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Abstract: 

In this paper, an experimental study is presented that intended to 

investigate (1) the anisotropy properties of hydraulic conductivity of 

Boom Clay, (2) the effect of heating-cooling cycle on the hydraulic 

conductivity and intrinsic permeability of Boom Clay, and (3) the effect 

of loading-unloading cycle on the hydraulic conductivity and intrinsic 

permeability of Boom Clay. Constant-head tests were carried out in a 

temperature-controlled triaxial cell. First, the anisotropic characteristic of 

hydraulic conductivity of Boom Clay with respect to its bedding was 

confirmed. The horizontal hydraulic conductivity (parallel to bedding) is 

larger than the vertical hydraulic conductivity (perpendicular to bedding). 

Second, there was a positive and reversible relationship between the 

hydraulic conductivity and temperature and a negative and irreversible 

relationship between the hydraulic conductivity and hydrostatic pressure. 

Specifically, for both horizontal and vertical hydraulic conductivity, the 

value at 80 °C is approximately 2.4 times larger than that at room 

temperature (23 °C). However, it appears that the hydraulic conductivity 

is not sensitive to heating rate. Data analysis reveals that under variable 

temperature conditions, the changes in viscosity and density of water with 

temperature are the main factors affecting the change in hydraulic 

conductivity of Boom Clay with temperature, although other factors may 

have an effect to some extent. 
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1. Introduction 

In Belgium, the Boom Clay is considered as one of the potential host 

rock formations for the deep geological disposal of high-level radioactive 

waste (HLW) because of its low hydraulic conductivity, swelling and 

self-healing capacity (Bernier at al., 2004). In the case of HLW disposal 

in the Boom Clay, thermo-hydro-mechanical (THM) perturbations are 

expected and they might affect the Boom Clay hydraulic conductivity. 

The THM coupled effect on the hydraulic conductivity of Boom Clay is a 

key factor for the repository design. Research relating to this issue has 

been a source of substantial interest for researchers in recent years. 

A number of studies have been conducted to investigate these thermal 

effects on the hydraulic conductivity of saturated Boom Clay (Sultan, 

1997; Delage et al., 2000; Monfared et al., 2012; Chen et al., 2014) and 

other clays (Morin and Silva, 1984 on illite and smectite; Towhata et al., 

1993 on bentonite and MC clay, similar mineral content as kaolin; 

Houston and Lin, 1987 on illite; Cho et al., 1999 on bentonite; Villar and 

Lioret, 2004 on bentonite). These studies generally suggest that the 

hydraulic conductivity increases with increasing temperature. Cho et al. 
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(1999) and Delage et al. (2000) proposed that the hydraulic conductivity 

increase is only attributable to the changes in viscosity of free water with 

temperature. However, there are different opinions regarding the 

comparison of the measured hydraulic conductivity and prediction on the 

basis of changes in the water properties with temperature (calculated with 

the experimentally measured hydraulic conductivity value at room 

temperature taking as a starting point). Towhata et al. (1993) analysed the 

influence of the temperature on the hydraulic conductivity of MC clay 

and bentonite and concluded that the increment of measured hydraulic 

conductivity with temperature was higher than that calculated by using 

changes in the water properties with temperature. Other studies on 

different clayey materials have shown that the increase in the hydraulic 

conductivity with temperature can be smaller than that predicted on the 

basis of the water viscosity change with temperature (Houston and Lin, 

1987 on illite, Romero et al., 2001 on unsaturated Boom Clay and Villar 

and Lioret, 2004 on bentonite). Hence, further investigation is needed to 

clarify this issue. 

Furthermore, substantial data (Wemaere et al., 1997; Bastiaens and 

Demarche, 2003; Bastiaens et al., 2007; Lima, 2011; Chen et al., 2011) 

indicate that Boom Clay has anisotropic properties. Dehandschutter et al. 

(2005) observed bedding of Boom Clay by SEM observations. Indeed, 

given the existence of sub-horizontal bedding planes, Boom Clay can be 
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considered a transversely isotropic geomaterial (Chen et al., 2011; Yu et 

al., 2014). The anisotropic property of Boom Clay permeability has been 

investigated by in-situ experiments (Bastiaens et al., 2006). However, 

laboratory studies on the anisotropy property of the hydraulic 

conductivity of Boom Clay are rare. 

In the laboratory, the hydraulic conductivity of low permeability clays 

is usually determined using the variable-head method or derived from the 

consolidation curves (Delage at al., 2000). In the present work, the 

hydraulic conductivity of Boom Clay during heating-cooling cycles and 

loading-unloading cycles was determined using constant-head method. 

Boom clay samples were extracted from the HADES facility in Mol 

(Belgium), the anisotropy properties were considered in specimen 

preparation. The test temperature ranged from room temperature to 80 °C, 

which is a reasonable temperature variation interval of a future repository 

(Weetjens and Sillen, 2005). Two levels of confining pressures, 2.5 MPa 

(close to its in situ effective stress) and 5.5 MPa (close to its 

preconsolidation stress), are tested. The aim of this study is to present the 

experimental investigations of the effects of the heating-cooling and 

loading-unloading cycles on the hydraulic conductivity of Boom Clay 

with consideration for the anisotropy properties. 

2. Experimental set-up 

2.1 Materials and sample preparation 
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The tests have been carried out on samples, extracted at the depth of 

223 m in the Boom Clay deposit, from the underground research 

laboratory HADES, at Mol site in Belgium. Boom Clay is a stiff clay, 

with a total volume porosity of around 39% and water content varying 

between 24 to 30%. The dominant fraction (around 60%) contains illite, 

smectite, illite-smectite mixed layers and kaolinite. The “non-clay 

minerals” are composed of quartz (25%), feldspar with a little pyrite and 

calcite (Yu et al., 2012). 

The hydraulic conductivities of Boom Clay measured through various 

testing techniques exhibit similar values in the order of 10
-12

 m/s (Yu et 

al., 2013). To ensure a measurable flow in constant-head method in the 

dense plastic clay, smaller samples with standard diameter (38 mm) but 

reduced height (10 mm) were used. To take into account the anisotropy of 

Boom Clay, samples were manually trimmed with axes that were parallel 

(horizontal sample) and perpendicular (vertical sample) to the bedding. 

Sample re-saturation has been done under in-situ effective stress (2.5 

MPa) using the same method as described by Yu et al. (2012) before 

permeability measurement. To avoid the presence of any gas, a 

vacuuming procedure was applied to the sample. The saturation time for 

Boom Clay was approximately 20 days until a satisfactory value of the 

Skempton coefficient B was obtained. Yu et al. (2012) supposed that the 

Skempton coefficient B would be less than 1.0 for stiff clays. The 
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Skempton coefficient B of Boom Clay samples is stable at approximately 

0.85–0.90 after several checkpoints (once a day) and it did not further 

increase. Therefore, as a kind of stiff clay, the value of 0.85 for saturation 

determination is acceptable. 

2.2 Experimental program 

Constant-head tests were carried out in a temperature-controlled 

triaxial testing machine (see Fig. 1), which was particularly designed to 

investigate the thermo-hydro-mechanical characteristics of Boom Clay. 

The device consists of a conventional triaxial apparatus and a temperature 

controller system. The confining pressure and back water pressure are 

applied by two hydraulic pressure generators and measured through 

hydraulic pressure transducers. The heater coil is installed on the outside 

of the cell. The power supplied to the coil is automatically adjusted using 

the temperature controller. Temperature is measured by the temperature 

sensor submersed in the cell fluid. This system allowed for a maximum 

temperature of 100 °C with an accuracy of ±0.5 °C. 

The experimental procedure, for both the horizontal sample and 

vertical sample, involves 8 stages after sample re-saturation (the first 

column of Table 1): 

Stage 1: the sample was isostatically loaded to a confining pressure 

(σ1=σ2=σ3=2.5 MPa, which is close to in situ effective stress). 

Stage 2: a heating-cooling cycle (23 °C, the room temperature, 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

8 
 

→40→60→80→60→40→23 °C) with a heating-cooling rate of 0.3 °C/h 

was applied.  

Stage 3: the sample was isostatically loaded at a rate of 40 kPa/h from 

2.5 MPa to 5.5 MPa (close to preconsolidation stress). 

Stage 4: another heating-cooling cycle that was the same as the 

previous one was applied. 

Stages 5, 6, and 7: three additional heating-cooling cycles 

(23→80→23 °C) with different heating-cooling rates (1 °C /h, 5 °C /h, 

and 20 °C /h, respectively) were applied. 

Stage 8: the sample was isostatically unloaded back to 2.5 MPa at a 

rate of 40kPa/h.  

The detailed testing procedure is shown in Fig. 2. It would take more 

than two months to complete all eight stages for each sample. The stress 

states in which the constant-head tests are conducted are clearly marked 

in this figure (1~18). As long as the confining pressure or temperature 

reached the predetermined values in rows of Table 1, constant-head tests 

were carried out. Eighteen constant-head permeability measurements (the 

last column Table 1) were taken for both the horizontal and vertical 

samples. The back pressure was maintained at 1 MPa during the entire 

test at the bottom of the sample, while the top porous stone was put in 

contact with the atmospheric pressure by unscrewing the pipe connected 

to the top of the sample. The high back pressure was necessary to obtain 
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satisfactory precision when measuring the flow rate and, hence, the 

hydraulic conductivity (Delage et al., 2000). The injection fluid for the 

test is a synthetic Boom Clay water (SBCW). 

3. Test results 

3.1 Permeability variation under heating-cooling cycles 

The volume of water injected as a function of time is given in Fig. 3. 

Despite the reduced sample height and high gradient applied, it still 

requires approximately ten hours to achieve a steady state of water flow 

that is consistent with that described by Delage et al. (2000). Delage et al. 

(2000) found that 10 hours is necessary to achieve permanent flow, and 

15 hours is needed to obtain a satisfactory determination of the slope of 

the curve that corresponds to a constant flow. The characteristics of the 

steady state of water flow through Boom Clay at different temperatures 

and confining pressures are presented in Fig. 4. The steady flow duration 

at each temperature level is approximately 10 hours. A linear relationship 

can be obtained. The injected water volume within the same duration 

increases with increasing temperature indicating a higher hydraulic 

conductivity at higher temperature, while drops by one third were 

observed when the confining pressures increased from 2.5 to 5.5 MPa. 

The hydraulic conductivity was calculated by applying Darcy’s law. The 

test results were compared with the results of previous studies in Fig. 5. 

The same trend was observed between the hydraulic conductivity and 
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temperature in previous studies. Delage et al. (2000) measured the 

vertical hydraulic conductivity under a confining pressure 2.5 MPa using 

constant-head method. The authors found an increase in the hydraulic 

conductivity from 2.5×10
-12

 m/s to 6.2×10
-12

 m/s with temperature 

increasing from 20 °C to 90 °C. Similar results were reported by Chen et 

al. (2014), who measured the vertical hydraulic conductivity in a 

permeameter cell (non-loading system), with an increase in the hydraulic 

conductivity from 2.2×10
-12

 m/s to 7.4×10
-12

 m/s with increasing 

temperature from 23 °C to 80 °C. Monfared et al. (2012) evaluated the 

permeability of Boom Clay (before and after shearing) using a transient 

method. Unfortunately, the permeability before shearing was only 

measured at room temperature (confining pressure of 3.25 MPa). There 

have been slight differences in the reported hydraulic conductivity values 

in different papers (Fig. 5), which could be acceptable because of the 

different test methods and boundary conditions. 

Fig. 6 shows the variation of hydraulic conductivity of Boom Clay 

during two heating-cooling cycles. The figure shows that (1) at room 

temperature, the vertical (kv) and horizontal (kh) hydraulic conductivities 

are 1.73×10
-12

 m/s and 5.01×10
-12

 m/s, respectively, which falls within 

the range of measured in situ hydraulic conductivity (1.7–2.39×10
-12

 m/s 

for kv and 4.1–5.2×10
-12

 m/s for kh, Bastiaens et al.2006); (2) the 

anisotropic characteristic of hydraulic conductivity of Boom Clay with 
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respect to its bedding was confirmed. The horizontal hydraulic 

conductivity (parallel to bedding) is 2.8 times larger than the vertical 

hydraulic conductivity (perpendicular to bedding); (3) during the 

heating-cooling cycle, there is a positive and reversible relationship 

between hydraulic conductivity and temperature, which Chen et al. (2014) 

also reported for damaged Boom Clay; (4) the hydraulic conductivity at 

80°C is about 2.4 times larger than the one at room temperature; and (5) 

the horizontal (vertical) hydraulic conductivity drops by more than 30% 

when the confining pressure is increased from 2.5 to 5.5 MPa. 

The intrinsic permeability, K , was computed according to: 

                    w

w

k
K




                           (1) 

where k  is the hydraulic conductivity, 
w and w denote the water 

viscosity and unit weight of water respectively. The thermal variation of 

w  and 
w  (Table 2) of “pure water” is available in Cho et al. (1999) 

and Delage et al. (2000), respectively. The variations of the intrinsic 

permeability of Boom Clay under different temperatures and confining 

pressures are shown in Fig. 7. It can be found that during the 

heating-cooling cycle, the intrinsic permeability decreases approximately 

10 percent (for all tests) during the heating phase, then, it increases 

slightly during the cooling phase. Additionally, this phenomenon may be 

attributed to the thermal volume change behavior of Boom Clay. The 

plastic thermal contraction of samples during the heating phase results in 
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a decrease in the intrinsic permeability. 

3.2 Permeability variation under loading-unloading cycles 

The variations of the hydraulic conductivity and intrinsic permeability 

at room temperature during the loading-unloading cycle are shown in Fig. 

8 and 9. The results show that during the loading-unloading cycle, there is 

a negative and irreversible relationship between the hydraulic 

conductivity and hydrostatic pressure. Since the hydraulic conductivity is 

reversible during the heating-cooling phase (under both 2.5 and 5.5 MPa), 

the irreversible variation during the loading-unloading phase can be 

attributed to the mechanically-induced plastic volume change behavior. 

The irreversible volume contraction during the loading process 

irreversibly changes the permeability. 

The different effects of the heating-cooling cycle and the 

loading-unloading cycle on the variation of intrinsic permeability can be 

clearly observed in Fig. 7 and 9. For instance, at a hydrostatic pressure of 

2.5 MPa, the horizontal intrinsic permeability changed from 4.80×10
-19

 

m
2
 to 4.20×10

-19
 m

2
 upon heating (23°C to 80 °C) and then slightly 

changed to 4.18×10
-19

 m
2
 upon cooling to room temperature. This means 

that the intrinsic permeability varies by approximately 10% during the 

heating-cooling cycle within the temperature range of 23 °C and 80 °C. 

By contrast, during the loading-unloading cycle within the range of 2.5 to 

5.5 MPa, the horizontal intrinsic permeability varies by more than 30%. 
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This indicates that the thermally-induced volume change within a 

reasonable temperature variation interval of a future repository (room 

temperature to 80 °C) is much smaller compared to the 

mechanically-induced volume change. It is important to note that the 

stress levels used in the tests are close to the in situ effective stress (2.5 

MPa) and preconsolidation stress (5.5 MPa). Hence, from the perspective 

of radioactive waste disposal engineering for the cases considered here, 

the thermally-induced intrinsic permeability change of Boom Clay is 

much smaller compared to the mechanically-induced intrinsic 

permeability change. 

3.3 Effect of heating rate on hydraulic conductivity 

The effect of heating rate on hydro-mechanical parameters of Boom 

Clay is very important, especially for the determination of heating rate of 

in-situ heating tests. Sultan (1997) suggested that the shape of the 

contraction curve was affected by the cooling rate. Test results reported 

by Cui et al. (2000) also show the cooling rate has a significant effect on 

the slope of the temperature (T ) –thermally-induced volumetric strain 

( vT ) diagram. Fig. 10 shows the variation of the hydraulic conductivity at 

80°C reached at different heating rates obtained by this study (stages 5-7). 

The results show that the hydraulic conductivity stays constant with 

different heating rates, suggesting that the thermally-induced volume 

change behavior has less effect on the hydraulic conductivity of Boom 
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Clay. The change in the hydraulic conductivity of Boom Clay with 

temperature may be mostly affected by changes in the viscosity and 

density of the pore fluid with temperature. Further investigations of this 

aspect are necessary, and a difference between the test results under 

drained and undrained conditions is expected. 

4. Discussion 

Under isothermal conditions, a widely used relationship between the 

hydraulic conductivity and physical properties of the pore fluid and clay 

mass for saturated clay is referred to as the Kozeny–Carman equation 

(Kozeny, 1927; Carman, 1937): 

                           
 

3

2 2 21w w s

g n
k C

n S G 

 
  

 
                       (2) 

where C is an empirical parameter that is influenced by the tortuosity 

and shape of the flow channels, g is the gravitational constant, μw is the 

dynamic viscosity of water, ρw is the mass density of water, n is the 

porosity of the clay mass, S and Gs denote the mass specific surface area 

and the specific weight of the solid material, respectively. 

Similar to Kozeny–Carman equation, Towhata et al. (1993) suggested 

the hydraulic conductivity varies with temperature as 

                   
0

0 0 0

( ) ( ) ( )

( ) ( ) ( )

T

T

k f T g T h T

f T g T h Tk
                           (3) 

where T0 denotes the reference temperature, f denotes the effects of 

pore size and shape, g denotes the effect of void ratio, and h denotes the 
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property of pore water at the corresponding temperature. However, 

Towhata et al. (1993) assumed the ratio of “f ” and “g” in Eq. (3) equal to 

unity. That means the change of hydraulic conductivity can be predicted 

only considering the variation of water properties (viscosity and density) 

with temperature. 

Based on Eq. (2), the variation of S and Gs can be neglected from the 

temperature range from 20°C to 90°C (Towhata et al., 1993), the 

hydraulic conductivity of clay at different temperatures T can be 

represented as 

                   
 

 

0 0 0

0

0 0

2
3

2
3

1 ( )

1 ( )

T T TT T

w w TT

T TT T T

w w

C n n
k k

C n n

 

 





                      (4) 

Eq. (4) indicates that the changes in the physical properties of water 

are not the only ones that influence the changes in the hydraulic 

conductivity with temperature. As the temperature increases, the thermal 

effects result in regrouping of the arrangement of clay particles, altering 

the clay fabric and porosity redistribution (Romero et al., 2001). Pusch 

and Güven (1990) observed the produce of larger voids between clay 

particles during heating by using AEM (Analytical Electron Microscopy). 

Additionally, the absorbed water may degenerate into free water under 

thermal loading (Derjaguin et al., 1986). The tortuosity and shape of the 

flow channels may have changed as a result of the above phenomenon, 

which is also the case for the values of C and n. Furthermore, the porosity 

would also be influenced by the thermally-induced volume change 
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behavior (Delage et al., 2000). 

In order to separate these effects, the influence of the variation of the 

water physical properties with temperature on the hydraulic conductivity 

has been further investigated. The hydraulic conductivity of Boom Clay 

was predicted only considering the variation of water viscosity and 

density (Table 2), by taking the hydraulic conductivity experimentally 

measured at room temperature as a starting point. Fig. 11 shows the 

comparison between the hydraulic conductivity determined 

experimentally and those predicted on the basis of water viscosity and 

density changes. The figure confirms that the changes of water properties 

are the main driving factors for the variation of the hydraulic conductivity 

of Boom Clay with temperature. 

However, it is worth noting that the increase in hydraulic conductivity 

with temperature obtained experimentally is slightly lower than that 

predicted on the basis of water viscosity and density changes. These 

results are similar to the results reported by Houston and Lin (1987) on 

illite and Villar et al. (2004) on bentonite, although Towhata et al. (1993) 

found that the changes of hydraulic conductivity of MC clay and 

bentonite with temperature are higher than those predicted on the basis of 

water viscosity changes. Based on Eq. (4), the discrepancy between the 

hydraulic conductivity experimentally measured and predicted may be 

attributed to the changes of clay porosity and flow channels properties 
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with temperature. Moreover, the above described discrepancies may also 

partly be due to the differences in the experimental materials and 

boundary conditions. 

The predictions of Eq. (3) and Eq. (4) were compared in Fig. 12. The 

variation of parameters at different temperatures in Eq. (3) and Eq. (4) is 

shown in Table 3. The changes of hydraulic conductivity and clay 

porosity with temperature is measured experimentally by Delage et al. 

(2000). It is important to note that Towhata et al. (1993) assumed that the 

ratio of “f ” and “g” in Eq. (3) is equal to unity, and the ratio of “C ” in Eq. 

(4) is at present assumed equal to unity. Obviously, Eq. (4) can better 

predict the change of hydraulic conductivity with temperature. Eq. (3) 

overestimates the values of hydraulic conductivity, because it is predicted 

only considering the variation of water properties (viscosity and density) 

with temperature, and assuming that the clay porosity remains constant. 

5. Conclusions  

Constant-head tests were carried out on Boom Clay samples under 

various hydrostatic pressures with heating-cooling cycles. The anisotropy 

properties were considered in specimen preparation. The following 

results can be deduced from these experiments: 

(1) The measured vertical (kv) and horizontal (kh) hydraulic 

conductivities are 1.73×10
-12

 m/s and 5.01×10
-12

 m/s, respectively, which 

falls within the range of the measured in situ hydraulic conductivity. 
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(2) During heating-cooling cycles, there is a positive and reversible 

relationship between the hydraulic conductivity and temperature. The 

hydraulic conductivity at 80°C is approximately 2.4 times higher than 

that at room temperature. The increment of hydraulic conductivity with 

temperature is slightly lower than that predicted on the basis of water 

viscosity and density changes. The discrepancy between the 

experimentally measured and predicted hydraulic conductivities may be 

attributed to the changes of clay porosity and properties of the flow 

channels with temperature. 

(3) The intrinsic permeability slightly decreases with increasing 

temperature. From the perspective of radioactive waste disposal 

engineering, the thermally-induced intrinsic permeability change of 

Boom Clay seems to be much smaller than the mechanically-induced 

intrinsic permeability change. 

 (4) During the loading-unloading cycle, there is a negative and 

irreversible relationship between the hydraulic conductivity and 

hydrostatic pressure. 

 (5) The hydraulic conductivity does not seem to be affected by the 

different heating rates. 

These experimental results provide additional information for assessing 

the variation of hydraulic conductivity of Boom Clay with temperature 

and pressure changes, which is an important parameter for the repository 
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performance assessment during the whole life of a repository, from 

construction to the heating and cooling phases. The anisotropic property 

of the Boom Clay permeability has been validated, which builds up our 

confidence in the hypothesis about the Boom Clay anisotropy. However, 

further investigations to clarify the THM coupled impact on the 

permeability of sheared Boom Clay and the self-sealing properties are 

still needed. 
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Table 1 THM path for the constant-head test 

Experimental 

stage 
Phase 

Hydrostatic pressure 

(MPa) 

Temperature 

(℃) 

Constant-head 

testing sequences 

1 
 

2.5 23 1 

2 Heating 1 2.5 40 2 

  2.5 60 3 

  2.5 80 4 

 Cooling 1 2.5 60 5 

  2.5 40 6 

  2.5 23 7 

3 Loading 5.5 23 8 

4 Heating 2 5.5 40 9 

  5.5 60 10 

  5.5 80 11 

 Cooling 2 5.5 60 12 

  5.5 40 13 

  5.5 23 14 

5 Heating 3 5.5 80 15 

 Cooling 3 5.5 23  

6 Heating 4 5.5 80 16 

 Cooling 4 5.5 23  

7 Heating 5 5.5 80 17 

 Cooling 5 5.5 23  

8 Unloading 2.5 23 18 
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Table 2 Variation of viscosity and density of pure water with temperature 

Temperature (°C) 23 40 60 80 

Viscosity (10
-3 

Pa·sec) 0.9579 0.6560 0.4688 0.3565 

Density (g/cm³) 0.998 0.992 0.983 0.972 
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Table 3 Variation of parameters at different temperatures in Eq. (3) and Eq. (4) 

Temperature (°C) 20 60 70 80 90 

Water viscosity (10
-3 

Pa·sec) 1.002 0.6560 0.4688 0.3565 0.3165 

Water density (g/cm³) 0.998 0.983 0.978 0.972 0.965 

Clay porosity (%) 39.0 38.3 38.1 37.7 37.2 
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Back pressure generator Digital controller

Confining pressure generator Digital controller

Pressure transducer
Temperature controller

Temperature sensor

Heater  coil

Dial gaugeLoad cell

Digital controller

Data logger system 

Sample

Axial loading system

Amplifier

Servo motor

Pressure 

transducer

Pressure 

transducer

Fig. 1 Schematic diagram of the temperature-controlled triaxial cell 
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Fig. 2 Heating-cooling and loading-unloading procedures of constant-head test 
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Fig. 3 Volume of water injected during a permeability test 
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(a) Horizontal, 2.5 MPa 

 

(b) Horizontal, 5.5 MPa 
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(c) Vertical, 2.5 MPa 

  

(d) Vertical, 5.5 MPa 

Fig. 4 Injected water flow-time relationships of steady state experiments at different temperatures 

and confining pressures 
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Fig. 5 Comparison of the hydraulic conductivity measured in this paper and the results of previous 

studies (Delage et al., 2000; Monfared et al., 2012; Chen et al., 2014) 
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(a) Horizontal 

 

(b) Vertical 

Fig. 6 Variation of the hydraulic conductivity during heating-cooling cycles 

 

1E-12

3E-12

5E-12

7E-12

9E-12

1.1E-11

1.3E-11

0 20 40 60 80 100

σ=2.5 MPa

σ=5.5 MPa

Temperature (℃)

H
y

d
ra

u
li

c
co

n
d

u
ct

iv
it

y
  
(m

/s
)

1E-12

2E-12

3E-12

4E-12

5E-12

0 20 40 60 80 100

σ=2.5 MPa

σ=5.5 MPa

Temperature (℃)

H
y

d
ra

u
li

c
co

n
d

u
ct

iv
it

y
  
(m

/s
)



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

33 
 

 

(a) Horizontal 

 

(b) Vertical 

Fig. 7 Variation of the intrinsic permeability during heating-cooling cycles 
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Fig. 8 Variation of the hydraulic conductivity at room temperature during the loading-unloading 

cycle 
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Fig. 9 Variation of the intrinsic permeability at room temperature during the loading-unloading 

cycle 
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Fig. 10 Variation of the hydraulic conductivity at 80 °C with different heating rates 
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(a) Horizontal, 2.5 MPa 

 

(b) Horizontal, 5.5 MPa 
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(c) Vertical, 2.5 MPa 

 

(d) Vertical, 5.5 MPa 

Fig. 11 Comparison of the hydraulic conductivity experimentally determined and predicted, only 

considering the variations of water viscosity and density with temperature changes 
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Fig.12 Comparison of the predictions of Eq. (3) and Eq. (4) 
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Highlights 

 

 The permeability of Boom Clay under various T-H-M coupled conditions is 

measured. 

 The anisotropy properties of hydraulic conductivity of Boom Clay are confirmed. 

 Positive, reversible relation between the hydraulic conductivity and temperature. 

 Negative, irreversible relation between the permeability and hydrostatic pressure. 

 Changes of water properties are the main factors affecting hydraulic conductivity. 


