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ABSTRACT 

Research related to the construction of a deep repository for radioactive waste has been 
underway in the Czech Republic for many years. The main aim of the repository disposal 
system is to prevent the migration of radionuclides into the biosphere. The natural rock barrier 
as well as the engineered barrier elements of the system should guarantee the safe disposal of 
radioactive waste in the order of hundreds of thousands of years. The Centre of Experimental 
Geotechnics (CEG), Faculty of Civil Engineering, Czech Technical University in Prague has, 
for several years, been closely involved in the research and development of engineered 
barriers containing clay materials. Bentonite clay, which has excellent sealing properties, has 
proven to be particularly suitable in this respect. It is proposed that bentonite will be used in 
the vicinity of the stored container housing the spent nuclear fuel as well as to fill the access 
tunnels leading to the disposal chambers. Each of these uses has different characteristics in 
terms of the type of clay material employed especially concerning sealing ability. This article 
presents the typical results of tests on the most important geotechnical properties of bentonite 
under laboratory conditions and provides a description of two physical models of a clay 
barrier currently under construction at the Josef Underground Laboratory, managed by the 
Centre of Experimental Geotechnics. These two physical models will provide detailed 
information on the long-term behaviour of bentonite sealing barriers in a realistic 
environment.  

1 INTRODUCTION 

Clay is used as the damping, sealing, filling and construction material of multibarrier 
systems for radioactive waste disposal. Its main task is to limit the penetration of water into 
the container and thus to extend container life and also restrict the movement of water and 
gases from the container, thereby preventing the migration of radionuclides into the 
environment. It allows a sufficient amount of heat dissipation into the rock environment and 
ensures the stability of the waste disposal canister in the disposal place. The sorption capacity 
of the clay material is important in terms of ensuring the capture of any radionuclides 
escaping into the clay structure. 

The buffer, a crucial part of the geotechnical barrier, surrounds the container in the 
disposal well. The main requirements in terms of the geotechnical properties of the buffer 
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material consist of (e.g. according [1]) very low hydraulic conductivity (max 10-12 m/s), high 
swelling ability (σSW> 1MPa), rheological stability, high plasticity, and good thermal 
conductivity. 

The backfill, the second part of the geotechnical barrier, serves for the sealing of the 
access tunnels. The use of swelling – montmorillonitic – clays is of key importance in the 
construction of both the buffer and the backfill; it has been established that montmorillonite, a 
well-known smectite clay mineral, is most suited to buffer and backfill requirements. 

The CEG has, for many years, been closely involved in the long-term geotechnical 
testing of Czech swelling clays. Laboratory results pertaining to four types of such clays are 
presented in this article. Two of them, Green clay and Sabenil 65, are included as “Czech 
limit cases”; the other two, B75 and Cerny vrch, are currently being used in the construction 
of large-scale physical models. Green clay (GE) from Skalna locality is a montmorillonitic 
clay with relatively low swelling pressure and higher hydraulic conductivity as compared to 
bentonites. 

Bentonite B75 is an industrially milled and sifted non-activated bentonite from deposits 
in Northern Bohemia (produced by Keramost a.s.). Sabenil 65 on the other hand is activated. 
The Cerny vrch material (industrially milled and sifted, non-activated) is equivalent to B75 
but prepared from carefully selected raw materials extracted exclusively from the Cerny vrch 
deposit. 

Two physical models of a buffer clay barrier are currently under construction at the 
Josef Underground Laboratory. The first, known as Mock-Up-Josef, will be fully 
instrumented to provide geotechnical data on the behaviour of the bentonite barrier around a 
heat producing canister as well as the behaviour of the surrounding rock. It is clear that the 
placement of a large number of sensors will affect the geo-chemical conditions inside the 
model and could potentially affect the processes occurring at the various interfaces of the 
materials employed (steel/bentonite/rock etc.). Therefore the second model, known as 
Bentonite 95, similar in terms of design and basic concept is being built so as to provide 
relevant geo-chemical information. Because of the comparative purpose of the second model, 
it will naturally not be fitted with potentially “harmful” objects such as sensors, cables etc. for 
continual monitoring purposes. Therefore the bulk of the subsequent analysis will be 
conducted using samples taken from the model. Both models will have the same basic design, 
i.e. a centrally placed heater surrounded by highly-compacted bentonite and emplaced in 
granitic host rock. The heaters will allow temperatures of up to 95°C. 

2 LABORATORY TESTING 

The most important buffer parameters consist of hydraulic conductivity and swelling 
pressure both of which depend on the compaction level of the bentonite and its mineralogical 
composition. The CEG possesses equipment (a so-called permeameter) specially developed 
for the measurement of the hydraulic conductivity of highly-compacted bentonites with high 
density. It allows the simultaneous measurement of swelling pressure which provides an 
indication of self-sealing capacity (the self-sealing of potential cracks or gaps which may 
develop within the barrier).  

2.1 Hydraulic conductivity 

Hydraulic conductivity (k [m/s]) is determined according to ČSN CEN ISO/TS 17892-
11. An evaluation of hydraulic conductivity is carried out on the same samples used for the 
evaluation of swelling pressure. 
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The calculation of hydraulic conductivity derives from Darcy´s law of the velocity of 
flow: 

 ikv .=   (1) 

Where: v – velocity of flow in the sample [m/s]; i – hydraulic gradient [m/m] 

where hydraulic gradient is: 

 l
hi
∆
∆

=
 (2) 

where: Δh – Hydraulic head [m], Δl – Trajectory of a water particle in the sample
 [m] 

Representative values are shown in Fig. 1. The hydraulic conductivity values of three 
materials, i.e. Green clay [4], B75 and Sabenil 65 (SAB 65), is shown on the left and the 
similarity with those of the hydraulic conductivity of samples of B75 and Cerny vrch can be 
seen on the right. 

 
Figure 1: Range of hydraulic conductivity values (logarithmic scale) - Green clay, B75 

and SAB 65 (left) and the similarity with the hydraulic conductivity of B75 and Cerny vrch 
materials (right) 

2.2 Swelling pressure 

Swelling pressure was tested simultaneously with hydraulic conductivity. The force 
generated by the saturated – swollen material is measured continually. Swelling pressure is 
calculated using the simple equation: 

 A
F

sw =σ
 (3) 

Where: F – measured force [kN]; A – perpendicular area of the sample to the direction 
of measured force [m2]. 

Representative values are shown in Fig. 2. The range of swelling pressure values of the 
three materials, Green clay [4] ,B75 and Sabenil 65 (SAB 65), is shown on the left and the 
similarity with those of the swelling pressure of samples of B75 and Cerny vrch can be seen 
on the right. 
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Figure 2: Range of swelling pressure values - Green clay, B75 and Sabenil 65 (left) and 
the similarity with the swelling pressure of B75 and Cerny vrch materials (right) 

The hydraulic conductivity of the buffer must not exceed k=10-12 [m/s]. The clay must 
have the capacity to develop swelling pressure greater than σSW> 1MPa. At the CEG, the 
swelling pressure and hydraulic conductivity values were verified by a series of tests (Fig. 1, 
Fig. 2) according to the results of which both B75 and Cerny vrch fulfil buffer requirements 
approximately above a dry density of 1.3Mg/m3.  

2.3 Atterberg limits 

A higher plasticity index indicates a higher potential to seal gaps (the material behaves 
in a plastic way through a greater water content range). A change in the liquid limit value can, 
relatively soon, indicate changes in the material. 

The liquid limit is determined according to ČSN EN ISO/TS 17892-12 (formerly ČSN 
72 1014) using either the cone penetration or the “Cassagrande dish” method. For the 
purposes of this study, the cone penetration method was used for all the tests. The results from 
the testing of B75 and Cerny vrch were compared with those from other materials (see Fig. 3). 

 
Figure 3: Comparison of liquid limits 

The plasticity limit consists of the water content of the material when a cylinder with a 
thickness of 3mm begins to crumble; a detailed description of the procedure involved in the 
determination of this parameter can be found in ČSN EN ISO/TS 17892-12.  
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3 THE NEW PHYSICAL MODEL USING B75 BENTONITE 

Both of the prepared physical models are a follow-up to a previous experiment which 
was performed at the CEG’s laboratory from 2000 to 2008 [2]. The models represent the first 
physical in-situ models of their type to be assembled in the Czech Republic. The natural 
barrier used in the experiments will consist of the granitic rock environment of the Josef 
Underground facility [3]. Although two models will be built, this article, intends to refer 
solely to the B75 bentonite Mock-up-Josef project. 

Following the completion of the Mock-up-Josef design phase of the project, site work 
on the assembly of the model commenced in 2011 which involved, in particular, the 
preparation of the selected niche and the boring of a large-scale repository well (750mm in 
diameter, 2800mm depth, Fig.4). An important part of the experimental model concerns the 
design of the instrumentation installed. 

  
Figure 4: The disposal well (diameter 750 mm and length 2800 mm) for the model is 

shown on the left. The picture on the right shows the test placement of the model 
supercontainer with the clay barrier into the disposal well in the selected experimental gallery. 

The test was performed so as to verify the dimensions of the disposal well. 

3.1 Construction 

The barrier of highly-compacted bentonite bricks will be constructed in the form of a 
super container and will be assembled, including all the instrumentation, at the above-ground 
laboratory of the Josef Regional Underground Research Centre and subsequently transported 
to the experimental site in the underground complex of the Centre where it will be inserted 
into the test well. The bentonite backfill of the model will be loaded with temperature and 
simultaneously saturated with groundwater. 

The super container will consist of a steel bottom and lid, a steel perforated casing, 
connecting elements and a bentonite barrier consisting of highly-compacted segments of B75 
(ρd = 1750kg/m3). The bentonite barrier will surround the heater (Fig.5.) which will simulate 
the heat radiating from the container with nuclear waste. The super container will be 2170mm 
in height and 700mm in diameter. 

The material selected for the construction of the barrier is B75 - Ca-Mg bentonite. The 
input geotechnical parameters of the selected bentonite (referred to as B75) were defined by 
CEG laboratory staff prior to super container assembly.  
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3.2 Monitoring 

An important part of the experimental model concerns the design of the instrumentation 
installed. The barrier, loaded with temperature and simultaneously saturated with granitic 
groundwater, will model real processes which will occur within bentonite barriers. The 
sensors for the monitoring of the development of swelling pressure, temperature and moisture 
will be mounted along five measurement profiles, two of which will be located under the 
heater, one at heater level and a further two above the heater. Each measuring profile will 
house between 14 and 17 sensors which will provide continuous data reading (Fig. 5). The 
surrounding rock will be monitored for changes in stress state and temperature (Fig. 6). 
Surface deformations of the stope will be monitored by means of convergence measurement. 

  

Figure 5: Vertical and horizontal cross-sections showing the location of the sensors and 
the heater in the experimental model are shown on the left. The picture on the right illustrates 

the construction of the super container with bentonites blocks in the laboratory. 

Hydraulic pressure cells (HPCs) will be used for measuring the swelling pressure inside 
the barrier (Fig. 5, right). They will be mounted in each of the measured profiles so that 
stresses arising in the two principal planes of the super container can be determined (a total of 
over 40 HPCs will be installed in the experiment). All the HPCs will be connected to the 
central measuring unit where the measured signals will subsequently be transformed into 
processed data output. The time interval between individual HPC readings can be selected as 
required; the optimum is considered to be 10 minutes. The swelling pressure that will act 
upon the cells in the super container is presumed to be 5MPa.  

Heat propagation inside the bentonite barrier will be monitored by means of 
thermometers with LM35DZ sensors. The application of these sensors has already proved 
beneficial in previous similar experiments. Identical thermometers will also be used to 
monitor the temperature in the rock continuum surrounding the experiment for which purpose 
they will be mounted in boreholes differing in length so that temperature changes inside the 
rock massif can be captured with maximum accuracy.  Three-metre deep boreholes have been 
sunk for the monitoring of heat transfer around the disposal well.  

The moisture content inside the bentonite barrier will be measured using Rotronic AG – 
HYGROCLIP moisture meters, i.e. industrial cable sensors developed for permanent 
installation in aggressive environments, which measure relative air humidity. The sensors 
exhibit high resistance to temperatures ranging from –100°C to +200 °C. Three moisture 
measuring sensors will be installed inside the experiment. 

In order to be able to describe the temperature and stress state behaviour of the barrier 
as a whole, changes in the vicinity of the super container will also have to be measured. For 
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this reason, a network of monitoring boreholes will be drilled which will be instrumented with 
various meters.  

Vibrating wire strain gauges are meters which, unlike HPCs, do not record resulting 
direct stress, but measure strain values which are subsequently recalculated to stress values 
(Hoek’s law). Their application, therefore, requires knowledge of the deformation 
characteristics of the rock continuum in which the meters are installed. 

Stress state changes in the surrounding rock massif will further be monitored by means 
of so-called measuring plugs which will be installed in four vertical monitoring boreholes 
located around the well. Tensometric rockbolts work on the principle of the interaction of a 
steel bar with a glued-in tensometer – the Gauge rock bolt [5] (Fig. 6). The whole unit is fixed 
in the borehole by means of cement grouting. Thanks to the known modulus of deformation 
of the rock massif and measured deformation, acting stress can be calculated. 

 

 

  
Figure 6: A horizontal cross-section and pictures of the boreholes sunk for rock 

monitoring purposes in the selected gallery (the red points in the horizontal cross-section 
show the positions of boreholes (diameter 40mm, depth 3m) for the monitoring of 

temperature, and the blue points show the positions of boreholes for the Gauge rock bolts 
(diameter 30mm, depth 3m) rock bolts pictured right) 

4 CONCLUSIONS 

Laboratory tested Czech bentonites (B75 and Cerny vrch) will be useful in the 
construction of underground repositories. In order to arrive at a final decision it will be 
necessary to carry out a number of multidisciplinary tests including in-situ physical 
modelling. Thus the staff of the CEG is preparing 2 new in-situ models of a clay barrier 
consisting of tested B75 and Cerny vrch.  

Important geotechnical parameters have been tested, the results of which are presented 
in the article.  

This article provides details on the B75 bentonite physical model rather than the second 
model using Cerny vrch bentonite.  

The placement of in-situ physical models in a granitic rock medium replicates the 
presumed environment of a future deep underground repository in the Czech Republic. The 
loading of the bentonite barrier with temperature corresponds to the behaviour of the 
container with spent nuclear fuel and the gradual saturation of the bentonite barrier with 
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granitic groundwater simulates the expected real conditions of deep underground repositories. 
It is hoped that the findings obtained from long-term monitoring may contribute towards the 
safe design of repository nests. The resulting data will be further employed for the numerical 
modelling of the long-term behaviour of multi-barrier systems. The two physical models will 
be closely compared upon the conclusion of the experiments.  

It is planned that the experiments will be launched in December 2012 and will run for a 
minimum of 3 years. 
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