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Introduction Operation of nuclear power plants creates heatgenerating radioactive waste which, according to in
ternational consensus [OECD-NEA 2008] and to the concepts most countries using nuclear power are developing, 
should be disposed of in deep geological formations. In different countries, different host rocks are considered owing to 
their respective geological situations. In Germany, a decision on the host rock has not yet been taken – rock salt and clay 
rock are among the favoured formation types.

The overall objective of nuclear waste 
disposal in geological formations is to 
ensure permanent containment of the 
waste, concentrating and isolating it 
for very long time from the biosphere. 
Clay rock (as well as rock salt) has a 
very low permeability, and water 
pathways are naturally closed by 
 viscous deformation and swelling. 
 Although clay rock in its natural state 
is watersaturated, transport pro
cesses are dominated by very slow 
 diffusion processes. This makes clay 
rock a candidate host rock for a 
 repository, and several European 
countries (e. g. France, Switzerland, 
Belgium) have developed repository 
concepts in a clay environment.

In Germany, a safety concept for a 
repository in clay rock is currently 
 developed in a joint project of the 
Bundesanstalt für Geowissenschaften 
und Rohstoffe (BGR), the DBE 
 TECHNOLOGY GmbH and the GRS 
[Rübel & Meleshyn 2014]. Among 
 others, integrity criteria for the clay 
rock have to be concretized, since the 
safety case requires a statement on 
longterm integrity of the geological 
and engineered barriers [BMU 2010].

For constructing a repository and 
for ensuring the safety criteria are met 
over very long time periods, profound 
knowledge about the material 
 behaviour of the coupled system of 
waste containers, engineered barriers 
(EBS), and the rock is indispensable. 
In addition to theoretical and 
laboratory scale work, some countries 
run underground research labora
tories (URLs) in order to obtain this 
knowledge, following the guidelines 
of [OECD-NEA 2001].

The Mont Terri Rock Laboratory 
(MTRL) is a unique facility where 
 repository research is performed in a 
clay rock environment. It is run by an 
international consortium which GRS 
is a member of, with the motivation of

 � Gaining profound understanding 
of the safetyrelevant coupled ther
malhydraulicmechanical (THM) 

processes running in a repository 
in clay rock,

 � Developing appropriate process 
models which are needed for long
term prediction of the system evo
lution, by comparison of simula
tion results with representative 
laboratory and insitu experi
ments,

 � Obtaining reliable data for qualifi
cation of process models (includ
ing development and improvement 
of measuring techniques),

 � Gaining knowledge by inter
national cooperation.

Processes in a nuclear waste 
repository in clay
In addition to the geological barrier, 
engineered barriers are required in  
a repository in order to account for  
the disturbance introduced by mining  
and waste emplacement. Repository 
 concepts have to include provisions to 
emplace the waste containers, back
fill remaining voids and seal galleries 
and shafts.

Many concepts involve a clay 
bearing “buffer” which surrounds the 
waste containers and fills the void 
 between them and the host rock. The 
buffer generally consists of bentonite 

or bentonitebearing material and is 
resaturated over time by water from 
the host rock. This results in an 
 increasing swelling pressure and 
 thermal conductivity and decreasing 
hydraulic conductivity. Thus, the 
 buffer provides containment of the 
waste, limits advective flow, and 
 enables heat dissipation into the rock. 
It also provides chemical buffering 
and longterm retardation of radio
nuclides.

Figure 1 shows the Swiss repo
sitory concept as an example. The 
waste containers are placed on   
highly compacted bentonite blocks in 
 horizontal galleries, and the remain
ing voids are filled with granular 
 bentonite buffer material.

In Germany, both horizontal dis
posal in galleries and waste emplace
ment in vertical boreholes drilled 
from access galleries are considered as 
possibilities. Both concepts will also 
involve bentonitebearing buffer.

Many physicochemical processes 
which affect system evolution will run 
in a repository during the phases of 
excavation, waste emplacement, and 
postclosure. These can be divided 
 into mechanical, hydraulic, thermal, 
chemical and possibly biological 

 | Fig. 1. 
The Swiss repository concept for clay rock [Jaeggi 2011].
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(microbial) processes which are gen
er ally coupled among one another. 
Figure 2 gives an overview of the 
most important processes and the 
phase in which they are relevant.

During excavation, the mechanical 
state of the rock is changed, an exca
vationdamaged zone (EDZ) evolves, 
and ventilation of the openings may 
lead to desaturation of the adjacent 
rock. Emplacement leads to substan
tial temperature increase in the near
field of the waste, resulting in an 
 increase in pore water pressure due to 
thermal strain. During the transient 
postclosure phase, temperature grad
ually decreases, while the buffer is 
resaturated by pore water from the 
surrounding rock which leads to 
swelling of the bentonite. Buffer 
swelling and gallery convergence 
driven by the rock stress lead to re 
compaction and closure of the EDZ.

When, after a few thousand years, 
the thermal pulse has passed and the 
pore pressure in the system has equili
brated, there are practically no more 
driving forces for thermalhydraulic 
mechanical processes. Chemical and 
microbial processes however, like 
 corrosion and related gas generation, 
chemical interaction between steel 
containers and buffer, and alteration 
processes in the bentonite, will  remain 
active.

The Mont Terri underground 
research laboratory
All the processes mentioned above are 
investigated in a great number of 
 experiments (more than 130, of which 
45 are currently running) preformed 
at the MTRL.

The MTRL is situated in the 
northwestern part of Switzerland, 
where it has been excavated parallel 

to the security gallery of the Mont 
 Terri motorway tunnel on the 
southwestern slope of the Mont Terri 
anticline (Figure 3). It is located in 
the Opalinus clay formation consist
ing of three main facies: the sandy 
 facies, the shaly facies, and the sandy 
carbonaterich facies. The bedding 
planes plunge towards the southeast 
with an azimuth of 140° to 150°. The 
apparent thickness of the Opalinus 
clay is about 160 m. Its current overlay 
varies between 250 and 320 m, while 
it is estimated to have reached at least 
1,000 m in the past. The clay rock  
is saturated with water, but water 
 circulations are practically negligible 
due to its very low permeability and 
 pressure gradient.

The MTRL is run by a consortium 
of 16 international partners under the 
directorate of the Swiss geological 
survey (SWISSTOPO). The partners 
are SWISSTOPO, NAGRA, ENSI (Swit
zerland), ANDRA, IRSN (France), 
BGR, GRS (Germany), SCK-CEN, FANC 
(Belgium), ENRESA (Spain), JAEA, 
CRIEPI, Obayashi (Japan), NWMO 
(Canada), DOE and CHEVRON (USA). 
GRS has performed experimental 
work in the MTRL since 1998.

Selected experiments 
 performed in the MTRL
Of the many experiments performed 
at the MTRL, only a few of the 
 cur rently ongoing ones with GRS 
 involvement can be presented here.

 � The DB experiment addresses the 
initial (undisturbed) hydraulic 
state of the rock.

 | Fig. 2. 
Processes in a repository in clay (red: thermal, blue: hydraulic, grey: mechanical, yellow: chemical/ biological). 
DB, HE-E, DM-A, FE: selected Mont Terri experiments addressing different processes.
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 � The HEE experiment looks into 
the thermal evolution in the early 
postclosure period.

 � The FE experiment is a fullscale 
simulation of the Swiss emplace
ment concept.

 � The DMA experiment addresses 
timedependent deformation 
mecha nisms.

Figure 4 shows the location of these 
experiments in the MTRL.

Initial hydraulic state of the rock 
at Mont Terri (DB)
For evaluation and prediction of rock 
performance in the various insitu 
 experiments knowledge of the initial 
mechanical and hydraulic conditions 
is of special importance. Measure
ment of these, however, is not easy, 
since the original state is disturbed in 
the vicinity of the MTRL by the many 
existing excavations which, by 

unloading and ventilation, have a 
large effect especially on the pore 
pressure distribution. Pore pressure, 
on the other hand, is extremely impor
tant since it provides the driving force 
for buffer resaturation and is also an 
 indicator for rock saturation.

In order to gain knowledge on the 
pore pressure distribution in the 
 undisturbed rock, as well as on 
 hydraulic conductivity and thermal 
and chemical potentials, a 250 m long 
inclined borehole was drilled through 
the Opalinus clay and the neigh
bouring formations from outside the 
laboratory (Figure 5). Samples were 
taken and the borehole was equipped 
with a multipoint probe for hydraulic 
conductivity and pore pressure meas
urement which is delivering  reliable 
results.

Thermal evolution in the early 
post-closure period (HE-E)
The HEE experiment was started in 
2011 as part of the 7th Framework 
EURATOM project “Longterm Perfor
mance of Engineered Barrier  Systems” 
(PEBS). The main objective of the 
HEE is to gain insight in the early 
nonisothermal resaturation  period 
of the buffer and its impact on the 
THM behaviour. Particular objectives 
are to provide the experimental data 
base required for the calibration and 
validation of existing THM  models of 
the early resaturation phase and to 
verify upscaling of the thermal con
ductivity of the partially saturated 
buffer from laboratory to field scale 
for two types of candidate buffer ma
terials: pure bentonite and sand 
bentonite mixture [Gaus et al. 2014]. 
It has been the first near  real scale 
insitu experiment  involving granular 
buffer at high temperature.

An overview of the HEE configura
tion is given in Figure 6. The experi
ment is set up in a 10 m long section of 
a 1.3  m diameter microtunnel. It 
 consists of two sections separated by  
a concrete plug. Both sections are 
equipped with an electrical heater 
bedded on highly compacted benton
ite blocks. The remaining void is 
 backfilled with granular bentonite 
buffer (Section 1) or 65%/35%  
sand/ bentonite mixture (Section 2). 
Section 1 represents NAGRA’s em
placement concept in a near 1:2 scale, 
while the sand/bentonite mixture was 
chosen as an alternative potential 
buffer  material.

The spatial restrictions of the 
 microtunnel proved a challenge for 
the installation of heaters, buffer, and 
instrumentation. The solution was to 

 | Fig. 4. 
Location of selected experiments in the MTRL.

 | Fig. 5. 
Vertical section of the Mont Terri geology showing the locations of the MTRL and of the DB borehole.

 | Fig. 3. 
The Mont Terri rock laboratory in the Swiss Jura. Different colours of the tunnel system mark the year of 
excavation.
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construct a unit of bentonite block 
support, heater liner, and sensor 
 carrier outside the microtunnel which 
was then inserted into the tunnel as  
a whole (Fig. 6). The sensor carriers 
support temperature and humidity 
sensors at defined radial distances 
from the heater liner. After instal
lation of each block/liner/carrier 
 package the heater was inserted and 
the remaining void was backfilled 
with granular buffer using an auger 
system.

Installation of the HEE was 
 finished by mid of 2011, and on 
June  30, 2011 the heaters were 
 started. Since then, the experiment 
has been running without major 
 problems. Three main heating phases 
can be distinguished: A temperature 
controlled first phase of 3 months 
with linear temperature increase to 80 
to 90  °C liner temperature, a second 
phase with linear temperature 
 increase of another 9 months to  
reach 140  °C on the liner, and since 
then a constant liner temperature 
phase which is going on.

As an example of the results 
 obtained to date, Figure 7 shows the 
temperature evolution at different 
points in the buffer, together with 
 simulation results generated in 2014. 
One can see that the temperature is 
generally overpredicted by the simu
lation. This overprediction results 
from the simulation model: A two 
dimensional plane model was used 
which does not consider axial heat 
flow. A threedimensional model for 
more precise simulation is currently in 
preparation.

Thermal conductivity of the buffer 
is highly dependent on its saturation 
state. For now, the buffer is very dry 
near the heater and saturated close  
to the rock interface which provides 
the pore water for resaturation and 

where it is cooler. It is expected that 
buffer resaturation will proceed 
 towards the centre with time; this, 
however, is taking place very slowly.

Full-scale emplacement 
 experiment (FE)
In 2012, NAGRA together with some 
of the Mont Terri partners including 
GRS started construction of an em
placement experiment following the 
Swiss concept at 1:1 scale,  involving a 
realistic temperature  evolution and 
natural buffer re saturation. The ob
jective of the  experiment is to study 
the THM coupled processes in the 
clay rock and buffer induced by waste 

emplacement. Figure 8 gives an 
 overview of the experiment configura
tion, which includes three electrically 
heated  containers placed on bentonite 
blocks in a gallery and backfilling of 
the  remaining void with granular ben
tonite, similar to the HEE experi
ment. The main part of the gallery is 
stabilized by shotcrete lining, but in 
the rear part steel arches were 
 installed instead for comparison. Con
struction was completed and heating 
was started in 2015. An experiment 
duration of at least 10  years is 
 envisaged.

GRS’ share in the experiment 
 consists in monitoring of pore pres
sure near the front and rear ends of 
the gallery using inhouse developed 
minipiezometers and in THMcoupled 
model calculations.

Figure 9 shows the location of  
the piezometer boreholes. As a meas
urement example, the pore pressure 
evolution at the measurement points 
around the gallery entrance (left side 
in the figure) is shown. The long 
 equilibration time of about 1.5 years is 
due to the fact that construction works 
were going on. In the meantime the 
pressure readings have become rather 
stable, with pore pressure values 
 between 0.7 and 1.2 MPa. This is in 
the range of what is expected and also 
confirmed by other measurements. 

 | Fig. 7. 
Measured (symbols) and calculated (lines) temperature evolution at different points in the HE-E buffer.

 | Fig. 8. 
Overview of the full-scale emplacement experiment (FE).

 | Fig. 6. 
Overview of the HE-E configuration (left), installation of bentonite block/liner/sensor carrier module and 
backfilling with granular buffer (right).
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Remaining undulations are due to 
seasonal effects.

Pore pressure measurements 
around the rear part of the gallery 
show pretty different results. Due to 
the missing shotcrete lining the rock  
is more damaged, which results in 
pore pressure loss that is recorded  
by the measurements. It is, however, 
 expected that with time the resatu
rating buffer will develop a swelling 
pressure that recompacts the rock 
around the gallery. This effect can 
then be detected by the recovery of 
the pore pressure.

Long-term deformation  
of the clay rock (DM-A)
The DMA experiment addresses long
term deformation mechanisms of the 
clay rock. In the frame of this experi
ment, a borehole dilatometer probe 
was installed in a horizontal borehole 
drilled in June 2009. The probe con
sists of a packer inflated with water at 
low pressure (0.5 MPa). Differently 
oriented deformation sensors inte
grated in the packer are thus coupled 
to the borehole wall. Borehole wall 
convergence has been recorded since 
installation, as well as temperature 
and relative humidity in the borehole. 
Pore pressure of the rock in the vicini
ty is also monitored. When the defor
mation sensors approached the end of 
the measurement range, a  second 
load level with increased  packer pres
sure (1 MPa) was started in November 
2011.

Figure 10 shows the convergence 
rate of the borehole as derived from 
the measurement of two deformation 
sensors roughly oriented parallel and 

perpendicular to the bedding. The 
 increase of packer pressure is clearly 
visible by a sharp decrease of con
vergence rates. After equilibration  
of the system, the convergence rates  
(108 s1) are by one order of magni
tude lower than with lower packer 
pressure. For the last three years  
the convergence rates have been quite 
stable at this rate.

Several mechanisms for the long
term deformation of the clay rock are 
possible. The rock will always deform 
as long as the pore pressure in the 
 vicinity changes. Other mechanisms 
are swelling processes which are 
 coupled to saturation changes and 
 viscous deformation (creep).

Coupled hydromechanical simu
lations considering pore pressure 

changes using a purely elastic model 
for the clay were performed. These 
 resulted in deformation rates which 
are by two orders of magnitude lower 
than the measured ones. This shows 
that the deformation cannot be caused 
by pore pressure changes alone. 
 Viscous deformation is probable, but 
swelling effects cannot be completely 
excluded yet, because the borehole 
wall was desaturated during drilling. 
Therefore, the longterm measure
ments are continued.

Perspective
Up to now, the research work in clay 
rock has concentrated on investiga
tion of fundamental questions of 
 material behaviour. GRS has per
formed own experiments and also 
 taken part in various largescale 
 experiments inspired by foreign 
 repository concepts. With the devel
opment of a German repository 
 concept for clay host rock, specific 
 experiments addressing the system 
behaviour will become necessary.  
As far as these are independent of the 
repository site, it is advantageous to 
perform them at the MTRL:

 � the Mont Terri rock laboratory 
 provides a reliable infrastructure,

 � cooperation with interested part
ners reduces costs and increases 
knowledge gain.

The continuing research work ensures 
that

 � the required experience for 
 performing, evaluating and 
 inter preting the experiments,

 � appropriate experimental 
 techniques, and

 � suitable simulation tools
are available.

 | Fig. 10. 
Borehole convergence rates measured in the DM-A experiment.

 | Fig. 9. 
Location of GRS minipiezometers (blue lines) in the FE experiment and results of the pore pressure 
 measurements near the front plug.
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Gross electricity generation
(651.8 billion kWh) 2015 percent (preliminary)

18.1 
Coal

23.8 
Lignite

4.1 
Other

30.1 
Renewable
Energy

thereof:
3.0 Hydro Power

12.2 Wind Power Onshore 
1.3 Wind Power Offshore 
6.8 Biomass
5.9 Solar Energy (PV)
0.9 Waste

14.1 
Nuclear

9.1 
Natural Gas

0.8 
Oil

Source: AG Energiebilanzen; Date: 28th January 2016

Gross base load electricity generation 
(264.7 billion kWh) 2015 in percent

6.8
Run-of-river

34.7
Nuclear

58.6 
Lignite

Source: BDEW; Date: April 2016

 | Source: AG Energiebilanzen; Date: 28th January 2016

 | Source: BDEW; Date: April 2016




