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1  INTRODUCTION 

1.1  Background and Scope of the report 

The final disposal of spent nuclear fuel is based on the use of multiple release barrier 
system that ensures that the nuclear spent fuel cannot be released into organic nature or 
become accessible to humans. The KBS-3V spent nuclear fuel repository concept (see 
Figure 1-1) involves different types of complex behaviours. Coupled thermal, hydraulic, 
and mechanical processes develop after the excavation of deposition tunnels and holes, 
the emplacement of canisters and buffer, and the backfilling and sealing of the 
repository. Furthermore, the geometry of the entire repository structure is rather 
intricate, and some access tunnels, deposition tunnels, and holes are filled with different 
materials, such as compacted blocks, pellets, in situ compacted layers and concrete, as 
well as with grout or metals, such as copper. The emplacement planned for the spent 
nuclear fuel repository is the island of Olkiluoto in the Baltic Sea coast.   
 

 

Figure 1-1. Spent nuclear fuel KBS-3V concept. 1: Backfill constructed with compacted 
blocks, “in situ” compacted bentonite at the bottom and pellets filling the gaps, 2: 
Buffer constructed with bentonite rings and disc blocks with pellets filling the gap 
between blocks and rock, 3: Canister, 4: Rock.  Figure: Posiva Oy. 

The thermal, hydraulic, and mechanical behaviour of the spent nuclear fuel repository is 
modelled with constitutive models and balance equations (Gens et al. 2009; Chen and 
Ledesma 2009; Åkesson et al. 2009; SKB 2011; Olivella et al. 2013; Pintado and 
Rautioaho 2013). The constitutive models are defined with parameters that relate flows 
with gradients and strains with stresses. The model parameters can be measured through 
in situ tests, mock-up tests, and laboratory tests. 
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This report presents the results of thermo-hydro-mechanical (THM) laboratory tests on 
saturated and unsaturated bentonite buffer material. The main purposes of these tests are 
to study the behaviour of the material, to evaluate the material parameters used in the 
THM modelling of the buffer behaviour in the nuclear spent fuel repository, and to 
obtain experimental results for model calibrations. 
 
The dimensions of the buffer and backfill tunnel are described in Figure 1-2 and depend 
on the canister dimensions (Posiva 2012). There are two nuclear power plants in 
Finland: Loviisa and Olkiluoto. Loviisa 1-2 and Olkiluoto 1-2-3 denote the reactor from 
which the spent nuclear fuel originates. 

 
Figure 1-2. Loviisa 1 and 2, Olkiluoto 1 and 2, and Olkiluoto 3 deposition hole 
geometries (dimensions in mm). The canister has a diameter of 1.05 m and lengths of 
3.6 m for Loviisa 1 and 2, 4.8 m for Olkiluoto 1 and 2, and 5.2 m for Olkiluoto 3. The 
distance from the deposition hole bottom to the canister bottom is 0.5 m in all cases. 
Figure from Posiva (2012).  
 
Highly compacted MX-80 bentonite is proposed as the buffer material in the Finnish 
concept for the disposal of nuclear spent fuel (see Chapter 2). Saturated, homogenised 
bentonite is expected to act as an ideal buffer material. The saturated density of the 
buffer has to be in the range of 1950-2050 kg/m3 (Posiva 2012), which is equivalent to a 
dry density of 1526-1601 kg/m3. The initial dry density in the rings around the canister 
must be 1752 kg/m3, which is equivalent to a void ratio of 0.57, while the dry density in 
the discs must be 1701 kg/m3 (void ratio of 0.617) and the dry density of pellets in the 
gap between the rock and blocks must be 919 kg/m3 (void ratio of 1.993). The initial 
water content must be 17 %, and the initial degree of the saturation in the discs, rings, 
and pellets is 75.8 %, 82.1 %, and 23.5 %, respectively.  
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Material models describing the THM behaviour of the buffer have been created with the 
purpose of simulating and predicting the behaviour in a repository both before and after 
water saturation (Gens et al. 2009: Chen and Ledesma 2009; SKB 2011). The 
constitutive models of the saturated and unsaturated buffer are complicated and contain 
numerous parameters that must be determined. Thus, a number of advanced laboratory 
tests to determine these parameters have been performed and are described in this 
report. 

1.2  Content of the report 

Five different tests were performed to study the different properties of the 
unsaturated/saturated bentonite material. These tests are described in separate sections 
of this report. These tests were performed during 2009-2012 and are presented here as 
part of a continuous study concerning the behaviour of bentonite. These tests are the 
following: 
 

• Water Retention Curve Tests 
• Oedometer Tests 
• Infiltration Tests 
• Tortuosity Tests 
• Thermal Conductivity Tests 
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2  MATERIAL AND GENERAL GEOTECHNICAL PROPERTIES 

2.1  Material 

The sample materials tested in this study were standard, commercially available 
bentonites targeted as buffer material candidates. Specifically, sodium MX-80 bentonite 
from Wyoming, US (Volclay MX-80 from American Colloid Company, 2870 Forbs 
Avenue, Hoffman Estates, IL 60192, US) was used. Some characterisation results of the 
MX-80 (named Volclay in Kumpulainen and Kiviranta, 2010) material are presented in 
Table 2-1.  
 
Table 2-1. Characterization results on the original MX-80 bentonite. 

Material 
Water content 

[%] 
Smectite 

content [%] 
Ex. Ca 

[%] 
Ex. Na 

[%] 
CEC 

[eq/kg] 

Quartz 
content 

[%]  

MX-80 5.0 – 6.01 79.12 222 682 0.892 4.42 
1Measured during the tests 
2Kumpulainen and Kiviranta 2010 

 
The initial conditions of the MX-80, such as the water content, suction, and dry density, 
are presented in the test matrix of each type of test. A particle density of ρs = 2.78 
Mg/m3 and a water density of ρw = 1.0 Mg/m3 are used for material parameter 
evaluation. 
 
For the water retention curve (WRC) tests, MX-80 supplied by Cetco (Kiviranta and 
Kumpulainen 2011) was tested to compare the results from both suppliers.  
 
The water content of the material was 5-8 % in storage conditions in the laboratory. 
This water content was the initial condition in most of the tests. When the water content 
had to be changed, deionised water was used to increase the water content. 

2.2  General Geotechnical Properties 

The general geotechnical properties of the tested samples, such as the water content (w), 
bulk/dry density, and degree of saturation (Sr), were determined according to Equations 
2-1 to 2-4. 
 
The water content was measured by a standard geotechnical method whereby samples 
are dried in a ventilated oven at 105 °C for 24 h and the mass due to water loss is 
determined (ASTM D2216-98). The water content (w) is subsequently calculated as 
follows: 
 

   (2-1) 

 
where mw is the mass of water in the sample, i.e., the mass lost in drying, and ms is the 
dry mass of the sample. 
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The bulk density was measured by a standard geotechnical method whereby samples are 
weighed in air and immersed in paraffin oil (CEN ISO/TS 17892-2: 2004, Pusch, 2002). 
The bulk density is calculated as follows: 
       

∙  (2-2) 

 
where mair is the mass of the sample in air, mfluid is the mass of the sample immersed in 
paraffin oil, and fluid is the density of paraffin oil. The density of paraffin oil was 
determined before the bulk density measurements because it depends on the 
temperature. The average density of paraffin oil was approximately 850 kg/m3.  
 
Additionally, the dry density (d) and degree of saturation (Sr) values can be calculated 
from the water content and bulk density values. The dry density is related to the bulk 
density and water content according to Equation 2-3: 
 

   (2-3) 

 
The degree of saturation is obtained as follows: 
 

∙ ∙
  (2-4) 

 
where s is the grain or specific density (approximately 2780 kg/m3 for MX-80 (see e.g. 
Kiviranta and Kumpulainen 2011)) and w is the density of water (1000 kg/m3).  
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3  WATER RETENTION CURVE 

3.1  Test Description 

Water retention properties are often described with WRCs, which are also referred to as 
soil WRCs, soil water release curves, or capillary pressure curves (ASTM D6836 – 
02(2008)e1). WRCs present the relationship between the suction and water content or 
degree of saturation of the soil. WRCs are used in clay barrier simulations as one of the 
parameters that describes its behaviour when there are changes in the degree of 
saturation due to water flow (Gens et al. 2009; Åkesson et al. 2009; Lloret et al. 2003). 
The water flow in clay barriers is due to temperature gradients, which involve vapour 
flow, and water pressure gradients, which involve liquid water flow. The clay barrier is 
unsaturated in the early stages of deposition because the blocks are under non-saturated 
conditions. The WRC is a fundamental parameter to predict not only the water flow and 
changes in the degree of saturation but also the phenomena involved in water content 
changes, such as the clay swelling induced by an increase in the degree of saturation 
(Gens et al. 2009; Åkesson et al. 2009) or the change in the thermal conductivity caused 
by changes in the degree of saturation (Pintado et al. 2002). The finite element code 
CODE_BRIGHT (COuple DEformation BRIne Gas and HeatTransport) uses the WRC 
to simulate swelling clay behaviour.  
 
The WRC considered is the Van Genuchten model (Van Genucthen, 1980): 
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  (3-1)

 

where  and P0 are material parameters (shape function and a parameter related to the 
air entry value, respectively), 0 is the surface tension at the temperature at which P0 

was determined, and  is the surface tension at temperature T. Srl is the residual degree 
of saturation, considered to be zero here, and Sls the maximum degree of saturation, 
considered to be one here. Therefore, only two parameters are necessary to fit the WRC 
with this model. 

The suction can be controlled in a sample with different techniques. These techniques 
are axis translation, the osmotic technique, and the relative humidity (RH) control 
method (Delage et al. 2008) and are quite useful because they allow this variable to be 
imposed and maintained at a constant level during the test or to even impose changes 
during the test. The technique chosen to impose suction in the WRC tests is the RH 
control method. The reasons for this choice will be explained later.  

Swelling clays change their volume when their water content changes. Such volume 
changes are important near saturation. Thus, for the low suction range, changes in the 
clay volume could be important. The WRC is defined for a constant volume; thus, the 
cells used in the measurements should be able to keep the volume constant.  
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Oedometer cells, which allow the swelling pressure developed during the hydration 
process to be measured and the volume to be held constant during the test (Dueck, 2004, 
see Figure 3-1), were used in this study. The initial water content was measured with the 
method described in Section 2.2. The samples had a diameter of 35 mm and a height of 
approximately 16 mm. The initial height was an indirect measure taken from the length 
of the piston, the depth of the cell cylinder, and the thickness of the porous stones. The 
samples were compacted straight to the measurement cell (uniaxial compaction), and 
the compaction stress was not measured. The dry/wetting paths were from the initial 
water content to the suction imposed in only one step. The suction was imposed by 
pumping relative humidity (RH) controlled air through the upper porous frit and the 
bottom  porous  frit  was  closed  and  thus  considered  a  non-flow  boundary  (see 
Figure 3-1). 

Figure 3-1. Oedometer cell for measuring the WRC under a constant volume. The 
swelling pressure is measured with a load cell. Air with a controlled RH flows through 
the upper porous frit.  

After reaching steady-state conditions, the RH and the temperature at the top and 
bottom were measured with a capacitive hygrometer (see Figure 3-2). The RH can be 
transformed into suction by the psychrometric law using the temperature measured with 
the hygrometer. After these two measurements, the samples were extracted from the 
cell, the final diameter and height were measured with a calliper, the sample was 
weighed and after that the sample was sliced into smaller pieces with a knife and the 
suction was measured from the top and bottom parts of the sample with the 
psychrometer. Both devices (capacitive hygrometer and psychrometer) are described 
later in this report. The final water content of samples was measured with the method 
described in Section 2.2., and with the final weight, dimensions and final water content, 
the final dry density was calculated.  
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Figure 3-2. Capacitive hygrometer in the special piston (a) and special bottom plate 
(b) for the hygrometer probe.  

Steady state conditions were assumed when the swelling pressure measured was stable; 
assuming the equilibrium in the swelling pressure was reached along with hydraulic 
equilibrium. The numerical modelling of the process indicates that this assumption is 
correct (Pintado et al. 2009), but in Dueck (2004), there is a certain delay in reaching 
the hydraulic equilibrium when the final suction is small (this situation is clear in 
flooding tests) and no delay when the final suction is high. The presence of a delay 
depends on the size of the sample and the position of the RH probe. In drying paths, the 
volume changes because the sample shrinks, and there is no swelling pressure.   

3.1.1  Vapour control techniques 

The method for measuring the WRC depends on the soil texture (coarse versus fine) and 
magnitude of the suction (Wang and Benson 2004). For fine textured soils (silts, clays, 
and silty or clayey sands), larger suctions are typically prevalent. Different methods 
may also be combined to provide a detailed description of the soil water characteristic 
curve. Some possible methods for suction control and measurement are presented in 
Tables 3-1 and 3-2, respectively. 
 
Table 3-1. Methods for imposing suction. 

Method   Suction range [MPa] 
Axis translation 0-10 MPa Matric suction 
Osmotic suction method 0.2-10 Matric suction 
Relative humidity controlled 10-1000  Total suction (less with 

temperature control) 
 

Table 3-2. Methods for measuring suction. 

Method   Suction range [MPa] 
Filter paper 0.01-100 Total and matric suction 
Capacitive hygrometer 0-1000 Total suction 
Chilled mirror psycropsychrometer 0-300 Total suction 

(a) (b) 
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Pressure plates and other methods based on axis translation techniques are suitable 
between saturation conditions and suction of 10 MPa. However, when determining the 
WRCs of swelling clays, a high degree of suction is required because the desaturation of 
swelling clays begins at suctions of more than 10 MPa. For this reason, the method used 
here is the fast vapour-control technique. An air pump is used to quicken the formation 
of the equilibrium, and capacitive hygrometers and high-range psychrometers are used 
to measure the suction at the end of the test. These devices are also described below. 

The vapour equilibrium technique is implemented by controlling the RH of a closed 
system (Delage et al. 2008). The RH of the system is controlled by varying 
concentrations (chemical potential) of different types of aqueous solutions 
(salt/acid/hydroxide). The water molecules migrate through the vapour phase from the 
system of known potential (salt/acid/hydroxide solution) to the soil pores until 
equilibrium is achieved. The thermodynamic relation between the suction of the soil 
moisture and the RH of the reference system is given by the Kelvin equation. 
 
The suctions imposed with this method range from 10 to 1000 MPa. This range is 
appropriate for swelling clays, where the typical suctions are tens or even hundreds of 
MPa. The main problem with this method is for low suction ranges. Below 10 MPa, the 
RH in the system cannot be controlled easily because water condensates due to changes 
in the temperature.   

Forced flow of air with relative humidity controlled method  

WRCs in the range of 10-1000 MPa are attainable with this method. The sample is 
placed in a closed system with an aqueous solution of salt, acid, or hydroxide, which 
creates constant RH conditions. The method is sensitive to changes in the temperature at 
low suctions (below 10 MPa, there is the risk of water condensation). Thus, 
temperature-controlled conditions are needed.  

Volume changes in the samples are avoided through the use of oedometer cells in this 
study. The suction was imposed with the same salt solution to three different samples 
(different dry densities) at the same time. A load cell was attached to one of these cells 
to control the process and monitor whether steady-state conditions are reached and to 
measure swelling pressure.  

To increase the speed of the moisture equalisation process, vapour transfer is forced by 
a convection circuit driven by an air pump (Dueck 2004, 2007; Pintado et al. 2009). The 
dynamic equilibrium achieved in this manner is not the same as the equilibrium in static 
conditions; therefore, it is necessary to also measure the suction. Large suctions (larger 
than 10 MPa) are measured with a capacitive hygrometer and lower suctions with a 
high-range psychrometer. A schematic picture of the measurement setup is presented in 
Figure 3-3.  
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Figure 3-3. Schematic picture of the measurement setup (Dueck, 2004). The RH 
controlled air flows through upper and bottom inlets of the measurement cell in Dueck’s 
test set-up. The RH controlled air flows only through the upper inlet in this work. The 
swelling pressure is measured with a load cell on the piston. In Dueck’s cell, the RH is 
measured continuously with a capacitive hygrometer.  

The equilibrium suction process is controlled by measuring the swelling pressure when 
the sample is taking up water. Ideally, it is also possible to control the suction process 
with the evolution of the RH (Dueck 2004).  

3.1.2  Capacitive Hygrometers 

Capacitive hygrometers developed by Vaisala (www.vaisala.com) are used in this work 
to measure the suction after the tests. This device contains a probe with a system that 
changes its capacity when the RH changes. The accuracy of the device is ± 1 % in the 
range between 0-90 %, which means that at 50 % RH, the suction can be between 91.2 
and 96.6 MPa. For high values of RH (90-100 %), the accuracy is ± 2 %, which means 
that at 95 % RH, the suction can be between 4.2 and 9.8 MPa. It is possible to improve 
the accuracy with continuous calibration (Oldecop and Alonso 2002). 

The capacitive hygrometer chosen for this work was HMT337 from Vaisala. 

3.1.3  Chilled Mirror Psychrometers 

The chilled mirror psychrometer WP4 developed by Decagon (www.decagon.com) 
contains a mirror and a means of detecting condensation on the mirror. At equilibrium, 
the water potential of the air in the chambers is the same as that of the sample. In the 
WP4, the mirror temperature is precisely controlled by a thermoelectric (Peltier) cooler. 
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Detection of the exact point at which condensation first appears on the mirror is 
observed with a photoelectric cell. A beam of light is directed onto the mirror and 
reflected into a photodetector cell. The photodetector senses the change in the 
reflectance when condensation occurs on the mirror. A thermocouple attached to the 
mirror then records the temperature at which condensation occurs. The WP4 then 
flashes a green LED and/or beeps. The final water potential and temperature of the 
sample is then displayed. 

The psychrometer directly measures the suction, and the accuracy is ± 0.1 MPa in the 0-
10 MPa range and ±1 % in the 10-300 MPa range.  

3.2  Test Results 

The WRC was measured for Volclay MX-80 for three different target initial dry 
densities: 1500, 1600 and 1700 kg/m3. The initial water content was approximately 5-
8 % and corresponded to the hygroscopic water content at laboratory conditions. The 
final suction considered was the average of the psychrometer measurements between 
the non-flow and pressure face. Four series of tests with six samples were conducted 
with the Volclay MX-80 (references 091218a, 100222a, 100208a and 110111b), and 
one series with six samples was conducted with the Cetco MX-80 (reference 120126a). 
 
The drying and wetting paths of the WRC are not identical because of the hysteresis 
phenomena, although it is quite difficult to quantify the difference in the tests presented 
because of the scatter in the results. The final results of the WRC measurements are 
presented in Figures 3-4 and 3-5. The results have been compared with those of other 
authors using the same material (MX-80).  
 

 

Figure 3-4. WRC in terms of the water content versus suction of the MX-80 samples of 
different dry densities. The suction values considered are the average of the 
psychrometer measurements between the non-flow and pressure face. The initial water 
content is 5-8 % (between the red lines). 
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Figure 3-5. WRC in terms of the degree of saturation versus suction of the MX-80 
samples of different dry densities. The suction values considered are the average of the 
psychrometer measurements between the non-flow and pressure face. 
 
The swelling pressure evolution of Volclay samples is presented in Figures from 3-6 to 
3-9 and of Cetco samples in Figure 3-10.  Steady-state conditions were often reached 
after 10 days of forced flow. The initial pressure measured is due to the pre-stress, 
which is set when the load cell is installed. 
 
The evolutions of the swelling pressure sometimes exhibited strange behaviour. The 
reason for such behaviour is not clear, and the final value must be chosen carefully.   
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Figure 3-6. Swelling pressure evolution versus time when the final dry density is less 
than 1500 kg/m3 (Volclay).  
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Figure 3-7. Swelling pressure evolution versus time when the final dry density is 1500-
1550 kg/m3 (Volclay). The sample with 1544 kg/m3 has not reached the steady-state 
conditions yet. 
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Figure 3-8. Swelling pressure evolution versus time when the final dry density is 1550-
1600 kg/m3 (Volclay). The samples with 1559 and 1576 kg/m3 have not reached the 
steady-state conditions yet.   
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Figure 3-9. Swelling pressure evolution versus time when the final dry density is more 
than 1600 kg/m3 (Volclay). 
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Figure 3-10. Swelling pressure evolution versus time in the Cetco MX-80. The load cell 
of the sample with a final dry density of 1432 kg/m3 presented fluctuations in the signal, 
likely due to problems with the ground.   
 
The results of the maximum swelling pressure developed are shown in Table 3-3 and in 
Figure 3-11.  
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Table 3-3. Maximum swelling pressure measured. The results in italics belong to the 
Cetco MX-80. 

 
 
 

 
Figure 3-11. Maximum swelling pressure measured during suction equilibration for 
different dry densities. The results from the Cetco MX-80 present a lower swelling 
pressure, but because of the scatter in this measure, it is not possible to conclude that 
the Cetco MX-80 has a lower swelling pressure than the Volclay MX-80. 

Initial dry 
density 

(kg/m3)

Final dry 
density 

(kg/m3)

Initial 
suction 
(MPa)

Final 
suction 
(MPa)

Swelling 
pressure 

(kPa)

1713 1446 205 57 2968
1614 1461 205 102 1798
1538 1472 263 45 3045
1540 1510 263 71 3267
1517 1522 204 88 2453
1542 1538 263 69 2694
1543 1543 263 96 2059
1450 1544 204 13 2204
1616 1559 205 79 4548
1529 1563 204 54 3450
1690 1576 205 25 5375
1718 1578 204 72 6013
1685 1603 240 28 6481
1516 1641 204 61 4819
1707 1716 240 40 5383
1614 1432 158 11 1047
1595 1461 158 24 1718
1593 1507 158 97 342
1625 1644 158 70 781
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The RH values measured from both sides of the Volclay MX-80 samples before 
dismantling are presented in Tables 3-4, 3-7, 3-10, and 3-13.  
 
The suction of samples measured using the chilled mirror psychrometer are presented in 
Tables 3-6, 3-9, 3-12, and 3-15.   
 
 
Table 3-4. 091218a test. 

 
 
 
Table 3-5. 091218a test. Hygrometer measurements. 

 
 
 
Table 3-6. 091218a test. Psychrometer measurements. 

 
 
  

Initial dry 
density 

(kg/m3)

Final dry 
density 

(kg/m3)
RH Flask 
initial (%)

RH Flask 
final (%)

Mean 
relative 
humidity 

(%)
Difference 

(%)

Suction 
from the 

solute 
(MPa) Solute

Final w 
(%)

Final Sr 

(%)

1397 1493 6.3 7.6 12.1 -1.3 289.0 NaOH 3.0 10
1514 1682 12.7 14.0 13.4 -1.3 277.5 LiCl 3.3 14
1517 1522 56.5 57.8 57.2 -1.3 76.8 NaBr 10.6 36
1516 1562 78.9 77.7 78.3 1.2 33.6 NaCl 16.0 57

1529 1641 73.1 73.7 73.4 -0.6 42.5 (NH4)2SO4 15.0 60

1450 1544 96.0 96.9 96.5 -0.9 5.0 K2SO4 24.9 86

RH in 
suction 
(MPa) 

Non-flow

RH in 
suction 
(MPa) 

Pressure

Mean suction 
from RH 
measures 

(MPa)
Difference 

(MPa) Difference (%)

275.4 308.8 292.1 33.4 11.4
271.0 283.1 277.0 12.1 4.4
85.5 82.0 83.7 -3.5 -4.2

43.4 43.9 43.6 0.5 1.1

47.7 47.7 47.7 0.0 -0.1

10.5 4.6 7.6 -5.9 -78.6

Suction 
non-flow 
(MPa)

Suction 
pressure 

(MPa)

Mean 
Suction 
(MPa)

Difference 
(MPa)

Difference 
(%)

280.4 295.7 288.1 15.3 5.3
286.8 289.0 287.9 2.2 0.8
90.1 88.6 89.4 -1.5 -1.7

51.7 56.7 54.2 5.0 9.3

62.2 59.6 60.9 -2.6 -4.2

17.8 8.9 13.3 -8.9 -67.1
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Table 3-7. 100222a test. 

 
 
 
Table 3-8. 100222a test. Hygrometer measurements. 
 

 
 

 
Table 3-9. 100222a test. Psychrometer measurements. 

 
 

 
Table 3-10. 100208a test. 

 

 
 

Initial dry 
density 

(kg/m3)

Final dry 
density 

(kg/m3)
RH Flask 
initial (%)

RH Flask 
final (%)

Mean 
relative 
humidity 

(%)
Difference 

(%)

Suction 
from the 

solute 
(MPa) Solute

Final w 
(%)

Final Sr 

(%)

1529 1589 57.5 57.5 57.5 0.0 75.6 NaBr 8.6 32
1606 1638 73.2 73.1 73.2 0.1 42.6 NaCl 11.1 44

1718 1578 77.6 79.0 78.3 -1.4 34.6 (NH4)2SO4 13.2 48

1716 1539 83.1 81.1 82.1 2.0 25.3 KCl 15.1 52

1707 1716 91.1 91.0 91.1 0.1 12.7 KNO3 18.0 81

1685 1603 96.0 97.0 96.5 -1.0 5.6 K2SO4 19.6 74

RH in 
suction 
(MPa) 

Non-flow

RH in 
suction 
(MPa) 

Pressure

Mean 
suction from 

RH 
measures 

(MPa)
Difference 

(MPa)
Difference 

(%)

88.0 85.5 86.8 -2.5 -2.9
66.3 61.5 63.9 -4.8 -7.5

60.4 56.7 58.5 -3.7 -6.3

45.6 42.7 44.1 -2.8 -6.5

28.7 25.6 27.2 -3.2 -11.7

19.8 18.6 19.2 -1.2 -6.2

Suction 
non-flow 
(MPa)

Suction 
pressure 

(MPa)

Mean 
Suction 
(MPa)

Difference 
(MPa)

Difference 
(%)

99.6 99.7 99.7 0.2 0.2
80.9 79.9 80.4 -0.9 -1.2

73.2 70.2 71.7 -3.0 -4.2

57.3 55.8 56.5 -1.6 -2.8

42.3 38.5 40.4 -3.8 -9.5

28.5 27.7 28.1 -0.9 -3.1

Initial dry 
density 

(kg/m3)

Final dry 
density 

(kg/m3)
RH Flask 
initial (%)

RH Flask 
final (%)

Mean 
relative 
humidity 

(%)
Difference 

(%)

Suction from 
the solute 

(MPa) Solute
Final w 

(%)

Final Sr 

(%)

1534 1655 11.7 11.9 11.8 -0.2 291.8 LiCl 4.2 17

1614 1661 33.8 32.0 32.9 1.8 151.8 MgCl2 6.7 27

1614 1461 58.9 57.5 58.2 1.4 73.9 NaBr 9.6 30

1713 1446 80.5 77.6 79.1 2.9 32.1 (NH4)2SO4 15.7 47

1616 1559 76.4 73.2 74.8 3.2 39.6 NaCl 12.7 45

1690 1576 96.6 96.0 96.3 0.6 5.1 K2SO4 20.8 76
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Table 3-11. 100208a test. Hygrometer measurements. 

 
 
 

Table 3-12. 100208a test. Psychrometer measurements. 
 

 
 

 
Table 3-13. 100111b test. 

 
 

 
Table 3-14. 110111b test. Hygrometer measurements. 

 
 

Suction 
non-flow 
(MPa)

Suction 
pressure 

(MPa)

Mean 
Suction 
(MPa)

Difference 
(MPa)

Difference 
(%)

259.3 281.2 270.2 22.0 8.1

172.7 181.4 177.0 8.7 4.9

100.7 102.9 101.8 2.3 2.2

56.9 56.9 56.9 0.0 0.1

82.9 75.2 79.1 -7.7 -9.8

30.2 20.7 25.5 -9.5 -37.2

RH in 
suction 
(MPa) 

Non flow

RH in 
suction 
(MPa) 

Pressure

Mean suction 
from RH 
measures 

(MPa)
Difference 

(MPa)
Difference 

(%)

248.6 276.2 262.4 27.6 10.5

157.1 155.8 156.5 -1.3 -0.8

87.8 86.5 87.2 -1.3 -1.5

38.9 39.0 38.9 0.2 0.5

62.8 59.5 61.1 -3.3 -5.4

17.6 8.8 13.2 -8.8 -66.5

Hygrometer

Initial dry 
density 

(kg/m3)

Final dry 
density 

(kg/m3)
RH Flask 
initial (%)

RH Flask 
final (%)

Mean 
relative 
humidity 

(%)
Difference 

(%)

Suction from 
the solute 

(MPa) Solute
Final w 

(%)

Final Sr 

(%)

1541 1622 6.8 7.4 7.1 -0.6 362.3 NaOH 3.1 12
1540 1587 10.9 11.5 11.2 -0.6 300.2 LiCl 3.6 13
1543 1543 59.7 54.3 57.0 5.4 77.3 NaBr 9.5 33

1542 1538 80.1 80.4 80.3 -0.3 30.3 (NH4)2SO4 13.3 46

1540 1510 75.6 74.5 75.1 1.1 39.4 NaCl 12.7 42

1538 1472 96.6 97.9 97.3 -1.3 3.8 K2SO4 16.9 53

RH in 
suction 
(MPa) 

Non-flow

RH in 
suction 
(MPa) 

Pressure

Mean 
suction from 

RH 
measures 

(MPa)
Difference 

(MPa)
Difference 

(%)

246.6 249.1 247.9 1.3 0.5
82.2 81.0 81.6 -0.6 -0.7

54.8 53.3 54.1 -0.8 -1.5

57.7 57.2 57.5 -0.2 -0.4

26.8 28.4 27.6 0.8 2.8
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Table 3-15. 110111b test. Psychrometer measurements. 

 
 
The measurements in the Cetco MX-80 were performed at the top of the sample with 
the hygrometer before dismantling and with the chilled mirror psychrometer after 
dismantling (see Table 3-16). 
 
Table 3-16. 120126a test. 

 
 

3.3  Discussion 

There was a difference between the hygrometer and psychrometer measurements. The 
hygrometer measurements provided lower suction than the psychrometer measurements. 
This observation could be due to the following: 
 

 Systematic error of measurement or calibration.  

 Effect of confinement. 

 The sample dries in the process of extraction and testing with the psychrometer. 
This effect can be considered as systematic error. 

Although there are clear differences between the non-flow and pressure faces 
measurements and between the hygrometer and chilled mirror psychrometer 
measurements, these differences have not been considered in the global WRC analysis 
because of the scatter of the results. The Van Genucthen parameters chosen are =0.3 
and P0=31.25 MPa for all MX-80 samples (Volclay and Cetco), and the effects of the 
dry density and hysteresis have not been considered (see Figures 3-12 to 3-15). 
 
For two samples, the observed difference between hygrometer and psychrometer results 
were  quite high (37 % and 67 %). By comparing the relationship between the swelling 
pressure and time (sample with final suction of 13 MPa in Figure 3-7 and sample with 
final suction of 25 MPa in Figure 3-9), it is possible to see that these samples reached a 

Suction 
non-flow 
(MPa)

Suction 
pressure 

(MPa)

Mean 
Suction 
(MPa)

Difference 
(MPa)

Difference 
(%)

267.1 267.8 267.5 -0.7 -0.3
255.2 254.1 254.6 1.1 0.4
95.3 96.4 95.9 -1.1 -1.2

71.3 65.9 68.6 5.4 7.9

73.1 69.1 71.1 4.0 5.6

46.6 43.2 44.9 3.4 7.5

Psycrometer Hygrometer
Initial dry 

density 

(kg/m3)

Final dry 
density 

(kg/m3)
RH Flask 

(%)

Suction from 
the solute 

(MPa) Solute
Final w 

(%)

Final Sr 

(%)
Suction 
(MPa)

RH in 
suction 
(MPa)

1664 1740 7.1 363.3 NaOH 2.1 9 267.8
1641 1700 11.1 301.8 LiCl 4.9 20 254.1 246.6
1625 1644 75.3 38.7 NaCl 14.2 55 96.4 82.2
1593 1507 84.6 22.8 KCl 13.0 49 65.9 54.8

1595 1461 94.8 7.2 KNO3 20.3 76 69.1 57.7

1614 1432 107.8 -10.2 K2SO4 25.2 97 43.2 26.8
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maximum, after which the swelling pressure dropped. It is possible that they were not in 
steady-state conditions, which could be the reason for the difference.   
 
 

 
Figure 3-12. Measurements of suction versus degree of saturation. 
 

 
Figure 3-13. Difference between the non-flow and pressure faces. 
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Figure 3-14. Difference (%) between the non-flow and pressure faces. The values are 
positive when the pressure face has a higher suction than the non-flow face. 
 

 
Figure 3-15. WRC for different dry densities. The suction axis is represented by a linear 
scale. 
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The swelling pressure is higher when the final suction is lower, as expected. Although 
there is a certain degree of scatter in the results, the influence of the dry density on the 
development of the swelling pressure is quite clear and important. More details 
concerning this issue are in Chapter 4 describing the oedometer tests. 
 
Both the initial and the final dry densities were measured, but the final dry density was 
considered to be more representative even though there could be changes in the sample 
volume after dismantling the sample from measurement cell 
 
Two of the Volclay samples showed strange behaviour (dry densities of 1544 and 1576 
kg/m3). After reaching the maximum swelling pressure, the pressure dropped which 
could be because of the samples didn’t reach the steady state conditions. This behaviour 
can also be observed in the radial swelling pressure measurements in the oedometer 
cells (swelling under constant load). This behaviour could be because the change in the 
sample properties is not uniform throughout the entire sample. The sections closer to the 
porous frit with the controlled RH air flow will take up water before the inner sections, 
so the sample reaches the maximum swelling pressure. 
 
The non-linear development of the swelling pressure can be explained by the 
interactions between the micro and macro structures (Imbert and Villar, 2006 and Gens 
et al. 2011). 

3.4  Conclusions 

The WRC depends on the dry density. For the same degree of saturation, the suction is 
higher when the dry density is higher. This result can also be observed in the 
measurements performed in B+Tech (see Figures 3-4 and 3-5). This effect has not been 
considered in the modelling work, although CODE_BRIGHT, the reference code, 
allows for the changes in the WRC because of changes in the porosity (equivalent to dry 
density changes). 
 
The second important issue is the hysteresis of the WRC. When the sample is drying, 
the suction is higher than if the sample is wetting with the same degree of saturation. 
Because of the scatter of the results in the tests, it is quite difficult to recognise the 
hysteresis effect. This effect is not considered, although it is possible to do so with 
CODE_BRIGHT. 
 
The Van Genuchten parameters of the WRC have been calculated without taking into 
account neither the effect of hysteresis nor dry density and are =0.3 and P0=31.25 
MPa. 
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4  OEDOMETER TESTS 

The mechanical model is the most difficult part of the bentonite behavior studies. The 
thermo-hydraulic problem is clearer: the balance equations are very intuitive, the 
constitutive equations basically relate flows with gradients and the equilibrium 
restrictions do not have excessively complicated equations. The mechanical problem 
involves more complex equations and there are parameters without a clear physical 
meaning. 

The behaviour of unsaturated soils is complex and has been studied with different 
models. Lloret and Alonso (1985) presented the state surfaces model, which simulates 
different paths of drying-wetting and loading-unloading considering the net mean stress 
and suction changes. This model is an elastic model, and there are some limitations 
when considering plastic strains. The Barcelona Basic Model (BBM, Alonso et al. 
1990) has been chosen for this work. This model is based on the Cam-Clay model 
(Roscoe and Burland, 1968; Gens and Potts 1988) developed for saturated soils, and it 
has been implemented for unsaturated soils, with the suction changes considered. This 
model is implemented in CODE_BRIGHT (COuple DEformation BRIne Gas and Heat 
Transport, Olivella et al. 1994, 1996), which is a code for modelling multiphase flow in 
deformable porous media. 

The BBM presents some limitations with swelling clays. For this reason, the Barcelona 
Expansive Model was developed, which incorporates two new fluency surfaces, the 
suction decrease (SD) and suction increase (SI) to consider the plastic strains developed 
during the suction changes. The displacement of one of these fluency surfaces involves 
the displacement of the remaining fluency surfaces (Lloret et al. 2003; Alonso et al. 
1999; Gens and Alonso 1992). A double-structure media is assumed, with a 
microstructure associated to clay particles and a macrostructure associated to the 
macropores and coarse aggregates. The microstructure behaviour influences the 
macrostructure behaviour, but the converse is not true. The plastic strains are associated 
with changes in the macrostructure only. There are plastic strains under constant-load, 
isotropic suction changes. It is necessary for some tests to have different parameters 
(Åkesson et al. 2009). The oedometer test is a useful and easy method for parameter 
identification. 

4.1  Test description 

The oedometer test is performed in a rather simple test device that was developed to 
study the consolidation of saturated soils. The device allows the vertical load and 
vertical displacements to be controlled easily without radial strains (the test is 
conducted in a rigid steel cell or steel ring). The radial stresses can be measured with 
special devices, such as the ISMES oedometer cell (www.ismes.org), or with radial 
pistons in direct contact with the sample (Börgesson et al. 1995), although the 
measurements are not as good as the vertical measurements. The original oedometer test 
holds the vertical load constant, and the vertical displacements are measured during the 
consolidation process if the sample is fully saturated or, in the case of a suction-
controlled test, during the change in suction (Pintado et al. 2009). The swelling under 
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the load test is a particular case of the latter, when the sample is hydrated directly with 
water under a fixed vertical load.  
 
Figures 4-1 and 4-2 present the schematic of the oedometer test setup and a photograph 
of the setup in B+Tech. The oedometer test setup had a cell with a hydration facility and 
loading arm lever. A weight was placed on the lever (see Figure 4-1) to exert axial 
pressure on the samples. To apply a high stress, a lever loading ratio of 1:11 was used 
for all tests.  
 

 
Figure 4-1. Schematic of oedometer test setup. 
 

 
 
Figure 4-2. B+Tech oedometer test setup. 
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The oedometer cells were made of stainless steel AISI 316. Generally, the diameter of 
the tested samples was 50 mm, with a minimum height of 20 mm so that the radial 
pressure could be measured with the radial piston, which has a diameter of 10 mm. A 
few samples with a diameter of 70 mm and a height of 25 mm were also tested. There 
were two stainless-steel porous frits at the top and bottom of the sample, working as 
porous stones to facilitate the hydration process. A linear variable differential 
transformer (LVDT) was used to measure the axial displacements with an analogue 
gauge reading, and a force transducer was placed on the radial direction of the samples 
to measure the radial stresses. 
 
The samples were compacted directly in the cells to achieve the desired dry density. The 
compaction pressure was not measured during sample preparation. The target dry 
densities were 1600 and 1750 kg/m3. Three different types of saline water were used, 
where the total dissolved solid was 0, 35 (1:1 Ca2+/Na+), and 70 (3:2 Ca2+/Na+) g/L. The 
initial water content and suction (psychrometer) were also measured before sample 
preparation. The initial water content of the samples was approximately 6.0 (%), and the 
suction was in the range of 153.3-218.6 MPa. 
 
The stress and suction/hydration paths for the experimental programme are presented in 
Figure 4-3. The axial stress and suction/hydration paths are presented by points A-B-C-
D in Figure 4-3, and the corresponding measured radial stresses are presented by points 
M-N-O-P. Three test paths were considered for this experimental programme, and a 
brief description of the test paths is presented below. 
 

 Path I : A-B-D-B 
 Path II : A-C-D-B 
 Path III: A-C-A 

 

 
Figure 4-3. Test path (Stress-suction/hydration) of the oedometer test programme. 
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Initially, the sample, with its initial water content, was highly compressed to achieve the 
desired density. This state of the sample is presented by ‘A’ in Figure 4-3. The most 
common test path is Path I. After achieving the initial state ‘A’, the samples were 
allowed to hydrate with water of salinity 0 to 70 g/L at a constant stress level. Samples 
went from state ‘A’ to ‘B’, where the suction was considered to be approximately zero. 
From state ‘B’, conventional loading and unloading were performed following the path 
‘B-D-B’.  
 

In the second test path, the samples were tested following the test path ‘A-C-D-B’. 
From the initial state ‘A’, the samples were loaded to a specified stress level to achieve 
state ‘C’. The suction of the sample should have increased because the samples were 
loaded without a change in the water content. However, the change in the suction was 
considered negligible, as the stress level was not sufficiently high in magnitude to 
drastically change the suction properties. After state ‘C’, the samples were hydrated 
with water (salinity 0 to 70 g/L) following the path ‘C-D’, where the suction can be 
considered approximately zero. After state ‘D’, conventional loading and unloading 
were performed following the path ‘D-B-D’.  
 

The third test path, ‘A-C-A’, was achieved with a fixed water content. The initial 
condition is represented by point ‘A’. Loading and unloading took place from point ‘A’ 
to ‘C’. During the test, the initial water content was held constant. The suction of the 
tested samples changed during the loading-unloading phase, but due to the relatively 
low loading level compared to the suction, the test was considered a constant suction 
test.  
 

The test program performed with the oedometer tests is presented in Table 4-1. The test 
ID in the first column shows the test date and serial number. The initial condition of 
each test, test path, and salinity are also presented. The tested material had an initial 
water content of approximately 6 %, and the initial target density varied from 1600 
kg/m3 to 1750 kg/m3.  
 
Table 4-1. Test program for oedometer tests. 

Test ID 

Initial conditions 

Test Path 
Salinity ‐total 
dissolved solid 

(TDS g/L) 
Dry density 
(kg/m3) 

Initial water 
content (%) 

Powder Suction 
(MPa) 

100212c 1600 6.0 153.3 A-B-D-B 0 

110616c 1560 5.1 183.0 A-B-D-B 35 

110616e 1600 5.1 183.0 A-B-D-B 35 

101222a 1590 6.0 218.6 A-B-D-B 70 

100212d 1750 6.0 153.3 A-B-D-B 0 

101222f 1740 5.9 218.6 A-B-D-B 35 

101222b 1740 5.9 218.6 A-B-D-B 70 

101222c  1590  5.9 218.6   A-C-D-B 0  

110616a 1600 5.1 183 A-C-D-B 35 

101222d 1590 6.0 218.6 A-C-D-B 70 

100212a 1590 6.0 153.3 A-C - 

111130a 1640 6.0 191.5 A-C - 

111130d 1640 6.0 191.5 A-C - 
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4.2  Test Results 

The stress-strain-void ratio results from the oedometer tests are presented below. The 
results are first presented in graphical form (in Figures from 4-4 to 4-14) and then in 
tabular form (in Tables from 4-2 to 4-12). The axial stresses presented in the results 
were exerted on the samples, and the radial stresses were measured. Swelling and 
compression strain are considered negative and positive, respectively, in the figures. 
The first column of the tables presents the test ID, and the second column presents the 
load step number, i.e., LS1 or LS2 (hydration). A load step accompanied with hydration 
in parenthesis, i.e., LS2 (hydration), indicates that hydration started at this load step. 
The third column shows the stress imposed, and the fourth column presents the 
measured radial stress. The strain (total), presented as a percentage, and the 
corresponding void ratio state are presented in the fifth and sixth columns, respectively. 
 
The test results of Path I (A-B-D-B) for four samples (100212c, 110616c, 110616e, and 
101222a) with approximately the same dry density are presented in Figures from 4-4 to 
4-7. Different salinities in the water were supplied for these samples. The hydration 
process started under a vertical stress of approximately 200 kPa (point A), and the 
uniaxial strain at the end of hydration (point B) approximately varied from -18 % to -
36 %, which is equivalent to a void ratio increment from 0.7 to 1.45. The measured 
radial stress after full swelling at the equilibrium condition was approximately 60-600 
kPa. The axial stress level for loading and unloading was between 200 and 6500 kPa. 
Figure 4.5 shows that unloading was not performed in test 110616c, and Figure 4.7 
shows that several un-reloadings were performed in test 101222a. 
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Figure 4-4. Stress-strain-void ratio results of test 100212c for an initial dry density of 
1600 kg/m3, a salinity of 0 g/L, and test path A-B-D-B. 
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Table 4-2. Stress-strain-void ratio results of test 100212c for an initial dry density of 
1600 kg/m3, a salinity of 0 g/L, and test path A-B-D-B. 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Vertical 
Strain 

Void Ratio 

    (kPa) (kPa)  (%)  

100212c LS1 230.00   0.000 0.738 

 LS2(hydration) 230.00 276.00 -36.851 1.378 

 LS3 390.00 359.99 -35.821 1.360 

 LS4 950.00 514.24 -30.207 1.262 

 LS5 2630.00 1009.38 -22.202 1.123 

 LS6 4880.00 2169.18 -14.522 0.990 

 LS7 2630.00 1749.58 -15.799 1.012 

  LS8 950.00 1140.81 -20.398 1.092 
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Figure 4-5.  Stress-strain-void ratio results of test 110616c for an initial dry density of 
1560 kg/m3, a salinity of 35 g/L, and test path A-B-D. 
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Table 4-3.  Stress-strain-void ratio results of test 110616c for an initial dry density of 
1560 kg/m3, a salinity of 35 g/L, and test path A-B-D 
. 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Total Strain Void ratio 

    kPa kPa  (%)  

110616c LS1 196.18 16.08 -0.084 0.844 

 LS2(hydration) 196.18 59.89 -21.032 1.230 

 LS3 476.43 59.89 -20.035 1.211 

 LS4 1036.94 252.12 -16.740 1.150 

 LS5 1681.53 533.54 -13.593 1.092 

 LS6 3363.06 1437.80 -7.985 0.989 

  LS7 4203.82 1892.98 -5.936 0.951 
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Figure 4-6. Stress-strain-void ratio results of test 110616e for an initial dry density of 
1600 kg/m3, a salinity of 35 g/L, and test path A-B-D.  
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Table 4-4.  Stress-strain-void ratio results of test 110616e for an initial dry density of 
1600 kg/m3, a salinity of 35 g/L, and test path A-B-D.  
 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Vertical 
Strain 

Void Ratio 

    kPa kPa  (%)  

110616e LS1 200.18   -0.000 0.794 

 LS2(hydration) 200.18 600.19 -21.681 1.183 

 LS3 428.96 645.71 -21.169 1.173 

 LS4 857.92 717.52 -19.427 1.142 

 LS5 1715.85 1181.06 -15.530 1.072 

  LS6 2144.81 1397.88 -13.987 1.045 
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Figure 4-7.  Stress-strain-void ratio results of test 101222a for an initial dry density of 
1590 kg/m3, a salinity of 70 g/L, and test path A-B-D-B.  



41 

Table 4-5.  Stress-strain-void ratio results of test 101222a for an initial dry density of 
1590 kg/m3, a salinity of 70 g/L, and test path A-B-D-B.  
 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Vertical 
Strain 

Void Ratio 

    kPa kPa  (%)  
101222a LS1 196.18   -0.004 0.748 

 LS2(hydration) 196.18 295.25 -17.846 1.060 
 LS3 476.43 385.73 -16.801 1.042 
 LS4 1036.94 534.27 -13.547 0.985 
 LS5 1877.71 973.12 -10.108 0.925 
 LS6 3559.24 2026.46 -5.988 0.853 
 LS7 5240.76 3139.52 -3.603 0.811 
 LS8 1597.45 1958.19 -5.190 0.839 
 LS9 1036.94 1394.25 -6.530 0.862 
 LS10 476.43 847.61 -8.819 0.902 
 LS11 196.18 478.97 -11.566 0.950 
 LS12 1877.71 1176.41 -7.869 0.886 
 LS13 4119.75 2469.01 -4.774 0.831 
 LS14 1877.71 1753.17 -5.701 0.848 
 LS15 196.18 435.94 -11.889 0.956 
 LS16 1877.71 1128.18 -8.143 0.890 
  LS17 196.18 422.74 -11.826 0.955 

 
 
Figures 4-8 to 4-10 also present Path I (A-B-D-B) of tests 100212d, 101222f, and 
101222b. The dry density was higher in these tests (approximately 1750 kg/m3), with 
different salinities in the water. The hydration process started under a vertical stress of 
approximately 200 kPa (point A), and the uniaxial strain at the end of hydration 
approximately varied from -20 % to -43 % (void ratio increased from 0.5 to 1.2). The 
axial stress level for loading and unloading was between 200 and 6500 kPa. In test 
101222b, several un-reloading steps were performed (Figure 4-10). 
 



42 

 

 
Figure 4-8.  Stress-strain-void ratio results of test 100212d for an initial dry density of 
1750 kg/m3, a salinity of 0 g/L, and test path A-B-D-B.  
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Table 4-6.  Stress-strain-void ratio results of test 100212d for an initial dry density of 
1750 kg/m3, a salinity of 0 g/L, and test path A-B-D-B. 
 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Total Strain Void ratio 

    kPa kPa  (%)  

100212d LS1 230.00    0 0.525 

 LS2(hydration) 230.00 0.00 -42.616 1.175 

 LS3 390.00 85.15 -42.293 1.170 

 LS4 950.00 289.95 -39.079 1.121 

 LS5 2630.00 949.90 -32.782 1.025 

 LS6 4880.00 2402.93 -25.934 0.921 

 LS7 2630.00 1698.48 -27.535 0.945 

  LS8 950.00 823.78 -32.157 1.015 
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Figure 4-9.  Stress-strain-void ratio results of test 101222f for an initial dry density of 
1740 kg/m3, a salinity of 35 g/L, and test path A-B-D-B. 
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Table 4-7.  Stress-strain-void ratio results of test 101222f for an initial dry density of 
1740 kg/m3, a salinity of 35 g/L, and test path A-B-D-B. 
 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Vertical 
Strain 

Void Ratio 

    kPa kPa  (%)  

101222f LS1 196.00 0.00 -0.104 0.629 

 LS2(hydration) 196.18 0.00 -33.003 1.164 

 LS3 476.43 40.13 -32.590 1.157 

 LS4 1036.94 189.37 -30.248 1.119 

 LS5 2157.96 715.98 -25.476 1.042 

 LS6 4400.00 1975.11 -19.440 0.943 

 LS7 2157.96 1491.25 -20.418 0.959 

 LS8 476.43 343.96 -26.986 1.066 

  LS9 196.18 75.64 -31.811 1.145 
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Figure 4-10. Stress-strain-void ratio results of test 101222b for an initial dry density of 
1740 kg/m3, a salinity of 70 g/L, and test path A-B-D-B.  
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Table 4-8.  Stress-strain-void ratio results of test 101222b for an initial dry density of 
1740 kg/m3, a salinity of 70 g/L, and test path A-B-D-B. 
 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Total Strain Void ratio 

    kPa kPa  (%)  

101222b LS1 196.18   -0.147 0.601 

 LS2(hydration) 196.18  -19.662 0.913 

 LS3 476.43 23.05 -19.086 0.903 

 LS4 1036.94 152.27 -16.980 0.870 

 LS5 1877.71 481.32 -14.140 0.824 

 LS6 3559.24 1368.13 -10.336 0.763 

 LS7 5240.76 2312.99 -8.076 0.727 

 LS8 1597.45 1407.77 -9.445 0.749 

 LS9 1036.94 915.12 -10.713 0.769 

 LS10 476.43 459.66 -12.779 0.803 

 LS11 196.18 146.77 -15.221 0.842 

 LS12 1877.71 641.35 -12.406 0.797 

 LS13 4119.75 1741.23 -9.572 0.751 

 LS14 1877.71 1254.51 -10.357 0.764 

 LS15 196.18 126.03 -15.697 0.849 

 LS16 1877.71 672.88 -12.597 0.800 

  LS17 196.18 102.75 -15.628 0.848 

 
Figures 4-11 to 4-13 present the Path II (A-C-D-B) test series and the three tests 
101222c, 110616a, and 101222d, which had the same initial dry density (approximately 
1,600 kg/m3) and different salinities in the water. The starting loading pressure level 
was approximately 200 kPa, and hydration started at a pressure level of approximately 
6500 kPa. The swelling and collapse of the material was observed during hydration. 
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Figure 4-11.  Stress-strain-void ratio results of test 101222c for an initial dry density of 
1590 kg/m3, a salinity of 0 g/L, and test path A-C-D-B. 
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Table 4-9.  Stress-strain-void ratio results of test 101222c for an initial dry density of 
1590 kg/m3, a salinity of 0 g/l, and test path A-C-D-B. 
 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Vertical 
Strain 

Void Ratio 

    kPa kPa  (%)  

101222c LS1 280.25   0.270 0.743 

 LS2 840.76 13.10 0.452 0.740 

 LS3 1681.53 64.91 0.625 0.737 

 LS4 3363.06 850.52 0.729 0.735 

 LS5 6165.61 1132.48 0.987 0.731 

 LS6 (hydration) 6165.61 4548.25 -0.314 0.754 

  LS7 3363.06 4419.06 -1.200 0.769 
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Figure 4-12.  Stress-strain-void ratio results of test 110616a for an initial dry density of 
1600 kg/m3, a salinity of 35 g/L, and test path A-C-D-B. 
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Table 4-10. Stress-strain-void ratio results of test 110616a for an initial dry density of 
1600 kg/m3, a salinity of 35 g/L, and test path A-C-D-B. 
 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Total Strain Void ratio 

    kPa kPa  (%)  

110616a LS1 280.25 63.12 -0.068 0.795 

 LS2 840.76 208.34 0.265 0.789 

 LS3 1681.53 251.74 0.345 0.788 

 LS4 3363.06 538.95 1.132 0.773 

 LS5 6165.61 887.61 2.219 0.754 

 LS6 (hydration) 6165.61 4547.64 3.107 0.738 

 LS7 3363.06 3919.17 0.955 0.777 

  LS8 1681.53 2555.25 -1.447 0.820 
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Figure 4-13.  Stress-strain-void ratio results of test 101222d for an initial dry density of 
1590 kg/m3, a salinity of 70 g/L, and test path A-C-D-B. 
 
 
 
 
 



53 

Table 4-11. Stress-strain-void ratio results of test 101222d for an initial dry density of 
1590 kg/m3, a salinity of 70 g/L, and test path A-C-D-B. 
 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Vertical 
Strain 

Void ratio 

    kPa kPa  (%)  

101222d LS1 280.25 Not measured  0.055 0.749 

 LS2 840.76  -0.155 0.745 

 LS3 1681.53  -0.373 0.742 

 LS4 3363.06  -0.795 0.734 

 LS5 6165.61  -1.324 0.725 

  LS6 (hydration) 6165.61   -0.735 0.735 

 
Figure 4-14 presents the axial stress-strain-void ratio test results of Path III (A-C-A) 
(Test IDs for this test series are 111130a, 111130d, and 100212a), in which the water 
content (and thus suction) was held constant during the test. The loading pressure level 
varied from 200 to 6500 kPa. The uniaxial strain magnitude was found to be low and 
varied between 1 and 1.8 (%). Because the uniaxial strains were low and because no 
compaction pressure data were available, it was assumed that the preconsolidation 
pressure for the dry bentonite might be higher than 6500 kPa which is the maximum 
axial stress applied in the oedometer tests. The radial pressures were not measured for 
these tests. 
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Figure 4-14. Axial stress-void ratio-strain results of tests 111130a, 111130d, and 
100212a for initial dry densities of 1640, 1640 and 1590 kg/m3, respectively, and test 
path A-C-A. 
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Table 4-12.  Axial stress-void ratio-strain results of tests 111130a, 111130d, and 
100212a for initial dry densities 1640, 1640 and 1590 kg/m3, respectively, and test path 
A-C-A. 
 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Vertical 
Strain 

Void Ratio 

    kPa kPa  (%)  

100212a LS1 196.00 Not measured  -0.110 0.739 

 LS2 392.00  -0.030 0.738 

 LS3 730.00  0.099 0.736 

 LS4 1600.00  0.374 0.731 

 LS5 3200.00  0.843 0.723 

 LS6 6600.00  1.569 0.710 

 LS7 3200.00  1.422 0.713 

 LS8 1600.00  1.291 0.715 

  LS9 840.00   1.143 0.718 

 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Vertical 
Strain 

Void Ratio 

    kPa kPa  (%)  

111130a LS1 280.25 Not measured  0.155 0.791 

 LS2 840.76  0.687 0.781 

 LS3 1681.53  1.089 0.774 

 LS4 3363.06  1.605 0.765 

  LS5 6165.61   1.694 0.763 

 

Test ID Load Step (LS) 
Axial Stress 
(imposed) 

Radial Stress 
(measured) 

 Vertical 
Strain 

Void Ratio 

    kPa kPa  (%)  

111130d LS1 280.25 Not measured  0.025 0.793 

 LS2 840.76  0.191 0.790 

 LS3 1681.53  0.466 0.785 

 LS4 3363.06  0.935 0.777 

  LS5 6165.61   1.086 0.774 

 

4.3  Discussion  

This section presents a brief discussion of the oedometer test results. The results show 
that the swelling and compression of bentonite depends on the initial dry density. The 
initial water content is another variable that could affect the volume change behaviour, 
but in these tests, the initial water content was approximately constant. The swelling and 
compression of the bentonite also depends on the boundary conditions, the axial stress 
path, and the salinity of the water that saturates the sample. 
 
Figures 4-4 to 4-7 show the test results of 100212c, 110616c, 110616e, and 101222a of 
Path I (A-B-D-B), which had approximately the same initial dry density but were 
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saturated by water with a salinity of 0, 35, 35, and 70 g/L, respectively. At low axial 
stress (approximately 200 kPa), the swelling strain during hydration of tests 100212c, 
110616c, 110616e, and 101222a were -36.85, -21.03, -21.68, and -17.85 (%), 
respectively. These test results show that the swelling decreases with increasing salinity. 
With low axial stress (approximately 200 kPa), the measured radial stress during 
swelling varied from 60 to 600 kPa. Measuring the radial stress involves a complex 
setup of the radial piston-force transducer, which might lead to these differences during 
testing. Another important issue in the radial stress measurements is that the change in 
the sample conditions is not uniform during the hydration process. The water flows 
from bottom to top, and the conditions of the sample do not progress uniformly. The 
saturation front moves from bottom to top and needs some time to cross the piston, 
which is 10 mm in diameter. This fact could explain the complex behaviour of the radial 
swelling pressures.      
 
The test results of Path II (A-C-D-B) are presented from Figures 4.11 to 4.13. These 
samples were loaded to a higher stress level (approximately 6500 kPa), and then, the 
hydration process was initiated. The test results showed a very small swelling strain (see 
Figure 4-15).  

 
Figure 4-15. Water salinity versus strain for different axial stresses. The initial dry 
density is 1600 kg/m3. The tests with axial stress of 200 kPa are 100212c, 110616e and 
101222a. The tests with axial stress of 6165 kPa are 101222c, 110616a and 101222d. 
 
Figures 4-8 to 4-10 present the tests results of 100212d, 101222f, and 101222b of Path I 
(A-B-D-B), which also had approximately the same initial dry density (approximately 
1750 kg/m3) but different salinities of 0, 35, and 70 g/L, respectively. The swelling 
strain during hydration of tests 100212d, 101222f, and 101222b at a low confining 
pressure (approximately 200 kPa) were -42.62, -33.00, and -19.66 (%), respectively, 
and the swelling strain decreased with increasing salinity (see Figure 4-16).  
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The effect of the initial dry density on the swelling can be compared from the test 
results presented in Figures 4-4 to 4-10, where the dry density varies and the salinities 
are constant. For instance, tests 100212c and 100212d have identical test conditions 
except for the dry densities being 1600 and 1750 kg/m3, respectively, and the swelling 
strains being -36.85 and -42.62 (%), respectively. The swelling strain increases with 
increasing dry density (see Figure 4-16). 

 
Figure 4-16.Dry density versus strains for different salinities in water. Axial stress: 200 
kPa. The tests with salinity of 0 g/L 100212c and 100212d. The tests with salinity 35 g/L 
are 110616c. 110616e and 101222f. The tests with salinity 70 g/L are 101222a and 
101222b. 
 

4.4  Conclusions 

The oedometer tests show the volume change of MX-80 bentonite when the stress and 
hydraulic conditions change. The volume change of bentonite depends on the dry 
density, stress level, and salinity of the water that saturates the sample. The initial water 
content was approximately constant for all tests. The swelling increases with increasing 
dry density and decreases when the salinity of the water that saturates the samples 
increases. The swelling also depends on the stress level, and the swelling strain 
decreases when the confining stress increases. Some parameters required for mechanical 
modelling can be evaluated from the oedometer test results (Olivella et al. 2013). 
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5  INFILTRATION TESTS 

5.1  Test Description 

The bentonite buffer is unsaturated when it is installed in the deposition holes, and the 
goal is to saturate the buffer to seal the nuclear spent fuel repository. The water 
advective flow plays an important role in the saturation process of the clay barrier. The 
saturation process starts when the water flows naturally from the host rock or is 
artificially injected into the gaps. The constitutive law accepted for the liquid advective 
water flow in clay barriers is Darcy´s law (Gens et al. 2009; Åkesson et al. 2009), and 
the hydraulic conductivity relates the hydraulic gradient to the water flow. When the 
clay is unsaturated, this parameter also depends on the degree of saturation. 
 
It is difficult to measure the non-saturated hydraulic conductivity of clay materials 
directly. The axis translation technique allows this parameter to be measured with 
oedometer tests (Romero 1999) when the water exchange is measured as function of 
time. However, this technique cannot be used in swelling clays because the initial 
suction is greater than 100 MPa, and axis translation cannot be used for suctions higher 
than 10 MPa. 
 
The infiltration tests (Dueck and Nilsson 2010) are a good solution for measuring the 
non-saturated hydraulic conductivity by inverse analysis (Lloret and Villar 2005, 
Pintado et al. 2002). The inverse analysis is very common in hydrogeology and seismic 
studies. The technique consists of minimising the difference between the measurements 
and modelling results. The model chosen for this material is implemented in 
CODE_BRIGHT. With this code, it is possible to simulate the saturation process inside 
the test cells; thus, numerical modelling is needed to determine the non-saturated 
hydraulic conductivity. This modelling is not included in this report, but it is detailed by 
Pintado and Rautioaho (2013) and Olivella et al. (2013). 
 
The infiltration test involves a soil column; water is supplied through one end of the 
column (see Figures 5-1 and 5-2), and the sample volume is kept constant. The water 
pressure is fixed, and the water inlet flow is measured continuously. The other side of 
the soil column is at atmospheric pressure, although the evaporation is quite low 
because there is no air circulation. The axial and radial swelling pressures are measured. 
The RH is measured in some places inside the bentonite colum as well. The RH is 
directly related with the suction, and this relation follows the psychrometric law.  
 
After the test, the sample was cut into slices with a saw, and the water content and bulk 
density were measured following the method described in Section 2.2. The suction was 
measured with a psychrometer (see Section 3.1.3).       
 
The infiltration cell was made of stainless steel AISI 316. The inner diameter of the cell 
was 50 mm, and the height was approximately 63 mm. There were two porous frits 
made of stainless-steel with pore diameter of 10 μm at the top and bottom of the sample. 
A specified water pressure was imposed at the bottom of the sample with a GDS 
pressure/volume controller (www.gdsinstruments.com). Four load cells were installed to 
measure the development of the swelling pressure. Three of the load cells measured the 
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radial swelling pressure at different positions of the sample, and one measured the axial 
swelling pressure. The cells had a certain pre-stress that was set to be as low as possible. 
The evolution of the RH was also measured with capacitive hygrometers in three places 
inside the cell. The material was compacted directly inside the cells to achieve the 
required height and density. The tests were performed at the laboratory temperature, 
which was approximately 24 °C. The suction of the sample bentonite powder was 
measured before the sample compaction. 
 
The tests were conducted with two cells in parallel. One cell had neither load cells nor 
hygrometers, so only the water flow and final state were measured. The test period in 
this cell was 5, 10, 15 and 30 days. The second cell was fully instrumented, and the 
swelling pressure and RH evolution were measured. The final state was also measured. 
The test period was approximately 60 days.   
 

 
 

Figure 5-1.Schematic diagram of the infiltration test setup. 
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Figure 5-2. Position of sensors and dimensions of the sample. 
 
After the tests were completed, the samples were removed from the cells, and visual 
inspections were performed. All of the samples were sliced in the axial direction, and 
each slice was cut into three different pieces to measure the water content in one piece, 
suction in other piece, and bulk density in the third piece.  
 
The infiltration tests matrix is shown in Table 5-1. The Test ID presented in the first 
column shows the test date with the serial number. The initial condition of each test, 
injection water pressure, test period, and salinity of the water injected are also 
presented. The tested material had initial water contents approximately 4-7 %, and the 
initial target dry density varied from 1400 kg/m3 to 1720 kg/m3. 
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Table 5-1. Test program for the Infiltration Tests. 

Test ID 

Initial conditions 
Injection 

Pressure (kPa) 
Test Duration 

(Day) 

Salinity 
(Total 

Dissolved 
Solid g/L)  

Dry density 
(kg/m3) 

Initial water 
content (%) 

Powder
Suction 
(MPa) 

  

110223a  1400  4.3  248.0  200  200  35 

110223b  1400  4.2  243.0  200  66  35 

110223c  1400  4.6  205.0  200  4  35 

110223d  1400  4.6  186.0  200  40  35 

110223e  1400  6  114.0  200  10  35 

110223f  1400  6  114.0  200  52  35 

101027a  1670  7.2  160.2  2000  112  35 

101027b  1670  7.2  160.2  2000  36  35 

101027c  1700  5.4  231.5  2000  16  35 

101027d  1690  6.0  218.7  2000  7  35 

101027e  1690  6.2  216.0  2000  41  35 

101027f  1700  5.2  216.2  2000  5  35 

100623a  1670  6.9  155.2  2000  89  70 

100623b  1670  6.9  155.2  2000  14  70 

100623c  1670  7.2  137.1  2000  6  70 

100623d  1670  7.2  120.6  2000  34  70 

100623e  1660  7.9  117.0  2000  9  70 

100623f  1670  7.4  123.1  2000  63  70 

100416a  1700  5.6  189.6  2000  63  0.87 

100416b  1700  5.6  189.6  2000  4  0.87 

100416c  1700  5.6  189.6  2000  31  0.87 

100416d  1700  6.8  189.6  2000  12  0.87 

100416e  1700  6.6  164.9  2000  16  0.87 

100108a  1700  5.3  ‐  2000  69  0 

100108b  1700  5.3  ‐  2000  12  0 

100108c  1720  4.1  ‐  2000  4  0 

100108d  1670  7.0  ‐  2000  15  0 

100108e  1690  6.0   ‐  2000  35  0 

5.2  Tests Results 

The infiltration test results are presented below in Figures 5-3 to 5-24 and in Tables 
from 5-2 to 5-6. The results are first presented in graphical form and then in tabular 
form. For each test series, the water inflow is presented against time, and these graphs 
show that the volume of injected water increases with time. The water content and 
suction at the end of the tests are also presented for each test against the distance from 
the injection point. The water content at the end of the tests increases along the sample 
height because of liquid (water) injection, and the water content increases with time 
within each test series. This injection of fluid decreases the suction along the sample 
height for each test, and the suction also decreases with time within each test series. 
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Figure 5-3. Measured volume of water inflow versus time for test series 110223 for an 
initial dry density of 1400 kg/m3, an initial water content varying from 4.2 to 6.0 (%), 
and a salinity of 35 g/L. 

 
 
Figure 5-4. Measured water content at the end of the tests versus distance from the 
injection point for test series 110223 for an initial dry density of 1400 kg/m3, an initial 
water content varying from 4.2 to 6.0 (%), and a salinity of 35 g/L. 
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Figure 5-5. Measured suction at the end of the tests versus distance from the injection 
point for test series 110223 for an initial dry density of 1400 kg/m3, an initial water 
content varying from 4.2 to 6.0 (%), and a salinity of 35 g/L.  
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Figure 5-6. Stress evolution in test 110223a for an initial dry density of 1400 kg/m3, an 
initial water content of 4.3 %, and a salinity of 35 g/L. 
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Table 5-2. Final water content, suction and dry density of test series 110223 for an 
initial dry density of 1400 kg/m3, an initial water content of 4.2 to 6 (%) and a salinity 
of 35 g/L. 
 

Test ID Duration (day) 
Distance from 
injection point

Final water 
content 

Final suction 
Final dry 
density 

    (mm) (%) (MPa) (kg/m3) 

110223a 200 56.1  31.8 7.1 1380 

  45.8 30.8 8.1 1380 

  36.1 31.7 7.3 1370 

  27.1 31.5 8.1 1370 

  17.4 31.3 7.9 1370 

    5.8 32.5 7.5 1330 

Average   31.6 7.7 1363 

110223b 66 57.3 21.0 17.1 Not measured 

  44.8 22.3 15.1  

  31.3 24.6 12.8  

  21.9 26.9 10.4  

  12.9 28.8 9.6  
    4.3 34.2 9.0   

Average   26.3 12.3  

110223c 4 53.4 4.7 171.6 Not measured 

  39.5 5.7 152.2  

  22.9 9.3 96.8  
    5.9 24.1 14.9   

Average   10.9 108.9  

110223d 40 51.6 16.6 30.0 Not measured 

  34.2 20.7 19.8  

  21.0 23.3 14.2  

  13.2 27.4 12.7  

    5.2 30.8 12.6   

Average   23.8 17.9  
110223e 10 54.0 8.5 85.3 1490 

  36.7 10.1 68.3 1440 

  22.2 13.9 42.3 1470 
    8.0 24.0 15.8 1470 
Average   14.1 52.9 1467 
110223f 52 55.8 24.4 15.0 1390 

  44.8 26.3 12.7 1370 

  34.3 26.8 10.7 1380 

  25.2 29.0 10.1 1370 

  16.3 31.4 8.9 1360 
    5.9 37.5 8.5 1270 
Average   29.2 11.0 1357 



67 

 
 
Figure 5-7. Measured volume of the water inflow versus time for test series 101027 for 
an initial dry density of 1670-1700 kg/m3, an initial water content varying from 5.2 to 
7.2 (%), and a salinity of 35 g/L. 
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Figure 5-8. Measured water content at the end of the tests versus distance from the 
injection point of test series 101027 for an initial dry density of 1670-1700 kg/m3, an 
initial water content varying from 5.2 to 7.2 (%), and a salinity of 35 g/L. 

 
Figure 5-9. Measured suction at the end of the tests versus distance from the injection 
point for the test series 101027 for an initial dry density of 1670-1700 kg/m3, an initial 
water content varying from 5.2 to 7.2 (%), and a salinity of 35 g/L. 
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Figure 5-10. Stress evolution in test 101027a for an initial dry density of 1670 kg/m3, 
an initial water content of 7.2 %, and a salinity of 35 g/L. 
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Table 5-3. Final water content, suction, and dry density for test series 101027 for an 
initial dry density of 1670-1700 kg/m3, an initial water content varying from 5.2 to 7.2 
(%), and a salinity of 35 g/L. 
 

Test ID Duration (day) 
Distance from 
injection point 

Water content Suction Dry Density 

    mm % MPa kg/m3 

101027a 112 54.5 20.9 25.5 Not measured 
  40.7 20.7 23.0  
  28.5 21.3 24.3  
  17.1 21.5 22.2  
  8.3 22.0 21.2  
    2.7 23.3 17.2   
Average   21.6 22.2  
101027b 36 56.5 11.6 75.5 Not measured 
  42.5 13.1 60.4  
  30.0 16.1 44.7  
  19.2 18.9 28.0  
  9.6 21.6 20.5  
    3.0 23.7 18.2   
Average   17.5 41.2  
101027c 16 58.3 6.3 - Not measured 
  44.3 7.3 -  
  32.6 9.7 88.4  
  23.2 14.7 55.3  
  12.2 20.0 23.1  
    3.3 24.6 16.9   
Average   13.8   
101027d 7 57.5 5.7 200.2 Not measured 
  45.7 6.1 193.7  
  34.4 6.3 164.6  
  25.9 7.9 120.4  
  15.0 11.3 65.9  
    4.3 20.2 21.1   
Average   9.6 127.6  
101027e 41 59.4 9.6 87.6 Not measured 
  47.4 11.9 71.8  
  32.2 15.3 47.0  
  19.6 18.7 31.4  
  10.2 20.7 26.7  
    3.6 22.9 18.1   
Average   16.5 47.1  
101027f 5 55.1 5.2 208.7 Not measured 
  42.0 5.4 198.6  
  31.7 5.8 173.8  
  23.8 7.5 115.5  
  13.5 12.2 48.6  
    3.7 21.3 23.3   
Average   9.6 128.1  
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Figure 5-11. Measured volume of the water inflow versus time for test series 100623 for 
an initial dry density of 1660-1670 kg/m3, an initial water content varying from 6.9 to 
7.9 (%), and a salinity of 70 g/L. 
 

 
 
Figure 5-12. Measured water content at the end of the tests versus distance from the 
injection point of test series 100623 for an initial dry density of 1660-1670 kg/m3, an 
initial water content varying from 6.9 to 7.9 (%), and a salinity of 70 g/L. 
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Figure 5-13. Measured suction at the end of the tests versus distance from the injection 
point of test series 100623 for an initial dry density of 1660-1670 kg/m3, an initial water 
content varying from 6.9 to 7.9 (%), and a salinity of 70 g/L.  
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Figure 5-14. Stress evolution in test 100623a for an initial dry density of 1670 kg/m3, 
an initial water content of 6.9 %, and a salinity of 70 g/L. 
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Figure 5-15. RH evolution in test 100623a for an initial dry density of 1670 kg/m3, an 
initial water content of 6.9 %, and a salinity of 70 g/L. 
 
 
  



75 

Table 5-4. Final water content, suction, and dry density of test series 100623 for an 
initial dry density of 1660-1670 kg/m3, an initial water content varying from 6.9 to 7.9 
(%), and a salinity of 70 g/L. 
 

Test ID Duration (day) 
Distance from 
injection point

Final water 
content 

Final suction 
Final dry 
density 

    (mm) (%) (MPa) (kg/m3) 

100623a 89 56.3 19.8 27.3 Not measured 
  44.6 20.3 27.8  
  33.4 20.8 25.9  
  23.3 21.4 23.3  
  13.4 21.8 23.6  
    4.4 22.5 21.9   

Average   21.1 25.0  

100623b 14 57.1 8.0 106.2 Not measured 
  44.0 8.4 102.3  
  29.9 10.1 78.3  
  19.6 13.4 59.1  
  11 17.5 39.3  
    3.3 20.6 22.6   

Average   13.0 68.0  

100623c 6 59.4 7.4 126.6 Not measured 
  48.0 7.6 120.0  
  34.9 8.2 106.3  
  23.5 11.2 79.7  
  12.0 16.9 45.1  
    3.9 21.9 21.8   

Average   12.2 83.25  

100623d 34 55.4 11.5 71.0 Not measured 
  41.6 13.0 61.2  
  30.5 15.4 49.0  
  21.7 18.1 34.9  
  11.3 20.5 28.5  
    3.0 22.3 25.1   

Average   16.8 44.9  

100623e 9 55.8 8.4 103.0 Not measured 
  40.7 8.7 95.4  
  26.2 11.4 71.5  
  16.3 16.3 38.6  
  8.1 21.2 27.1  
    2.0 23.2 17.5   

Average   14.9 58.8  

100623f 63 55.8 16.3 50.1 1680 

  43.8 17.3 39.7 1650 
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Test ID Duration (day) 
Distance from 
injection point

Final water 
content 

Final suction 
Final dry 
density 

    (mm) (%) (MPa) (kg/m3) 

  33.2 18.6 37.9 1660 
  23.9 19.5 33.4 1710 
  15.7 20.4 30.0 1710 
    5.8 21.8 28.0 1690 

Average   19.0 36.5 1683 

 
 
 

 
 
Figure 5-16. Measured volume of the water inflow versus time for test series 100416 for 
an initial dry density of 1700 kg/m3, an initial water content varying from 5.6 to 6.8 
(%), and a salinity of 0.87 g/L. 
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Figure 5-17. Measured water content at the end of the tests versus distance from the 
injection point of test series 100416 for an initial dry density of 1700 kg/m3, an initial 
water content varying from 5.6 to 6.8 (%), and a salinity of 0.87 g/L. 
 

 
 
Figure 5-18. Measured suction at the end of the tests versus distance from the injection 
point of test series 100416 for an initial dry density of 1700 kg/m3, an initial water 
content varying from 5.6 to 6.8 (%), and a salinity of 0.87 g/L. 
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Figure 5-19. Stress evolution in test 100416a for an initial dry density of 1700 kg/m3, 
an initial water content of 5.6%, and a salinity of 0.87 g/L. 
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Figure 5-20. RH evolution in test 100416a for an initial dry density of 1700 kg/m3, an 
initial water content of 5.6 %, and a salinity of 0.87 g/L. 
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Table 5-5. Final water content, suction, and dry density of test series 100416 for an 
initial dry density of 1700 kg/m3, an initial water content varying from 5.6 to 6.8 (%), 
and a salinity of 0.87 g/L. 

Test ID Duration (day) 
Distance from 
injection point

Final water 
content 

Final suction 
Final dry 
density 

    (mm) (%) (MPa) (kg/m3) 

100416a 63 57.7 16.8 35.6 
Not 

measured 
  46.4 17.6 33.3  
  35.3 18.7 28.6  
  25.4 19.7 23.5  
  14.0 21.3 18.6  
    3.7 22.9 15.8   

Average   19.5 25.9  

100416b 4 53.0 6.2 181.3 
Not 

measured 
  39.7 6.3 174.0  
  27.4 7 139.7  
  16.3 10.8 70.6  
    5.3 20.4 18.6   

Average   10.1 116.8  

100416c 31 57.0 10.2 85.3 
Not 

measured 
  43.2 12.6 64.4  
  31.1 15.5 45.8  
  22.3 17.8 31.2  
  12.4 20.4 21.1  
    3.6 23.4 11.7   

Average   16.7 43.2  

100416d 12 56.1 7.7 122.6 
Not 

measured 
  44.0 8.2 109.6  
  32.5 10.0 82.2  
  23.6 13.8 55.9  
  14.1 17.9 30.8  
    4.1 23.0 15.2   

Average   13.4 69.4  

100416e 16 59.5 8.1 114.3 
Not 

measured 
  45.6 9.1 91.2  
  31.6 11.3 66.3  
  21.3 15.1 45.0  
  12.0 18.9 23.6  
    3.5 22.7 14.1   

Average   14.2 59.1  
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Figure 5-21. Measured volume of the water inflow versus time for test series 100108 for 
an initial dry density of 1670-1720 kg/m3, an initial water content varying from 4.1 to 
7.0 (%), and a salinity of 0 g/L. 

 
 
Figure 5-22. Measured water content at the end of the tests versus distance from the 
injection point of test series 100108 for an initial dry density of 1670-1720 kg/m3, an 
initial water content varying from 4.1 to 7.0 (%), and a salinity of 0 g/L. 
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Figure 5-23. Stress evolution in test 100108a for an initial dry density of 1700 kg/m3, 
an initial water content of 5.3 %, and a salinity of 0 g/L. 
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Figure 5-24. RH evolution in test 100108a for an initial dry density of 1700 kg/m3, an 
initial water content of 5.3 %, and a salinity of 0 g/L. 
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Table 5-6. Final water content, suction, and dry density of test series 100108 for an 
initial dry density of 1670-1720 kg/m3, an initial water content varying from 4.1 to 7.0 
(%), and a salinity of 0 g/L. 
 

Test ID Duration (day) 
Distance from 
injection point

Final water 
content 

Final suction 
Final dry 
density 

    (mm) (%) (MPa) (kg/m3) 

100108a 69 55.1 17.7 Not measured 1640 
  39.9 18.8  1660 

  27.3 20.2  1690 

  16.0 21.3  1700 

    5.2 22.8   1680 

Average   20.1  1674 

100108b 12 57.6 5.6 Not measured Not measured
  42.4 6.5   
  25.8 10.8   
  14.1 16.9   
    4.6 21.7     

Average   12.3   

100108c 4 55.1 4.1 Not measured Not measured
  39.4 4.2   
  27.4 4.8   
  14.2 10.9   
    3.1 18.8     

Average   8.6   

100108d 15 52.1 7.8 Not measured Not measured
  35.0 10.2   
  22.6 14.9   
  12.4 19.1   
    3.7 23.0     

Average   15.0   

100108e 35 55.1 10.8 Not measured 1730 

  40.4 13.8  1680 
  26.7 17.3  1680 
  15.8 20.2  1690 
    5.5 23.0   1680 

Average   15.0  1692 
 

5.3  Discussion 

The infiltration tests show that an increase in salt content of the water reduces 
infiltration, which results in a higher hydraulic conductivity in diluted water than in 
saline water (see Figure 5-25). This result is surprising. Karnland et al. (2006) observed 
higher values of hydraulic conductivity when the salt content in water is higher, 
although only for relatively low dry densities (lower than 1700 kg/m3). The tests were 
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also conducted with a high dry density, so this trend could be due to small variations in 
the dry density. The dry density influences the hydraulic conductivity (Karnland et al. 
2006; Pintado and Rautioaho 2013); see also Figure 5-25. The difference in the volume 
of water inflow determined from the initial and final weight of the sample and measured 
with a pressure/volume controller is less than 2 %.    
 

 
Figure 5-25. Measured volume of the water inflow versus time for long-period tests. 
The dry density for 0, 0.87, 35, and 70 g/L (Figure’s legend) was approximately 1700 
kg/m3. The injection pressure was 2 MPa. The results are compared with the infiltration 
test with a dry density of 1400 kg/m3 and a water salt content of 35 g/L (35/1400 in 
Figure’s legend). The injection pressure was 200 kPa.  
 
The evolution of the RH presents a rapid increase at the beginning of the test until 20 
days (see Figures 5-15, 5-20, and 5-24). The increase in the RH becomes slower after 
the first 20 days. The water inflow presents a similar behaviour (see Figure 5-25), but 
the tendency to change is not as strong. The water flow depends on Darcy’s law, and the 
high suction values represent high gradients and higher water flow.  
 
It is accepted that the lower the degree of saturation, the lower the values of the 
hydraulic conductivity and that the intrinsic permeability remains constant 
independently of the degree of saturation. In swelling clays, the intrinsic permeability 
changes because when the soil is unsaturated, there are large pores and the fluid can 
flow easily, but when the soil is saturated the pores are smaller and there is more 
resistant to fluid flow (Villar and Lloret 2001). 
 
The volume of water inflow measured with the pressure/volume controller was 
compared with the difference between the initial and final weights, which is the water 
inflow. In some cases, the water inflow measured with the pressure/volume controller is 
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higher than the water inflow measured from the difference between the initial and final 
weights, which could represent leakage, but in some cases, this difference is negative, 
which could be because of errors in the weight of the sample. The water inflow could 
also be measured from the final water content distribution. The distribution was 
compared, and the results show the same tendency (see Figure 5-26).    
 

 
Figure 5-26. Difference between the water inflow measured with the pressure/volume 
controller and measured with the difference between the initial and final weights 
(Weight in the figure) and the final distribution of the water content (Water content in 
the figure). 
 
The final dry density distribution was measured in several tests. In tests where the initial 
dry density is low (1400 kg/m3), the final dry density is lower at the water inflow side 
and higher at the opposite side (see Table 5-2), possibly because of the swelling 
pressure. When the initial dry density is high (1700 kg/m3), the density distribution is 
more uniform, and the difference could be due to the compaction process and the effect 
of friction, which could complicate the swelling. To avoid leakage, the inlet water 
pressure fixed at 200 kPa is preferred to a pressure of 2 MPa.  
 
The final swelling pressure is presented in Table 5-7. The swelling pressure depends on 
the dry density. For shorter testing periods, the radial swelling pressure at the bottom is 
the highest, but when the test period is longer, it could be even lower, possibly due to 
the lower dry density of the bottom after the swelling. The relation between the radial 
and axial stresses is 0.75-1.2, which is expected from Jacky’s equation (valid for 
unconsolidated soils) for low values of the friction angle. This relationship is also 
dependent on the preconsolidation stress, which is related to the compaction stress. The 
relation between the radial and axial stresses considered is the effective stress if the soil 
is saturated.  
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Table 5-7. Final swelling pressure.  
 

Test ID 

Initial conditions 

Injection 
Pressure 
(kPa) 

Test 
Duration 
(Day) 

Salinity 
(Total 

Dissolved 
Solid g/l) 

Axial     
(kPa) 

Bottom 
(kPa) 

Middle 
(kPa) 

Top    
(kPa) 

Dry 
density 
(kg/m3) 

Initial 
water 
content 
(%) 

Powder 
Suction 
(MPa) 

110223a  1400  4.3  248  200  200  35  1083  790  1179  1182 

101027a  1670  7.2  160.2  2000  112  35  12448  9909  9833  10654

100623a  1670  6.9  155.2  2000  89  70  10214  8070  7412  7579 

100416a  1700  5.6  189.6  2000  63  0.87  12178  11577  9711  9059 

100108a  1700  5.3  ‐  2000  69  0  9102  12666  10506  9282 

 
Figure 5-6 shows a swelling pressure drop after the maximum is reached. The hydration 
process is quite complex, and it is not the same in all parts of the sample. 
 
The results can be used to calculate the non-saturated hydraulic conductivity using 
numerical modelling to compare the water inflow evolution and final water content 
measured with the calculated results.    
 

5.4  Conclusions 

The infiltration test provides information that can be used to study the hydraulic 
properties of bentonite. The swelling pressure increases with increasing dry density, and 
the influence of the salinity of the water on the saturation process and the development 
of the swelling pressure is not clear. 
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6  TESTS FOR THE DETERMINATION OF TORTUOSITY (TORTUOSITY 
  TESTS) 

6.1  Test Description 

Thermal gradients play an important role in geothermal processes. In nuclear spent fuel 
repositories, there will be thermal gradients in the buffer and rock because of the 
radioactivity of the nuclear spent fuel. Strains will be generated by temperature 
dilatation and changes in the water content of the buffer. There will be shrinkage in 
areas in contact with the canister and swelling in areas where the water content 
increases, not only because of the intrusion of water from the rock but also because of 
the condensation of vapour that migrates from the hotter parts of the buffer. The vapour 
transport around the canister is important in the early stages because the water loss 
implies a thermal conductivity drop and temperature increase. 
 
The tortuosity test performed in this study symmetrically supplies heat to one side of 
two samples with respect to heater without water exchange. The other side of the 
sample maintains a constant temperature. The entire system is insulated (see Figure 6-
1). The heat flows through the sample from the hotter section to the cooler section. The 
heat evaporates the water from the hotter side to the cooler side, and liquid water flows 
from the cooler side to the hotter side. In steady-state conditions, both flows are equal, 
but reaching steady-state conditions takes a few weeks (Pintado et al. 2002; Pintado and 
Lloret 2006). The hotter side shrinks because of drying, and the cooler side swells 
because of the increase in the water content (Pintado et al. 2011).     
 

 
Figure 6-1. Schematic of the test setup for determination of tortuosity. 
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This type of test has several purposes. The first purpose is to check the vapour flow 
from the hotter parts of the buffer to the cooler parts. This test also allows the evolution 
of the strains to be checked during the heating process. This test reproduces the buffer 
behaviour during the decay of the canister power before full saturation is obtained. 
 
This test is also useful in THM modelling because there is shrinkage in contact with the 
heater and swelling on the opposite side of the barrier. Consequently, it is possible to 
study the fully coupled THM processes using such tests.  
 
Numerical modelling is needed to determine the tortuosity. This modelling is beyond 
the scope of this report, but it is detailed in Pintado and Rautioaho (2013).  
 
During the test, a controlled flux of heat was applied at one end of a cylindrical 
specimen (38 mm in diameter, 76 mm in height), and a constant temperature was 
maintained on the other end. The specimen was surrounded by latex membrane that 
allows the deformation of the sample and kept its overall water content constant as well 
as by a layer (55 mm thick) of heat insulating material (wool). Two specimens were 
symmetrically placed with respect to the heater. Because the system was symmetric it 
can be assumed that half the heat flow was injected to one side and the other half to the 
other. The heater was a copper cylinder (38 mm in diameter, 50 mm in height) with five 
small electrical resistances inside. The resistances were connected to an adjustable feed 
source of direct current that controlled the input power. In the tests, a constant power of 
1.91 W was used to reach steady temperatures in the range of 60-80 °C at the hotter end 
of the specimen. Temperatures higher than 90°C would have melted the membrane. At 
the cold end, a constant temperature of 30°C was maintained by flowing water in a 
stainless-steel deposit in contact with the soil. To ensure sufficient contact between the 
heads and sample, a light stress (approximately 0.018 MPa) was applied axially on the 
upper part of the equipment.  
 
The initial water content of the sample material was measured following the method 
described in Section 2.2. The powder initial suction was also measured with the 
psychrometer described in Section 3.1.3. The initial diameter in some points was 
measured with a calliper that had an accuracy of 0.01 mm for comparison with the final 
diameter. 
  
At the end of the tests, the change in the diameter of the specimen was measured at the 
same point where the initial diameter was measured. Finally, the soil samples were cut 
into small cylinders, and the water content was measured with the method described in 
Section 2.2. The suction was determined with the psychrometer. The degree of 
saturation was calculated assuming that the dry density was the same as the initial 
density (without considering the change in diameter). This change represents a change 
of less than 4 % in the total volume. TH modelling does not allow the porosity to be 
changed during the calculations, so the dry density remains constant during the entire 
calculation. It would have been possible to calculate the final degree of saturation by 
considering the change in the volume. The degree of saturation could be different when 
it is calculated from the final weight of the sample and from the average degree of 
saturation of the slices (Tables 6-1 and 6-5).   
 



91 

The test results presented in this report belong to one of the two specimens. The second 
specimen was stored for several months to establish the long-term evolution of the 
specimen. This specimen was sealed to measure the shape and water content after it was 
allowed to cool for some time. The long-term results are not presented in this report. 
 
The maximum test period recommended is two weeks because a large quantity of 
vapour flows through the rubber membrane (see the test results where the final water 
content is compared to the initial water content). The insulation system was improved 
by adding a second layer of silicone and a third layer of adhesive tape. 

6.2  Test Results 

Tests with different initial conditions were conducted. The characteristics and results of 
different tests are presented in tables from 6-1 to 6-43 and figures from 6-2 to 6-36 in 
sections below. In some tables, the last row presents the average value of the 
measurements performed at different levels along the bentonite samples at the end of 
the tests. Two target dry densities (1650 and 1745 kg/m3) were tested with three 
different target degrees of saturation (35, 80, and 92 %). The initial water content of the 
stored bentonite was less than the target water content necessary to reach the initial 
target degree of saturation, so it was necessary to add some deionised water. 
 
Also two initial dry densities (1680 kg/m3 and 1460 kg/m3) were tested with 80 and 
60 % degree of saturation (respectively) with 7 % salt solution as the saturant. The 7 % 
solution contained 61.78 g of NaCl and 8.22 g of CaCl2 in 1000 g of deionised water. 

6.2.1  Results with a 1650 kg/m3 dry density and deionised water 

35 % degree of saturation 
 
Table 6-1. Characteristics of the tests with a target dry density of 1650 kg/m3 and a 
35 % degree of saturation (deionised water, heater power of 1.91 W). 

 
 
 
 
 
 
 
 
 

Reference 
test

Dry 
density

Initial 
water 

content

Final 
water 

content 

Initial 
degree of 
saturation

Final 
degree of 
saturation

Initial 
diameter

Initial 
height

Initial 
suction

Test 
period

(kg/m3) (%) (%) (%) (%) (mm) (mm) (MPa) (days)
091028a 1660 8.1 7.7 33 32 38.28 80.24 - 2.4
091020a 1670 8.4 7.3 35 30 38.23 79.80 - 6.3
090917a 1610 9.4 7.7 36 29 38.23 79.35 - 11
090929a 1610 9.4 7.2 36 27 38.23 79.37 - 20
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Table 6-2. Final water content, final degree of saturation, change in diameter, and 
temperature in steady-state conditions for test 091028a. Initial dry density: 1660 kg/m3, 
initial degree of saturation: 33 % and deionized water added.  

 
 
 
Table 6-3. Final water content, final degree of saturation, change in diameter, and 
temperature in steady-state conditions for test 091020a. Initial dry density: 1670 kg/m3, 
initial degree of saturation: 35 % and deionized water added. 

 
 
 
Table 6-4. Final water content, change in diameter, and temperature in steady-state 
conditions for test 090917a. Initial dry density: 1610 kg/m3, initial degree of saturation: 
36 % and deionized water added. 

 
 
 
 

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
5.60 5.9 24 0.00 38.30 38.11 -0.09 0.00 74.80
19.57 7.5 31 9.34 38.30 38.22 -0.04 18.75 62.90
35.92 8.0 33 19.45 38.32 38.31 0.00 39.23 50.80
52.16 8.3 34 29.97 38.30 38.33 0.02 60.63 40.70
70.32 8.7 36 41.26 38.27 38.29 0.01 80.24 30.00

 7.7 32 51.25 38.25 38.27 0.01   
61.63 38.25 38.31 0.03
70.51 38.25 38.35 0.05
80.24 38.25 38.40 0.07

 38.28 38.29 0.01

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
5.79 4.4 18 0.00 38.30 38.02 -0.14 0.00 74.30
20.11 6.4 27 11.68 38.28 38.08 -0.10 19.86 60.70
36.91 7.5 31 19.11 38.28 38.22 -0.03 39.92 50.70
53.02 8.2 34 29.23 38.30 38.26 -0.02 60.67 40.90
70.33 9.2 38 39.46 38.30 38.36 0.03 79.80 30.00

 7.1 30 50.05 38.30 38.33 0.02
60.04 38.22 38.35 0.07
68.37 38.20 38.46 0.13
79.80 38.20 38.60 0.20

 38.26 38.30 0.02

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
5.50 3.4 13 0.00 38.17 37.69 -0.24 0.00 74.54
17.42 6.7 26 10.53 38.20 37.81 -0.20 19.78 57.68
35.26 8.4 32 20.22 38.20 37.96 -0.12 40.05 48.04
52.67 9.4 36 30.99 38.27 38.12 -0.08 59.69 39.61
69.63 10.7 41 40.98 38.24 38.24 0.00 79.50 30.00

 7.7 29 50.69 38.24 38.35 0.05
61.09 38.28 38.43 0.07
70.88 38.25 38.52 0.14
79.50 38.25 38.70 0.23
70.88 38.25 38.52 0.14
79.50 38.25 38.70 0.23

 38.24 38.28 0.02
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Table 6-5. Final water content, final degree of saturation, change in diameter, and 
temperature in steady-state conditions for test 090929a. Initial dry density: 1610 kg/m3, 
initial degree of saturation: 36 % and deionized water added.  

 
 

 
Figure 6-2. Final degree of saturation for different test durations (in days). Initial dry 
density: 1650 kg/m3. Initial degree of saturation: 35 %. 
 

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
5.68 1.7 6 0.00 38.18 37.68 -0.25 0.00 75.70
16.81 3.8 14 10.03 38.19 37.72 -0.23 19.37 59.70
29.09 6.5 25 20.22 38.22 37.87 -0.18 39.37 48.10
42.52 8.2 31 30.36 38.23 38.03 -0.10 59.37 39.00
56.66 9.4 36 40.42 38.26 38.14 -0.06 79.37 30.00
71.75 11.4 43 50.59 38.26 38.28 0.01 39.50 50.50

6.8 26 60.39 38.24 38.42 0.09
69.86 38.25 38.64 0.20
79.37 38.24 38.87 0.31

 38.23 38.18 -0.02
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Figure 6-3. Final bentonite water content for different test durations (in days). Initial 
dry density: 1650 kg/m3. Initial degree of saturation: 35 %. 
 

 
Figure 6-4. Specimen radial increment for different test durations (in days). Initial dry 
density: 1650 kg/m3. Initial degree of saturation: 35 %. 
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Figure 6-5. Temperature distribution at steady state conditions for different test 
durations (in days). Initial dry density: 1650 kg/m3. Initial degree of saturation: 35 %. 
 
80 % degree of saturation 
 
Table 6-6. Characteristics of the tests with target dry density of 1650 kg/m3 and 80 % 
degree of saturation. 

 
 
 
Table 6-7. Final water content, final degree of saturation, change in diameter, and 
temperature in steady-state conditions for test 091208a. Initial dry density: 1680 kg/m3, 
initial degree of saturation: 81 % and deionized water added.  

 

Reference 
test

Dry 
density

Initial 
water 

content

Final 
water 

content 

Initial 
degree of 
saturation

Final 
degree of 
saturation

Initial 
diameter

Initial 
height

Initial 
suction

Test 
period

(kg/m3) (%) (%) (%) (%) (mm) (mm) (MPa) (days)
091208a 1680 19.2 17.9 81 76 38.00 79.10 - 2.3
091123a 1670 18.8 16.0 79 67 38.10 79.60 - 12

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
4.30 15.8 67 0.00 38.06 37.70 -0.18 0.00 64.20

13.64 16.9 71 9.71 38.05 37.77 -0.14 19.92 54.10
24.34 17.8 75 18.93 38.02 37.89 -0.07 39.09 45.90
35.92 18.3 77 29.95 38.05 37.99 -0.03 59.50 38.70
47.24 18.5 78 39.07 38.04 38.01 -0.02 79.05 30.00
57.04 18.5 78 50.00 38.03 38.03 0.00
65.87 18.5 78 59.79 38.02 38.02 0.00
74.70 18.5 78 68.92 38.02 38.03 0.00

17.8 76 79.05 38.02 38.11 0.04
 38.03 37.95 -0.04
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Table 6-8. Final water content, final degree of saturation, change in diameter, and 
temperature in steady-state conditions for test 091123a. Initial dry density: 1670 kg/m3, 
initial degree of saturation: 79 % and deionized water added.  

 
 

 
Figure 6-6. Final degree of saturation for different test durations (in days). Initial dry 
density: 1650 kg/m3. Initial degree of saturation: 80 %. 
 

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
6.58 12.3 52 0.00 38.04 37.36 -0.34 0.00 62.50

19.36 14.8 62 9.78 38.09 37.50 -0.30 20.34 52.80
32.10 16.0 67 18.39 38.09 37.66 -0.22 38.41 45.70
45.40 16.9 71 29.60 38.08 37.95 -0.06 61.47 36.70
59.38 17.5 73 40.34 38.05 37.92 -0.06 79.60 30.00
73.11 18.2 76 50.14 38.07 38.00 -0.04

15.9 67 60.18 38.04 38.04 0.00
68.67 38.03 38.06 0.02
79.60 38.06 38.15 0.04

 38.06 37.85 -0.11
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Figure 6-7. Final water content for different test durations (in days). Initial dry density: 
1650 kg/m3. Initial degree of saturation: 80 %. 
 

 
 
Figure 6-8. Specimen radial increment for different test durations (in days). Initial dry 
density: 1650 kg/m3. Initial degree of saturation: 80 %. 
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Figure 6-9. Temperature distribution at steady state conditions for different test 
durations (in days). Initial dry density: 1650 kg/m3. Initial degree of saturation: 80 %. 
 

 
92 % degree of saturation 
 
Table 6-9. Characteristics of the tests with target dry density of 1650 kg/m3 and 92% 
degree of saturation. 

 
 
 
Table 6-10. Final water content, change in diameter, and temperature in steady-state 
conditions for test 091111a. Initial dry density: 1640 kg/m3, initial degree of saturation: 
93% and deionized water added.  

 

Reference 
test

Dry 
density

Initial 
water 

content

Final 
water 

content 

Initial 
degree of 
saturation

Final 
degree of 
saturation

Initial 
diameter

Initial 
height

Initial 
suction

Test 
period

(kg/m3) (%) (%) (%) (%) (mm) (mm) (MPa) (days)
091111a 1640 23.1 21.7 93 87 38.00 81.50 - 2.3
091102a 1660 22.4 21.4 92 88 37.90 81.10 - 6.2

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
4.65 20.1 80 0.00 37.92 37.46 -0.23 0.00 63.40

13.94 20.9 84 10.25 37.94 37.65 -0.15 19.75 53.50
24.41 21.6 87 21.00 37.94 37.81 -0.06 40.03 45.20
36.55 22.0 88 31.88 37.94 37.82 -0.06 62.23 37.40
48.95 22.1 89 42.03 37.96 37.85 -0.05 81.30 30.00
60.71 22.2 89 52.21 38.00 37.86 -0.07   
73.74 22.2 89 62.19 38.02 37.86 -0.08

 21.6 86 72.44 37.97 37.85 -0.06
81.30 37.96 37.92 -0.02

 37.96 37.79 -0.09
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Table 6-11. Final water content, change in diameter, and temperature in steady-state 
conditions for test 091102a. Initial dry density: 1660 kg/m3, initial degree of saturation: 
92% and deionized water added. 

 
 

 
Figure 6-10. Final degree of saturation for different test durations (in days). Initial dry 
density: 1650 kg/m3. Initial degree of saturation: 92 %. 
 

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
4.69 19.2 79 0.00 37.88 37.18 -0.35 0.00 62.50

14.13 19.8 82 10.77 37.96 37.34 -0.31 19.90 52.80
23.97 20.5 84 19.82 37.95 37.41 -0.27 37.67 45.70
33.99 21.1 87 31.19 37.95 37.53 -0.21 62.86 36.70
44.05 21.7 89 41.02 37.95 37.70 -0.13 81.10 30.00
53.63 22.2 91 52.48 37.96 37.77 -0.09   
62.90 22.5 93 62.61 37.96 37.76 -0.10
74.20 23.0 95 71.20 37.93 37.82 -0.05

 21.3 88 81.10 37.98 37.86 -0.06
 37.95 37.60 -0.18
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Figure 6-11. Final water content for different test durations (in days). Initial dry 
density: 1650 kg/m3. Initial degree of saturation: 92 % 
 

 
Figure 6-12. Specimen radial increment for different test durations (in days). Initial dry 
density: 1650 kg/m3. Initial degree of saturation: 92 %. 
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Figure 6-13. Temperature distribution at steady state conditions for different test 
durations (in days). Initial dry density: 1650 kg/m3. Initial degree of saturation: 92 %. 
 

6.2.2  Results with a 1745 kg/m3 dry density and deionised water 

35 % degree of saturation 
 
Table 6-12. Characteristics of the tests with target dry density of 1745 kg/m3 and 35% 
degree of saturation. 

 
 
 

Table 6-13. Final water content, degree of saturation, change in diameter, and 
temperature in steady-state conditions for test 100208a. Initial dry density: 1740 kg/m3, 
initial degree of saturation: 38 % and deionized water added. 

 

Reference 
test

Dry 
density

Initial 
water 

content

Final 
water 

content 

Initial 
degree of 
saturation

Final 
degree of 
saturation

Initial 
diameter

Initial 
height

Initial 
suction

Test 
period

(kg/m3) (%) (%) (%) (%) (mm) (mm) (MPa) (days)
100208a 1740 8.2 8.1 38 38 38.30 80.75 122 2.3
100120a 1740 7.6 7.1 35 33 38.30 80.76 - 7
091215a 1730 7.4 5.5 34 25 38.20 80.42 - 34.1

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
4.18 6.6 31 0.00 38.25 38.16 -0.05 0.00 70.70
12.83 7.5 35 9.32 38.25 38.25 0.00 18.11 57.50
24.66 8.1 38 19.29 38.24 38.36 0.06 40.35 47.20
39.86 8.5 40 30.41 38.27 38.40 0.06 61.55 39.20
57.05 8.5 40 39.11 38.27 38.62 0.17 80.75 30.00
73.63 8.6 40 51.11 38.28 38.59 0.16   

 8.0 37 62.07 38.26 38.35 0.05
71.08 38.26 38.32 0.03
80.75 38.23 38.34 0.06

 38.26 38.38 0.06
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Table 6-14. Final water content, degree of saturation, change in diameter, and 
temperature in steady-state conditions for test 100120a. Initial dry density: 1740 kg/m3, 
initial degree of saturation: 35 % and deionized water added.  

 
 
 
Table 6-15. Final water content, degree of saturation, change in diameter, and 
temperature in steady-state conditions for test 091215a. Initial dry density: 1730 kg/m3, 
initial degree of saturation: 34 % and deionized water added.  

 
 

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)

4.05 4.1 19 0.00 38.25 38.00 -0.13 0.00 71.80
13.60 5.9 27 9.83 38.26 38.10 -0.08 20.96 55.60
26.20 7.2 33 19.69 38.24 38.24 0.00 42.14 45.40
41.29 7.8 36 30.69 38.29 38.37 0.04 80.76 30.10
56.66 8.1 38 39.48 38.33 38.40 0.04   
72.61 8.4 39 51.40 38.27 38.52 0.13

 6.9 32 62.22 38.28 38.53 0.13
72.15 38.24 38.46 0.11
80.76 38.24 38.49 0.13

 38.27 38.35 0.04

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)

4.46 1.7 8 0.00 38.23 37.89 -0.17 0.00 72.00
13.89 3.0 14 9.70 38.21 37.96 -0.13 19.22 58.50
24.81 4.7 22 18.76 38.24 38.06 -0.09 38.00 48.60
37.74 6.5 30 29.95 38.28 38.20 -0.04 61.99 38.60
50.38 7.5 34 38.84 38.24 38.30 0.03 80.42 30.00
63.31 8.4 38 51.23 38.25 38.37 0.06   
75.80 9.6 44 62.18 38.22 38.55 0.16

 5.9 27 70.79 38.22 38.63 0.21
80.42 38.21 38.84 0.32

 38.23 38.31 0.04
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Figure 6-14. Final degree of saturation for different test durations (in days). Initial dry 
density: 1745 kg/m3. Initial degree of saturation: 35 %. 
 

 
Figure 6-15. Final water content for different test durations (in days). Initial dry 
density: 1745 kg/m3. Initial degree of saturation: 35 %. 
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Figure 6-16. Specimen radial increment for different test durations (in days). Initial dry 
density: 1745 kg/m3. Initial degree of saturation: 35 %. 
 

 
Figure 6-17. Temperature distribution at steady state conditions for different test 
durations (in days). Initial dry density: 1745 kg/m3. Initial degree of saturation: 35 %. 
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80 % degree of saturation 
 
Table 6-16. Characteristics of the tests with target dry density of 1745 kg/m3 and 80 % 
degree of saturation. 

 
 
 
 
Table 6-17. Final water content, degree of saturation, and suction at steady-state 
conditions for test 100428a. Initial dry density: 1760 kg/m3, initial degree of saturation: 
77 % and deionized water added.  

 
 
 
Table 6-18. Change of diameter and temperature in steady state conditions for test 
100428a.  

 
 
 
 
 

Reference 
test

Dry 
density

Initial 
water 

content

Final 
water 

content 

Initial 
degree of 
saturation

Final 
degree of 
saturation

Initial 
diameter

Initial 
height

Initial 
suction

Test 
period

(kg/m3) (%) (%) (%) (%) (mm) (mm) (MPa) (days)
100428a 1760 16.0 16.1 77 77 38.00 79.70 50 2.2
100607a 1680 18.7 18.0 80 76 38.00 84.04 31 2.5
100421a 1810 15.6 16.2 81 84 38.00 78.00 50 6.6
100216a 1710 17.8 14.8 65 66 38.30 82.80 60 7.3
100430a 1760 17.2 14.8 83 71 38.00 79.90 38 18.2
100225a 1770 16.6 13.0 81 64 38.10 79.90 43 41.3

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)
4.69 15.2 73 72
14.85 15.9 76 62
26.11 16.3 79 55
37.76 16.6 80 53
48.50 16.5 80 50
61.65 16.7 80 50
74.80 16.8 81 48

 16.3 78 56

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)
0.00 38.05 37.63 -0.21 0.00 63.80
9.79 38.04 37.73 -0.16 20.87 52.50

18.69 38.03 37.86 -0.09 39.70 45.20
29.31 38.03 38.02 0.00 61.72 38.00
39.54 38.06 38.03 -0.02 79.67 30.00
50.72 38.05 38.05 0.00   
61.43 38.07 38.08 0.00
70.27 38.03 38.12 0.04
79.79 38.03 38.24 0.11

 38.04 37.97 -0.04
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Table 6-19. Final water content, degree of saturation, and suction at steady-state 
conditions for test 100607a. Initial dry density: 1680 kg/m3, initial degree of saturation: 
80 % and deionized water added.  

 
 
 
Table 6-20. Change of diameter and temperature at steady state conditions for test 
100607a.  

 
 
 
Table 6-21. Final water content, degree of saturation, and suction at steady-state 
conditions for test 100421a. Initial dry density: 1810 kg/m3, initial degree of saturation: 
81 % and deionized water added.  

 
 
 
 
 

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)

4.41 16.7 71 59
14.01 17.3 74 51
24.50 18.0 77 44
34.61 18.2 78 39
45.43 18.5 79 36
61.18 18.7 80 33
77.33 18.9 81 32

 18.0 77 42

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)
0.00 38.01 37.79 -0.11 0.00 64.80

10.26 38.02 37.82 -0.10 21.05 53.50
19.79 38.01 37.85 -0.08 39.95 45.70
32.62 38.02 38.02 0.00 62.36 38.40
42.90 38.01 38.06 0.03 84.04 30.00
54.11 37.99 38.07 0.04   
63.66 37.98 38.07 0.05
73.41 37.97 38.07 0.05
84.04 37.99 38.12 0.06

 38.00 37.99 -0.01

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)

4.81 14.6 76 80
15.46 15.6 81 68
28.61 16.3 85 63
42.93 16.6 86 56
54.72 16.9 88 50
65.05 17.3 90 44
75.25 17.7 92 42

 16.4 85 58
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Table 6-22. Change of diameter and temperature at steady state conditions for test 
100421a.  

 
 
 
Table 6-23. Final water content, degree of saturation, change in diameter, and 
temperature at steady-state conditions for test 100216a. Initial dry density: 1710 kg/m3, 
initial degree of saturation: 65 % and deionized water added. 

 
 
 
Table 6-24. Final water content, degree of saturation, and suction at steady-state 
conditions for test 100430a. Initial dry density: 1760 kg/m3, initial degree of saturation: 
83 % and deionized water added.  

 
 
 
 
 
 

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)
0.00 38.05 37.63 -0.21 0.00 63.40
9.79 38.04 37.73 -0.16 16.83 53.30

18.69 38.03 37.86 -0.09 16.83 52.10
29.31 38.03 38.02 0.00 57.34 38.50
39.54 38.06 38.03 -0.02 79.88 30.00
50.72 38.05 38.05 0.00   
61.43 38.07 38.08 0.00
70.27 38.03 38.12 0.04
79.79 38.03 38.24 0.11

 38.04 37.97 -0.04

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
4.65 10.4 46 0.00 38.25 37.78 -0.23 0.00 68.60
16.14 12.7 56 9.69 38.21 37.84 -0.18 17.70 56.70
30.54 14.5 64 19.08 38.27 38.09 -0.09 39.40 46.30
45.36 15.8 70 32.43 38.36 38.17 -0.09 63.63 37.70
60.84 16.8 74 43.36 38.37 38.38 0.01 82.81 30.00
75.95 18.0 80 54.30 38.29 38.27 -0.01

14.7 65 64.07 38.19 38.33 0.07
73.44 38.15 38.36 0.11
82.81 38.22 38.54 0.16

38.26 38.20 -0.03

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)
3.93 11.6 56 96
13.45 13.4 65 82
24.90 14.8 71 71
35.58 15.6 75 64
45.68 16.1 78 58
58.91 16.8 81 50
73.20 17.4 84 44

 15.1 73 66



108 

Table 6-25. Change of diameter and temperature at steady state conditions for test 
100430a.  

 
 
 
Table 6-26. Final water content, final degree of saturation, change in diameter, and 
temperature at steady-state conditions for test 100225a. Initial dry density: 1770 kg/m3, 
initial degree of saturation: 81 % and deionized water added.  

 
 
 

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)
0.00 38.09 37.45 -0.32 0.00 63.10
9.61 38.02 37.55 -0.24 19.00 52.60

19.36 38.03 37.68 -0.18 37.64 45.40
29.53 38.03 37.91 -0.06 79.91 30.00
39.03 38.02 37.90 -0.06   
50.91 37.99 37.92 -0.04
61.11 38.00 37.98 -0.01
70.64 37.99 38.08 0.04
79.91 38.01 38.13 0.06

 38.02 37.84 -0.09

Distance to 
the heater

Water 
content

Degree of 
saturation

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (%) (%) (mm) (mm) (mm) (mm) (mm) (ºC)
5.66 9.3 46 0.00 38.08 37.39 -0.34 0.00 69.30
16.61 10.8 53 9.14 38.05 37.38 -0.33 17.01 53.60
28.18 13.3 65 18.58 38.05 37.50 -0.27 36.41 45.00
39.63 14.1 69 29.70 38.11 37.60 -0.25 60.13 39.70
49.85 14.9 73 38.95 38.04 37.73 -0.16 79.14 30.00
62.05 15.4 75 50.22 38.07 37.80 -0.14
74.17 16.0 78 61.50 38.06 37.96 -0.05

13.4 65 70.79 38.04 38.03 0.00
79.90 38.01 37.99 -0.01

38.06 37.71 -0.17
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Figure 6-18. Final degree of saturation for different test durations (in days). Initial dry 
density: 1745 kg/m3. Initial degree of saturation: 80 %. 
 

 
Figure 6-19. Final water content for different test duration (in days). Initial dry density: 
1745 kg/m3. Initial degree of saturation: 80 %. 
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Figure 6-20. Specimen radial increment for different test durations (in days). Initial dry 
density: 1745 kg/m3. Initial degree of saturation: 80 %. 
 

 
Figure 6-21. Temperature distribution at steady state conditions for different test 
durations (in days). Initial dry density: 1745 kg/m3. Initial degree of saturation: 80 %. 
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90 % degree of saturation 
 

Table 6-27. Characteristics of the tests with target dry density of 1745 kg/m3 and 90 % 
degree of saturation. 

 
 

 
Table 6-28. Final water content, degree of saturation, and suction at steady-state 
conditions for test 100525a. Initial dry density: 1750 kg/m3, initial degree of saturation: 
90 % and deionized water added.  

 
 

 
Table 6-29. Change of diameter and temperature at steady state conditions for test 
100525a.  

 
 
 

Reference 
test

Dry 
density

Initial 
water 

content

Final 
water 

content 

Initial 
degree of 
saturation

Final 
degree of 
saturation

Initial 
diameter

Initial 
height

Initial 
suction

Test 
period

(kg/m3) (%) (%) (%) (%) (mm) (mm) (MPa) (days)
100525a 1750 19.0 17.8 90 84 38.00 80.50 27 6.9

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)
5.07 16.7 79 65
14.87 17.3 82 56
24.75 17.8 85 49
36.16 18.2 87 44
47.52 18.5 88 42
61.29 18.8 90 40
75.07 19.1 91 35

 18.0 86 47

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)
0.00 38.00 37.59 -0.20 0.00 61.80
9.41 38.00 37.64 -0.18 16.62 52.80
18.74 37.99 37.74 -0.13 39.32 43.90
31.38 38.00 37.84 -0.08 60.01 37.60
39.96 37.99 37.90 -0.05 80.47 30.00
52.44 38.10 37.95 -0.07   
60.87 37.98 37.97 0.00
72.23 37.98 38.02 0.02
80.47 37.99 38.08 0.04

 38.00 37.86 -0.07
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Figure 6-22. Final degree of saturation. Initial dry density: 1745 kg/m3. Initial degree 
of saturation: 90 %. Test duration in days. 
 

 
Figure 6-23. Final water content. Initial dry density: 1745 kg/m3. Initial degree of 
saturation: 90 %. Test duration in days. 
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Figure 6-24. Final suction. Initial dry density: 1745 kg/m3. Initial degree of saturation: 
90 %. Test duration in days. 
 

 
Figure 6-25. Specimen radial increment. Initial dry density: 1745 kg/m3. Initial degree 
of saturation: 90 %. Test duration in days. 
 



114 

 
Figure 6-26. Temperature distribution at steady state conditions. Initial dry density: 
1745 kg/m3. Initial degree of saturation: 90 %. Test duration in days. 
 

6.2.3  Results with a 1680 kg/m3 dry density and 7 % saline water 

80 % degree of saturation 
 
Table 6-30. Characteristics of the tests with target dry density of 1680 kg/m3 and 80 % 
degree of saturation. 
 

 
 
 
 
 
 
 
 

Reference 
test

Dry 
density

Initial 
water 

content

Final 
water 

content 

Initial 
degree of 
saturation

Final 
degree of 
saturation

Initial 
diameter

Initial 
height

Initial 
suction

Test 
period

(kg/m3) (%) (%) (%) (%) (mm) (mm) (MPa) (days)
110215a 1680 18.4 17.8 80 76 38.10 78.60 43 2.3
100806a 1690 18.5 17.5 80 75 38.00 78.90 41 5
110128a 1690 18.7 17.3 81 75 38.10 78.40 34 7.4
100629a 1680 19.2 17.4 81 74 38.00 79.60 34 13.2
100715a 1670 19.1 16.5 80 69 38.00 79.70 28 19
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Table 6-31. Final water content, degree of saturation, and suction at steady-state 
conditions for test 110215a. Initial dry density: 1680 kg/m3, initial degree of saturation: 
80 % and 7 % salty water added.  

 
 
 
Table 6-32. Change of diameter and temperature at steady state conditions for test 
110215a. 

 
 
 
Table 6-33. Final water content, degree of saturation, and suction at steady-state 
conditions for test 100806a. Initial dry density: 1690 kg/m3, initial degree of saturation: 
80 % and 7 % salty water added.  

 
  

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)
2.54 16.2 69 68
11.33 17.1 73 58
20.53 17.8 76 50
30.50 18.2 78 45
41.13 18.4 78 43
56.55 18.5 79 45
72.59 18.6 79 42

17.8 76 50

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)

0.00 38.02 37.78 -0.12 0.00 62.40
8.24 38.09 37.87 -0.11 19.78 51.40
18.78 38.11 38.09 -0.01 40.28 43.70
28.20 38.04 38.08 0.02 60.70 37.10
39.05 38.11 38.19 0.04 78.64 30.00
49.26 38.06 38.14 0.04
59.96 38.04 38.11 0.04
69.03 38.01 38.13 0.06
78.64 38.02 38.13 0.05

38.06 38.06 0.00

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)

2.54 15.5 67 72
14.82 16.8 73 60
25.43 17.7 77 59
36.54 18.3 79 45
47.38 18.5 80 42
60.73 18.9 82 40
74.08 19.2 83 40

17.9 77 51
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Table 6-34. Change of diameter and temperature at steady state conditions for test 
100806a.  

 
 

 
Table 6-35. Final water content, degree of saturation, and suction at steady-state 
conditions for test 110128a. Initial dry density: 1690 kg/m3, initial degree of saturation: 
81 % and 7 % salty water added.  

 
 
 
Table 6-36. Change of diameter and temperature at steady state conditions for test 
110128a.  

 
 
 
 

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)
0.00 38.03 37.55 -0.24 0.00 63.50
9.09 38.01 37.62 -0.20 19.10 52.90
18.72 38.01 37.78 -0.11 38.12 44.80
28.14 38.01 37.89 -0.06 59.96 37.70
38.41 38.01 37.98 -0.02 78.94 30.00
48.74 38.01 38.09 0.04
60.31 38.02 38.03 0.00
69.33 38.00 38.05 0.02
78.94 38.01 38.15 0.07

38.01 37.90 -0.05

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)
2.54 15.2 65 78
11.52 15.9 68 68
20.24 16.8 72 60
29.64 17.4 74 53
39.75 18.0 77 48
54.99 18.7 80 43
71.83 19.4 83 37

17.3 74 55

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)
0.00 38.06 37.79 -0.14 0.00 62.90
10.47 38.06 37.76 -0.15 18.49 53.80
19.20 38.03 37.86 -0.09 40.27 44.80
28.53 38.13 37.99 -0.07 59.83 37.60
39.38 38.10 38.07 -0.02 78.42 30.00
50.31 38.08 38.25 0.09
59.78 38.06 38.35 0.15
67.16 38.03 38.31 0.14
78.42 38.07 38.38 0.16

38.07 38.08 0.01
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Table 6-37. Final water content, degree of saturation, and suction at steady-state 
conditions for test 100629a. Initial dry density: 1680 kg/m3, initial degree of saturation: 
81 % and 7 % salty water added.  

 
 
 
Table 6-38. Change of diameter and temperature at steady state conditions for test 
100629a.  

 
 
 
Table 6-39. Final water content, degree of saturation, and suction at steady-state 
conditions for test 100715a. Initial dry density: 1670 kg/m3, initial degree of saturation: 
80 % and 7 % salty water added.  

 
 
 
 
 
 

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)
4.75 14.3 60 84
14.67 15.7 66 70
25.36 17.0 72 57
36.59 18.0 76 47
47.48 18.7 79 42
59.06 19.3 81 35
72.43 20.2 85 31

17.6 74 52

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)

0.00 38.02 37.37 -0.33 0.00 64.50
9.97 38.01 37.55 -0.23 20.21 53.40
18.86 38.01 37.69 -0.16 40.32 45.00
29.63 38.00 37.82 -0.09 61.17 38.10
39.33 37.99 37.91 -0.04 79.58 30.00
51.13 38.00 37.98 -0.01
60.80 38.00 38.04 0.02
70.58 37.98 38.12 0.07
79.58 38.02 38.30 0.14

38.00 37.86 -0.07

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)
3.85 11.8 50 103
12.93 14.0 59 83
23.91 16.2 68 69
33.93 17.1 72 57
44.70 18.2 77 45
56.80 19.0 80 38
70.68 20.0 84 31

16.6 70 61



118 

Table 6-40. Change of diameter and temperature at steady state conditions for test 
100715a.  

 
 

 
Figure 6-27. Final degree of saturation for different test durations (in days). Initial dry 
density: 1680 kg/m3. Initial degree of saturation: 80 % and salinity of water added: 7 
%. 
 

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)
0.00 38.00 37.05 -0.48 0.00 64.10
9.28 38.00 37.22 -0.39 20.13 52.90
18.71 38.02 37.42 -0.30 38.85 44.90
29.09 38.00 37.56 -0.22 61.26 37.60
37.83 37.98 37.71 -0.13 79.69 30.00
49.89 37.97 37.87 -0.05
60.11 37.99 37.93 -0.03
69.16 37.98 38.03 0.03
79.69 38.00 38.23 0.11

37.99 37.67 -0.16
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Figure 6-28. Final water content for different test durations (in days). Initial dry 
density: 1680 kg/m3. Initial degree of saturation: 80 % and salinity of water added: 7 
%. 
 

 
Figure 6-29. Final suction for different test durations (in days). Initial dry density: 
1680 kg/m3. Initial degree of saturation: 80 % and salinity of water added: 7 %. 
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Figure 6-30. Specimen radial increment for different test durations (in days). Initial dry 
density: 1680 kg/m3. Initial degree of saturation: 80 % and salinity of water added: 7 
%. 
 

 
Figure 6-31. Temperature distribution at steady state conditions for different test 
durations (in days). Initial dry density: 1680 kg/m3. Initial degree of saturation: 80 % 
and salinity of water added: 7 %. 
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6.2.4  Results with a 1460 kg/m3 dry density and 7 % saline water 

60 % degree of saturation 
 
Table 6-41. Characteristics of the tests with target dry density of 1460 kg/m3 and 60 % 
degree of saturation. 

 
 
 
Table 6-42. Final water content, degree of saturation, and suction at steady state for 
test 100621a. Initial dry density: 1460 kg/m3, initial degree of saturation: 59 % and 7 % 
salty water added. 

 
 
 
Table 6-43. Change of diameter and temperature at steady state conditions for test 
100621a. 

 
 

Reference 
test

Dry 
density

Initial 
water 

content

Final 
water 

content 

Initial 
degree of 
saturation

Final 
degree of 
saturation

Initial 
diameter

Initial 
height

Initial 
suction

Test 
period

(kg/m3) (%) (%) (%) (%) (mm) (mm) (MPa) (days)
100621a 1460 19.2 17.2 59 53 38.10 91.00 35 6.3

Distance to 
the heater

Water 
content

Degree of 
saturation Suction

(mm) (%) (%) (MPa)
4.54 11.2 34 103
15.30 14.1 43 81
27.87 16.4 50 59
41.05 18.2 56 45
54.86 19.7 60 32
70.90 21.5 66 22
85.58 23.3 71 14

 17.8 54 51

Distance to 
the heater

Initial 
diameter

Final 
diameter

Radial 
increment

Distance to 
the heater Temperature

(mm) (mm) (mm) (mm) (mm) (ºC)
0.00 38.07 37.23 -0.42 0.00 67.80
10.32 38.05 37.28 -0.38 20.69 56.00
22.40 38.08 37.55 -0.27 42.82 45.90
33.66 38.02 37.82 -0.10 66.60 38.10
44.73 38.11 38.03 -0.04 91.03 30.00
56.58 38.10 38.29 0.09
69.15 38.07 38.41 0.17
80.76 38.06 38.65 0.29
91.03 38.07 38.90 0.41

 38.07 38.02 -0.03
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Figure 6-32. Final degree of saturation. Initial dry density: 1460 kg/m3. Initial degree 
of saturation: 60 %. Test duration in days and salinity of water added: 7 %. 
 

 
Figure 6-33. Final water content. Initial dry density: 1460 kg/m3. Initial degree of 
saturation: 60 %. Test duration in days and salinity of water added: 7 %. 
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Figure 6-34. Final suction. Initial dry density: 1460 kg/m3. Initial degree of saturation: 
60 %. Test duration in days and salinity of water added: 7 %. 
 
 

 
Figure 6-35. Specimen radial increment. Initial dry density: 1460 kg/m3. Initial degree 
of saturation: 60 %. Test duration in days and salinity of water added: 7 %. 
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Figure 6-36. Temperature distribution at steady state conditions. Initial dry density: 
1460 kg/m3. Initial degree of saturation: 60 %. Test duration in days and salinity of 
water added: 7 %. 
 

6.3  Discussion 

The maximum temperature reached was analysed (see Figure 6-37). With the same heat 
injection, the maximum temperature depends mainly on the degree of saturation. The 
thermal conductivity of the gas phase is one order of magnitude lower than the liquid 
and solid phases, so its presence reduces the thermal conductivity, which means that a 
higher gradient is needed to maintain the same heat flow, so higher maximum 
temperatures are reached. The dry density is also important, and the thermal 
conductivity increases with the dry density because the solid phase is a better heat 
conductor.  
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Figure 6-37. Maximum temperature reached versus the dry density and initial degree of 
saturation.      
 
The loss of water is important because of evaporation when the test period is long. The 
sample was insulated with a latex membrane covered with silicone and a plastic sheet. 
Despite this precaution, the test could not be conducted for longer than two weeks. 
Figure 6-38 shows the evolution of the loss of water during the test.   
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Figure 6-38. Loss of water during the test due evaporation in terms of (a) the total mass 
and (b) the percentage with respect to the initial mass of water.   
 
Figure 6-39 shows the difference between the hot and cold ends of the samples in terms 
of water content and degree of saturation, which is almost linear and depends on the 
initial degree of saturation, especially for high values. The presence of salt does not 
appear to have any effect. For a given degree of saturation, the migration of water was 
more significant as the tests were longer, what gave place to a higher difference 

(b) 

(a) 
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between the extreme water content values at the end of the test. Although there are not 
many data points, it seems that the hydraulic equilibrium was reached earlier for the 
samples with high degree of saturation 
 
The water content reaches steady-state conditions for the water flow after approximately 
three weeks (Pintado 2002), but it is necessary to consider the loss of water, which 
could be important in long-term tests.  
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Figure 6-39. Difference of water content and degree of saturation between the extreme 
values measured. 
 
The change of radius between the hot and cold ends has an evolution with time similar 
to that of the difference in water content (Figure 6-40), i.e. it increases as the test is 
longer until reaching an equilibrium, which seems to take place earlier as the degree of 
saturation is higher. 

(a) 

(b) 
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Figure 6-40. Difference between the change of radius in the hot and cold sections.   
 
Test 100421a had two thermocouples at the same section: one in the sample axis and the 
other on the external surface to determine whether the heat flow was one dimensional. 
The temperatures measured were 53.3 and 52.1ºC for the thermocouples on the sample 
axis and external surface, respectively. The gradient was large (0.42ºC/mm), so a 3 mm 
difference in the position of each thermocouple was possible (one was in the centre of 
the sample and the second was in the lateral surface). The thermocouple probe had a 
length of a few millimetres (it was not a single point). The heat flow through the sample 
can be considered as unidimensional.      

6.4  Conclusions 

The test is useful for THM modelling. Some processes can be observed in the same test, 
such as the changes in the degree of saturation and temperature and the strain evolution 
 
The hydraulic equilibrium seems to be reached earlier as the degree of saturation is 
higher, and later when the salinity of the water is high. 
 
The test period should be less than two weeks to minimize the influence of vapour loss 
through the membrane.  
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7  THERMAL CONDUCTIVITY TESTS 

The thermal conductivity test method used in this study is based on the ASTM D5334-
08 standard to determine the thermal conductivity of soil and soft rock by the thermal 
needle probe procedure. The thermal needle probe method is a “transient” technique and 
is fairly common in soil testing (Börgesson et al. 1994). The thermal needle probe 
method has also been used in other compacted bentonite buffer studies (Börgesson et al. 
1994; Kahr and Müller-Von Moos 1982;  Tang 2005; Tang et al. 2007). 
 
In this method, a needle-shaped probe is inserted at the centre of the sample. The probe 
incorporates heater and thermocouple elements, and the temperature is measured as a 
function of time under constant power. The data analysis for the thermal needle probe 
method is based on the assumption that (i) the length/diameter ratio of the needle probe 
is large, i.e., the heat flow per unit length of the heater is applied to an infinitely long 
and infinitely small “line” source (ASTM D5334-08). If the ratio is sufficiently large 
(length ≥ 25 x diameter) (Kivikoski et al. 2001; Börgesson et al. 1994), the axial heat 
conduction can be neglected and the central section can be modelled as a one-
dimensional axisymmetric system (Börgesson et al. 1994). Other data analysis 
assumptions made in the thermal needle probe method are that (ii) the ambient 
temperature is constant over the course of the test and that (iii) the exponential integral 
can be approximated by a logarithm (ASTM D5334-08). 
 
A total of six samples were tested. Four of the samples represented a buffer block at the 
emplacement phase, but the degree of saturation varied in the samples. In addition, two 
samples were tested at lower dry density values (1562 and 1500 kg/m3). In order to 
compare the results obtained in B+Tech with other results from tests done with the same 
method, another sample (1500 kg/m3),  which had parameters similar to those used by 
Tang (2005), Tang et al. (2007), and Börgesson et al. (1994) was tested. 

7.1  Test description 

7.1.1  Sample preparation  

In all MX-80 bentonite samples, the initial water content of the bentonite material was 
increased (between 7.2 and 19.9 %) to reach the required degree of saturation (see Table 
7-1). The required amount of deionised water was mixed with the original MX-80 
bentonite powder, and the produced mixture was left to settle for at least 24 h in a 
completely sealed bucket. After settling, the water contents of the mixtures were 
determined.  
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   Table 7-1. Test matrix for the MX-80 samples.  
 

Sample 
 ID 

Water 
Content 

[%] 

Target Degree 
of Saturation 

[%] 

Target Dry 
Density 
[kg/m3] 

Void ratio   

WyBt-1 19.9 95 1758 0.58 
WyBt-2 16.7 80 1758 0.58 
WyBt-3 12.5 60 1758 0.58 
WyBt-4 8.4 40 1758 0.58 
WyBt-5 7.2 26 1562 0.78 
WyBt-6 18.4 60 1500 0.85 

 
Using a special custom-made cylindrical mould (Figure 7-1) and a hydraulic press, 
compacted samples with a diameter of 70 mm and height of 180 mm were prepared 
from weighed quantities of the MX-80 material to near-target density values (see Table 
7-1 and Figure 7-2). The compaction force varied between 90 and 170 kN (corresponds 
to a compaction pressure of 23-44 MPa) depending on the density and degree of 
saturation of the sample. 
 

  
 
Figure 7-1. Photographic images of the compaction equipment (left) and the hole 
created during compaction (right).   
 
Prior to compaction, a steel needle was tightened to ensure the straight position of the 
needle (to ensure a straight hole for the thermal needle probe). In addition, the 
compaction piston and needle were thoroughly greased. The hole for the thermal needle 
probe was prepared during compaction by using a steel needle (162 mm x 5 mm) at the 
bottom of the compaction piston (Figure 7-1). 
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Figure 7-2. Photographic images of the MX-80 materials. The column on the left shows 
the material in as-received condition and the middle and right columns show the 
materials after compaction at a target dry density value of 1760 kg/m 3 and degree of 
saturations of 40 and 95 %, respectively.  
 
The compacted samples were weighed, and the height of the samples was measured 
before the samples were insulated with an insulating material, such as foam (see Figure 
7-3). Before the insulating materials were wrapped and tightened around the samples, 
the external thermocouple was placed between the inner surface of the foam and the 
outer surface of the sample, approximately at the same level as the end of the thermal 
needle probe (Figure 7-3). The top of the samples was also insulated with foam before 
the test was started. 
 

 

Figure 7-3. Photographic images of insulated sample (left) and calibration standard 
(right) during the thermal conductivity measurements.  
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To establish better thermal contact between the sample and probe, the probe was coated 
with a layer of thermal grease (Artic Silver 5, λ>4 W/mK) before it was inserted down 
the axis of the sample to a depth equal to the length of the probe. 

7.1.2  Equipment and test procedure 

Thermal conductivity instruments 
 
The experiments were performed using a custom-made (ASTM D5334-08) thermal 
needle probe (see Figure 7-4). The type of thermocouple was T, and the length and 
diameter of the probe were 160 mm and 5 mm, respectively (length/diameter ratio of 
32). An external K-type thermocouple was used to measure the temperature at the outer 
surface of the specimen. A Manson EP-613 DC Regulated Power Supply (see Figure 7-
4) provided constant current and voltage to the needle probe. The HH506RA 
thermometer (see Figure 7-4) was used as a temperature readout unit to record 
measurements (in °C) every second, but because the memory of the device was limited, 
the recording was performed by a computer using HH506RA temperature-measuring 
software. The thermometer contained two sockets to connect the thermocouples, 
thermal needle probe (T1), and external thermocouple (T2). 
 

 
 
Figure 7-4. Photographic images of the thermal needle probe and external 
thermocouple (left) and experimental set-up for the thermal conductivity test (right).  
 
Thermal needle probe procedure 
 
Both heater wires of the thermal needle probe were connected to the constant power 
source, and the temperature-measuring element of the thermal needle probe was 
connected to socket T1 of the HH506RA thermometer. The external thermocouple 
element was connected to socket T2. The thermometer was set to correspond to the 
measured units (°C) and type of thermocouple (K). In addition, a suitable applied 
voltage and current were set on the power supply. A power level of 2.1 W (3.5 V and 
0.6 A) was applied to the probe as the measurements were performed. To reduce the 
risk of free convection, a power level of 0.17 W (1.0 V and 0.17 A) was applied to the 
probe as the glycerol measurements were performed. 
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Before the test started, the samples were allowed to equilibrate at the testing 
temperature (room temperature of 21.5 °C).  
 
The time and temperature readings on the samples were recorded and averaged over 
2000 steps during the heating periods. The cooling data were collected immediately 
after the constant power source was switched off, and the averaged cooling period 
consisted of 2300 steps.  
 
During the heating periods, the external thermocouple readings were closely monitored 
in case the temperature increase reached the boundaries of the specimens. If a 
temperature increase was observed in the external thermocouple, the measured data 
were considered invalid.  
 
Post-mortem analyses 
 
After all of the thermal conductivity measurements were completed, the samples were 
removed from the insulating foams. Visual inspections were performed, and the samples 
were immediately sectioned for the water content and bulk density measurements. All 
of the samples were sliced into three different parts in the axial direction (top, middle, 
and bottom), and each part was cut into inner and outer sections. The inner sections 
were next to the thermal needle probe hole, and the outer sections were close to the 
outer surface of the sample. Four specimens from each part (two specimens from inner 
part and two from outer part) were used for measuring the water content and bulk 
density. 

7.1.3  Calibration 

Two different substances, glycerol and water, were used as calibration standards 
(ASTM D 5334-08). Their thermal conductivity values at 25 ºC are 0.292 and 0.607 
W/mK, respectively (CRC Handbook of Chemistry and Physics, 1994). The calibration 
standards were prepared as follows:  
 

 Glycerol (VWR PROLABO):  Only anhydrous (99 % or greater) 
glycerol was used for calibration. Because glycerol was used as a 
calibration standard, the maximum allowed heat over the course of the 
thermal conductivity measurement was 2 ºC (to reduce the risk of free 
convection). 
 

 Water stabilized with Agar (Alfa Aesar):  One litre of deionised water 
was heated, and 5 g of Agar were added. The mixture was stirred well 
until the mixture was homogenised. The mixture was then brought to a 
boil before it was poured into the glass container in which the thermal 
conductivity was measured. The mixture was re-homogenised in the 
glass container before it was left to cool back to room temperature. After 
cooling (approximately 24 h), the mixture transformed from liquid to 
solid (jelly). 

Both calibration standards were measured in a glass cylinder (see Figure 7-3). The 
dimensions of the calibration standards were 70 x 200 mm (diameter x height). 
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The thermal needle probe was inserted down the axis of the calibration standard by 
pushing, and this distance was equal to the length of the probe.  
 
The thermal conductivity values in the calibration standards were experimentally 
measured by following the method described above. 
 
The time and temperature readings on the calibration standards during the heating and 
the cooling periods were recorded over 2010 and 2300 steps, respectively. 

7.2  Data analysis and method evaluation 

The thermal conductivity data analysis in this study is based on both the heating and 
cooling data. The cooling data were used in the analysis to minimise the possible 
heating time error in the results and the temperature drift (C/s) in the probe. Finally, all 
of the measured thermal conductivity values were calibrated with a calibration equation 
to reduce the uncertainties in the assumptions of the data analysis theory. 
 
The data analysis described below follows the ASTM D 5334-08 standard. 
 
The temperature behaviour of the MX-80 samples was measured by the thermal needle 
probe (see Table 7-1), and the results are shown in Figure 7-5.  



137 

 

 
 
Figure 7-5. Measured temperature behaviors in the MX-80 samples over the total 
thermal program (top), and during the cooling period (bottom).  
 
A simplified analysis, which provides sufficient results for high time values and a small 
probe radius, was used to determine the thermal conductivity values. The thermal 
conductivities λ were calculated from the heating and cooling data according to 
Equations 7-1 and 7-2:  
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where t is the time from the beginning of heating (s), ∆T is the increase in temperature 
from time zero (K), Q is the heat input per unit length of the heater (probe) (W/m), λ is 
the thermal conductivity (W/mK), and t1 is the heating time. 
 
The heat input per unit length of probe was calculated according to Equation 7-3: 
 

Q I ,
L

EI

L

R
IQ  2  (7-3) 

 
where I is the current through the heater wire (A), R is the total resistance of the heater 
wire (Ω), L is the length of the heated needle (m), and E is the measured voltage (V). 
 
Using the measured temperature behaviour data (Figure 7-5), the straight lines were fit 
to temperature-versus-time diagrams by using proper time intervals (checked by 
correlation factors) in semi-logarithmic diagrams. Sh is the slope of a straight line 
representing the temperature versus ln(t) for the heating period, and Sc is the slope of a 
straight line representing the temperature versus ln(t/(t–t1)) for the cooling period (see 
Figure 7-6). These slopes were determined using linear regression, and the early and 
late portions of the test (representing transient conditions and boundary effects, 
respectively) were not used for the curve fitting. 
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Figure 7-6. Determined straight lines (best data fit) from the heating (top) and cooling 
(bottom) periods of the MX-80 samples.  
 
Typically, Sh and Sc are different (see Table 7-2), and the difference is attributed to the 
temperature drift (°C/s) in the probe during the measurement. Averaging the two slope 
values of the heating and cooling portions of the test, the effect of the drift is minimised, 
and thus, one possible source of error in determining the thermal conductivity can be 
avoided. The thermal conductivities were computed using Equation 7-4, where S is the 
average of Sh and Sc. 
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The applied power in the probe, the determined slopes, the calculated thermal 
conductivities from both the heating and cooling data, and the measured (without 
calibration) thermal conductivity value for the MX-80 bentonite samples are listed in 
Table 7-2. Over all thermal exposures, the highest temperature increase at the outer 
surface of the MX-80 samples was 2.3 °C.   
 
Table 7-2. Applied power, determined slopes, calculated thermal conductivities from 
the heating and cooling periods, averaged slope, and measured (without calibration) 
thermal conductivity value for the MX-80 bentonite samples.  
 

Sample 
ID 

Applied 
Power 
 [W] 

Sh 
λh      

[W/mK] 
Sc 

λc 
[W/mK] 

Saverage 
λmeasured   

[W/mK] 

WyBt-1 2.1 0.891 1.172 1.017 1.027 0.954 1.095 
WyBt-2 2.1 0.917 1.139 0.956 1.093 0.936 1.116 
WyBt-3 2.1 1.022 1.022 1.021 1.023 1.022 1.022 
WyBt-4 2.1 1.147 0.910 1.135 0.920 1.141 0.915 
WyBt-5 2.1 1.711 0.610 1.634 0.639 1.673 0.624 
WyBt-6 2.1 1.103 0.947 1.225 0.853 1.164 0.897 

 
The basis for the simplified analysis (Equations 7-1 and 7-2) includes uncertainties in 
the thermal diffusivity and thermal conductivity values. The values do not represent the 
actual diffusivity and conductivity because the dimensions of the probe are finite, so the 
calibration correction must be used for the probe measurements (ASTM D5334-08). In 
addition, to reduce the probe size and measurement time effects, the calibration of the 
probe with calibration standards was performed.  
 
The thermal needle probe was calibrated using two different calibration standards, water 
and glycerol. The calibration was performed by comparing the experimental value of 
the thermal conductivity of a standard material to its known value. The calibration 
factor C was calculated according to Equation 7-5: 
 

 measured

materialC



     (7-5) 

 
where λmaterial is the known thermal conductivity in the calibration material and λmeasured 

is the thermal conductivity value experimentally measured by the thermal needle probe. 
 
The thermal conductivities were determined based on calibration standards similar to 
the MX-80 samples. The slopes (Sh and Sc) were determined from the heating and 
cooling periods, as presented above for the MX-80 samples. The best-fit straight lines 
for the heating and cooling data are presented in Figure 7-7.  
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Figure 7-7. Best-fit straight lines determined from the heating (top) and cooling 
(bottom) periods of the calibration standards. 
 
The thermal conductivities for the calibration standards were computed as explained 
above (Equation 7-4). 
 
The applied power in the probe, the determined slopes, the calculated thermal 
conductivities from both the heating and cooling data, and the measured (averaged) 
thermal conductivity and calculated calibration constant values for the calibration 
standard samples are listed in Table 7-3. The calibration standard tests water 1-a and 
water 1-b were the same sample. The calibration standard of the water was prepared 
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again (water 2), and this sample was used in the water 2-a and 2-b tests. The applied 
power level was varied in the water 2-a and water 2-b tests (see Table 7-3). Over the 
course of all thermal conductivity tests on the calibration standard samples, the highest 
temperature increase at the outer surface of the calibration standard was 0.4 °C.  
 
Table 7-3. Applied power, determined slopes, and calculated thermal conductivities 
from the heating and cooling phases and the averaged thermal conductivity and 
calculated calibration constant values for the calibration standards.  
 

Calibration 
Standard 

Applied 
Power [W] 

Sh 
λh      

[W/mK] 
Sc 

λc 
[W/mK] 

Saverage 
λmeasured    
[W/mK] 

C 

Water 1-a 2.1 1.387 0.753 1.309 0.798 1.348 0.775 0.783 
Water 1-b 2.1 1.343 0.777 1.331 0.785 1.337 0.781 0.777 
Water 2-a 2.1 1.369 0.763 1.297 0.805 1.333 0.784 0.775 
Water 2-b 0.66 0.411 0.799 0.415 0.791 0.413 0.795 0.763 
Glycerol 0.17 0.243 0.348 0.195 0.435 0.219 0.386 0.756 

 
Both calibration standards (water and glycerol), separate measurements on the parallel 
calibration standard samples (water 1-a and water 2-a), and repeated measurements on 
the same calibration standard sample (water 1-a and water 1-b) provided relatively 
similar calibration constant values (Table 7-3). Generally, the determined thermal 
conductivity values on the calibration standards were higher when the analysis was 
based on the cooling periods. 
 
The applied power effect in the test method was tested in the calibration standard of 
water (water 2-a and water 2-b samples) and in one bentonite sample (WyBt-5). An 
applied power level of 2.1 W or 0.66 W was used in both cases, and the effect on the 
final results was negligible. As mentioned above, the critical temperature increase was 
not observed at the outer boundary of the samples. 
 
Table 7-3 shows the calculated calibration constant values for the calibration standard 
samples, and in Figure 7-8, the known thermal conductivity of the calibration standards 
are plotted as a function of the measured thermal conductivity. 
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Figure 7-8. Plotted calibration line with calibration equation on measured calibration 
standard samples (water and glycerol). 
 
A standard deviation of 0.011 was obtained in the calibration constant values for all 
measured calibration standard tests (see Table 7-3), and the averaged measured thermal 
conductivity values were 1.3 times higher than the known thermal conductivity values.  
 
As presented above, the applied test procedure and data analysis, i.e., the applied power 
level in the probe, duration of the heating and cooling times, and the selected slope 
determination periods, appears to yield relatively accurate thermal conductivity values. 
In addition, the error in the thermal needle probe appears to be systematic as well (see 
the determined calibration constants on the calibration standards of water and glycerol). 
To improve the accuracy of the test method, the thermal needle probe would need to be 
calibrated with a solid substance (e.g., dry Ottawa sand or Pyrex 7740 glass) with which 
the calibration range would cover an even better thermal conductivity range of the 
compacted bentonite sample. The used calibration standards are a liquid or jelly, 
whereas the compacted bentonite sample is a solid substance. 
 
The final thermal conductivity values were obtained when the measured thermal 
conductivity values of the MX-80 bentonite samples were corrected with the calibration 
constant (C) using Equation 7-6: 
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7.3  Test results 

The thermal conductivity values, the determined water content and bulk density at the 
end of the tests, and the calculated dry density and degree of saturation for the MX-80 
bentonite samples are presented in Table 7-4. The presented post-mortem results are the 
averaged values of the sample (12 specimens for determining both the water content and 
bulk density). The bulk density has been measured with the method explained in 
Section 2.2 and the dry density has been calculated with the method explained in the 
same section. 
 
Table 7-4. Postmortem results and the thermal conductivity values for the MX-80 
bentonite samples. 
 

Sample 
 ID 

Measured 
Water 

Content 
[%] 

Measured 
Bulk 

Density 
[kg/m3] 

Calculated 
Dry    

Density 
[kg/m3] 

Calculated 
Degree of 
Saturation     

[%] 

Thermal 
Conductivity 

λ      
 [W/mK] 

WyBt-1 19.5 2049 1715 87 0.853 
WyBt-2 16.6 1982 1700 73 0.870 
WyBt-3 12.5 1908 1696 54 0.796 
WyBt-4 8.4 1860 1715 38 0.711 
WyBt-5 7.8 1763 1636 31 0.481 
WyBt-6 18.1 1825 1545 63 0.697 

 
After the post-mortem results were studied, water migration caused by thermal effects 
and any significant indications of water migration due to the heat of the thermal needle 
probe were not observed anywhere in the samples. However, a density gradient in the 
axial direction was observed in all samples. The top part was systematically denser than 
the other parts in all samples. For the same dry density samples (WyBt-1-4), the relative 
density difference between the top and bottom parts increased (from 1 % to 12 %) as the 
degree of saturation decreased. This behaviour is most likely an effect of the friction 
present during the compaction process and not related to the thermal test. 

7.4  Discussion 

The determined thermal conductivity values in this study (B+T label in the figures) and 
other studies for the compacted MX-80 bentonite samples are plotted against the degree 
of saturation in Figure 7-9. In other studies (Börgesson et al. 1994; Kahr & Müller-
Vonmoos 1982; Tang 2005; Tang et al. 2007), the thermal needle probe method was 
also used. In Tang (2005) and Tang et al. (2007), studies of the thermal conductivity 
measurements were performed by a thermal property analyser, a KD2 device 
(www.decagon.com), which complies with an older version of the standard used in this 
study (ASTM D 5334-00 standard). 
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Figure 7-9. Thermal conductivities in the MX-80 samples as a function of the degree of 
saturation. 
 
The positive dependence of the thermal conductivity with the degree of saturation of 
compacted bentonite is known (Börgesson 1994). At low degrees of saturation, the 
samples experience a larger effect, and as the degree of saturation exceeds 80 %, the 
effect is minor. Both relationships are evident in Figure 7-9. 
 
The compacted bentonite contains three different phases: solid, liquid, and gas. The 
liquid is a mixture of water and air (dissolved), but the quantity of air is insignificant. 
Thus, it does not have any influence on the thermal conductivity of water, which is 0.6 
W/mK (CRC Handbook of Chemistry and Physics 1994). The gas is a mixture of 
vapour and dry air, and its thermal conductivity is 0.02 W/mK (CRC Handbook of 
Chemistry and Physics, 1994). The thermal conductivity in compacted bentonite 
increases during the saturation process when the pore spaces start filling with water. A 
method to evaluate the thermal conductivity in the solid phase is to divide the 
mineralogical composition into two different parts, quartz and other minerals (Johansen, 
1975). The relatively high thermal conductivity value of the quartz (7.7 W/mK) 
compared to other minerals (2.0 W/mK) can affect the final results (Johansen, 1975). In 
the characterisation, a quartz content of 4.4 wt-% was determined for the MX-80 
bentonite (see Table 2-1). For the MX-80 bentonite, a quartz content of 3.0 wt-% was 
determined by e.g., Karnland et al. (2006) and Tang et al. (2007), i.e., the effect of 
quartz on the results should be neutral. 
 
The saturation process effect on the thermal conductivity of the compacted MX-80 
block samples was studied by reducing the high thermal conductivity of the solid phase 
such that the thermal conductivities were plotted as a function of the degree of 
saturation under three different density ranges (see Figure 7-10). 
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Figure 7-10. Thermal conductivities for the MX-80 samples as a function of the degree 
of saturation at dry density ranges of 1670-1730 kg/m3 (top), 1580-1650 kg/m3 (middle) 
and 1480-1550 kg/m3(bottom). Black lines represent best fit to all data. 
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After the solid mass effect is reduced, the relationship between the thermal conductivity 
and the degree of saturation is more evident through the density (void ratio) ranges. At a 
high-density range (1670-1730 kg/m3), all measured thermal conductivity values, except 
those for the WyBt-1 sample (Sr of 87 %), follow the general trend line well, which is 
logical because Tang also complied with the ASTM D 5334 standard.  
 
One sample (WyBt-6) was measured in the density range of 1480-1550 kg/m3, and its 
target parameters (ρd of 1500 kg/m3 and Sr of 60 %) were similar to those in the studies 
of Börgesson et al. (1994) and Tang (2005). An interesting observation was made in the 
correlation behaviours. The thermal conductivity of the WyBt-6 sample agrees well 
with the samples of Tang (2005) and Börgesson et al. (1994) without the calibration 
corrections (see Table 7-2). The number of tests in this study is too small to make any 
definite conclusion concerning the two different thermal conductivity data analysis 
methods. 
 
Although the number of experimental data is small, the tendency can be analysed and 
compared with different thermal conductivity-degree of saturation relations for 
bentonites (see Figure 7-11): 
 

 
                      	 1 			                    Åkesson et al. (2009) 

 

								 	                   Gens et al. (2009) 
 

⁄            Villar (2000) 

 
where dry is the thermal conductivity in dry conditions, sat is the thermal conductivity 
in saturated conditions, Sr is the degree of saturation, x0 is the degree of saturation for 
the thermal conductivity average of sat and dry, and dx is a parameter. 
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Figure 7-11. The measured thermal conductivity values and different relations between 
the thermal conductivity and degree of saturation. The value of dry is 0.3 and sat is 0.9. 
The value of dx is 0.09 and x0 is 40 %. The plotted tests results represent samples WyBt-
1 to WyBt-5 (see Table 7-4). 
 

7.5  Conclusions 

In this study, the test procedure and data analysis method used yielded relatively 
accurate thermal conductivity values. The measured thermal conductivity values on 
MX-80 bentonite samples correlate well with those obtained in other studies (Tang, 
2005 and Tang et al. 2007), where the measuring method was based on the same 
standard test method (ASTM D5334) as used in this study. 
 
In the dry density range of 1696-1715 kg/m3, the thermal conductivity in compacted 
MX-80 bentonite varied between 0.711 and 0.870 W/mK as the degree of saturation 
ranged from 38 % to 88 %. As noted in Section 1.1, the Olkiluoto buffer design 
parameters (Posiva 2012) at the emplacement phase for disc (ρd of 1701 kg/m3, w of 
17 %, e of 0.617, and Sr of 76 %) and ring (ρd of 1752 kg/m3, water content of 17 %, 
void ratio of 0.57, and Sr of 82 %) components were close to the WyBt-1 and WyBt-2 
(target values almost identical with disk components) samples. The determined thermal 
conductivity values for those samples were 0.853 and 0.870 W/mK, respectively. 
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