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ABSTRACT: Several countries with a nuclear energy program have an option for disposal of nuclear waste in geological clay formations. Countries in Europe with an extensive research program on this option are Belgium, France, Spain and Switzerland. The conceptual designs depend primarily on the type of clay formation and on the type of waste to be disposed of. Two main types of clay formations can be listed: sedimentary clay with a high porosity and plasticity (Belgian case), and overconsolidated claystone (as investigated in France and Switzerland). In this paper, we detail the disposal concepts developed in these countries. The concept designs include aspects ranging from waste conditioning, geometry and construction of the underground openings, thermal loading of the host rock, up to sealing and optional post-closure monitoring. The experience obtained from underground research facilities is essential in the design process; their importance will also be addressed in this paper. 
1 INTRODUCTION
The principal option for a safe disposal of high and intermediate, long-lived nuclear waste is isolation in stable geological formations. Clay formations are one of the alternatives that are being investigated in several countries. In Europe, research programs are being carried out in Belgium, France, Spain and Switzerland. In this paper, we describe the context and actual achievements of the research on disposal of medium and high-level nuclear waste in three countries: Belgium, France and Switzerland.
The waste considered for geological disposal mainly results from the operation and dismantling of nuclear reactors and consists of unprocessed spent fuel (SF), vitrified fission products resulting from reprocessing the fuel (high-level waste, HLW), and other wastes, commonly referred to as long-lived, intermediate level (ILW) waste.

The clay environment functions as the main barrier against the migration of radionuclides towards the biosphere. In addition, artificial (commonly called “engineered”) barriers are designed to improve the safety of the disposal system. This idea is referred to as the multi-barrier concept, in which the performance of the different barriers is mutually independent and based on different processes, leading to a series of complementary barriers. The most common engineered barriers (EB) are the waste matrix to retard the dissolution (e.g. glass in HLW), corrosion-resistant packages, and low permeability bentonite around the waste packages to slow water movement, to sorb radionuclides and retard radionuclide transport when the packages eventually fail. The EB system should prevent contact between the waste matrix and the clay water for a period during which the temperature is significantly higher than the original temperature (up to 500 years for HLW, up to a few thousand years for spent fuel).
2 CLAY AS host medium for NUCLEAR WASTE DISPOSAL
2.1 Geological setting and main characteristics
The clay formations that are being investigated range from a rather plastic rock type (Boom Clay) to claystone (French and Swiss cases). Table 1 summarizes the main characteristics of these formations. Plastic clay types are younger, and have a higher porosity and water content.
Table 1. Main characteristics of the different geological media for HLW and SF disposal.
	
	Boom Clay (B)
	Meuse/Haute Marne (F)
	Opalinus Clay (CH)

	Geology and age

	Rupelian
(middle Oligocene)

30 My
	middle Callovian to lower Oxfordian

145 My
	Aalenian 
(Dogger)
180 My

	Thickness (m)
	100
	135
	80 – 120

	Burial depth (top) (m)
	180
	300 - 1000
	500 – 1000

	Clay minerals
	60 %
	40 – 45 %
	40 – 80 %

	Bulk density (t/m³)
	1.9 – 2.1
	2.3 – 2.6
	2.5 – 2.6

	Total porosity (%)
	36 – 40
	12
	3 – 12

	Hydr. conductivity (m/s)
	Vertical: 2.10-12
Horizontal: 4.10-12
	10-11 – 10-13
	Vertical: 2(10-14
Horizontal: 10-13

	Uniaxial strength (MPa)
	2.0 – 2.2
	22 – 28 (compressive)
	4 – 8 

	Young’s modulus (MPa)
	200 – 400
	2300 – 11 000
	2000 – 3000

	Plasticity index (%)
	32 – 51
	-
	-


2.2 Geomechanical and hydrological aspects
A first important characteristic of clay formations is the anisotropy, due to their sedimentary origin. It is visible in many parameters, such as principal stresses (usually in the same order as the theoretical overburden pressure), elasticity modulus or hydraulic conductivity. Clay formations – and deep clays in particular – all exhibit creep, which depends strongly on the presence of water. This phenomenon is therefore most important in plastic clays. It is also observed in harder clay types, where water leaking from neighboring formations can worsen the effects. The porosity also determines strongly the elasticity modulus.

Due to their more complex history, a few natural fracture zones are present in hard clays, but they do not show a measurable increase in hydraulic conductivity. In contrast, no evidence of natural fractures has been found in the potential siting region in Boom Clay. The only feature with increased conductivity is the excavation damaged zone along excavations. Furthermore, self-healing of the fractures has been observed, indicating that with time, the conductivity will return to the original values.  
2.3 Thermal loading
Decay heat from waste packages will increase temperatures for a long time, from some 500 years for reprocessed HLW, to a few thousand years in case of direct disposal of spent fuel. A cooling time for HLW canisters of several decades (50 to 60 years in Belgium) through surface storage is one of the measures to limit the heat dissipation in the geological layers. The maximum temperatures depend on the source term and on the thermal properties of the EB system and clay host formation. The source term depends on the characteristics of the waste packages (heat output) and their lay-out in the repository. Generally a maximum temperature in the clay-based barrier is limited to some 100 °C. 
3 principles of repository design
3.1 Design criteria
The design of a repository for nuclear waste (HLW and SF) should provide a long-term safe disposal through a combination of engineered and natural (geological) barriers. Apart from safety, also feasibility (technically and economically) is an essential design criterion. Safety consists both of an active and a passive component. Active safety is restricted to short-term operations during the construction, operation and closure period. It comprises issues such as institutional control and optional retrievability. Long-term safety means passive safety, which is obtained through an initial physical containment, followed by a delayed and spread release of radionuclides. The physical containment aims to isolate the radionuclides to prevent any release, and is based on watertightness (to prevent water coming into contact with the waste) and a restricted water influx (postpones the moment that watertight barriers come in contact with water). The containment allows to take maximum advantage of radioactive decay, and to confine all radioactivity during the transient states of the disposal system (resaturation, increased temperature, pressure restoration…). Delaying and spreading the release aims to slow down the migration of radionuclides towards the biosphere as much as possible, and is based on the resistance to leaching (glass matrix or spent fuel), and on diffusion and retention (geological barrier). It also allows to take advantage of the decay during the retarded migration, and to drastically limit the released amounts per unit of time.
Plugs to seal off the disposal galleries and access shaft are an important design detail: the geological barrier must not be compromised by the presence of (temporary) pathways.
The assessment of the feasibility of construction is partly based on experience obtained through underground research facilities (see next chapter). The principle of “successive approximation” implies that the design should be flexible enough to adapt to improved knowledge on the host clay formation and on the barrier materials.
3.2 Geometry / architecture
3.2.1 Belgian reference architecture (NIRAS/ONDRAF 2001)
The Belgian reference architecture consists of a horizontal network of disposal galleries (Fig. 1) in the mid-plane of the clay formation. Access to the underground facility is secured by means of two shafts, connected by a gallery of some 400 m length. The waste will be emplaced in waste galleries of some 2 m inner diameter. All shafts and galleries are lined immediately after excavation to limit the extent of the excavation damaged zone (EDZ). Several options for the actual disposal are still open: in-hole (shallow hole vertical from disposal gallery), or in gallery, in which the waste is pre-packed in a concrete cylinder (supercontainer) or in which the waste forms are placed centrally in the gallery, the remaining space being backfilled with bentonite-based material.
It is not expected that geological features will influence gallery construction, with the notable exception of layers with hard inclusions (septaria).

3.2.2 French reference architecture (Plas et al. 2001)
The designs currently studied by the French waste management agency (ANDRA) consider a single level located around the middle of the flat Callovo-Oxfordian clay formation (Fig. 2). The architecture distinguishes between disposal zones dedicated respectively to ILW, HLW and SF. Each zone is divided into modules, to segregate the waste types and to guarantee the flexibility of the repository to fit with potential variations in inventory or waste management modes.
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Figure 1. Belgian reference architecture for disposal of HLW.
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Figure 2. The ANDRA concept: a single level and a modular design.
3.2.3 Swiss reference layout
The proposed repository (Fig. 3) consists of three elements: (1) a test facility (i.e. a second ge​neration underground rock laboratory), (2) a pilot facility (a small disposal site, hydraulically separated from the main site, containing representative waste, and which can be monitored), and (3) the main facility, filled with waste and then sealed off immediately.
The main facility consists of sub-horizontal (7 ° inclination) emplacement tunnels of 800 m length and spaced 40 m apart. They are oriented in direction of the principal horizontal stress in the mid-plane of the Opalinus Clay. The HLW/SF waste packages are placed in the tunnels and surrounded by bentonite (combination of blocks and granular material). Disposal of ILW concrete containers is foreseen in three short emplacement tunnels for ILW. Void spaces around these containers are filled with cementitious grout. The underground facilities are linked to the surface by an access tunnel (ramp) and a construction shaft. The ramp passes diagonally over the disposal zone, and allows sensors to be installed for monitoring.
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Figure 3. Swiss conceptual model of a potential HLW repository in Opalinus Clay.
4 Underground research facilities
Underground research facilities provide us with the practical experience essential in this kind of research. Activities and plans in Belgium, France and Switzerland are briefly described.
4.1 HADES Underground Research Facility (Belgium)
The Belgian Nuclear Research Centre SCK•CEN started the construction of an underground research facility at its site in Mol in 1980. A shaft was sunk up to a depth of 229 m, complemented with two galleries. Recently, the facility has been extended by a second access shaft (1999) and connecting gallery (2002). A further extension with a demonstration gallery is planned within the next years.

The construction works have demonstrated the feasibility of excavations in deep clay, and have allowed to optimize construction techniques. The initial excavation and construction works were performed manually (pneumatic hammer), after ground conditioning (freezing), while the connecting gallery last year was a demonstration of a common industrial technique (road header with tunneling shield, wedge-block lining, 3 m/day excavation rate) at unprecedented depths without prior conditioning of the clay host formation, limiting the excavation damaged zone.
4.2 Mont Terri Site (Switzerland) (Thury 2002)
Starting in 1996, an experimental program has been set-up in the reconnaissance tunnel related to the Mont Terri motorway tunnel, situated in the Jura Mountains in North-west of Switzerland. The Opalinus Clay is exposed in this tunnel over a length of 240 m.
After an initial experimental program from this tunnel, an additional gallery for research purposes has been excavated in 1998. Currently, a vast international research program addresses various aspects related to nuclear waste disposal, such as rock and porewater characterization, construction, operating and sealing, in Opalinus Clay through a variety of experimental set-ups.
4.3 Activities in France
ANDRA was entrusted the research on the geological repository by law in 1991. After reconnaissance surveys, two sites in clay formations were proposed. In 1998, the French government authorized ANDRA to implement an underground research lab, 500 m deep in a clay formation at Bure (Meuse / Haute-Marne departments). After preliminary characterizations, shaft sinking, accompanied by an experimental program, started at the end of 2000.

5 Instrumentation ASPECTS

5.1 Underground research labs
The experiments run in the different projects allow assessing the reliability of different types of geotechnical sensors in deep clay environments. Adaptations, and even new developments, are often necessary to install and measure the required parameters. Installation requires dry drilling techniques (with compressed air), packer-equipped piezometers have been developed to measure porewater pressure in low-permeability claystone, and high-temperature versions of several sensors have been developed.

Challenges are the long-term stability of sensors for long-term experiments, corrosion and water tightness (one of the major issues in plastic clays). Cooperation with instrument suppliers is essential, although not always sufficient. Elevated temperatures are an additional requirement to the good function of the sensors.
5.2 Monitoring and repository design
Although the (passive) safety of a repository must not rely on monitoring, monitoring could take place during phases of repository development and operation to confirm that the repository conforms with the performance predictions from the safety assessments. Monitoring can be made obligatory by the licensing body, or for institutional control reasons. As monitoring systems are usually intrusive, the impact of monitoring equipment (e.g. cables) on the overall system needs to be assessed.
It can also address societal concerns (confidence building), as a demonstration that the conditions around the repository evolve as predicted. The most promising parameters in clay formations are temperature and porewater pressure around the site.
6 Conclusions

The importance of these research facilities for the safety and feasibility assessment cannot be underestimated. Research in these facilities also involves a close international cooperation, while the demonstration aspect improves societal perception and thus helps in the decision making process.
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