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Executive summary 

This report presents the main characteristics of the national concepts of the organizations involved in 
EURAD-WP7 HITEC (ANDRA, BGE, ENRESA, EURIDICE, NAGRA, POSIVA, RWM, SKB and SÚRAO) and 
particularly of their thermal limits. An overview of what is known about the clay materials to be used in 
the WP, both as buffer and as host rock, is given, including the effect of ǘŜƳǇŜǊŀǘǳǊŜ ƻƴ ǘƘŜ ƳŀǘŜǊƛŀƭǎΩ 
behaviour. Large-scale tests relevant in terms of the temperatures involved have been identified and 
described, and they could be later used as benchmark exercises during the Project. The state of 
modelling approaches is presented, mostly particularising their application to specific tests. 

It has been shown that the effect of temperature on hydro-mechanical properties of bentonite has been 
systematically studied for temperatures of up to 100°C and is quite well established with respect to 
safety functions: temperature modifies some properties but they keep in values acceptable for 
complying with the safety functions. It is clear that temperature increases the hydraulic conductivity, 
although this increase cannot be explained in most cases solely by the increase in water kinematic 
viscosity, and other reasons, such as microstructural or pore fluid chemistry changes, have been 
invoked. In contrast, the effect on swelling capacity seems to depend on the predominant exchangeable 
cations. Less work has been done on the effect of temperature on the water retention curve and thermal 
conductivity. Likewise, most laboratory studies have focused on compacted bentonite, therefore it 
cannot be stated if the effect of temperature on some properties is affected by the initial fabric 
(compacted powder, grains, pellets) or not. 

Although the effect of temperatures higher than 100°C has been considerably studied concerning 
mineralogical transformations (unfortunately not always in clearly representative conditions), less is 
known with respect to HM properties for this range of temperatures, mainly because of the testing 
experimental issues. 

Concerning the modelling of the buffer behaviour, it is considered that the THM formulations developed 
and validated for temperatures below 100°C can be extended without modifications to temperatures 
above that value. 

For the clay host rock previous knowledge indicate that an increase in temperature due to the 

presence of heat-emitting wastes will induce strong and anisotropic THM coupled responses within 

the clay. Thermal expansion of pore water and thermal-induced decrease of clay strength are to be 

considered as a potential risk. In contrast, thermal-induced plasticity, swelling and creep of clay are 

likely beneficial to the sealing of fractures. Considering anisotropic properties of clay in the numerical 

simulations improves significantly the predictive capability of the numerical models. Current 

knowledge indicates that the capacity of the repository host rock to perform its intended role as a 

barrier and to maintain the long-term safety functions of the system will be still preserved in spite of 

the combined effect of the inevitable EDZ and the thermal output from the waste.  
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SPECIFIC VOCABULARY 
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CPM Continuous Porous Media 

CRZ Containment-providing rock zone 
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EDZ Excavation Disturbed Zone 
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SYMBOLS 

B hardening parameter 
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cp solid phase specific heat 
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Cp volumetric heat capacity 
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9Σ 9Ω Young modulus, effective Young modulus 

EṶȟ E//   Young modulus perpendicular and parallel to bedding 

G, Gv shear modulus 

ki kiv kih intrinsic permeability, vertical, horizontal 

kw Hydraulic conductivity (saturated water permeability) 
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m, S fitting parameters (as defined by Hoek & Brown) 
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Pw pore water pressure 

Sr Srl degree of saturation, liquid residual degree of saturation 

T temperature 
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ʰ ʰs h u linear thermal expansion coefficient, of solid, undrained 

e em eM strain, micro, macro 

fΩ effective friction angle 

jc critical state friction angle 

k k* elastic compressibility, parameter controlling the slope of the isotropic unloading 
line 

l lh lv l0 thermal conductivity, horizontal, vertical, initial 

l1 l2 parameters of the water retention curve 

l* parameter of the Cam-clay model defining the slope of normal compression line 

L thermal pressurisation coefficient  

n ˄ //  ˄ Ṷ tƻƛǎǎƻƴΩǎ ratio, paralel, perpendicular to bedding 

nΩ ˄ Ω//  ˄ ΩṶ Effective tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΣ ǇŀǊŀƭŜƭΣ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ōŜŘŘƛƴƎ 

rd rs dry density, solid density 

s, sm sM stress, micro, macro 

1̀Σ ˋ3 maximum and minimum principal stress at failure 

sΩ3  

sH/sh maximum and minimum horizontal stresses 

sv vertical stress 

ůc uniaxial compressive strength of the intact rock 

t shear stress 

y dilation angle 
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1 Introduction 

The WPт άInfluence of Temperature on Clay-based Material Behaviourέ ƻŦ ǘƘŜ 9¦w!5 tǊƻƧŜŎǘ aims to 
develop and document improved thermo-hydro-ƳŜŎƘŀƴƛŎŀƭ ό¢Iaύ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ŎƭŀȅπōŀǎŜŘ 
materials (host rocks and buffers) exposed at high temperatures (>100°C) or having experienced high 
temperature transients ŦƻǊ ŜȄǘŜƴŘŜŘ ŘǳǊŀǘƛƻƴǎΦ ¢ƘŜ ²tΩǎ Ǌŀƛǎƻƴ ŘΩşǘǊŜ ƛǎ ǘƻ ŜǾŀƭǳŀǘŜ ǿƘŜǘƘŜǊ ƻǊ ƴƻǘ 
ŜƭŜǾŀǘŜŘ ǘŜƳǇŜǊŀǘǳǊŜ ƭƛƳƛǘǎ όƻŦ мллπмрлϲ/ύ ŀǊŜ ŦŜŀǎƛōƭŜ ŦƻǊ ŀ ǾŀǊƛŜǘȅ ƻŦ ƎŜƻƭogical disposal concepts for 
high heat generating wastes (HHGW). HITEC will study clay host rock formations (exposed at 
temperatures up to 120°C), document and establish the possible extent of elevated temperature 
damage in the near or far field (e.g. from ƻǾŜǊπǇǊŜǎǎǳǊƛǎŀǘƛƻƴύ ŀƴŘ ŀƭǎƻ indicate the likely consequences 
of any such damage. The WP will also look at bentonite buffers and determine the temperature 
influence on buffer swelling pressure, hydraulic conductivity, erosion or transport properties and see 
where the buffer safety functions start to be unacceptably impaired. 

For the disposal of HHGW it is important to understand the consequences of the heat produced on the 
ǇǊƻǇŜǊǘƛŜǎ όŀƴŘ ǘƘŜƛǊ ƭƻƴƎπǘŜǊƳ ǇŜǊŦƻǊƳŀƴŎŜύ ƻŦ ǘƘŜ ƴŀǘǳǊŀƭ ŀƴŘ ŜƴƎƛƴŜŜǊŜŘ Ŏƭŀȅ ōŀǊriers. Most safety 
cases for disposal concepts that involve clay currently consider a temperature limit of 100°C. Being 
able to tolerate higher temperature, whilst still ensuring an appropriate performance, would have 
significant advantages (e.g. shorter above-ground cooling times, more efficient packaging, fewer 
disposal containers, fewer transport operations, smaller facility footprints, etc.). This WP has the 
potential to effectively integrate with the parallel SFC RD&D WP (i.e. interrogate the validity of the 
currently applied thermal limits and also the importance of the accuracy of the assumed radiological 
waste properties) and consequently is a first step toward optimization of the architecture of the deep 
geological disposal. 

In this context, the objectives of this Deliverable are to present the state-of-the-art and compile 
existing data about clay materials at high temperature. Previous and ongoing national and Community-
supported research programmes have led to detailed understanding of the various key thermo-hydro-
mechanical and chemical (THM-C) processes taking place in the buffer material up to 100°C (e.g. FEBEX, 
twh¢h¢¸t9Σ .!//I¦{Σ w9{9![Σ 9/h/[!¸Σ t9.{Σ 5ht!{Σ .9[.ŀwΣ .ŜŀŎƻƴΧύ ŀƴŘ ƛƴ Ƙƻǎǘ ŎƭŀȅǎǘƻƴŜ όe.g. 
SELFRAC, TIMODAZ, NF-twhΧύΦ ¢ƘƻǎŜ Řŀǘŀ on THM behaviour of clay materials (buffers and clay host 
rocks) at different temperature are the starting point of this document, including: 

- a synthesis of the state of knowledge on the THM behaviour of different buffer materials at 

different temperatures. 

- a synthesis of the state of knowledge on the THM behaviour of host claystone (Boom Clay, 

Opalinus Clay, Callovo-Oxfordian claystone), including the Excavation Damaged Zone (EDZ, 

extension, permeability properties, self-ǎŜŀƭƛƴƎ ǇǊƻŎŜǎǎŜǎΧύ ŀƴŘ ǘƘŜ ǘƘŜǊƳŀl pressurization in the 

far field. 

For a better contextualization of this information, the national geological waste disposal concepts of 
the participant organisations are initially summarised at a high level. The characteristics of the clay 
materials to be used in Tasks 2 and 3, i.e. bentonites and host rocks, are described and their thermal, 
hydraulic and mechanical properties are summarised. 

Experimental procedures, processes, parameters and models available at low or high temperature for 
the different buffer material and host rock are summarised. Existing or ongoing large-scale in situ 
experiments which can be proposed in Tasks 2 and 3 as benchmark exercises have been identified and 
described. 
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In the final stage of the project, the state-of-the-art will be updated (D7.2) integrating the findings of 
all R&D tasks in this WP and relevant findings from other WPs. The main objective will be to highlight 
the significance of the findings of Tasks 2 and 3 on the THM behaviour in clay materials at high 
temperature and at repository scale and evaluate the consequences of these findings on safety and 
optimization of geological disposal systems (Task 4). 

2 WMO conceptualisation 

The following sections give background information on different national concepts for disposal of 
HHGW (e.g. spent fuel, SF and/or high-level waste, HLW). This will help identifying the role assigned to 
each component of the multiple barrier system and the way in which temperature may affect their 
performance. 

2.1 ANDRA (France) 

In the 1990s, the French National Radioactive Waste Management Agency (ANDRA) started a study on 
the Callovo-Oxfordian (COx) claystone as a possible host rock for radioactive waste disposal. A 
geological investigation covering more than 100 km2 was carried out, involving geophysical survey and 
drilling of boreholes near the village of Bure, in the eastern part of the Paris Basin. In 2000, Andra 
began to build the so-called Meuse/Haute-Marne underground research laboratory (MHM URL) in 
order to conduct experiments to demonstrate the feasibility of constructing and operating a 
radioactive waste disposal facility in the COx claystone. Demonstration experiments are supposed to 
represent, test and optimise actual potential disposal systems and repository components. In 2007, 
following the 2006 Waste Act adopted by the French parliament, Andra started work in preparation 
for the licence application to construct a deep geological disposal facility, which will be submitted in 
2020. Previous research conducted in the MHM URL to clearly define the host rock continued in order 
to consolidate existing knowledge and clarify the location of the future facility. At the same time, a 
new programme focussing more on technological improvements and demonstration of the different 
ŘƛǎǇƻǎŀƭ ǎȅǎǘŜƳǎ ǿŀǎ ƭŀǳƴŎƘŜŘ ƛƴ ƭƛƴŜ ǿƛǘƘ ǘƘŜ άǘŜŎƘƴƻƭƻƎȅ ǊŜŀŘƛƴŜǎǎ ƭŜǾŜƭέ ǎŎŀƭŜΦ 

Figure 2-1 shows a possible architecture for Cigéo, the industrial geological disposal facility. Surface 
facilities will be divided into two parts: one for nuclear activities (taking delivery of primary waste 
packages such as rail terminal, inspecting packages, re-packing them into disposal packages) and the 
second for excavation activities (workshops, cement plant, storage, drainage basins, excavation muck 
άƘŜŀǇέΣ ŜǘŎΦύΦ ! ǊŀƳǇ ǿƛƭƭ ōŜ ǳǎŜŘ ǘƻ ǘǊŀƴǎǇƻǊǘ ǘƘŜ ǿŀǎǘŜ ǇŀŎƪŀƎŜǎ Řƻǿƴ ǘƻ ǘƘŜ Ƴŀƛƴ ƭŜǾŜƭ ƻŦ ǘƘŜ 
underground disposal facility. Shafts are mainly used for all the activities related to excavation/support 
ǿƻǊƪǎΣ ǾŜƴǘƛƭŀǘƛƻƴ ŀƴŘ ǿƻǊƪŜǊǎΩ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴΦ ¢he main underground disposal area will be divided 
into two sections depending on the type of radioactive waste (intermediate level long life (ILW-LL) or 
high-level long life (HLW-LL)) and the type of works used to emplace the waste containers (tunnel of 
9-11 m in diameter for ILW-LL waste and micro-tunnel of 0.9 m in diameter for HLW-LL waste).  
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Figure 2-1. Possible architecture of Cigéo, the industrial geological disposal facility in north-eastern France 

The waste package disposal facilities and the transfer and emplacement processes are designed with 
the aim of simplifying the waste package retrieval operations which may be decided in the future, 
using, if possible, technologies similar to those used for emplacement. As a result, clearances for 
handling purposes that must be maintained in the long-term are provided between the package and 
the cell walls.  

Vitrified HLWs are hot cast into stainless steel canisters (primary waste) which will be conditioned in 
thick steel overpacks to prevent glass leaching during the thermal phase (i.e. time needed for the glass 
matrix temperature to decrease below 50/70°C depending on the type of waste). The main function 
of this overpack is to prevent water from reaching the glass matrix during 500 years for the most 
exothermic waste. The overpacks will be stored in dead-end, horizontal micro-tunnels with an 
excavated (drilled) diameter of approximately 0.9 m (Figure 2-2) and a steel casing.  

In 2009, the length of the benchmark HLW cell had been limited to 40 m, but it was then extended to 
80 m during the Cigéo basic design phase. The 2009 reference design is composed of a body section 
for package disposal, and a head section for cell closure. They are favourably aligned with respect to 
the stress field. To prevent rock deformation and enable potential retrieval of waste containers during 
the reversibility period, both cell body and cell head sections have a non-alloy steel casing. The 
ŘƛŀƳŜǘŜǊ ƻŦ ǘƘŜ ŎŀǎƛƴƎ ƛƴ ǘƘŜ ōƻŘȅ ƛǎ ǎƭƛƎƘǘƭȅ ǎƳŀƭƭŜǊ ǘƘŀƴ ǘƘŀǘ ƛƴ ǘƘŜ ƘŜŀŘΣ ŎŀƭƭŜŘ ǘƘŜ άƛƴǎŜǊǘέΦ ¢Ƙƛǎ 
means that it can slide into the insert. Thus, the effects of the thrust produced by its dilation, due to 
heat generated by the exothermic packages, are absorbed without consequence for the cell head. The 
design of the cells has not been definitively finalized. Ongoing research and the technological 
programme may lead to changes and optimisation (with the same level of safety) of the concept. For 
example, for chemical reasons linked to corrosion rates, an alternative concept, in which the void 
between the steel casing and the rock must be filled with a concrete/bentonite mixture, emerged in 
2013 and became the current reference design.  
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Figure 2-2. Concept of disposal cell for HLW-LL  

In a longer term, if no retrieval operation is decided, the final closure of Cigeo will come about a century 
after the start of its operation. The drifts leading to the disposal sections as well as the shafts and 
ramps will then be backfilled and sealed. The disposal system is designed to robustly fulfil the following 
post-closure safety functions (ANDRA 2016): 

- to isolate the waste from humans and from the biosphere so that the safety of the disposal facility 
is not significantly affected by climatic erosion or normal human activities, 

- to prevent water circulation in the waste disposal facility, 
- to limit the release of radionuclides and toxic chemicals and immobilise them in the repository, 
- to delay and reduce the migration of radionuclides and toxic chemicals released. 

The last three safety functions rely primarily on the favourable characteristics of the COx formation. 
The design of Cigeo (architecture, engineered components) and its operation aim to preserve these 
favourable characteristics. While the COx formation plays a central role in long-term safety, the 
packages and the repository's engineered components, specifically the underground facility's 
architecture on completion and closure structures, also contribute to containment of the waste and to 
maintaining the conditions for flows of water through the facility to be very slow. 

THM response of COx claystone around a HLW cell 

High-level waste (HLW) produces heat. As shown in Figure 2-3, temperature increases rapidly near the 
cell to reach a maximum around 80°C between 10 and 15 years after the waste packages (HA2 type in 
this case) are set. Further away, the temperature peaks are lower and are reached later. Half-way 
between two HLW cells, it is reached between 400 and 500 years with a magnitude of 40 to 50°C 
depending on the package type and their location in the HLW repository zone. At the top and base of 
the COx formation, the 40°C peak is reached after approximately 1000 years.  
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Figure 2-3. Temperature evolution over time at different locations around a HLW disposal cell 

Therefore, the thermo-hydro-mechanical (THM) behaviour of the COx claystone is important in the 
rational design of an underground nuclear waste disposal facility. The size of the HLW repository zone 
is indeed dictated by temperature and THM criteria: 

- The temperature should stay below 90°C in the COx claystone 

- No formation damage should be caused by thermal loading 

The architecture of the HLW sections comprised of a large number of parallel cells may be considered 
equivalent to a periodic configuration (except for the cells at the edge of the sections). In such a 
context, the THM behaviour of a section may be represented by considering a single cell with lateral 
symmetry (Figure 2-4). For this simplification, a simultaneous load for the adjacent cells is taken into 
consideration. This hypothesis is acceptable if the filling time is considered for two adjacent cells (a 
few years at the most) in relation to the time required for the most exothermic wastes to reach their 
thermal peak (several hundred years, approximately). It should be noted that, in this hypothesis, the 
pore pressures are very conservative for the design approach.  

 

Figure 2-4. Conceptualisation of modelling and schematic representation of thermo-mechanical processes of a 
Representative Elemental Volume (REV) located at mid-point between two HLW cells 

Symmetrical loading by two adjacent cells implies that the zone located at midpoint between two 
parallel cells is subject to loads from both cells. For a Representative Elementary Volume (REV) of the 
COx located in this zone (Figure 2-4), the increase in temperature will result in 1) an increase in the 
overall stress levels and 2) an increase in pore pressure (Figure 2-5). This overpressure does not have 
an isotropic impact on the stress levels. In fact, the lateral symmetrical conditions prevent horizontal 
expansion of the medium and horizontal dissipation of the pore pressure at the midpoint of the centre-
to-centre distance between the cells. For this reason, the increase in temperature also results in a 
decrease in the total horizontal stresses (increased compression). In the vertical direction, the open 
surface area at the upper edge of the medium enables "free" vertical expansion, resulting in only 
negligible changes in total stresses. This situation results in the following:  

- a significant increase in the effective vertical stress (the tensile stress is considered to be positive) 
due to thermal pressurisation that may cause effective tensile stresses;  
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- a decrease in total horizontal stresses due to thermo-mechanical compression stresses;  

- an increase in the deviatoric stress (decrease in horizontal stresses and increase in vertical stress).  

This load pathway may result in a rupture from cracks/fractures, in theory sub-horizontal 
(perpendicular to the tensile stress direction) in case of tensile failure. In cases where the deviatoric 
stress is sufficiently high, shear failure may also occur. The zone where the effective stresses are at 
their maximum is near the midpoint between the cells. This location is a direct result of the thermal 
(no flow), hydraulic (no flow) and mechanical (no displacement) boundary conditions in this zone.  

The purpose of the thermal design is to prevent the appearance of any damage in this zone, located 
far away from the cells (άfar-field"). Increasing the distance between the cells (centre-to-centre 
distance) attenuates the interaction between the cells and reduces the amplitude of the maximum 
stresses (Figure 2-5). On the other hand, reducing the spacing between two HLW cells would have a 
major impact on the size of the HLW repository zone and consequently on the cost of the project. 

Several experiments were performed at the MHM URL, from small-scale tests to full-scale HLW cell 
demonstration experiments to study the THM effects of the thermal transient on the host clay and to 
demonstrate and optimise actual repository components (section 4.2.2). In parallel, Andra has also 
conducted theoretical work and characterisation on samples through collaborative work with 
academia.  

 

Figure 2-5. Temperature, pore pressure and effective stress disturbance caused by a heating HLW cell depending on the 
inter-cell spacing (23 to 45 m) 

The results from laboratory experiments showed however a large scatter, due in large part to a poor 
control of the water saturation. Good practices for collecting and processing the samples have now 
been established (section 0) and it is expected that the laboratory experiments in the current Work 
Program will provide a better understanding of the THM properties, both in the near-field (EDZ) and 
in the far-field, and with a wider range of temperatures. In addition, the modelling of the most recent 
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heating experiments should give a better understanding of the THM processes both in the fractured 
zone around the HLW cells and in the virgin COx claystone. The main remaining uncertainties concern 
the influence of the non-linearity of the mechanical behaviour (fractured material properties, 
plasticity, thermal hardening) and the time-dependent behaviour of the COx (how it affects its 
response to a thermal load). 

The closure structures 

The closure structures consist of seals, HLW cell plugs and backfill (Figure 2-6).  

- The seals are designed to prevent the water flows between the underground facility and the 
overlying formations and to limit the water circulation in the drifts. There are three categories of 
seals: vertical seals in the shafts, inclined seals in the ramps and horizontal seals at the main level 
of the repository. At this stage, they comprise a core based on swelling clay (swelling clay on its 
own or mixed with additives such as silica or limestone sand) occupying the entire cross-section 
area of the shaft/ramp/drift. The swelling clay is in direct contact on all its length with the clay rock 
in the shafts and ramps, the concrete linings being totally removed. For horizontal seals, only a few 
portions of the concrete lining are removed due to the nature of the clay rock, inducing partial 
contact between the swelling clay and the host rock. For all seal types, the swelling clay core is 
supported by two concrete containment walls. 

- The backfill will be emplaced at the end of the operational phase in all the drifts. Its function is to 
limit the development of the fractured zone after the rupture of the lining strengthening the sides 
and roofs of the drifts in the underground facility. It helps to preserve the favourable 
characteristics of the COx. The backfill will consist of the excavated clay rock, possibly with the 
addition of additives such as bentonite or sand.   

None of these will be subjected to very high temperatures. More details about the Cigéo repository 
concept can be found in ANDRA (2005). 

 

Figure 2-6. Block diagrams of the vertical, horizontal and inclined closure structures 
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2.2 BGE (Germany) 

The Federal Company for Radioactive Waste Disposal mbH (Bundesgesellschaft für Endlagerung mbH, 
BGE) is a state-owned company established in September 2016 following the Act on the Organisational 
Restructuring in the Field of Radioactive Waste Storage. The Repository Site Selection Act 
(Standortauswahlgesetz May 5th 2017, June 19th 2020 ς StandAG) defines the Site Selection Procedure, 
aiming to ensure the best possible safety for storing high-level radioactive waste in Germany for the 
duration of one million years. The procedure consists of three phases, after each phase, the legislator 
decides on the regions for further consideration in the next phase of the site selection procedure. 

The first phase (Phase I) is divided into two steps. The objective of Step 1 of Phase I was to determine 
subareas of favourable geological conditions based on available data provided by the competent 
federal and state authorities. The BGE checked, homogenized and stored the data into databases and 
applied six legally defined exclusion criteria, related to e.g. seismicity, volcanic activity or vertical uplift. 
In addition, the data were used to identify regions satisfying legally defined minimum requirements 
such as host rock thickness and hydraulic conductivity. Due to the application of geoscientific weighing 
criteria, the BGE finally assessed the remaining regions with regard to their overall geological 
suitability. This selection procedure led to a number of 90 potentially suitable subareas considering 
rock salt, clay stone and crystalline rock as host rocks. The achieved results of Step 1 of Phase I were 
published in an interim report on subareas (BGE 2020a). In the current Step 2 of Phase I, representative 
preliminary safety assessments and the renewed application of geoscientific criteria and requirements 
will be implemented. The results will lead to identification of specific regions that will be considered 
for further surface-based geoscientific and geophysical exploration.  

The interim report on the subareas (BGE 2020a) identified nine different subareas with clay formations 
for which favourable conditions for the disposal are expected. Clay formations in this context subsume 
both plastic clays and claystones, which are diagenetically hardened. According to Section 23(5) of the 
German site selection act, the containment providing rock zone (CRZ) of a repository system must have 
a hydraulic conductivity of less than 10-10 m/s, a minimum thickness of 100 m and must be located at 
least 300 m depth below the surface. Furthermore, there must be sufficient space to accommodate a 
repository and no findings or data have to be available that cast doubt on the preservation of the 
barrier function. The nine identified subareas include Opalinus clay formation (in the south of 
Germany), a large ensemble of Lower Cretaceous and Jurassic claystones in the north of Germany (in 
sum five subareas) and three subareas with younger, Tertiary formations located in the north and 
south. Figure 2-7 shows the selected subareas with pre-Tertiary and Tertiary clay formations in 
Germany. 
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Figure 2-7. General map of the subareas in the host rock clay, based on (BGE 2020a). The subareas were identified according 
to stratigraphic units, therefore, this map representation shows a partial overlapping of several subareas in some cases, 
older, pre-Tertiary formations are marked in deep purple (left), younger, Tertiary formations are marked in blue (right) 

Repository concepts of the BGE 

An overview of the repository concepts of the German site selection procedure is given in BGE (2020b). 
The report summarizes the regulatory framework, basics of the German approach of containment 
providing rock zones and related safety concepts as well as basics of the repository designs as 
considered in the site selection procedure.  

A large number of different repository concepts have already been developed on the national and 
international level. Whether one of these concepts can be transferred to a repository for high-level 
waste in Germany must be examined, particularly with regard to the safety concept, the regulatory 
requirements, especially those arising from the Site Selection Act (i.e. retrievability) and the Repository 
Safety Ordinance as well as the type and quantity of radioactive waste to be stored.  

In the case of the safety concept of CRZ, safe confinement is essentially ensured by geology. One of 
the main functions of the containment providing rock zone is to spatially separate the emplacement 
area from possible transport routes (for radionuclides) into the biosphere. The StandAG defines the 
requirements for the geology to fulfil safe containment and retention. In addition, the technical and 
geotechnical engineered barrier systems (EBS) support the geological barrier in fulfilling its task. The 
technical barriers include the repository container and the disposed waste itself. The geotechnical 
barriers include, among others, the backfill material for backfilling the excavated cavities and the 
sealing structures (e.g. of a disposal route or the accesses to the repository mine from above ground). 
Depending on the host rock and the safety concept and the resulting repository concept, the individual 
barriers must be effective for different periods of time. 

According to StandAG and the Repository Safety Ordinance, the crystalline host rock is a special case 
if no CRZ can be identified. The safe confinement has to be ensured by means of higher requirements 
for the engineered barriers, i.e. the technical barriers (disposal waste packages) and geotechnical 
barriers (e.g. bentonite buffer and sealing of mine openings). 
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The repository concept is an interaction of the emplacement concept, the technical and geotechnical 
barriers adapted to it and the geological situation. Accordingly, the repository concepts are developed 
on the basis of the underlying safety concept (CRZ principle or principle of confinement on the basis of 
EBS), the emplacement concept (including container concept) and the material selection. 

On the national and international level, the emplacement concept was mainly considered as gallery 
disposal or borehole disposal. For borehole disposal, a distinction is made between vertical and 
horizontal disposal and the number of waste packages per borehole varies, in some cases considerably.  

The materials selected for the EBS depend strongly on the safety concept. If the containment is 
primarily based on EBS (technical and geotechnical barriers), the requirements for the materials of 
these barriers are much higher than for the CRZ principle. The barrier system is always designed to 
ensure safe enclosure in the best possible way over the assessment period. 

For the identification of the subareas (BGE 2020a), generic repository concepts, which are oriented to 
the different host rock configurations, have been used as a basis. These are the configurations: 

- rock salt in stratiform formations, 

- rock salt in steep formations, 

- clay rock, 

- crystalline rock represents the emplacement area and the CRZ 

- crystalline rock represents the emplacement area and the safe confinement is formed by EBS, 

- crystalline rock represents the emplacement area and the CRZ is formed by layers overlaying the 
crystalline. 

Depending on the selected host rock configuration, different repository concepts were considered in 
Step 1 of Phase I. For rock salt in stratiform and steep formations, the CRZ principle is possible.  

In clay rock, almost the same applies as for rock salt as the safety concept is based on the CRZ principle. 
Depending on the thickness and size of the layer various possibilities for the selection of the 
emplacement concept are given. If the thickness or the area is large enough, both gallery disposal and 
the vertical or horizontal borehole disposal are available. A limiting factor for narrowing the choice of 
different variations does not seem to be justifiable in Step 1 of Phase I of the German site selection 
procedure. The same applies to the selection of the possible container materials and the materials of 
the sealing structures. At the current stage, there are still too many variables available for the 
repository concept to be specified in more detail.  

The safety concept according to the CRZ principle is also conceivable for the crystalline rock, in case it 
represents the emplacement area and the CRZ. Here, too, the range of possible areas and thicknesses 
is very wide, so that the most varied designs are conceivable. If CRZ cannot be identified in the 
crystalline rock, two further cases are conceivable. In the first case, the crystalline represents the 
emplacement area and the safe confinement is formed by the engineered barrier system and the 
corresponding safety concept is provided. BGE currently assumes that in some designated subareas 
only this safety concept based on the engineered barrier system (technical and geotechnical barriers) 
can be used to fulfil the long-term safe confinement. In the second case, the crystalline rock represents 
the emplacement area and the CRZ is formed by layers which overlay the crystalline. In this case, the 
repository is constructed in the crystalline rock, whereas the safe confinement is ensured by the 
overlying formation. Various repository concepts are conceivable here; a narrowing of the selection of 
these concepts cannot yet take place in Step 1 of Phase I.  

For the representative preliminary safety studies in Step 2 of Phase l, a schematic description of the 
repository is sufficient according to the Repository Safety Ordinance. The spatial characterisation of 
the repository system must be roughly described. In addition, it can be assumed that the engineered 
barrier system, independent of the safety concept, will in principle fulfil its function as long it seems 
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possible according to the current state of science and technology. According to the Repository Safety 
Ordinance, the calculations of the discharged mass of radionuclides must also be performed in the 
preliminary safety investigations, but a dose calculation is not yet required in the representative 
preliminary safety investigations. An operational safety analysis is also not yet required. Accordingly, 
simple repository concepts adapted to the subarea are sufficient for the performance of the 
representative preliminary safety investigations. It is expected that a criteria-based restriction of all 
possible safety concepts to the promising variants will be carried out. These repository concepts must 
fulfil all regulatory requirements in interaction with the geological and spatial boundary conditions. 

According to the Repository Safety Ordinance, a schematic description is no longer sufficient for the 
further developed preliminary safety investigations of the siting regions within the framework of 
StandAG and the comprehensive preliminary safety investigations of the sites. The Repository Safety 
Ordinance also does not contain a level of detail between the further developed and comprehensive 
preliminary safety investigations. This means that the preliminary safety investigations in Phases II and 
III require a higher level of detail in the repository concepts. Since the preliminary safety investigations 
build on each other, the corresponding repository concepts must also be further developed and 
detailed. This optimization is taken into account within the Repository Safety Ordinance. A substantial 
change of a previously based repository concept for the corresponding siting region or sites has to be 
justified. An example of an essential change would be the replanning of a disposal in galleries to a 
borehole disposal, if a better long-term safety could be expected.  

National concepts and R&D activities 

Generic R&D studies such as GENESIS (Jobmann et al. 2007), ERATO (Pöhler et al. 2010) and ANSICHT 
(Jobmann et al. 2017) investigated repositories in clay formations in Germany. These repository 
concepts and R&D activities were developed by national research institutes. Whether these concepts 
can be applied to the German Site Selection Procedure, especially with regard to the regulatory 
requirements, needs to be evaluated.  

Based on generic reference models conceptual designs including gallery and borehole disposal were 
developed. Pöhler et al. (2010) developed concepts for vertical borehole disposal and horizontal 
gallery disposal in claystone for the first time. Both concepts served as basis for further development 
of the ANSICHT project  where a safety assessment methodology for the two repository concepts in 
two generic reference formations has been carried out. In any case, the clay formations serve as 
geological barrier. Two shafts (one shaft for the transport of containers and the second for 
conventional mining operation) are considered to access the repository located at a depth between 
700 and 900 m. In order to ensure the mechanical stability of the tunnels, a concrete liner is foreseen 
in all mine openings. The final layout and design of the liner is still under investigation. The tunnels are 
backfilled with expansive clay buffer like bentonite after the disposal of the waste packages. The 
function of the buffer is to retard possible fluid migrations from and to the waste packages and to 
ensure the retention of the radionuclides due to its sorption capacity. The buffer is composed of a high 
compacted pedestal block on which the waste package is emplaced and of expansive clay-based pellets 
used as backfill material in the remaining openings of the tunnel.  

The clay formation in combination with the engineering barrier system guarantee the long-time 
confinement of the radioactive waste. It is expected that the remaining voids in the repository will be 
progressively closed due to the healing and sealing properties of claystone. Meanwhile the buffer will 
progressively saturate with water coming from the surrounding saturated rock. Following the 
saturation, the swelling process of the buffer takes place. Both phenomena lead to the closure of the 
gallery and therefore to the confinement of the disposed waste packages, although the closure of the 
excavated area in the repository will take some time to complete. Therefore, plugs and seals are 
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installed at several locations with redundant and diverse sealing elements in the repository to ensure 
the sealing of the repository in the early stage. 

Thermal aspects, restrictions and motivation 

The German site selection act demands that as long as the maximum physically possible temperatures 
in the respective host rocks have not yet been determined due to pending R&D activities, a 
temperature of 100°C at the outer surface of the waste packages can be assumed for precautionary 
reasons. This limitation is motivated by the fact that the influence of high temperature on clay 
materials is still not completely investigated. Based on generic repository concepts such as ANSICHT, 
influence of high temperatures on the buffer and the claystone can be expected. Within the R&D 
activities in Jobmann et al. (2017) scientific investigation of thermal effect up to temperatures of 150°C 
was initiated. Based on thermal analyses, the spacings between the waste packages with heat-
generating radioactive waste in an emplacement tunnel and between the tunnels were optimized in 
order to limit the temperature peak in the repository. In addition to the existing knowledge of 
temperature effects to hydraulic, mechanical, chemical as well as biological processes, BGE intends 
with the participation in WP HITEC to deepen this knowledge and provide a contribution to the 
identification of temperature limits as defined in the German site selection act. 

2.3 ENRESA (Spain) 

The Spanish repository concept in plastic clay rock is based on the disposal of spent fuel in carbon steel 
canisters in long horizontal disposal galleries. Canisters are disposed of in cylindrical disposal cells 
constructed with pre-compacted bentonite blocks of 1,700 kg/m3

 dry density (in order to achieve a 
final dry density of 1,600 kg/m3). The blocks are initially non-saturated (degree of saturation of 66%). 
The disposal galleries of 580 m in length and 2.4 m in diameter are located at a depth of 250 m in the 
host formation. A 0.3 m thick concrete liner is required to deal with the plastic nature of the clay host 
rock. The separation between canisters is determined mainly by thermal constraints. Separations of 1 
m between canisters and 50 m between disposal galleries have been established, in order not to 
exceed a temperature of 100°C in the bentonite. Actual separation is a function of the properties of 
the host rock. Once a disposal gallery is completed, it is sealed with a 6-m long seal made of bentonite 
blocks and closed with a concrete plug at its entry. After completion of all the disposal galleries, the 
main drifts, ramp, shafts and other remaining rock cavities will be backfilled with compacted clay from 
the excavation of the repository, and subsequent projection of clay pellets in the remaining openings. 
The concept is shown in Figure 2-8. 

The bentonite buffer is required to maintain a large diversity of safety functions, which can only be 
fulfilled once the bentonite saturates and swells, tightly closing the construction gaps between the 
bentonite blocks and the liner or the canister wall on the one hand and between the blocks themselves 
on the other. Nevertheless, there are no safety functional requirements applicable during the time 
when the canister provides absolute containment. During the re-saturation of the buffer, the main 
concern is the preservation of the favourable properties of the buffer material. As the safety functions 
assured by the buffer are assumed for the full duration of the quantitative safety assessment (on the 
scale of a million years), its properties have to be preserved at a sufficient level for commensurate 
periods of time. 

The long-term safety functions of the bentonite buffer are to: 

- Isolate the waste package from the geosphere by limiting advective transport of corroding agents 
to the canister. 
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- Avoid canister sinking in the disposal drift that could result in direct contact of the canister with 
the rock, hence short-circuiting the buffer. 

- Avoid excessive swelling pressures that could contribute to total pressures that the canister cannot 
withstand. 

- Avoid excessive temperatures (>100°C) that could result in chemical alteration of the bentonite 
and jeopardize its safety functions. 

- The buffer is a containment barrier by itself, as it retains radionuclides based on its properties: 

¶ Low hydraulic conductivity, which makes radionuclide transport by advection negligible 

¶ Sorption of many radionuclides, especially actinides 

¶ Filtration of colloids and large complex molecules because of the small size of the pores 

- Avoid the build-up of excessive gas pressure in the near-field, without undue impairment of the 
safety functions. 

- Reduce microbial activity to minimize microbial corrosion of the canister. 

 

 

Figure 2-8. Schematic diagram of the geological repository in clay rock (Enresa 2004) 

Thermal aspects and restrictions 

The geometry of the repository, being understood as such the separations between canisters and 
between galleries, is determined, mainly, by limitations of thermal order and aspects of security and 
economy. A thermal analysis was carried out to define the geometry of the disposal area, optimizing 
its size as small as possible (for safety and economy) without exceeding thermal restrictions, namely 
the maximum permissible temperature increases in the upper aquifer (5°C) and on the land surface 
(0.5°C), and the maximum permissible temperature in the bentonite buffer (100°C). 

Based on the established repository geological data (including a thermal conductivity value of the clay 
rock of 1.5 W/m·K), on the depth selected for the repository (250 m), and on the initial thermal power 
of 1,200 W per canister, the already mentioned separations of 1 m between canisters and 50 m 
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between disposal galleries have been established in order to comply with the thermal restrictions 
imposed. 

2.4 NAGRA (Switzerland) 

The concepts for implementing deep geological disposal currently under consideration in Switzerland 
are the result of many years of R&D, as well as of safety, design, cost, site evaluation and other studies 
performed by NAGRA and their reviews by the authorities. They also take into account the relevant 
national legal and regulatory guidance, as well as input from international developments.  

For both the HLW and L/ILW repositories, it is envisaged that excavation will start with the construction 
and operation of a rock laboratory followed by construction of the main repository access and 
operation tunnels, pilot facility and shafts (Figure 2-9). This is followed by the successive opening of 
emplacement caverns or drifts, emplacement of the waste, and backfilling. Once an emplacement drift 
is backfilled, the access is plugged with a seal. Following emplacement of the waste, there will be 
monitoring phases during which the access and operation tunnels will be backfilled until repository 
closure, when all underground structures will have been backfilled and sealed. 

After transport to the underground facilities, the disposal canisters are emplaced in 300 to 600-m long 
drifts with an inner diameter of about 2.5 m. In the reference configuration, the canisters are emplaced 
coaxially and centralized within the drifts, requiring a pedestal of compacted bentonite blocks (Na-
bentonite from Wyoming, dry density 1,450 kg m-3) to support the canisters prior to the backfilling of 

the remaining spaces with highly compacted bentonite granules (comprising ~80% by volume of dense 

granules ~2,100ς2,200 kg m-3 and 20% powder). The bentonite blocks and granules together form a 

protective mechanical and chemical buffer around the canisters. A spacing of ~3 m is foreseen 
between individual canisters to limit the temperature increase in the surrounding buffer and rock due 
to heat generation in the canisters from radioactive decay. The current repository concept, published 
in NAGRA (2011), uses a cementitious liner to support the walls of the emplacement rooms and access 
tunnels, designed to withstand the highest mechanical loads expected to arise during the construction 
and operational phases. To avoid any hydraulic shortcuts along the walls of the SF/HLW emplacement 
drifts that could arise from the degradation of the liner, and to comply with the principle of 
compartmentalization, sealing sections comprised of granular and preformed bricks of buffer material 
(1,650-1,750 kg·m-3) are emplaced at regular intervals along the drifts, about one for every 10 canisters, 
to provide a hydraulic barrier (NAGRA 2014a). There is no liner where these sealing sections are 
emplaced, so that bentonite forms a watertight contact directly with the Opalinus Clay. The concept is 
illustrated in Figure 2-10. 
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Figure 2-9. Example layout of the HLW repository with its main features 

 

Figure 2-10 Schematic diagram of the near-field design of the Swiss SF/HLW repository based on NAGRA (2016a) 
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To safely contain the waste and to comply with the overriding safety principles, the key requirements 
for a buffer material in the case of high-level radioactive waste disposal independent of the host rock 
are: 1) low hydraulic permeability/conductivity; 2) self-sealing ability; and 3) durability of properties in 
the very long term. The safety-relevant properties of bentonite are: 

- Swelling capacity providing mechanical stabilization of rooms and hence avoiding significant 
extension of the EDZ 

- Chemical retention of radionuclides by retarding transport from the buffer 

- Low hydraulic conductivity for ensuring diffusive transport 

- Sufficiently high viscosity for mechanical support of the canister 

- Sufficient gas transport capacity for ensuring gas transport without compromising the hydraulic 
barrier 

- Minimizing microbial corrosion to ensure conditions favourable to slow corrosion (of the canister) 

- Resistance to mineral transformation ensuring longevity of other safety-relevant attributes of the 
buffer 

- Suitable heat conduction ensuring favourable maximum temperature conditions 

To comply with these properties, it is generally accepted that a relatively high smectite content is 
required, e.g. the range defined in the Swedish concept is between 75% and 90% (SKB 2010). Leupin 
& Johnson (2013) indicate a range between 80 and 85%, considering the particular characteristics of 
MX-80 bentonite as a reference. 

THM response of OPA claystone and buffer in and around a HLW drift 

For SF canisters, the initial heat output is on average 1,350 W, which will result in a temperature at the 
canister interface with the buffer of about 130°C within about ten years (Senger et al. 2014). The 
temperature of the rock at the drift boundary will reach its maximum (about 90°C) after about 100 
years. Heat transport to the far-field rock, which will become more effective once the buffer has 

saturated, will increase the temperature to a maximum value of ~75°C at a distance of 20 m above the 
drifts. Temperatures around the HLW canisters will be significantly lower.  

The thermal conductivity of bentonite has significant impact on peak temperatures in the buffer and 
is particularly strongly coupled to the buffer saturation (NAGRA 2015). On the other hand, the 
evolution of the thermal conductivity of the buffer has little impact on the temperatures in the 
surrounding Opalinus Clay. By limiting the maximum thermal pulse such that temperatures in the rock 
remain below the reconstructed maximum paleotemperature of the Opalinus Clay, any detrimental 
chemical or mineralogical effects on the safety-relevant properties of the host rock can be excluded 
(NAGRA 2008c).  

There are several types of chemical processes that might degrade the swelling capacity and reduce the 
plasticity of the bentonite buffer over time, all of which show temperature dependency. However, as 
discussed in Sellin & Leupin (2013), measurements on bentonites from short-term thermal studies and 
natural analogue studies show relatively minor changes of hydraulic properties (about 1 order of 
magnitude) below about 130°C, regardless of the experimental conditions. At temperatures of 150°C 
and above, the swelling pressure is reduced, and the hydraulic conductivity increases. Exposure of 
compacted bentonite to temperatures of 150°C and above may alter the plastic properties due to 
cementation effects (Johnson et al. 2014). Nonetheless, these hydrothermally altered bentonites are 
still characterised by very low hydraulic conductivities as well as reasonable plasticity and sorption 
capacity, even in cases where the content of expandable clays is low.  
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From experiments and a literature review reported in Leupin et al. (2014), it can be concluded that 
performance indicators, such as swelling pressure and hydraulic conductivity, are not adversely 
affected in the long-term by heat generated during the thermal transient. 

Increasing temperature in the near-field rock will result in thermal stresses, rock heave and some 
increase in hydraulic conductivity due to reduced viscosity. Thermal expansion of groundwater/pore 
water in the rock and in the (saturated) buffer, coupled with their low hydraulic conductivity, will also 
result in an increase in pore water pressure; within about 20 m of the drifts, the pressure has been 
calculated to increase to as much as 70% of the lithostatic pressure after about 100 years. The potential 
mechanical impacts of pore water pressure increases are, however, expected to be minor. Thermally-
induced pressures in the host rock around the EDZ will, however, also drive increased water flow into 
the EDZ and buffer, promoting saturation and consequent self-sealing of the EDZ (Lanyon 2019a, b) 
and increased saturation of the buffer. 

Buffer saturation 

It is possible that the near-field rock may have become substantially saturated by the time a SF/HLW 
emplacement drift is sealed. On the other hand, the SF/HLW buffer will require a significantly longer 
period to saturate. Flow of water from the near/field rock to the buffer through the liner will occur in 
only a few places at first, affected by heterogeneity in EDZ development (effective permeability and 
pore volumes) along and around the repository drifts. Later, as the liner integrity degrades, more 
general saturation will take place. 

The water content in the bentonite adjacent to the canister surface (2-3 wt.% in granular bentonite 
and up to 18 wt.% in blocks used for the pedestal) will, in the early non-isothermal period, be 
redistributed by vapour diffusion within the near field. During the early post-emplacement period, a 
saturation front will develop due to the steep pressure gradient into high-suction bentonite material 
by vapour diffusion and/or liquid flow, resulting in early saturated conditions near the drift perimeter. 
Non-isothermal conditions will affect the subsequent saturation behaviour of the bentonite buffer. In 
particular, pore water in the buffer will be evaporated and transported away from the canister by 
vapour diffusion into cooler regions, where the vapour will condense, creating a counter flow of liquid 
water towards the canister. These processes are illustrated in Figure 2-11. Swelling of the outer parts 
of the bentonite buffer may result in additional compaction and increased density close to the canister 
(Figure 2-12). 

Saturation of the buffer has been estimated to take around 100 years (Leupin et al. 2016). This re-
saturation may be significantly slower in the case of very low permeability of the Opalinus clay.  No 
adverse effects are expected from a slower re-saturation process. As defined here, the saturation 
phase ends with the close-to-full saturation of the buffer (a residual gas saturation of 1ς2% is expected 
in the buffer at the end of the re-saturation phase as the trapped gas will eventually and largely 
dissolve into the pore water and diffuse into the geosphere, Figure 2-13). By then, it is likely that all 
construction and operation tunnels will have been backfilled and sealed, although the access tunnel 
and shafts will remain open to allow monitoring. The monitoring period will allow the saturation 
process to be followed in detail in the pilot facility, and any deviation from the expected evolution to 
be identified. Initially, upon saturation, pore water pressures within the buffer will be much lower than 
those in the surrounding host rock but will increase thereafter (model parametrization: Figure 2-14, 
model results: Figure 2-15, Figure 2-16). 



EURAD  D. 7.1 ς Initial SotA on THM Behaviour of I) Buffer Clay and of II) Host Clay  

 

EURAD (Deliverable n° 7.1) - Initial SotA 
Dissemination level: Public 
Date of issue of this report: 09/02/2021  Page 18  

  

Figure 2-11. Schematic illustration of coupled processes associated with vapour transport (adapted from Gens 2003). The 
schematic is simplified and shows the initial state 

 

Figure 2-12. Schematic illustration of coupled processes associated with vapour transport (modified from Gens 2003) 
showing the saturation progress. Advective/diffusive flow in liquid/gas phase (two-phase flow) is assumed in all 
components of the multibarrier system  
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Figure 2-13. Base Case of simulation of heat and gas generation: time history at different locations in the bentonite buffer 
and surrounding host rock of pressures (upper left), temperatures (upper right), gas saturation (lower left), and computed 
relative humidity (lower right) (Senger et al. 2014) 
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Figure 2-14. 2D model geometry of a SF/HLW emplacement tunnel in the Opalinus Clay with the 1D extension to the prescribed boundary conditions at the top (land surface) and at 
the bottom (crystalline) (Senger 2014) 
































































































































































































































































































































































