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Abstract
Since 1974, Belgium investigates the design for disposal of its High Level Radio​active Waste (HLW) in a deep clay formation, the "Boom Clay". Although the clay formation is the main (natural) barrier against the transport of the radionuclides towards the biosphere, the design also involves several engineered barriers (multi-barrier principle). In the design developed in the late 1980’s, a non-saturated bentonite based material was chosen as part of this barrier system. Prior to demonstrating this design in in-situ conditions, a surface mock-up test has been operated between 1997 and 2002. This test served as a preliminary test on the performance of several components of the system, such as bentonite based backfill blocks and instrumentation. With clearly defined heating and hydration conditions, it gave us the opportunity to perform a large scale simulation of the hydration/saturation of the backfill at controlled conditions. After describing the general disposal design and the experimental set-up, this paper will detail the measurements and observations obtained during operating and dismantling the mock-up. To support the interpretation of these measurements and observations, a modelling of the experimental set-up is being performed. We further detail the characterisation programme carried out to obtain the input data for the modelling. Finally, lessons learned for the development of the design for the HLW disposal will be drawn.

Introduction

Some 60% of the total electricity production in Belgium originates from nuclear power plants. For the scheduled nuclear programme, about 5000 tonnes of uranium heavy metal are required. At present contracts for the reprocessing of only 630 tU have been concluded, and this will result in 420 canisters of 0.15 m³ vitrified high-level waste. A complete reprocessing of all spent fuel will result in 3915 canisters. Research on the disposal of vitrified high level radioactive waste (HLW) in Belgium is being performed since 1974. The reference site for these studies is the Boom Clay layer at the Mol site (NE of Belgium). This formation is a marine sediment of tertiary, Rupelian age. It is a plastic, organic-rich clay, with a very low hydraulic conductivity. Another clay layer (Ypresian clay) is being considered as an alternative.

The repository concept that has been developed in the late 1980’s is based on a horizontal network of galleries, located in the middle of the clay layer as shown in Figure 1. The HLW disposal galleries have an inner diameter of approximately 2 m. After a cooling time (50 to 60 years) to reduce the thermal output from each canister from about 2000 W to around 500 W, the 0.43 m diameter canisters are placed in an overpack (2 to 3 cm thick), with a design lifetime of approximately 1000 years during which it should remain intact. This prevents contact from the clay water with the waste glass matrix when temperatures are significantly above the initial value. The canister with overpack is placed in a disposal tube. The annular space between this tube and the gallery lining is backfilled with bentonite based, pre-compacted blocks. These blocks will slow water movement, and sorb radionuclides and retard radionuclide transport when the packages eventually fail. All the engineered barriers 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 canisters, up to a few thousand years for direct disposal of spent fuel).
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Fig. 1. Concept consists of horizontal gallery network with multiple engineered barriers
The nature of the issue of HLW disposal makes a demonstration phase essential. We plan to perform this by constructing and operating a dummy (i.e. non radioactive) but otherwise representative section of a disposal gallery of some 30 m long. This demonstration gallery will be excavated from the newly constructed connecting gallery, around which the Boom Clay is in a largely undisturbed state, and will be the core of the planned in situ test, where both the engineered barriers, as well as their interaction with the Boom Clay will be investigated through the different experimental phases (from construction up to dismantling).

Mock-up experimental design

Before performing the actual demonstration test in the underground facility, we decided to build a surface mock-up as several technical aspects of this in-situ test were not detailed yet. The main objective was to review the chosen options for the design and in-situ testing of the disposal system such as the backfill material (specifications, manufacturing, installation, hydration), the disposal tube and the monitoring devices. The mock-up also allowed a large-scale investigation of the thermo-hydro-mechanical behaviour of the clay-based backfill material.

General set-up

Basically, the mock-up has been conceived as a horizontal steel cylinder of 2 m inner diameter and 5 m long, simulating a section of a disposal gallery. A central tube (0.5 m diameter) contains the heating elements, which simulate the heat dissipation of the waste forms. The annular gap between the central tube and the outer lining is backfilled with pre-compacted blocks of clay-based material. A small concrete segmented ring has been installed to investigate the behaviour of concrete in this environment as the concrete segment lining of an actual waste gallery has been substituted by the steel liner to limit the size of the set-up. 

Hydration of the backfill blocks to a saturated state is essential to arrive at their sealing function. Swelling and the subsequent closure of the joints and voids is indeed essential to limit water circulation around the rock. In the host rock, hydration would occur by the saturated clay environment (although very slowly). In the experimental set-up, we simulated and accelerated this by 16 hydration tubes at the outside of the backfill assembly, through which we could supply water at a pressure up to 1 MPa. The water composition was based on the in situ clay water.

Heating of the mock-up was performed at a constant linear power of 450 W/m. This rating was higher than the actual heat release from the waste forms. However, a high power during a shorter period was suggested for the in situ test, to obtain temperatures in the host clay that would be representative for the actual disposal site over longer time spans. An external temperature control system was further added to the confining structure to apply the thermal boundary conditions. Figure 2 shows the mock-up structure, partially filled (left) with backfill blocks during construction. The hydration tubes and instrumentation cables can be observed clearly as well. The concrete segmented ring (right) was installed in the final part of the mock-up and replaced the middle ring of backfill blocks; to simulate the mechanical conditions of a gallery lining (external pressure) the inner ring was filled with sand, while the outer ring consisted of backfill blocks with an [image: image1.png]access shaft
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 Fig. 2. View of the mock-up during construction

Development of backfill material

The specifications for the development of the backfill material depend on the repository concept, and deal with operational issues, short-term and long-term characteristics and performance. Operational aspects include the manufacturing, handling and installation; a typical example is the mechanical strength of clay-based blocks, as they have to remain intact from the manufacturing up to the on-site installation. Short-term issues include the initial thermal, hydraulic and mechanical behaviour of the material, such as the ability to fill all voids by swelling (hydration of smectite clay), as well as the speed and homogeneity of hydration – optionally combined with a thermal gradient. Long-term behaviour may include the maintaining of low permeability or the retardation of radionuclides, which is usually required with a granitic host rock.

Within the Belgian concept, the backfill material is applied to obtain an environment with low permeability and high thermal conductivity in the near-field of the central tube of the disposal gallery. The thermal loading can be dealt with by adding graphite to obtain an elevated thermal conductivity. Although the overall temperature in the clay formation will not be influenced as the heat generation is unchanged, local gradients, and hence the maximal temperature in the waste canisters can be limited. The low hydraulic permeability limits the water flow around the central tube, reducing possible corrosion risks. Mechanically, the backfill should provide a smooth pressure on the central tube, to prevent local stress gradients, while its swelling pressure must not be much larger than the in situ stress conditions, which led to the addition of sand as an inert material. The final composition was fixed at 60 % FoCa smectite clay, 35 % sand, and 5 % graphite.

The horizontal nature of the concept led to a backfill in the form of precompacted blocks (60 MPa uniaxial compaction) to be installed on the spot. They were limited in weight (convenient manual handling), robust and with precise dimensions to minimise the voids between the blocks, and between the central tube and block assembly (Gatabin and Rodriguez 1999; Verstricht et al. 2001).

Instrumentation

The internals of the mock-up were instrumented with some 150 sensors, mainly thermocouples to monitor the temperature field. The swelling pressure was monitored by strain gauges on the central tube and total pressure sensors in the backfill. The hydration of the backfill was observed through humidity sensors and water pressure sensors. The concrete segment ring was also equipped with sensors to measure pressure on, and loads between the segments.

Mock-up operation and main test results

After the assembly and closure of the mock-up experiment, we first hydrated the set-up (end 1997), followed by a heating phase of 4 years (mid 1998 – mid 2002), after which we let cool down the set-up before dismantling it (Oct 2002).

After connection of the water supply (2 Dec 1997), the void volume of about 1.55 m³ was filled in a short time (less than 1 hour). Over the next weeks, we gradually increased the pressure up to 1 MPa. The flow rate decreased rather quickly during the next months, and the last two years of the experiment, the water in- and outflow seemed mainly to be related to temperature variations. During the cooling period, an important amount of water had to be injected again to compensate for the thermal contraction of the water.

The heating elements in the central tube were switched on mid 1998. Later on, the external temperature control system was switched on to increase the overall temperature and to obtain a stable and uniform outer temperature.

Prior to the dismantling of the mock-up, we switched off the heating elements, and in about four weeks it cooled down to ambient temperature.

After switching on the heating elements in the central tube (June 1998), we obtained a maximum temperature of 105 °C on the central tube. When we switched on the external temperature control system, the temperatures increased further to reach maximum temperatures (June 2000) of some 137 °C on the central tube and 117 °C at the outer boundary of the backfill. These temperatures were maintained for two more years. The temperature gradient observed indicated a high (apparent) thermal conductivity, which is higher than can be expected for a porous material. A probable explanation is the non-radial thermal transport, which modelling might confirm. Figure 3 shows the temperature evolution in a radial profile in the middle of the mock-up.
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Fig. 3. Evolution in the temperature of a radial profile in the middle of the mock-up

The main pressure variations in the mock-up (Fig. 4) are caused by the hydration and heating systems.  Initially, the pressure at the outside of the backfill follows the injection pressure. More towards the central tube, some pressure sensors show the pressure increase with a certain delay, indicating the gradual hydration/saturation of the backfill material. Near the central tube, no significant pressure variation is visible after several months, indicating a slow progress of the hydration front. Large pressure peaks then occurred due to the temperature increases, especially when the water supply had been switched off (for test purposes). More surprisingly, we could hardly observe high swelling pressures. Moreover, this swelling tended to decrease (collapse?) with time at elevated temperatures. Additional lab tests (suction controlled tests) will give more insight in the phenomena that are likely to occur in these conditions.

Physico-chemical phenomena within the backfill material were also observed. The strain gauges on the central tube appeared to be prone to corrosion, as water leaked out through several sensor cables. This water indicated a high content of solutes (up to 1000 ppm of Cl-), probably close to the central tube, showing evidence for transport mechanism that require further characterisation. Sulphides, detected in the hydration water when water was expulsed from the mock-up after a temperature increase, probably indicate the presence of sulphate reducing mechanisms.

[image: image8.wmf]Fig. 4. The total pressure inside the backfill is highly sensitive to temperature transients, but the swelling pressure has decreased to low values

The operational stages of the mock-up already highlighted the importance of the chemical processes occurring in the backfill, as they could have a detrimental effect on the performance of the backfill material, and on the integrity of the metallic barriers.

Modelling of the mock-up experiment

The modelling of the experiment will provide a good support to understand the physical phenomena that take place in the system. A basic laboratory Thermal-Hydro-Mechanical characterisation programme has been launched on the original (i.e. not exposed to the mock-up conditions) material to provide the input data for the modelling. It comprises the following aspects:

· thermal characteristics: thermal conductivity and specific heat capacity at different temperatures; 

· hydraulic properties: water retention curves and saturated permeability at different temperature, relative permeability in function of the suction; 

· hydro-mechanical behaviour: saturated oedometer and triaxial tests, suction and temperature controlled oedometer and triaxial tests. 

Most tests are still running, the hydro-mechanical tests in particular take more time than expected due to the very low hydraulic permeability. This delays the representative modelling due to the lack of input data. Indeed, the preliminary modelling showed a high sensitivity to the hydro-mechanical parameters which are yet to be determined. We will present here only the basic hydro-mechanical characteristics obtained up to now. The modelling results are too preliminary to be presented yet.

The FoCa clay is a French clay and contains 50% of calcic smectite, which gives the clay its swelling properties, and 50% of kaolinite. The principal role of the sand in the backfill is to regulate the swelling pressure. The graphite is added to increase the thermal conductivity. Table 1 gives the main physical and thermal hydraulic characteristics of backfill blocks. The saturated permeability increases with temperature as shown in Table 2.

Table 1. The main physical and thermal hydraulic characteristics at initial state

	Dry density [g/cm3]
	Water content 

[%]
	Saturated Permeability [m/s]
	Thermal conductivity [W/m.K]

	1.9
	7.7
	1.8e-13
	2.86


Table 2. Variation of the saturated permeability with temperature

	T [°C]
	22
	40
	80
	120
	150

	Kw [m/s]
	1.8 *10-13
	3.3 *10-13
	7.8 *10-13
	3.9 *10-12
	1.0 *10-11


The water retention curves upon wetting–drying paths at ambient temperature have been determined by means of controlled relative humidity (equilibrium with different saturated saline solutions). The water relative permeability was obtained with the help of an analytical solution based on the sorption-desorption kinetics on the tested samples (Fig. 5 a and b) (Olchitzky 2002). All measurements are performed under unconstraint condition. We can remark that the hysteresis is very weak in this condition. In addition, due to the high swelling properties, it was difficult to saturate the samples (figure 5 c and d). Taking into account the on site condition of the mock-up, the determination of the water retention curves under constraint condition is necessary for the sake of modeling. 

	[image: image3.wmf]0.0001

0.001

0.01

0.1

1

1

10

100

1000

Krw  

suction (MPa)


a ) relative permeability-suction 
	[image: image4.wmf]0

2

4

6

8

10

12

14

16

18

1

10

100

1000

suction (MPa)

drying

wetting 

water content (%)


b ) water content – suction relation

	[image: image5.wmf]0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1

10

100

1000

 wetting 

 drying

e

suction (MPa)


c) void ratio –suction relation
	[image: image6.wmf]0

20

40

60

80

100

1

10

100

1000

suction (MPa)

saturation  Sr (%)


d ) saturation – suction relation


Fig. 5. Water retention curves and relative permeability

The saturated oedometer tests were realised on both compacted block and initial backfill mixture. The compressibility obtained by the two tests remains rather consistent (Fig. 6). 
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Fig. 6. Oedometer tests results
Mock-up dismantling and sampling

A thorough characterisation and understanding of the phenomena occurred during the hydration and heating of the set-up was the main objective for the dismantling. The measurements and other observations during the experiment had pointed the attention to some unexpected phenomena, such as the high apparent thermal conductivity of the backfill, the low and decreasing swelling pressure, high salt (Cl-) concentration in the backfill, and the corrosion of some sensors. The dismantling should provide us with a unique “hands-on” experience by visualising the backfill and other materials exposed to the experimental conditions. Together with the analysis of the samples obtained, it should help us to better understand the mock-up measurements and to improve the modelling by providing more accurate input data. Recalibration of functional sensors, and the diagnosis of sensors that failed, would allow us to improve the specifications for future long-term monitoring in disposal sites. Also characterisation of chemical and micro-biological processes, as well as the assessment of corrosion susceptibility of metallic components, would benefit from the dismantling. The dismantling would further deliver valuable input for the optimisation of the in situ demonstration test from both a scientific (e.g. which processes to monitor), and technical point of view (e.g. which sensors are most reliable). Also the review of the design of the HLW disposal architecture would benefit greatly from the dismantling.

Methodology and operation

The dismantling programme was based on key phenomena defined by a multi​disciplinary team of scientists and engineers. These phenomena were:

· backfill: hydration process and thermal transfer;

· geochemical and microbiological processes linked with corrosion;

· hydro-mechanical properties of the backfill;

· sensor performance.

For each phenomenon, we defined tests and analyses to be performed on the samples. This was structured in a sampling plan, with sample locations and test procedures. Apart from the backfill, we also sampled the concrete segment ring and the steel structure; also many sensors were to be retrieved.

Before the actual dismantling, the set-up was cooled down by switching off the heating elements. A large amount of water (70 l) had to be injected to keep the water at a pressure of 1 MPa. It was clear however that in the backfill itself, pressures must have dropped very low due to the low permeability. To avoid a modification of the prevailing anaerobic conditions inside the mock-up, only de-aired water was supplied. The dismantling was further preceded by a cored sampling of the backfill through the 55 mm thick outer steel lining - our first contact with the backfill. We observed an immediate swelling of the backfill, and could verify that this backfill had completely filled all the voids. The large cover was finally removed on 2 October 2002, and from then on, dismantling and sampling progressed uninterrupted during 10 days and nights in two shifts.

Observations

The main observation was the expansion of the backfill blocks, and closure of all voids. With the largest voids at the outside of the backfill, it was evident that the outer blocks showed the largest expansion. The beige colour at these places confirmed the swelling of the clay platelets. There was also a good contact with the central tube. The joints between the blocks were still clearly visible, but there was a significant mechanical bond, with only a slight preferential behaviour along these joints – mainly between subsequent sections. The hydraulic behaviour of these joints still has to be assessed. Overall, one can state that the backfill blocks behaved as expected, but the saturation seems to be a very slow process.  The hydration state, showing swelling that mainly occurred at the outside, was also confirmed by the on site determination of water content, dry density and saturation degree as a function of radial distance.

The corrosion inside the mock-up was limited to a few very specific cases. All steel parts in contact with the backfill were made from stainless steel (AISI 304L or equivalent). One hydration tube showed a green-blue colour (spreading up to a few cm in the backfill), due to the (galvanic) corrosion of a humidity sensor. All sensors of this type were severely damaged by galvanic corrosion (copper – stainless steel), and the power supply of these sensors probably made this corrosion even worse. On some other hydration tubes, a grey coating was observed, which might be due to pyrite recrystallisation. Also some corrosion was visible on the central tube where it was in contact with the sand. In general, the sand had allowed some circulation of the water, which proved to be detrimental. Avoiding any significant water flow is essential to obtain stable chemical conditions.

A lot of useful feedback came from the sensors. Some types, such as thermocouples and piezometers, were well designed for their task. Other sensor types suffered from corrosion, such as the internal strain gauges. To monitor deformation of the central tube, we had selected a hermetically sealed type, specially designed for underwater applications. However, it turned out that the solder used at the cable connection with the sensor body had completely disappeared. Other sensors seemed not to comply with their temperature specifications.

Microbiological analyses are also still going on. The main activity seemed to be related to the hydration circuit, where the water temperature ranged from above 100 °C to ambient temperature. With the circulation in some tubes due to thermo-convection, it is not surprising that high concentrations of different species were detected. We were interested in sulfato-reducing bacteria, thio-sulfato-reducing bacteria and methane forming bacteria, and all were detected in high numbers (> 140 000 / ml). The results in the backfill are less clear. In principle, bacteria can hardly survive at high temperatures and with limited possibility to move (small pore size), but the possible contamination by the injection of hydration water during the cooling phase troubles the current interpretation.

Analysis programme and first results

The backfill analyses are still running, but the first results on the concrete have been obtained yet. Samples were taken from the concrete ring to check if the mechanical strength had deteriorated when compared with a non-exposed segment. In contrast to what we had expected, compression and tensile strength of the exposed concrete appeared to have improved considerably, due maybe to the saturated environment at elevated temperatures. 

Conclusions

The results of this experiment have spurred the re-evaluation of the disposal design. Aspects are the reliability of one long central tube (the current option considers rather short sections), the maximum temperature in the backfill (100 °C), and also the type of backfill (one alternative design does not rely anymore on backfill). 

The experiment has also provided us with very valuable experience on the long-term behaviour of sensors. Apart from its evident use for the demonstration tests, such knowledge will be indispensable when discussing the operational or post-closure monitoring at disposal sites.
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