
1 INTRODUCTION 

In several environmental applications, soils are sub-
mitted at the same time to thermal and hydraulic so-
licitations. Variations may be natural, such as 
weather conditions or anthropogenic, such as heating 
linked to waste storage or geothermal probe. Under 
these variations, the hydraulic properties, including 
the unsaturated hydraulic conductivity (ku) of the 
soil, evolves. This parameter is especially important 
in the context of the nuclear waste repository. In-
deed, Tsang et al. (2011) explain that between com-
pletion of excavation and lining installation and the 
emplacement of waste and buffer, the rock wall is in 
contact with the atmosphere. In particular, tunnel 
ventilation can desaturates the rock wall and modi-
fies its hydraulic properties. The determination of ku 
requires the knowledge of the water content profile 
inside the rock, a very complex task. Classical meth-
ods may perturb the integrity of the sample, a fact 
which prevents to follow the time evolution of the 
hydraulic parameters.  

Nuclear Magnetic Resonance (NMR) spectros-

copy is a powerful tool for the determination of 

complex structures and their interactions. It can be 

used on materials containing several phases. An ap-

plication of this technique, Magnetic Resonance Im-

aging (MRI), can be used to locate the NMR signal 

inside the sample. First MRI experiments were per-

formed on living tissues for medical applications. 

Then, new methods were developed to obtain images 

of objects such as soil samples (Amin et al. 1996). 

Simpson et al. (2011) reviewed the evolution of MRI 

techniques in soil sciences from the establishing of 

calibration curves between the NMR signal and the 

water content of the sample (Prebble & Currie 1970) 

to the acquisition of three dimensional maps of 

structured soils. For example, Amin et al. (1996) 

used a spin-echo pulse sequence to study the water 

infiltration in a heterogeneous soil. This method 

provides a visual and non-destructive means to 

monitor the temporal changes of soil water content, 

and movement of the wetting front. It allows identi-

fying preferential flow pathways in the soil. Magat 

(2008) studied the microstructural evolution of ce-

mentitious materials during hydration process and 

analyzed modifications due to drying effect. Dvin-

skikh et al. (2009) obtained images of both material 

and water content distribution in a sample and dem-

onstrated their use for studying the swelling of ben-

tonite clay with water.  

However, it was difficult to apply these processes 

to soils, especially clayey soils, because they contain 

metallic elements. Indeed, these metal elements de-

crease the NMR relaxation times, which prevent 

classical methods to be used. Moreover, the interpre-
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tation of the signal depends on the water interactions 

with the soil particles. On the one hand, the relaxa-

tion time of free water is long enough to use the 

classical spin-echo protocols. On the other hand, the 

numerous interactions between the water and the 

clayey layers decrease the relaxation time (< 5ms) 

and prevent the use of classical method. Specific 

methods were developed to solve these problems.  
In this study, a MRI method named Single Point 

Imaging (SPI), developed by Emid & Creyghton 
(1985) was applied on several clayey samples. In the 
SPI technique, a single point of the free induction 
decay is detected a short time after the excitation 
pulse (Koptyug 2012). In this technique, the encod-
ing time is very short and the magnetic gradients are 
strong. As a result, the method solves the short re-
laxation time problem. However, this method has to 
be applied on a single point and must be repeated for 
each point after the return to equilibrium. The run 
may be lengthy but allows the location of water in 
the porous matrix. Measurements can be 1D, 2D and 
3D. The method was applied on argillite powder, 
compacted at various water contents and densities in 
order to acquire a calibration curve which connects 
MRI signal to water content of samples. The method 
was then applied to a raw argillite sample subjected 
to various controlled thermal and hydraulic solicita-
tions. The evolution of the water content inside the 
sample was observed over time. These results allow 
calculating ku according to the following method. 

Several laboratory testing techniques are available 
to determine hydraulic properties such as ku 
(Masrouri et al. 2008). The Instantaneous Profile 
Method (IPM) consists of inducing transient flow in 
a long cylindrical sample of soil and then measuring 
the resultant water content and/or pore water pres-
sure profiles at various time intervals (Hamilton et 
al. 1981). ku is then computed by using transient pro-
files of water content and pore water pressure head 
in conjunction with Darcy’s law. To measure the 
pore water pressure profile, Wind (1968) proposed a 
direct evaporation technique in laboratory. It pro-
vides an estimation of the water retention and the 
hydraulic conductivity curves. In this study, the wa-
ter content in each point of the sample was measured 
using the MRI technique and the pore water pressure 
was calculated thanks to a pre-established water re-
tention curve. Then, the IPM allows converting w 
profiles in ku values. 

In this study, the used material (COX argillite) 
and methods (SPI, IPM) are presented in the first 
part as well as details on the sample preparation. The 
second part consists of the results and discussions 
before to conclude. 

2 TESTED MATERIAL AND METHODS 

In this part we first introduce the MRI method. In a 
second part, the instantaneous profile method is ex-
plained. Third, the COX argillite, used in this study 
is characterized. Finally, the sample preparation pro-
cedure is detailed.  

2.1 MRI method 

The measurements were performed using MRI 
equipment operating at 100 MHz (Bruker Biospec 
24/40). A Single Point Imaging sequence was used 
to obtain the signal intensity. The experimental pa-
rameters were chosen as follows: angle = 4.5° 
(5 µs), 64 measurement points, magnetic field B0 = 
2.34 T, MRI probe: 35 mm in diameter (Rapid Bio-
medical GmbH), maximal gradient: 200 mT/m, evo-
lution time 40 µs <   < 180 µs. 

In an image acquired with the SPI method (Young 
et al. 2006), the intensity of each voxel (S) is: 

 
 
 (1) 

 
 

Where: S = intensity of a voxel; M0 = magnetization 
in a pixel;  = encoding time; T2* = transverse relax-
ation time.  

M0 is related to the water quantity in the consid-
ered voxel. In order to measure this value, has to 
be reduced as low as possible so that the impact of 
the relaxation time is minimized. However, as the 
resolution is a function of times the magnetic field 
gradient, and as this last parameter is limited by the 
hardware, one can achieve very low encoding times 
only by decreasing spatial resolution. Moreover, as 
the relaxation time evolves with the water content, S 
is not entirely proportional to water content. Conse-
quently, to obtain a quantitative map of water con-
tent in a clay, a calibration curve connecting T2* and 
w has to be achieved. In order to do so, several im-
ages are acquired at various  and the regression of 
the experimental points with Equation 1 allows to 
determine T2*. The method was applied to samples 
of known w in order to determine the calibration 
curve before being used on raw samples submitted to 
drying tests. 

2.2 The instantaneous profile 
method 

The retention curve of the material is necessary to 
calculate the matrix suction of the material. Suction 
(s) is calculated using the van Genuchten equation 
(van Genuchten 1980):  
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Where = negative pore water pressure or suction 
(MPa); Se = effective water saturation;  (MPa

-1
), m 

and n = van Genuchten parameters obtained by fit-
ting the model to experimental data. 

At each depth, the flow velocity and the hydraulic 
gradient are calculated from water content profiles 
and suction profiles respectively. Then, the unsatu-
rated hydraulic conductivity is determined using 
Darcy law:  

 
 (3)

      
 
Where ku = unsaturated hydraulic conductivity (m.s

-

1
); v = flow velocity (m.s

-1
); d/dz = hydraulic gra-

dient.  

2.3 COX Argilite 

The studied argillite comes from the callovo-
oxfordian level (COX) from the Parisian basin. 
Huang (2012) described this argillite formation as a 
heterogeneous medium in which the quartz and large 
calcite grains are dispersed in a fine matrix of clay 
minerals and calcite, which acts as cement for the 
larger grains. The mineralogy, obtained by Abou-
Chakra Guéry et al. (2008), showed a composition of 
quartz (23% average), calcite (28% average), and 
clay minerals (45% average) together with subordi-
nate feldspars, pyrite, and iron oxides (5% average). 
The clay mineral composition is relatively constant 
at 65% I/S (illite–smectite interstratified minerals), 
30–35% illite, and 0–5% kaolinite and chlorite. The 
various sizes of the minerals lead a quite heteroge-
neous porous pattern inside the material. 

The sample comes from a gallery of the ANDRA 
underground research laboratory at Bure (France). Its 
raw water content is 5.4% and its dry density is 
2.24g.cm

-3
. Mohajerani (2011) reviewed physical 

properties of the COX argillite available in bibliog-
raphy. The dry density is typical to the France, east-
ern argillite (Heitz & Hitcher, 2002). The water con-
tent of the material is in the range of other studies 
(Wright 2001, Bauer-Plaindoux et al. 1998). 
M’Jahad (2013) cited various existing retention 
curves for this material. The water retention curve 
used here (Fig. 1) was acquired by Gerard (2011). 
The parameters of the van Genuchten model fitted 
on the water retention curve are presented in Tab. 1. 

Table 1: Fitted van Genuchten parameters for COX argillite us-
ing the data by M’Jahad (2013). 
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0.037 0.396 1.654 

 

 
Figure 1. Water retention curve of COX argillite (Gerard 

2011 cited by M’Jahad 2013). 

2.4 Sample preparation 

COX argillite was prepared in two ways in this 
study. First, crushed argillite was compacted at vari-
ous water contents and densities. These samples al-
low performing the calibration curve to connect the 
MRI signal to water content of samples. Second, 
drying tests were applied on a sample of raw argil-
lite.  
The argillite was crushed then mixed with water in 
order to reach the desired mass water content (9% < 
w < 40%). The hydrated material was packed in 
hermetic bags and left to homogenize for at least 24 
hours. 12 cylindrical samples of 30mm height were 
compacted in 2 layers in a mold 22mm in diameter. 
A sample had a dry density of 2g.cm

-3
 whereas the 

11 others samples had a dry density of 1.65g.cm
-3

 
(Table 1). The samples S1 to S11 were used to de-
velop the T2* vs. w calibration curve. After the MRI 
test, the final wf, reported on Table 2, was verified by 
ignition loss (AFNOR 1995). 

Table 2. Water contents at the end of the test (wf) and dry den-
sities (ρd) of the samples. 

Samples wf ρd Samples wf ρd  
  (g.cm

-3
)   (g.cm

-3
) ______________________________________________ 

S1 9.9 1.65 S7 23.1 1.65 
S2 11.6 1.65 S8 24.9 1.65 
S3 14.1 1.65 S9 27.1 1.65 
S4 16.4 1.65 S10 29.3 1.65 
S5 18.5 1.65 S11 38.3 1.65 
S6 19.6 1.65 S12 14.1 2.00 

 
For the drying tests, a sample of 38mm in diame-

ter and 76mm in height was cored in the raw argil-
lite. The sample, enclosed in a Teflon mold, was 
submitted to two successive thermal solicitations. 
Before each solicitation, the sample was saturated. 
To ensure an efficient saturation, a porous rock was 
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placed at the top of the sample and the mold was 
merged upside down in distilled water for, at least, 
50 days (Fig. 2a). The bottom of the mold was then 
closed and the top of the mold was open during the 
thermo-hydraulical solicitation (Fig. 2b). Finally, the 
mold was hermetically closed during the MRI test 
(Fig. 2c). The first solicitation consisted of putting 
the sample into a dessicator that includes a salt solu-
tion during 144 h (6 days). The salt solution was a 
magnesium chloride which imposed a relative hu-
midity of 33% into the dessicator. For the second so-
licitation, the sample was placed in a climatic cham-
ber with temperature regulated at 40°C and the 
relative hygrometry (RH) at 33%. The two solicita-
tions are applied on the same sample with the same 
mineralogy and porous pattern.  
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Figure 2. Successive steps of the study 

3 RESULTS 

In this part, the calibration curve obtained on com-
pacted powders of argillite is first presented. Then 
the curve is used on drying tests performed on raw 
argillite samples. Finally, the unsaturated hydraulic 
conductivities of the samples are calculated.  

3.1  MRI calibration curve  

The calibration curve connects the T2* deduced from 
MRI measurements and the water content of the 
sample. The T2* obtained for the 12 samples of 
compacted argillite powder are reported in Figure 3.  
A linear regression on samples S1 to S11 (Table 2) 
allows modeling the relationship between the T2* 
values and the w for a dry density of 1.65g.cm

-3
: 

         (4) 
 

The calibration curve (Fig. 3) is defined for water 
contents higher than 10%. However, the water con-
tent may be lower than 10% during the drying test. 
The calibration curve has to be complete for lowest 
water contents. 

The result acquired on the sample compacted at a 
dry density of 2g.cm

-3
 is perfectly aligned with the 

other results obtained on sample at a dry density of 
1.65g.cm

-3
. According to this result, it seems that the 

density of the material has a negligible impact on the 
result. Also, this calibration curve may be used to 

characterize the raw material. This point will be veri-
fied in following studies. 

 

Figure 3. Calibration curve 

3.2 Drying tests 

During the first drying test, the material was submit-

ted to air at 20°C and to a relative humidity of 33%. 

At various times step, the sample was extracted from 

the container, closed and then tested in the MRI. To 

allow the comparison between the two tests, the re-

duced water content, w , is defined as follow : 

100
iw

w
w                 (5) 

Where wi = initial water content (%). 

Results are presented in Figure 4a. Only the first 

35mm of the sample are analyzed by MRI. At the 

beginning of the test, the sample was well saturated 

and homogenous in depth with a w near to 100%. 

The values may be disturbed by the probable hetero-

geneity of the porous pattern inside the sample. 

Over time, we observed the drying of the sample 

(Fig. 4). In the first 24h of test, the drying is more 

rapid on top of the sample (Depth=0) than on the 

bottom (Depth=35mm). w reaches 61% on the top 

whereas w on the bottom is not far from 100% 

(93%). During the next 40h, w  evolves on the top as 

well as on the bottom of the sample. The evolution 

between 72h of drying and 144h of drying is very 

low. At the end of the test, the top w  reaches 39.4% 

and the bottom w  reaches  

At the end of the first drying test, the sample was 

placed under imbibitions conditions in order to satu-

rate the sample. A new drying test was next realized 

at 40°C and 33% RH. At the beginning of the test, 

w  is not homogenous: on the top of the sample w  is 

near to 100% whereas on the bottom, w  is only 

93%. During the first 2 h of test, a global homogeni-

zation is recorded and after 3h of test a drying is ob-



served on the top of the sample. In the following 

tests, homogenization time must be respected before 

the beginning of the drying. After 5 drying hours, the 

upper 10mm of the sample was affected. During the 

15 following hours, this drying front makes progress 

to reach 20 mm. The three profiles obtained after 

20h, 23h and 26h are superimposed. During the fol-

lowing hours, w  decreases slowly at the top of the 

sample but highly at the bottom. w  reaches an equi-

librium value in relation with the temperature and 

the relative humidity imposed to the sample. At the 

end of the test, after 90 drying hours, the top w  

reaches 45% and the bottom w reaches These 

values are similar to the test at 20°C but the initial 

state was different.  
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Figure 4. Drying tests on raw argillite submitted to a) T = 20°C 

and RH = 33%; b) T= 40°C and RH = 33%. 
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Figure 5. Reduced water content evolution along the time for 

the two drying tests at two depths (2.3mm and 25.8mm). 

The Figure 5 provides for each test the evolution of 

w  along the time on two points of the sample: at 

2.3 mm and at 25.8 mm in depth. w decreases quick-

ly during the first testing hours. As expected, the ma-

terial at 25.8mm in depth is less affected by the dry-

ing than material at 2.3mm in depth. The evolution 

at 20°C is similar to the evolution at 40°C.  

3.3 Unsaturated hydraulic 
conductivities 

At each depth, the flow velocity and the hydraulic 
gradient are calculated from water content profiles 
and suction profiles respectively. Then the unsatu-
rated hydraulic conductivity is determined using 
Darcy law (Equation 3). Results for the two tests are 
presented in figure 6.    
 

 
Figure 6. Unsaturated hydraulic conductivity curves derived 

from the tests. 

 
The points are scattered in the figure due to the 

non monotonic evolution of the water content with 
the depth (Fig. 4). However, clear trends are high-
lighted. As expected, the unsaturated hydraulic con-
ductivity decreases with the suction increasing. The 
results from tests realized at 20°C are superimposed 
to results from tests realized at 40°C in accordance 
with the measured values.  

The unsaturated hydraulic conductivities calculat-
ed on the material are on a compatible order of mag-
nitude than the hydraulic conductivity of 7. 10

-13
 m/s 

calculated by Enssle et al. (2001). These authors 
specify that the permeability values are in good 
agreement with those determined with hydraulic test-
ing in boreholes. 



4 CONCLUSION 

In this study, a Single Point Imaging method is ap-
plied on clayey samples. A calibration curve which 
connects MRI signal to water content of samples 
was acquired on compacted samples. Two drying 
tests, at 20 and 40°C are performed on a raw argilite. 
The evolution of the water content inside the sample 
was observed over time. These results allow calcu-
lating the unsaturated hydraulic conductivity accord-
ing to the instantaneous profile method. The unsatu-
rated water conductivity are in good agreement with 
saturated conductivity measured in bibliography. 

The method succeeds to detect a water content 
profile evolution without destroying the sample. As 
expected, the water content evolution is quicker on 
the top of the sample, which is in contact with air, 
than on the bottom. In this study, a temperature im-
pact on the drying kinetic is not evidenced. Howev-
er, the temperature range is very low and the uncer-
tainty on the water content value remains quite 
important, especially at lowest water content values. 
Method development has to be carried on in order to 
improve the result.   
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