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Fate of repository gases (FORGE) 

The multiple barrier concept is the cornerstone 
of all proposed schemes for underground 
disposal of radioactive wastes. The concept 
invokes a series of barriers, both engineered and 
natural, between the waste and the surface. 
Achieving this concept is the primary objective of 
all disposal programmes, from site appraisal and 
characterisation to repository design and 
construction. However, the performance of the 
repository as a whole (waste, buffer, engineering 
disturbed zone, host rock), and in particular its 
gas transport properties, are still poorly 
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examined that relate to understanding basic 
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capillary flow mechanisms; long-term integrity of 
seals, in particular gas flow along contacts; role 
of the EDZ as a conduit for preferential flow; 
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Foreword 
This report includes part of the work carried out by CIEMAT in FORGE WP5.1 “Gas transport 
laboratory experiments”. One of the tasks undertaken by CIEMAT in this work package was the 
determination of two-phase flow parameters in Opalinus clay. With this aim the water 
retention curve of Opalinus clay samples was determined under high confinement –to simulate 
the in situ conditions– and under free volume conditions for comparison. The results obtained 
are reported here. All the laboratory work included was performed at CIEMAT.  
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Summary 
The water retention curve of Opalinus clay samples from boreholes BHT-1 and BHG-D1 was 
determined under different conditions: total and matric suction, free volume or confined 
volume, wetting and drying paths. Through the fitting of these results to the van Genuchten 
expression, it was possible to compute the air entry value, which is a parameter corresponding 
to the suction value above which air is able to enter the pores of the sample, and consequently, 
above which 2-phase flow can take place in the soil pore structure.  

The samples used in this research came from two different boreholes, BHT-1 and BHG-D1, but 
the behaviour of them did not depend on their location, what was probably due to the fact that 
both were drilled in the shaly facies  of the Opalinus clay. 

There was not a distinct difference between the results obtained under total or matric suctions. 
In the drying paths, both the water contents and the degrees of saturation tended to be higher 
when total suction was applied, however the reverse trend was observed for the water 
contents reached in wetting paths. As well, no clear difference was observed in the water 
retention curves obtained in oedometers under matric and total suctions, what points to the 
osmotic component of suction in Opalinus clay not being significant. 

Overall, the water contents were lower and the degrees of saturation higher when suction was 
applied under vertical stress, what would indicate that the water retention capacity was lower 
under 8 MPa vertical stress than under free volume conditions 

Also, the samples showed hysteresis according to the expected behaviour, i.e. the water 
contents for a given suction were higher during a drying path than during a wetting path. 

The air entry values obtained were between 6 and 34 MPa, and tended to be higher for the 
samples tested under stress, in drying paths and when total suction was used. 
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1 Introduction 
The work of CIEMAT in WP5 included two kinds of tests in indurated clay, gas permeability and 
gas breakthrough pressures (to be reported in Deliverable 5.11) and the determination of 2-
phase flow parameters, in particular of the air entry pressure. Although in the project proposal 
the material to be used was not specified, by taking into account the work to be performed by 
the other participants and our own experience, we chose the Opalinus clay. 

In order to find out the air entry pressure of the Opalinus clay under stress conditions similar to 
the in situ ones, CIEMAT undertook the determination of the water retention curve (WRC) of 
the undisturbed material under vertical stress. For this purpose suction-controlled oedometers, 
in which the sample was laterally confined and placed under constant vertical stress and 
suction, were used. The vertical stress applied during the tests was 8 MPa, the maximum that 
could be reached in the equipments, and the suction applied was either matric or total. To 
apply matric suctions up to 14 MPa the axis translation technique was used. To apply total 
suctions higher than 3 MPa the relative humidity of the atmosphere in which the sample was 
placed was controlled by means of sulphuric acid solutions of different concentrations. The 
water retention curves were also determined with the same suction control techniques in non 
confined samples, so that to evaluate the effect of the mechanical stress on the water retention 
capacity and in particular, on the air entry value.  

2 Material 
The Opalinus clay used came from two different boreholes drilled in the shaly facies : 

§ BHT-1, from the Hydrogen Transfer (HT) test run by ANDRA. Core samples from metres 7.35 
to 14.73 were sent to CIEMAT by ANDRA on May 2009 and they were kept since then 
vacuum packed at 4°C. These samples were mainly used for mineralogical and geochemical 
determinations in the context of the HT Project. Their water content and dry density were 
between 6.6 and 8.0% and around 2.26 g/cm3, respectively. The samples used for the water 
retention curve determinations belong to the depth 14.30-14.73 and 12.42-12.96, and grain 
densities of 2.70 and 2.72 g/cm3, respectively, were determined (Fernández et al. 2011). 

§ BHG-D1, from the Reactive Gas Transport in Opalinus Clay (HG-D) test run by NAGRA. A core 
sample kept in resin from metres 11.8 to 12.5 was sent to CIEMAT by NAGRA on March 
2010 specifically for the tests to be performed in the context of the FORGE project. It was 
kept since then at 20°C. The water content and dry density determined in some samples 
from this core were 7.1% and 2.28 g/cm3, respectively, and its measured grain density was 
2.70 g/cm3. 

3 Methodology 
The techniques applied for the determination of the water retention curve (WRC) allow the 
study of the unsaturated behaviour of the material by imposing suction instead of measuring it, 
that is to say, by subjecting the sample to a given and known suction that conditions its water 
content, while the other variables (stresses, strains) are modified or measured . Two different 
techniques were used to impose suction (Villar 2002): axis translation (matric suction, in 
membrane cells) and the imposition of relative humidity (total suction, in cells with deposit for 
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solution). The axis translation technique was applied both in oedometers –for determination of 
the WRC under constant stress– and in membrane cells, in which the sample experienced no 
mechanical stress imposition. The control of relative humidity was applied both in oedometers 
–for determination of the WRC under constant stress– and in desiccators, in which the sample 
experienced no mechanical stress imposition. 

The characteristics of the tests performed in desiccators and the suction paths followed in each 
of them are shown in Table III. The same information is given in Table I for the tests performed 
in membrane cells and in Table II for the tests performed in oedometers. In the case of the tests 
in oedometers the initial dry densities were systematically lower than the dry density measured 
in other samples of the same boreholes. This is due to the fact that the samples trimmed were 
not exactly cylindrical and they did not fit precisely the ring contour at the beginning of the 
tests. 

Table I: Initial characteristics of the samples used in the tests in desiccators and suction paths 
followed 

Reference Depth (m) ρd (g/cm3) w (%) Sr (%) Suction path (MPa) 
WETTING 

BHT1-1 14.30-14.73 2.20 7.6 91 
BHT1-2 14.30-14.73 2.22 6.8 85 

BHT1-3 14.30-14.73 2.21 6.6 80 
BHT1-4 12.42-12.96 2.20 6.5 74 

BHT1-9 12.42-12.96 2.18   
BHT1-10 12.42-12.96 2.20   

12-10-7-4 

DRYING 
BHT1-5 14.30-14.73 2.20 8.1 96 

BHT1-6 14.30-14.73 2.14 7.8 81 
BHT1-7 14.30-14.73 2.17 7.2 80 

BHT1-8 12.42-12.96 2.18 6.4 69 
BHT1-11 12.42-12.96 2.18 6.3 70 

BHT1-12 12.42-12.96 2.14 6.1 61 

2-7-10-13-19-35 

Average 2.19±0.03 6.9±0.7 79±11  

Table II: Initial characteristics of the samples used in the tests in membrane cells and suction 
paths followed 

Reference ρd (g/cm3) w (%) Sr (%) Suction path (MPa) 
BHT-1-1 2.21 6.3 74 0.2-0.5-1-2 

BHT-1-2 2.22 7.2 87 14-12-10-8-6-4-2 
BHT-1-3 2.20 7.0 81 14-12-10-8-6-4-2-1 

BHG-D1-1 2.12 8.7 86 14-12-10 
BHG-D1-2 2.21 7.0 85 0.5 

BHG-D1-3 2.22 4.4 55 0.8 
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Reference ρd (g/cm3) w (%) Sr (%) Suction path (MPa) 

BHG-D1-4 2.21 7.9 96 8 
BHG-D1-5 2.20 6.5 77 2 

BHG-D1-6 2.16 6.9 75 4-8-12 
BHG-D1-7 2.20 7.1 85 6 

BHG-D1-8 2.15 7.2 76 14-10-6 
BHG-D1-9 2.26 6.7 94 1-2-4 

BHG-D1-10 2.23 6.5 83 5-3 
BHG-D1-11 2.20 7.0 83 3-5 

BHG-D1-12 2.25 5.2 71 0.5-1-1.5 
BHG-D1-13 2.23 6.7 85 12-10 

BHG-D1-14 2.22 6.2 78 10-8 
BHG-D1-15 2.19 7.3 83 10 

BHG-D1-16 2.12 6.6 65 0.5 

BHG-D1-17 2.24 6.1 80 2 
BHG-D1-18 2.20 6.9 82 3 

BHG-D1-19 2.26 6.3 87 6 
BHG-D1-20 2.26 5.8 80 11 

BHG-D1-21 2.23 6.8 88 13 
Average 2.21±0.04 6.7±0.8 81±9  

Table III: Initial characteristics of the samples used in the tests in oedometers and suction 
paths followed 

Reference Sample ρd (g/cm3) w (%) Sr (%) Suction path (MPa) 

MATRIC SUCTION 
EDN1_F1 BHG-D1 2.18 7.9 87 0-1-2-4 

EDN3_F1 BHT-1 14.30-14.73 1.94 8.3 56 0-0.3-1-2-4-8-10-12 

EDN5_F1 BHG-D1 2.14 7.5 76 14-11-8-5 
TOTAL SUCTION 

EDS2_F1  BHG-D1 2.09 8.3 77 3-2 
EDS2_F2  BHG-D1 2.21 7.2 87 4-7-11 

EDS2_F3  BHG-D1 2.21 5.6 68 19-7 
EDS3_F1  BHT-1 14.30-14.73 2.11 6.5 62 2-6-11-15-25-39-37-57 

EDS3_F2  BHG-D1 2.14 7.3 75 70 
EDS5_F1  BHG-D1 2.09   12-11-6-3 

EDS5_F2  BHG-D1 2.19 6.6 78 11-19-23 
Average 2.13±0.08 7.2±1.4 74±16  
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3.1 SUCTION CONTROL TECHNIQUES 

3.1.1 Matric suction 
Matric suction was applied to the samples through the axis translation technique. The principle 
of axis translation is the modification of the suction of a sample by increasing the pressure of 
the gaseous phase in its pores. The sample is placed in a cell in contact with water at 
atmospheric pressure through a membrane permeable to water but not to gas. These 
regenerated cellulose membranes have a pore diameter of 2.4 nm. The pressure in the cell is 
increased by injecting gas at the desired pressure, this increasing the air pressure in the pores 
of the sample. This new situation forces the sample to exchange water through the membrane 
until equilibrium is reached once again. Given that the changes in capillary (matric) suction are 
caused by the difference between the pressure of the air in the pores (ua) and the pressure of 
the water (uw), when air pressure is applied to the sample an increase in ua is induced, while uw 
remains the same as atmospheric pressure. In this way, capillary suction varies by the same 
amount as gas pressure. The membrane allows ions to pass through, as a result of which 
osmotic suction is not controlled by this method. 

The oedometer membrane cells used are manufactured in stainless steel and consists of a base, 
cover and central body (Figure 1). The oedometer ring is housed in the body of the cell. The 
upper part of the cell has a central orifice for passage of the loading ram. This rests on the load 
distributing piston, which has a porous stone attached to it at its lower end, which remains 
directly in contact with the sample. The cover of the cell also has a gas inlet with a manometer 
for values of up to 16 MPa. Externally, a linear potentiometric transducer, with a level of 
accuracy of thousands of a millimetre, coupled to the loading ram, rests on the cell cover so 
that to measure the vertical deformation of the sample. The base of the cell has an embedded 
porous stone, below which there are two inlet and outlet orifices, connected to a deposit with 
water at atmospheric pressure. The semipermeable, regenerated cellulose membrane is placed 
over this stone, with the sample resting directly on it. A peristaltic pump, installed between the 
deposit and the cell inlets, facilitates the removal of the gas that could diffuse through the 
membrane. Given the mechanical limitations of the cell, it is possible only to apply matric 
suctions of less than 14 MPa. Industrial nitrogen was used as the gas, deionised water for 
saturation and the tests were performed at 20°C. 

The cells used for the determination of the WRC under no mechanical stress are essentially like 
the one just described except for there is no loading ram or ring to confine the sample (Figure 
2). 
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Nitrogen inlet

Water inlet

Manometer

Sample Porous stone Sample ring Membrane

Dial gauge

Loading ram

Pump

 
Figure 1: Schematic cross section of an oedometric membrane cell (Villar 2002) 

Nitrogen injection

Water intake

Manometer

Sample Porous stone Steel Membrane

Nitrogen injection

Water intake

Manometer

Sample Porous stone Steel MembraneSample Porous stone Steel MembraneSample Porous stone Steel Membrane
 

Figure 2: Schematic cross section of a membrane cell (Villar 2002) 

3.1.2 Total suction 
The method of imposing relative humidity (RH) is based on the fact that this conditions the 
pressure of the water and gas in the pores (uw and ua). This humidity may be imposed by means 
of solutions of sulphuric acid (although any other solution of known water activity may be 
used). The sample exchanges water with the atmosphere until thermodynamic equilibrium is 
reached with the vapour pressure of the solution, as a result of which total suction is modified. 
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The suction in the pores of the sample (s, in MPa) is related to the activity of the water in the 
solution (aw=RH/100) by means of Kelvin’s law: 







×

=
100
HRln10 6

w

-

V
TR-s             [1] 

where R is the universal constant of the gases (8.3143 J/mol·K), T is absolute temperature and 
Vw is the molar volume of the water (1.80·10-5 m3/mol). 

The relation between the activity of the solution and the percentage in weight of sulphuric acid 
used to prepare it is reflected in experimental tables. The transfer of water between the clay 
and the atmosphere may cause the density of the solution to vary, as a result of which this 
should be checked prior to and following stabilisation, this being accomplished by means of 
pycnometers. There is an experimental relation between the specific gravity of the solution and 
the percentage in weight of the sulphuric acid in the solution (which in turn depends on 
activity), which is temperature-dependent.  

Total suctions of between 3 and 500 MPa may be obtained using this method. In view of the 
influence of temperature on the activity of the solutions, this is kept constant at 20°C 
throughout the entire tests. 

The oedometric equipment used includes modified oedometric cells in which suction may be 
applied. The cell with a deposit for solutions consists of a base and cover of high corrosion-
resistant stainless steel (AISI 316L) and a cylindrical body of transparent material with an 
internal border on which rests a ring-shaped glass deposit (Figure 3). A porous stone rests on 
the base of the cell, over which is the oedometer ring with the sample and finally, the upper 
porous stone attached to the piston. This assembly is attached to the base of the cell by means 
of a steel flange. The upper cover has an orifice for the loading ram, a perforation for insertion 
of the sulphuric acid and an inlet for the creation of the vacuum. Externally, a linear 
potentiometric transducer, accurate to thousands of a millimetre, rests on the cell cover, 
coupled to the loading ram, to measure the vertical deformation of the sample. 

This technique is also applied in desiccators to determine the WRC under no mechanical stress 
(Figure 7). 
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Dial gauge

Loading ram

Sulphuric acid inletVacuum

Sample Porous stone Odometer ring Sulphuric acid Metacrilate
 

Figure 3: Schematic cross section of an oedometric cell with deposit for solutions (Villar 2002) 

 
Figure 4: Desiccators for control of the relative humidity 

3.2 EXPERIMENTAL PROCEDURE 

3.2.1 Water retention curves under vertical stress 
The undisturbed clay was trimmed in cylindrical specimens to fit the oedometer ring, i.e. 1.2-
2.0 cm in length and 11.40 cm2 in cross section. For that, an approximately 2-cm thick slice of 
the boreholes was cut with a band saw and a cylindrical specimen was obtained from it by 
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trimming (Figure 5). This was a particularly difficult task due to the bad consistency of the 
material, which easily crumbled and exfoliated. In some cases the voids between the sample 
and the ring were filled up with crumbled adjacent material and slightly pressed. In spite of it, 
the initial dry density of the samples was lower than the borehole density (2.13±0.08 g/cm3, see 
Table III). 

  
Figure 5: Appearance of samples prepared for the oedometer tests (left: EDS5_F1, right: 
EDS5_F2) 

Once the oedometer ring with the sample was placed in the oedometer cell and load frame, the 
desired suction and vertical stress were applied simultaneously and the vertical strain recorded. 
Once equilibrium was reached for a given suction and stress (from previous experience it was 
considered that equilibrium was reached after two months or when there was no vertical strain 
change), the cell was released, the ring and the sample were weighed together (since the 
sample could not be removed from the ring without undergoing major disturbance) and the 
specimen height was indirectly measured. Afterwards, the oedometer ring was immediately 
assembled in the cell, which was placed in the oedometer frame, and the vertical stress was 
applied, along with the new suction. 

At the end of the tests, the samples were extracted from the ring, measured, weighed and 
dried in the oven at 110°C for 48 h to determine their final water content. 

Drying or wetting paths were followed, according to the equipment limitations. In the tests 
performed in oedometers with suction control by nitrogen pressure, the maximum applicable 
suction is 14 MPa, which was close to the in situ value of the Opalinus clay as determined in a 
previous research in samples from the VE test (Villar et al. 2009). In oedometers with suction 
controlled by solutions, the minimum suction applicable was 2 MPa. 

In one of the tests performed in membrane cells (EDN3_F1) it was tried to measure the water 
exchange by using a piston pump to apply a water pressure of 200 kPa (instead of it being 
atmospheric). The piston pump was capable of applying a fixed pressure and measure small 
fluid volume variations. However, due to the quantity of gas that diffused through the 
membrane and entered the pump, the accurate measurement of water exchange failed and the 
pump was removed after the fourth suction step. 
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3.2.2 Water retention curves under no vertical stress  
The WRC under no mechanical stress were determined both in membrane cells (axis translation 
technique, matric suction) and in desiccators (control of relative humidity, total suction). The 
samples used were obtained by cutting slices from the boreholes and trimming from them 
samples. In some cases these samples were the remainings of trimming circular-shaped 
samples for the tests in oedometers. 

The samples were initially weighed and measured and subjected to the corresponding suction. 
Usually, the actual dry density and water content of fragments adjacent to those used in the 
determinations were initially determined. The samples’ weight was periodically checked and 
the suction was kept in the same value until no weight variation was observed. Some samples 
were just subjected to one suction value, and after equilibrium they were measured (and 
sometimes also immersed in mercury to determine their volume) and dried in the oven at 
110°C for 48 h to determine their water content. Other samples were submitted to a suction 
path, i.e. once equilibrium was reached for a given suction the sample was weighed and 
measured (and sometimes also immersed in mercury) and a new suction value was imposed. 
Drying in the oven did not take place until the end of the suction path. 

These samples had not regular shapes (Figure 6, Figure 7), and their volume after hydraulic 
equilibrium was measured in some cases by immersing them in mercury, and in others by just 
measuring a couple of dimensions. The first method had the drawback that some mercury 
could get trapped inside the sample and affect the subsequent weight measurements, for 
which reason it was not applied when the samples were very exfoliated. The second method 
gave only an indication of the density change, which was considered proportional to the 
dimensions’ change. 

 
Figure 6: Samples used for the determination of the WRC in membrane cells 
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Figure 7: Samples for determination of the WRC in desiccators 

4 Results 

4.1 WATER RETENTION CURVES UNDER VERTICAL STRESS 
The samples analysed had, once in the oedometer ring, and average dry density of 2.13±0.08 
g/cm3 and an initial water content of 7.2±1.4%. As explained above, the initial dry density was 
lower than the value corresponding to the borehole due to the fact that the shape of the 
samples was not perfectly regular and they did not fit entirely the oedometer ring at the 
beginning of the tests. Overall, the initial dry density of the samples clearly increased after the 
first suction step, due to the consolidation caused by the mechanical stress. In the subsequent 
steps, the dry density barely changed. 

The results obtained in the suction-controlled oedometers can be found in Table V to Table XIV 
(Appendix 1) and they are shown in Figure 8 in terms of water content vs. suction changes and 
in Figure 9 in terms of degree of saturation. To analyse these results the following has to be 
taken into account: 

- The paths followed were either of drying or of wetting, what could influence the 
equilibrium water content due to hysteresis, drying paths usually giving higher water 
contents. 

- The two different methodologies applied for the control of suction applied total suction in 
one case (deposit cells, tests EDS) and matric suction in the other (membrane cells, tests 
EDN), what could give rise to different water contents if the osmotic component of suction 
were significant. 

- To determine the degree of saturation for each suction step, the sample dimensions 
measurements taken upon relieving the vertical pressure and removing the oedometer ring 
from the cell were considered. Certain expansion of the sample could be expected after 
removal of the vertical stress, and thus the degrees of saturation could be underestimated 
with respect to those the samples actually had when they were submitted to the 8 MPa 
vertical stress in the oedometer.  

- The samples used came from two different boreholes, BHT-1 (tests EDN3_F1 and EDS3_F1) 
and BHG-D1 (rest of the tests). A well as in the tests performed under free volume 
conditions (see below), no evidence of a different behaviour between both kinds of samples 
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was discernible though. However, the behaviour of the sample in test EDN3_F1 could be 
affected by the fact that it was initially flooded under suction 0 and that during the first 
steps a water pressure of 200 kPa was applied. 

Overall, the water content and degree of saturation for a given suction was higher in drying 
than in wetting paths, what is the expected behaviour. However, there is not a clear difference 
between the results obtained under matric suction (tests EDN) or under total suction (tests 
EDS), for which reason no conclusion about the osmotic component of suction in Opalinus clay 
can be drawn. 

Figure 10 and Figure 11 show the final appearance of samples from some of the tests 
performed in oedometers. The bedding planes are no longer visible, particularly in the samples 
coming from tests performed in membrane cells oedometers, in which the final values of water 
content were higher and the total duration longer (Figure 11). 
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Figure 8: Results obtained in suction-controlled oeometers under vertical stress 8 MPa. Tests 
EDN: matric suction, tests EDS: total suction (detailed values in Table V to Table XIV) 
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Figure 9: Results obtained in suction-controlled oeometers under vertical stress 8 MPa. Tests 
EDN: matric suction, tests EDS: total suction (detailed values in Table V to Table XIV) 

 
Figure 10: Final appearance of samples from test EDS2_F3 (left) and EDS5_F2 (right) 
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Figure 11: Final appearance of samples from test EDN3_F1 (left) and EDN1_F1 (right) 

4.2 WATER RETENTION CURVES UNDER NO MECHANICAL STRESS 
In order to analyse the effect of stress on the water retention capacity and the air entry value, 
the retention curve of the Opalinus clay was also determined in similar samples under no 
mechanical stress conditions, both in desiccators applying total suction and in membrane cells 
applying matric suction. The same concerns expressed in the previous section with respect to 
the interpretation of these results have to be taken into account. In addition, from borehole 
BHT-1 samples from two different depths (expressed in metres in the legend of the Figures) 
were used. 

4.2.1 Water retention curves obtained in desiccators 
Twelve samples from borehole BHT1 were tested in desiccators, six of them taken at depth 
14.30-14.73 m (average initial ρd 2.19±0.03 g/cm3 and w 7.4±0.6%) and six others at depth 
12.42-12.96 m (average initial ρd 2.18±0.03 g/cm3 and w 6.3±0.1%). Wetting paths from 12 to 4 
MPa and drying paths from 2 to 35 MPa were followed. The detailed results are shown in Table 
XV and Table XVI (Appendix 1) and are plotted in Figure 12. 

The results obtained in samples coming from the same depth were averaged and are plotted in 
Figure 13 in terms of water content and degree of saturation. The water contents and degrees 
of saturation for a given suction were higher for the drying paths in both kinds of samples. This 
can also be observed in Figure 14, where the results obtained for each sample are plotted 
grouped according to the path followed. In fact, for the drying path no difference was found 
between the samples coming from various depths, and the variation observed in the wetting 
path is not considered as caused by the different provenance of the samples.  

The control of the dry density evolution of the samples during the tests was performed by 
measuring the samples once equilibrium for a given suction was reached or by determining 
their volume by immersing them in mercury. Although the latter method gave a more precise 
result, it was only used in some of the steps because, due to the foliation of the samples, 
mercury got trapped in the porosity and this jeopardized the water content computation by 
weight change. On the other hand, the dimensional control of the sample gave only an 
approximate value for the dry density. Nevertheless the approximate results obtained showed 
that the dry density increased slightly in the first suction step and remained approximately 
constant during the rest of the tests.  
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Figure 12: Water retention curves of samples from borehole BHT1 tested in desiccators 
following wetting and drying paths (samples 1 to 3 and 5 to 6 from m 14.30-14.73, samples 4 
and 8 to 12 from m 12.42-12.96) (detailed values in Table XV and Table XVI) 
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Figure 13: Water retention curves of samples from borehole BHT1 tested in desiccators 
following wetting and drying paths (each point is the average of 3 determinations) 
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Figure 14: Water retention curves of samples from borehole BHT1 tested in desiccators 
following wetting and drying paths 

4.2.2 Water retention curves obtained in membrane cells 
The samples for determining the water retention curve in membrane cells, i.e. applying matric 
suction, were taken from boreholes BHT-1 (m 14.30-14.73) and BHG-D1. Some of the samples 
were subjected to different suctions following wetting or drying paths (results in Table XVII to 
Table XX in Appendix 1), whereas others were submitted just to a single suction value (Table XXI 
in Appendix 1). In both cases, upon equilibrium for a given suction step and in order to estimate 
the dry density change, the dimensions of the samples were measured and/or the volume of 
the samples was determined by immersion in mercury. In any case, the dry density values given 
in the Tables can only be considered as indicative, as well as the degree of saturation values 
(see section 3.2.2). 

The results obtained are plotted in Figure 15 in terms of water content. The behaviour of the 
samples from the two boreholes is similar, and consequently they have not been in what 
follows treated separately. The results of all the determinations in membrane cells are plotted 
in terms of degree of saturation in Figure 16. The increase of degree of saturation with suction 
decrease was not as noticeable as the increase of water content, due to the fact that the 
samples experienced a decrease in dry density linked to the water content increase, because of 
the broadening of the foliation. The repercussion of the kind of path (wetting or drying) on the 
retention capacity was not clear. 
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Figure 15: Water retention curves obtained in membrane cells in samples from two different 
boreholes following wetting and drying paths 
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Figure 16: Water retention curves obtained in membrane cells in samples from two different 
boreholes following wetting and drying paths 
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4.3 ANALYSIS OF RESULTS 
Water retention curves were obtained with the aim of determining the effects of vertical stress, 
hydraulic paths and kind of suction on the water retention capacity of the Opalinus clay. 

Figure 17 compares the water retention curves obtained under vertical stress and under no 
vertical stress applying total suction, both in wetting and in drying paths and in terms of water 
content and of degree of saturation. There is a trend to find lower water contents for the same 
suction in samples tested under vertical stress, particularly towards the lowest suctions. 
However, when expressed in terms of degree of saturation this difference disappeared or even 
reverted in the case of the drying paths, what is due to the fact that in the tests performed in 
oedometers the average dry density of the samples was higher. 
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Figure 17: Water retention curves obtained applying total suction under 8 MPa vertical stress 
and under no mechanical stress following wetting (left) and drying (right) paths 



FORGE Report: D5.14 – Ver.0 

 18 

The same comparison is made in Figure 18 for tests performed applying matric suction. As in 
the case of the tests performed under total suction, the trend is for the water contents to be 
lower and the degrees of saturation higher when suction was applied under vertical stress. 
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Figure 18: Water retention curves obtained applying matric suction under 8 MPa vertical 
stress and under no mechanical stress following wetting (left) and drying (right) paths 

Figure 19 shows a summary of the results obtained under no stress conditions applying both 
matric and total suction. There is not a distinct difference between the results obtained under 
total or matric suctions. In the drying paths, both the water contents and the degrees of 
saturation tended to be higher when total suction was applied, however the reverse trend was 
observed for the water contents reached in wetting paths. As well, no clear difference was 
observed in the water retention curves obtained in oedometers applying total or matric suction 
(Figure 8, Figure 9), what points to the osmotic component of suction in Opalinus clay not being 
significant. 
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Figure 19: Retention curves obtained under free volume conditions in Opalinus clay samples 
from boreholes BHT1 and BHG-D1 

4.4 FITTINGS TO THE VAN GENUCHTEN EXPRESSION 
The results obtained have been fitted to the van Genuchten expression, in order to obtain the 
parameters that define the water retention curves: 
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          [2] 

where Se is the effective degree of saturation (0≤Se≤1), P is a material parameter related to the 
air entry value (MPa), λ is a parameter that controls the shape of the water retention curve, Pg-
Pl is suction (MPa), Srl is the residual degree of saturation and Sls is the maximum degree of 
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saturation. It was considered that Srl=0 and Sls =1, for which reason Se = Sr/100, where Sr is the 
degree of saturation actually measured (appearing in Tables from Appendix 1). 

It has to be taken into account that the degrees of saturation were computed from the 
measurements of water content and dry density. The latter were particularly difficult to achieve 
and in some cases the values obtained were only indicative, because the dry density was not 
actually measured but just assumed or estimated. For this reason the dispersion of the values 
obtained for each kind of test was very high and the fittings obtained have a limited value. 

Eight fittings were carried out: for the tests applying matric suction under free volume 
conditions (membrane cells), for the tests applying total suction under free volume conditions 
(desiccators), for the tests applying matric suction under vertical stress 8 MPa (membrane cells 
oedometers) and for the tests applying total suction under vertical stress 8 MPa (deposit cells 
oedometers), for each of them following both wetting and drying paths. The parameters found 
for each fitting are shown in Table IV. 

Table IV: Parameters for the van Genuchten expression (Eq. 2) 

 Matric, 8 MPa Matric, free Total, 8 MPa Total, free 
Parameter Wetting Drying Wetting Drying Wetting Drying Wetting Drying 

P (MPa) 25.66 15.27 6.35 8.59 10.75 34.93 11.78 21.14 
λ 0.51 0.45 0.25 0.45 0.35 0.42 0.37 0.33 

 

The air entry values obtained (P parameter) tended to be higher for the samples tested under 
stress, as well as in drying paths and when total suction was used. 

Figure 20 shows a comparison of the curves fitted for tests performed under free volume 
conditions and under vertical stress of 8 MPa. In the range of suctions tested, and when matric 
suction was applied, the degrees of saturation obtained for a given suction were higher for 
samples tested under confinement, but this trend was not so clear when total suction was 
applied. In the latter case and in wetting paths, the curves obtained under free or confined 
volume conditions were practically identical. 

Drying paths recorded higher degrees of saturation than wetting paths when total suction was 
applied, which is the expected behaviour, but this was not the case when matric suction was 
applied. This is considered as due to the difficulty in fitting right curves to results showing a 
large dispersion. 

Figure 21 shows a clearer comparison of the effect of the kind of suction on the WRC fittings. As 
it was discussed above, the effect is not clear since, although for the tests performed under free 
volume conditions the samples submitted to total suction tended to reach higher degrees of 
saturation, this was not the case for all the paths in the tests performed in oedometers. 
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Figure 20: Fittings to the van Genuchten expression as a function of the confinement 
conditions for total and matric suction (the dotted lines correspond to drying paths) 
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Figure 21: Fittings to the van Genuchten expression as a function of the kind of suction 
applied for different confinement conditions (the dotted lines correspond to drying paths) 

5 Discussion 
The determination of the Opalinus clay water retention capacity in terms of degree of 
saturation was difficult due both to the problems arisen during the preparation of the samples 
and to the inaccuracy of the intermediate measurements of dry density, as it has been pointed 
out above. In the case of the tests in oedometers the dry densities given, and consequently the 
degrees of saturation, could have been underestimated. 

Nevertheless the approximate results obtained showed that in the tests performed in 
desiccators the dry density increased slightly in the first suction step and remained 
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approximately constant during the subsequent steps. However, in the tests performed in 
membrane cells, the dry density decreased in the first step with respect to the initial value, 
irrespective of the value of suction applied. 

Despite these experimental drawbacks, it was possible to fit the results to the van Genuchten 
expression and highlight the effect of confinement on the air entry value, which was clearly 
higher for confined samples in drying paths. 

The results shown above have been compared with results obtained in samples taken from 
boreholes BVE-99 to BVE-102 (Villar et al. 2009) and BVE-1 (Muñoz et al. 2003) which were  
drilled in the context of the Ventilation Experiment. 

Samples from boreholes BVE-99 to 102 were subjected to drying paths applying total suction in 
desiccators, under no confinement. The comparison with the results obtained using the same 
procedure in samples from borehole BHT-1 (this work) is shown in Figure 22. The suctions 
applied in BVE samples were higher, except for a narrow range of overlapping with the suctions 
applied to samples from borehole BHT-1, from 20 to 40 MPa. In this range of suction the water 
contents obtained in samples from borehole BHT-1 were higher, whereas when expressed in 
terms of degree of saturation (Figure 23) the results are quite similar, and the fitting to the van 
Genuchten expression for samples of BVE boreholes lies between those found for drying and 
wetting paths for BHT-1 samples. 
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Figure 22: Retention curves obtained under free volume conditions in Opalinus clay samples 
from different boreholes (BVE-99-102: Villar et al. 2009) 

The samples from borehole BVE-1 were subjected to drying paths applying total suction (for 
suctions above 3 MPa) or matric suction (for suctions below 3 MPa) while keeping their volume 
constant in the oedometer (Muñoz et al. 2003). Before performing the drying path, the samples 
were saturated under constant volume conditions with Pearson water, what caused the 
average water content at the beginning of drying to be 9 percent. The results obtained have 
been plotted in Figure 24 along with the results obtained in oedometers in this work (previously 
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shown in Figure 8). There is a good agreement between the two sets of results, both in terms of 
water content and of degree of saturation. 
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Figure 23: Fittings to the van Genuchten expression of WRC obtained under free volume 
conditions in Opalinus clay samples from different boreholes (BVE-99-102: Villar et al. 2009) 
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Figure 24: Water retention curves obtained under confinement (8 MPa vertical stress for 
samples in this work, constant volume conditions for samples BVE-1) in Opalinus clay samples 
from different boreholes (BHG-D1 and BHT-1: this work; BVE-1: Muñoz et al. 2003) 
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Conclusions 
The water retention curve of Opalinus clay samples from boreholes BHT-1 and BHG-D1 was 
determined under different conditions: total and matric suction, free volume or confine 
volume, wetting and drying paths. Through the fitting of these results to expressions such as 
the van Genuchten one, it is possible to compute the air entry value, which is a parameter 
corresponding to the suction value above which air is able to enter the pores of the sample, 
and consequently, above which 2-phase flow can take place in the soil pore structure. This 
value can change according to the hydraulic history of the material, its porosity and 
confinement conditions and even the kind of suction considered, since in some soils the 
osmotic suction component can be important and thus the difference between total and matric 
suctions (those usually applied in the laboratory) large. 

Because of the Opalinus clay bedding and foliation it was difficult to determine precisely the 
samples’ dry density and degree of saturation evolution during the tests, what gave place to a 
large dispersion of results, for which reason the values given in this report concerning degrees 
of saturation must be taken as indicative. 

The samples used in this research came from two different boreholes, BHT-1 and BHG-D1, but 
the behaviour of them did not depend on their location, what was confirmed by the fact that 
the results obtained agreed well with others obtained in samples from other boreholes 
analysed in previous researches, all of them drilled in the shaly facies. Consequently, to analyse 
the results all the samples were taken as a single material, Opalinus clay shaly facies. 

There was not a distinct difference between the results obtained under total or matric suctions. 
In the drying paths, both the water contents and the degrees of saturation tended to be higher 
when total suction was applied, however the reverse trend was observed for the water 
contents reached in wetting paths. As well, no clear difference was observed in the water 
retention curves obtained in oedometers under matric and total suctions, what points to the 
osmotic component of suction in Opalinus clay not being significant. 

Overall, the water contents were lower and the degrees of saturation higher when suction was 
applied under vertical stress, what would indicate that the water retention capacity was lower 
under 8 MPa vertical stress than under free volume conditions 

Also, the samples showed hysteresis according to the expected behaviour, i.e. the water 
contents for a given suction were higher during a drying path than during a wetting path. 

The air entry values obtained (P parameter) were between 6 and 34 MPa, and tended to be 
higher for the samples tested under stress, in drying paths and when total suction was used. 
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Appendix 1  

RESULTS OF THE TESTS IN OEDOMETERS 

Table V: Results of WRC in oedometer test EDN1_F1 (sample from BHG-D1 11.8-12.5 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 

Initial 2.18 7.9 87 
0 111 10.5 101 

1.0 77 9.1 99 
2.0 104 8.3 93 

4.0 108 8.0 91 

<10.0 25 

2.18±0.01 

7.6a 84 
aequilibrium was probably not reached 

Table VI: Results of WRC in oedometer test EDN3_F1 (sample from BHT-1 14.30-14.73 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 
Initial 1.94 8.3 56 

0 101 12.9a 105 
0.3 82 11.1a 100 

0.8 42 10.1a 91 
1.8 57 9.9a 90 

4.0 103 9.0 95 
8.0 91 8.7 92 

10.0 120 8.1 85 
12.0 166 

2.12 

7.5 80 
aduring these steps the water pressure was 200 kPa and the density lower 

 

Table VII: Results of WRC in oedometer test EDN5_F1 (sample from BHG-D1 11.8-12.5 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 
Initial 2.14 7.5 76 

14.0 50 7.1 91 
11.0 60 7.1 91 

8.0 71 6.9 91 

5.0 72 6.9 87 
3.0 96 

2.24±0.01 

7.4 93 
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Table VIII: Results of WRC in oedometer test EDS2_F1 (sample from BHG-D1 11.8-12.5 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 
Initial 2.09 8.3 77 

3.3 111 8.2 96 
2.1 68 

2.17±0.04 
8.6 88 

 

Table IX: Results of WRC in oedometer test EDS2_F2 (sample from BHG-D1 11.8-12.5 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 

Initial 2.21 7.2 87 

3.8 141 7.5 101 
6.7 83 7.4 94 

11.1 96 

2.24±0.01 

6.6 89 
 

Table X: Results of WRC in oedometer test EDS2_F3 (sample from BHG-D1 11.8-12.5 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 
Initial 2.21 5.6 68 

19.4 90 5.4 73 
7.0 102 

2.26±0.01 
6.2 87 

 

Table XI: Results of WRC in oedometer test EDS3_F1 (sample from BHT-1 14.30-14.73 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 
Initial 2.11 6.5 62 

2.0 110 7.4  
6.0 84 7.8 97 

10.7 92 7.3 90 
15.4 63 7.4 90 

24.6 111 7.0 88 
38.7 92 6.5 78 

36.6 95 6.2 77 
56.9 91 

2.22±0.01 

5.5 68 
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Table XII: Results of WRC in oedometer test EDS3_F2 (sample from BHG-D1 11.8-12.5 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 
Initial 2.14 7.3 75 

59.6 87 2.22 4.3 54 
 

Table XIII: Results of WRC in oedometer test EDS5_F1 (sample from BHG-D1 11.8-12.5 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 
Initial 2.09 3.7 34 

12.0 63 7.0 77 

10.9 92 6.9  
6.1 96 7.0 80 

3.2 90 

2.18±0.01 

7.6 88 
 

Table XIV: Results of WRC in oedometer test EDS5_F2 (sample from BHG-D1 11.8-12.5 m) 

Succion (MPa) Duration (days) Dry density (g/cm3) w (%) Sr (%) 
Initial 2.19 6.6 78 

11.1 91 7.0 85 
19.0 104 6.7 82 

22.8 90 

2.21±0.00 

6.7 81 
 

RESULTS OF THE TESTS IN DESICCATORS 

Table XV: Results of WRC in desiccator following a wetting path (samples from BHT-1) 

Reference BHT1-1 BHT1-2 BHT1-3 BHT1-4 BHT1-9 BHT1-10 

Depth (cm) 14.30-14.73 12.42-12.96 

Dry density (g/cm3) 2.20 2.22 2.21 2.20 2.18 2.20 

Initial w (%) 7.6 6.8 6.6 6.5   

Initial Sr (%) 91 85 80 74   

Suction (MPa) 12.2 

Dry density (g/cm3) 2.20 2.22 2.21 2.20 2.18 2.20 

w (%) 7.4 6.6 6.7 7.2 6.6 6.2 

Sr % 88 84 82 83 72 71 

Suction (MPa) 9.7 

Dry density (g/cm3) 2.20 2.21 2.20 2.19 2.22 2.20 

w (%) 7.4 6.6 6.8 8.4 6.7 7.1 



FORGE Report: D5.14 – Ver.0 

 28 

Reference BHT1-1 BHT1-2 BHT1-3 BHT1-4 BHT1-9 BHT1-10 

Sr % 87 80 81 94 80 81 

Suction (MPa) 6.8 

Dry density (g/cm3) 2.18 2.19 2.19 2.17 2.20 2.18 

w (%) 7.9 7.1 7.3 8.8 7.6 7.9 

Sr % 89 83 83 94 87 87 

Suction (MPa) 3.7 

Dry density (g/cm3) 2.17 2.20 2.18 2.20 2.21 2.22 

w (%) 8.2 7.3 7.9 7.9 7.7 7.9 

Sr % 91 86 90 90 90 95 
 

Table XVI: Results of WRC in desiccator following a drying path (samples from BHT-1) 

Reference BHT1-5 BHT1-6 BHT1-7 BHT1-8 BHT1-11 BHT1-12 

Depth (cm) 14.30-14.73 12.42-12.96 

Dry density (g/cm3) 2.20 2.14 2.17 2.18 2.18 2.14 

Initial w (%) 8.1 7.8 7.2 6.4 6.3 6.1 

Initial Sr (%) 96 81 80 69 70 61 

Suction (MPa) 2.0 
aDry density (g/cm3) 2.20 2.15 2.17 2.20 2.20 2.16 

w (%) 9.8 9.3 9.0 9.1 9.1 8.7 
aSr % 116 97 101 104 106 91 

Suction (MPa) 6.6 

Dry density (g/cm3) 2.20 2.15 2.17 2.20 2.20 2.16 

w (%) 8.3 8.0 7.9 7.8 8.0 7.6 

Sr % 98 84 88 88 93 80 

Suction (MPa) 9.7 

Dry density (g/cm3) 2.17 2.14 2.16 2.21 2.19 2.16 

w (%) 7.8 8.1 7.7 7.8 7.5 8.7 

Sr % 86 84 83 91 85 91 

Suction (MPa) 13.1 

Dry density (g/cm3) 2.21 2.16 2.17 2.22 2.22 2.18 

w (%) 7.4 8.0 7.4 7.4 7.4 8.4 

Sr % 90 87 81 90 88 92 

Suction (MPa) 19.2 

Dry density (g/cm3) 2.20 2.16 2.17 2.19 2.19 2.20 

w (%) 7.4 7.2 7.0 7.2 6.8 7.2 
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Reference BHT1-5 BHT1-6 BHT1-7 BHT1-8 BHT1-11 BHT1-12 

Sr % 88 78 78 81 77 82 

Suction (MPa) 35.3 

Dry density (g/cm3) 2.20 2.16 2.18 2.22 2.23 2.21 

w (%) 6.5 6.4 6.2 6.2 6.1 6.2 

Sr % 78 70 71 75 75 73 
anot actually measured 

 

RESULTS OF THE TESTS IN MEMBRANE CELLS 

Table XVII: Results of WRC in membrane cell following a drying path (sample from borehole 
BHT-1, tests BHT-1-1, initial ρd 2.21 g/cm3, initial w 6.3%) 

Suction (MPa) Duration (days) w (%) ρd
a (g/cm3) Sr (%) 

0.2 89 11.2 2.10 104 

0.5 35 10.5 2.10 97 
1 119 10.9 2.10 100 

2 65 9.8 2.10 90 
anot actually measured 

Table XVIII: Results of WRC in membrane cell following wetting paths (samples from borehole 
BHT-1) 

Reference Initial ρd 
(g/cm3) 

w (%) Suction 
(MPa) 

Duration 
(days) 

w (%) ρd (g/cm3) Sr (%) 

14 54 6.0 2.16 64 

12 28 6.1 2.16 65 
10 42 6.3 2.16 68 

8 66 7.3 2.03 60 
6 34 8.2 2.03 67 

4 70 8.5 2.03 69 

BHT-1-2 2.22 7.2 

2 70 9.2 2.03 75 
14 49 7.3 2.18 81 

12 70 7.5 2.18 83 
10 44 7.6 2.16 80 

8 42 7.7 2.16 82 
6 42 7.9 2.18 87 

4 42 8.2 2.16 85 
2 53 8.8 2.14 89 

BHT-1-3 2.20 7.0 

1 24 9.4 2.13 92 
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Table XIX: Results of WRC in membrane cell following drying paths (samples from borehole 
BHG-D1) 

Reference Initial ρd 
(g/cm3) 

w (%) Suction 
(MPa) 

Duration 
(days) w (%) ρd (g/cm3) Sr (%) 

4 85 7.7 2.11 75 

8 91 8.0 2.12 80 

BHG-D1-6 2.16 6.9 

12 91 8.2 2.12 81 

1 133 9.0 2.15 95 
2 77 8.3 2.16 91 

BHG-D1-9 2.26 6.7 

4 70 7.7 2.19 89 
3 120 8.5 2.15 89 BHG-D1-11 2.23 7.0 

5 77 8.3 2.17 92 
0.5 77 10.4 2.16 114 

1.0 49 9.6 2.18 109 

BHG-D1-18 2.25 5.2 

1.5 70 9.2 2.19 107 
 

 

Table XX: Results of WRC in membrane cell following wetting paths (samples from borehole 
BHG-D1) 

Reference Initial ρd 
(g/cm3) 

w (%) Suction 
(MPa) 

Duration 
(days) w (%) ρd (g/cm3) Sr (%) 

14 46 8.8 2.06 77 
12 62 8.9 2.03 74 

BHG-D1-1 2.20 8.7 

10 19 9.0 2.03 74 
14 34 7.5 2.12 74 BHG-D1-8 2.15 7.2 

10 105 7.4 2.09 68 
6 77 7.9 2.09 73 

5 120 8.5 2.23 109 

BHG-D1-10 2.23 6.5 

3 56 8.9 2.16 96 

12 65 7.2 2.19 84 BHG-D1-13 2.23 6.7 
10 84 7.6 2.19 89 

10 65 6.8 2.22 85 BHG-D1-14 2.22 6.2 
8 63 7.3 2.22 91 
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Table XXI: Results of single-step WRC in membrane cell (samples from borehole BHG-D1) 

Reference Initial ρd 
(g/cm3) 

w (%) Suction 
(MPa) 

Duration 
(days) w (%) ρd (g/cm3) Sr (%) 

BHG-D1-2 2.21 7.0 0.5 36 10.3 2.09 95 
BHG-D1-3 2.22 4.4 0.8 50 9.9 2.12 98 

BHG-D1-4 2.21 7.9 8 73 8.2 2.19 96 
BHG-D1-5 2.20 6.5 2 73 7.9 2.15 83 

BHG-D1-7 2.20 7.1 6 42 8.0 2.17 87 
BHG-D1-15 2.19 7.3 10 87 7.7 2.17 86 

BHG-D1-16 2.12 6.6 0.5 106 9.8 2.10 93 
BHG-D1-17 2.24 6.1 2 87 7.6 2.23 97 

BHG-D1-18 2.20 6.9 3 87 8.3 2.19 96 
BHG-D1-19 2.23 6.3 6 78 7.1 2.24 94 

BHG-D1-20 2.26 5.8 11 78 6.4 2.24 85 
BHG-D1-21 2.23 6.8 13 78 7.0 2.21 85 
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