 294 

a nearly bi-linear curve was identified in the horizontal direction: when the stress was 295 

lower than a threshold stress of 1.91 MPa (higher than the corresponding yield stress 296 
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of 1.04 MPa), the decrease of k/k0 was small, and when the stress was higher than 297 

1.91 MPa, the decrease of k/k0 was significantly larger; iii) upon loading below the 298 

threshold stress of 1.91 MPa, the decrease of k/k0 in the horizontal direction was lower 299 

than in the vertical direction, which was consistent with the corresponding variation 300 

of e/e0 versus σ’
v; by contrast, beyond the threshold stress of 1.91 MPa, the decrease 301 

of k/k0 in the horizontal direction was higher than in the vertical direction, which was 302 

opposite to the corresponding variation of e/e0 versus σ’
v, indicating that significant 303 

microstructure changes occurred upon loading beyond the threshold stress of 1.91 304 

MPa for the horizontal sample. The similar phenomena were observed for the samples 305 

at depths 30.5 m and 30.8 m (in Fig. 6(b)).  306 

 307 

Discussion 308 

Thermal conductivity 309 

As mentioned previously, quartz has significantly higher thermal conductivity than 310 

other minerals. Thus, the global thermal conductivity of soil λs is controlled by the 311 

volumetric fractions of quartz and other minerals, as follows (Tang et al., 2008): 312 

�	 = �

���


����
                             (8) 313 

where λq and λo are respectively the thermal conductivities of quartz (7.7 W/(m.K)) 314 

and other minerals (2.0 W/(m.K)). vq is the volumetric fraction of quartz. 315 

The thermal conductivity of soil also depends significantly on the arrangement of 316 

particles (Mcgaw, 1969; Hadley et al., 1984). Many models were used to predict the 317 
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thermal conductivity (Mcgaw, 1969; Hadley et al., 1984), among which the series 318 

model which assumes perpendicular arrangement of conduction layers and the parallel 319 

model which assumes parallel arrangement of conduction layers allowed the lower 320 

and upper bounds of thermal conductivities to be defined, as follows:  321 

�	����	
�� = ���

�� + �1 − ���	
��                        (9) 322 

��������� = ��� + �1 − ���	                       (10) 323 

where n is the soil porosity; λw and λs are respectively the thermal conductivities of 324 

water and soil solid, expressed in W/(m.K).  325 

Fig. 7 presents the comparisons of thermal conductivities between the calculated 326 

(using the Eqs. (8), (9) and (10)) and the measured values. It is worth noting that, the 327 

measured λ0 and calculated λ⊥ (using Eq. (1) based on the measured λ0 and λ90) were 328 

considered as the measured values in the directions parallel and perpendicular to the 329 

bedding plane, respectively. In the calculation, the thermal conductivities of quartz, 330 

other minerals and water were taken equal to 7.7 W/(m.K), 2.0 W/(m.K) and 0.57 331 

W/(m.K), respectively (Tang et al., 2008). The volumetric fractions of quartz, clay 332 

content were determined from Fig. 1 and the soil porosities were calculated from the 333 

dry densities (in Table 1). All results of samples AUB1011 and AUB1012 are 334 

considered in the analysis. The thermal conductivity results in Fig. 7(a) show that the 335 

series model gave satisfactory results, in particular while considering the quartz effect. 336 

On the contrary, the parallel model gave underestimation without considering the 337 

quartz effect and gave overestimation with consideration of quartz effect. 338 
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Basically, in case of series model, heat flow took place through water, quartz and 339 

other minerals in series in the direction perpendicular to the bedding plane. In that 340 

case as less solid contacts could be expected, a lower thermal conductivity was 341 

obtained. In the case of parallel model, heat flow took place through water quartz and 342 

other soil minerals in the direction parallel to the bedding plane. As more solid 343 

contacts were involved in that case, a higher thermal conductivity was expected. The 344 

satisfactory results given by the series model with consideration of quartz effect (in 345 

Fig. 7(a)) suggests that the volumetric fraction of quartz was important to be 346 

accounted for. However, it appears that the parallel model with consideration of the 347 

quartz effect overestimated the thermal conductivity (in Fig. 7(b)); thus in that case it 348 

seems more suitable to not consider the quartz effect. In fact, the real soil arrangement 349 

was neither fully in series, nor fully in parallel. Thus, in the case of series model the 350 

consideration of quartz effect compensated the effect of soil particles and water that 351 

are not in series, while in the case of parallel model the non-consideration of quartz 352 

effect compensated to some extent the effect of soil particles and water that are not in 353 

parallel. 354 

 355 

Compressibility and hydraulic conductivity 356 

Basically, compression in oedometer obeys K0 condition. The value of K0 can be 357 

estimated using the following equation (Della Vecchia et al., 2010; Lima et al., 2011; 358 

Zhang et al., 2018): 359 

��
�� = �1 − � � !′�√OCR                     (11) 360 
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where Ko
SC is the earth pressure coefficient at rest for over-consolidation soil, ϕ’ is the 361 

effective internal friction angle, OCR is the over-consolidation ratio. For Teguline 362 

clay extracted at 11.56 m and 30.5 m, the OCRs are respectively 4.5 and 5.3 363 

(determined from Fig. 4), and the effective internal friction angle ϕ’ is about 27.3° 364 

(Zhang et al., 2018). The Ko
SC values determined using Eq. (11) are respectively 1.15 365 

and 1.24 for samples extracted at 11.56 m and 30.5 m, indicating that the maximum 366 

effective stress that Teguline clay had suffered in the horizontal direction in the 367 

history was expected to be higher than in the vertical direction. This is the reason why 368 

the yield stress in the horizontal direction was higher than in the vertical direction.  369 

The degrees of anisotropy identified in terms of thermal conductivity, 370 

compression index, yield stress and hydraulic conductivity are not far from each other 371 

for the studied Teguline clay: ηΤ varied from 1.23 to 1.65, ηCc1 from 2.14 to 2.43, ησ’
y 372 

from 1.86 to 2.21 and ηk1 was 1.73. This indicates that bedding is a good indicator of 373 

thermo-hydro-mechanical anisotropy for natural stiff clays. 374 

The compression curves (see Fig. 4) and hydraulic conductivities (see Fig. 5) in 375 

the horizontal and the vertical directions were found to gradually converge after yield, 376 

suggesting that the hydro-mechanical anisotropy of the horizontal sample was 377 

approaching that of the vertical one. As the microstructure of soil does not change 378 

significantly before the yield stress, the anisotropy identified represents the inherent 379 

one. On the contrary, significant microstructure change can be expected beyond the 380 

yield stress and in that case any anisotropy identified represents the induced one. 381 

Thereby, the large values of ηCc1, ησ’
y and ηk1

 obtained suggest a significant inherent 382 
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anisotropy of Teguline clay, in agreement with the results of thermal conductivity. 383 

Upon loading beyond the yield stress, similar values of compression index Cc2 in two 384 

directions (see Table 3) were obtained. This does not indicate an isotropic behaviour; 385 

it just suggests that the microstructures of the vertical sample and the horizontal one 386 

were getting closer after yielding. The evolution of microstructure for vertical and 387 

horizontal Teguline clay samples during loading can be described in Fig. 8. For the 388 

vertical sample, loading in oedometer after the yield stress led to more and more 389 

anisotropic microstructure feature because of the expected increase of particle 390 

orientation (Delage and Lefebvra, 1984; Cui et al., 2013), while for the horizontal 391 

sample, the inherent anisotropy disappeared first upon loading; then, induced 392 

anisotropy developed with the increase of particle orientation. Thus, the changes of 393 

principle stresses (as if rotation of principal stresses took place) was involved in that 394 

case and the horizontal sample experienced changes from initial inherent anisotropy 395 

to isotropy and then to the stress-induced anisotropy.  396 

The microstructure changes during loading for vertical and horizontal samples 397 

described in Fig. 8 were in agreement with the evolution of k/k0 with σ’
vo in 398 

semi-logarithmic plot (Figs. 6(a) and 6(b)). For the horizontal sample, the decrease of 399 

k/k0 with σ’
v was small before the threshold stress, as the fluid flow in the direction 400 

parallel to the bedding is dominant and in that case the bedding plane acts as 401 

preferential path for water flow. By contrast, beyond the threshold stress, dramatic 402 

decrease of k/k0 was observed, indicating that inherent anisotropy disappeared and 403 

induced anisotropy appeared with the increase of particle orientation. In that case, 404 
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water flow in the direction normal to the induced orientated particles became 405 

prevailing. Thereby, for the horizontal sample, the threshold stress identified in the 406 

k/k0 - σ’
v curve in semi-logarithmic plot separated the zone with prevailing parallel 407 

flow (in the direction parallel to the inherent bedding plane) from the zone with 408 

prevailing perpendicular flow (in the direction perpendicular to the induced orientated 409 

particles). This threshold stress should correspond to the stress that generated the 410 

isotropic state in the soil. For the vertical sample, no clear threshold stress was 411 

observed in the k/k0-σ’
v curve in semi-logarithmic plot. This is logical because loading 412 

in oedometer after the yield stress led to more and more anisotropy and in that case 413 

the changes of perpendicular flow (in the direction perpendicular to the bedding plane 414 

before the yield stress and normal to the induced orientated particles after the yield 415 

stress) were dominant.  416 

 417 

Conclusion 418 

The anisotropy feature of stiff Teguline clay was investigated in terms of thermal 419 

conductivity, compressibility and hydraulic conductivity. The results obtained allow 420 

the following conclusions to be drawn. 421 

A significant thermal conductivity anisotropy was evidenced: the highest value 422 

was in the direction parallel to the bedding plane and the smallest one in the direction 423 

perpendicular to the bedding plane, the one at 45° being logically in between, in 424 

agreement with the results of hydraulic conductivity. The compression index also 425 

revealed the anisotropic feature of Teguline clay: lower values were identified in the 426 
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horizontal direction. Moreover, the clay anisotropy was also characterized by higher 427 

values of yield stress in the horizontal direction than in the vertical direction.  428 

The degrees of thermal conductivity anisotropy ηΤ, compression index 429 

anisotropy ηCc1, the yield stress anisotropy ησ’
y and hydraulic conductivity anisotropy 430 

ηk1 were not far from each other, suggesting that bedding is a good indicator of the 431 

inherent thermo-hydro-mechanical anisotropy for natural stiff clays. 432 

Upon loading in oedometer, the inherent anisotropic features of Teguline clay 433 

changed after the yield stress: for the vertical sample, loading led to more and more 434 

particle orientation and thus more and more anisotropy. On the contrary, for the 435 

horizontal sample, loading led to the disappearance of the inherent anisotropy first, 436 

before creating the stress-induced anisotropy. The evolution of k/k0 versus σ’
vo in 437 

semi-logarithmic plot also was found to be in agreement with the microstructure 438 

changes. 439 

These findings confirm that natural stiff clays, through their formation by 440 

deposition, develop orientated microstructure. As a result, anisotropic features 441 

develop in terms of thermal conductivity, compressibility and hydraulic conductivity. 442 

These anisotropic features changed upon loading beyond the yield stress or the 443 

threshold stress. This anisotropy feature is important to be accounted for when 444 

constructing geotechnical and geo-environmental structures in natural stiff clays. 445 

 446 
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 602 

Table 1. Program for thermal conductivity tests 603 

Core Depth(m) 
Water content 

(%) 

Dry density 

(Mg/m3) 
Direction 

AUB1011 

18.21 13.68 1.98 0°, 45°and 90° 

31.76 12.13 2.04 0°, 45°and 90° 

AUB1012 

5.46 19.53 1.74 0°, 45°and 90° 

11.56 15.28 1.87 0°, 45°and 90° 

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° 

 604 

605 
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Table 2. Program for compressibility and hydraulic conductivity tests 606 

Core Depth(m) Direction Stress path (MPa) 

AUB1012 

11.56 

Horizontal 

0.125-0.375-0.874-1.874-3.872-7.869 

Vertical 

30.8 Horizontal 

0.345-0.594-1.094-2.093-4.092-8.089-16.083 

30.5 Vertical 

Note that the horizontal direction refers to the loading direction parallel to the bedding 607 

plane, while the vertical direction refers to the loading direction normal to the bedding 608 

plane. 609 

 610 

Table 3. Parameters obtained from the compression curves 611 

Core Direction CC1 ηCc1 σ’
y ησ’

y CC2 ηCc2 

AUB1012 11.56 m 

Horizontal 0.0081 

2.14 

1.04 

1.86 

0.074 

1.09 

Vertical 0.0173 0.56 0.081 

AUB1012 30.8 m Horizontal 0.0042 

2.43 

3.97 

2.21 

0.064 

1.14 

AUB1012 30.5 m Vertical 0.0102 1.80 0.073 

 612 

 613 

 614 

 615 

 616 

 617 
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 618 

 619 

Fig. 1. Variations of (a) clay content; (b) quartz content over depth  620 
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  623 

Fig. 2. Variations of thermal conductivity with (a) dry density for samples AUB1011; 624 

(b) water content for samples AUB1011; (c) dry density for samples AUB1012; (d) 625 

water content for samples AUB1012  626 

 627 

Fig. 3. Variations of degree of thermal conductivity anisotropy ηT with (a) dry density; 628 

(b) water content  629 
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Fig. 4. Compression curves 631 
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 632 

Fig. 5. Hydraulic conductivity k versus void ratio e 633 
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 635 

Fig. 6. Normalized e/e0 or k/k0 versus vertical stress σ’
v0 for samples (a) AUB1012 at 636 

11.56 m; (b) AUB1012 at 30.5 m and 30.8 m 637 
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 639 

Fig. 7. Comparisons of measured thermal conductivity and calculated values by (a) 640 

series model; (b) parallel model 641 

 642 

 643 

Fig. 8. Conceptual model for vertical sample and horizontal sample subjected to 644 

loading in one-dimensional condition 645 
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