ICEM’01, Proc. of the Int. Conf., Brugge (Belgium), 30 September – 4 October 2001.

Mock-up Simulation for the Demonstration of the Belgian High-Level Radioactive Waste Disposal CONCePt

Jan Verstricht

Didier De Bruyn, Bernard Dereeper 

EIG EURIDICE, Boeretang 200, 2400 Mol, Belgium

Abstract
In preparation of an in situ demonstration of the Belgian concept for the disposal of high-level radioactive waste, a mock-up experiment has been running for more than three years. It simulates a 5‑m long section of a waste disposal gallery, and emphasis has been put on the engineered barriers. After hydration, the set-up was heated up to the level that we expect for the in situ experiment. Measurements and samples give us a view of the thermo-hydro-mechanical state, and of the geochemical and microbiological phenomena. To complete this view, we are currently preparing the dismantling of the mock-up, scheduled for the first trimester of 2002.

Demonstration of concept: why and how?

The nature of the issue of disposal of high-level radioactive waste (HLW) makes the demonstration phase essential within the development and implementation process. 

Concept description for HLW [1]

The disposal of HLW (canisters with vitrified waste) is based on containment in a clay formation. The disposal site concept consists of a horizontal network of disposal galleries. In each gallery, the canisters will be disposed of in a central tube, located in the axis of concrete-lined galleries. The remainder of the gallery section, between central tube and gallery lining, will be backfilled. This backfill material should be compatible with, and enhance if possible, the different functions of the natural and other engineered barriers.

Extension of the HADES underground research facility for demonstration purposes

To complement the desk and laboratory studies on HLW disposal in clay that were initiated in 1974, the Belgian Nuclear Research Centre SCK•CEN started with the construction of the Underground Research Facility “HADES” in 1980. Through its two main galleries – which were completed in 1987 - this facility gives access to the Boom Clay Formation at a depth of 223 m [2]. Since its construction, it has been intensively used for a variety of experiments, including investigation of the Boom Clay and its interaction with the concept components (waste matrices, materials, etc.) [3]. Since the mid-eighties, many research activities were put under contract with the Belgian Radwaste Management Agency NIRAS/ONDRAF, which had also become responsible for the research work related to HLW disposal. 

When considering a demonstration at the real scale of the concept, it became apparent that the existing infrastructure could not be used as such. The existing shaft could not handle the intended use of some mechanised excavation methods and the other activities involved. The excavation of the gallery would also influence the existing set-ups. An extension of the infrastructure became essential, and to deal with the large investments needed, an Economic Interest Grouping (EIG) has been established between NIRAS/ONDRAF and SCK•CEN.

The first construction consisted of the excavation of a second shaft up to a depth of 230 m, located at some 100 m from the existing infrastructure; this shaft was completed in 1999 [4]. Currently, preparations are underway for the excavation of a gallery (scheduled for early 2002), to connect this new shaft with the existing infrastructure. This gallery will give access to a new, undisturbed part of the Boom Clay, in which a 30 m-long gallery will eventually be excavated. This gallery will simulate a waste disposal gallery, and is the core of a planned in situ test, where both the engineered barriers and their interaction with the Boom Clay will be studied through the different experimental phases (from construction to dismantling).

Rationale behind large scale mock-up

To optimise the design of this in situ test, NIRAS/ONDRAF decided in the early nineties to first design and construct a large-scale surface mock-up [5] prior to the underground works. It had become evident that several technical aspects had not yet been elaborated in detail, and therefore such a mock-up would allow review of the chosen options. These aspects primarily included the backfill material (specifications, manufacturing, installation, hydration) and monitoring equipment. The mock-up also allowed a basic, large-scale investigation of the thermo-hydro-mechanical (THM) behaviour of the clay-based backfill material.

In addition to these technical and scientific considerations, the experimental set-up is also integrated into the permanent exposition on HLW disposal. This allows for a direct communication of the research work performed, to both a scientific and a general audience.  

Set-up and instrumentation of MOCK-UP

Design of the experiment

Based on the disposal gallery, the confining steel cylinder (replacing the concrete gallery lining) has an internal diameter of 2 m.  Its length was limited to 5 m.  On the inside of this cylinder, hydration tubes deliver the water for the backfill, and, through an external pressure control system, keep the water pressure at 1 MPa.  Centrally, a tube with dimensions similar to the waste disposal tube (outer diameter 508 mm) was installed. This tube contains heating elements that dissipate heat at a power of 450 W/m. To obtain temperatures that are similar to those expected in a real repository, an external thermal isolation, with an integrated temperature control system, was added to the confining structure. This made it possible to obtain temperatures up to 120°C at the outer side of the backfill. All surfaces in contact with the backfill material are made from stainless steel (AISI 304 or similar).

Development of backfill material [6]

An important part of the concept is the backfill material placed between the disposal tube and the gallery lining. This material is based on a smectite type of clay, designed to have swelling, and thus also sealing, properties. Due to the horizontal nature of the concept, precompacted blocks were considered as the most appropriate form. They have been engineered by CEA (F), taking into account design specifications dealing with swelling pressure, thermal conductivity, and handling. Swelling is achieved through the use of the FoCa-clay, which has an elevated Ca-smectite content. The swelling pressure depends on the dry density of the clay, which is partially determined by the compaction load applied during manufacturing, and partially by the swelling volume. To limit the maximum swelling pressure, which should not exceed the stress conditions in the host rock (total stress of 4.5 MPa), sand has been added as an inert material. This allowed high compaction pressures (61 MPa) so robust blocks could be obtained, with very good dimensional characteristics (tolerances smaller than 1 mm). The thermal conductivity was increased by the addition of graphite. The composition is finally fixed at 60% (mass) FoCa clay, 35% sand and 5% graphite.

Installation and instrumentation

Upon delivery of the confining structure to the brand-new demonstration hall of the newly formed EIG PRACLAY (since December 2001 EIG EURIDICE), we started with the assembly of the set-up. The backfill blocks had exceptional dimensional characteristics, and allowed us to complete one section (13-cm thick) in less than half an hour. Most of the time, however, went to the installation of the instrumentation.

The mock-up was instrumented to monitor the thermo-hydro-mechanical state. The temperature field is monitored by 100 thermocouples, with most of them arranged in radial and longitudinal configurations in the backfill. Some are also installed on the heating elements, and 15 thermocouples are installed on the external side of the structure. 

Internally, piezometers and humidity sensors monitor the hydration of the backfill material. Pressure and level sensors on the external-hydration system complement their measurements.

The swelling of the backfill, from a mechanical point of view, is the most significant phenomenon to occur in the mock-up. Therefore, we installed total-pressure sensors inside the backfill, complemented by strain gauges on the central tube and external jacket, whose deformation also gives an indirect idea of the internal pressures developing. The bolted cover was also equipped with bolt-load cells to monitor the stress in some selected bolts.

To check the performance of concrete-segment instrumentation (load cells and pressure cells), a complete concrete-segment ring has also been integrated in the backfill at reduced dimensions.

Figure 1 gives a general view of the mock-up during assembly. It shows the backfill sections, each consisting of three rings, the hydration tubes, and the sensor cabling. A total of 147 cables needed a hermetic feed-through to connect them to the data-acquisition.
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Fig. 1: Mock-up during assembly, with the backfill blocks, hydration tubes and sensor cabling

Evolution of the experiment

Hydration

After assembly of the set-up, hydration started in December 1997. The water used for hydration is based on demineralized water, with NaHCO3 added (1.17 kg/m³) to approximate the composition of the natural Boom Clay water. First the voids around the blocks were filled (some 1.5 m³), which took approximately 20 minutes. After this phase, we gradually increased the water pressure to reach 1 MPa after two weeks. The water flow-rate decreased rapidly, to less than half a litre per day after six months. The pressure sensors only indicated some swelling at the outer backfill region. The sensors near the central tube did even not register the 1 MPa externally applied pressure.

Heating

[image: image1.jpg]


Six months after the hydration started, we switched on the heating elements. To test the thermal-hydraulic interaction, the pressure control system was disconnected, and the (water) pressure increased quickly, due to the expansion of the water. This generated a water-pressure increase of approximately 1.5 MPa. After two months of heating, a first maximum was reached, with temperatures at the central tube reaching 105°C.  Later in the experiment, the external heating was switched on to increase the global temperature level. This was performed gradually, and on one occasion (January 2000), the hydration system was disconnected again. This increased the (water) pressure by approximately 3 MPa. In June 2000, the maximum temperatures were obtained, which ranged from 117°C at the outside of the backfill to 140°C near the central tube.  Figure 2 shows the global-temperature evolutions of the horizontal radial profile in the middle section of the mock-up, while Fig. 3 shows the pressure evolution recorded by the backfill total pressure sensors.

Fig. 2: Evolution of the temperature at a radial profile in the middle of the mock-up.
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Fig. 3: The total pressure inside the backfill is highly sensitive to temperature transients, but the swelling pressure has decreased to low values.

Observations: THM, geochemical, corrosion

The total temperature gradient over the backfill is a mere 20°C, which is lower than expected. The thermal conductivity derived from these measurements would be higher than 4 W/mK. This is difficult to explain for a porous material, and other phenomena may be of importance here.

In December 1998, a water leak detected at one of the cable sheaths of the internal strain gauges instigated what would become a large investigation programme on the chemical and microbiological state of the backfill material. Samples of the water indicated a high content of Cl- (up to 1 kg/m³), which, after some checks of the rather unusual sampling conditions, is most likely due to the backfill material itself.  Also, unexpected values were obtained for the NO3- -, DOC- (dissolved organic carbon), Si- and pH-values. A mass-transport process could be at work in the mock-up, concentrating salts towards the central tube. This may be due to one of the three following processes, or some combination of the processes:

· advective transport of soluble salts by a water-front migrating through an unsaturated material during the hydration phase;

· advection/evaporation cycles (heat pipe) leaving the non-volatile salts in the hot zone;

· migration of salts due to thermo-osmosis or thermo-diffusion in the water saturated region, i.e. diffusion of a solute under the influence of a temperature gradient, if the chemical potential of the considered species varies with temperature.

Additional analyses have confirmed the existence of a concentration gradient in the radial direction (perpendicular to the central tube). In addition, leaching tests have been performed on the backfill material and on a sample of pure graphite to identify the source of chloride. From these tests, and from independent percolation tests on re-consolidated pure-FoCa clay plugs, it appeared that the FoCa clay itself was the main source of the chlorides.

This high Cl- concentration also increases the risk of (pitting) corrosion. A proper understanding of these phenomena, during the hydration of the backfill, is therefore essential to obtain a clear picture of the performance of (stainless) steel barriers.  Even if hydration is only a rather short-term process, the pitting that could result is a self-sustaining process and therefore could affect the metal components over a long time span.

Another phenomenon is the presence of sulphides in the mock-up water, which was discovered when purging the accumulator of the hydration system. This could be indicative of some sulphate-reducing mechanism (thermal or microbial) present in the backfill.

Sensor performance (thermocouples, strain gauges, moisture content)

The harsh experimental conditions have also allowed a careful analysis of the instrumentation applied. Failures were observed at some types of sensors; the internal strain gauges showed a systematic failure, probably due to the corrosion of the sensor head, where the soldering may prove to be a weak point. In contrast, the external strain gauges did not show any failure. However, their measurement characteristics are more geared towards short-term applications, whereas accurate measurements of long-term phenomena are more difficult to interpret, mainly due to drift phenomena.

Only a few humidity sensors failed, but the others became saturated. Some backfill pressure cells survived neither the experimental conditions (probably due to the high water pressure), nor the corrosion. The sensors based on the hydraulic flat-jack (pressure-on and load-in the concrete segment ring) also failed, probably due to a broken compensating valve. Of course, many sensors have performed satisfactorily. The fact that no significant problems have occurred with the thermocouples places the corrosion aspects into a more realistic context. Retrieval and thorough analysis of the sensors form one of the primary points in the dismantling programme, which is presented next.

Dismantling programme
The mock-up experiment has been designed for a heating period of three years. This will be followed by a cooling period, and will conclude with a dismantling of the whole set-up.

The cooling will be performed as quickly as possible; indeed, a slow decrease in temperature might alter several characteristics (such as a redistribution of chemical elements), while our first objective is to preserve the mock-up state as it was during the heated phase.

Currently, we are elaborating the details of the dismantling programme. The main question that we want to answer through this programme, is: “what has occurred inside the mock-up”. Based on the current measurements and other observations, some hypotheses have been put forward dealing with the main phenomena that occurred during hydration and heating. The dismantling itself will provide us with a unique “hand-on” experience of the engineered barriers, by giving direct access to these components after hydration and heating for several years. The dismantling and the subsequent analyses will lead to a better understanding of the mock-up measurements on the thermo-hydro-mechanical conditions. It will give us an indication on the possible heterogeneity within the backfill. The recalibration of the functioning sensors gives us an idea of the long-term performance of the instrumentation, and allows for a correction – if needed – of the measurement data. We also expect to obtain a better insight into the chemical and microbiological processes in the backfill, as no specific measurement probes were installed in the original design for this purpose. Further, the metallic components of the mock-up will give us the opportunity to assess the corrosion susceptibility, in conditions that are representative for a HLW disposal site.

Based on these objectives, an extensive sampling and analysis programme is proposed. This programme is based on the current observations and related questions, and deals with:

· the hydration process (overall saturation degree, homogeneity),

· thermal-transfer characteristics in the backfill, 

· corrosion (by investigating the geochemical and microbiological phenomena, as they could affect the corrosion resistance of metal components, and by direct analysis of the metal surfaces),

· THM-properties of the backfill material (swelling, retention, cation exchange capacity, etc.),

· the mechanical properties of the central tube (check for tube dimensions, quality of welding, etc.),

· the sensor performance (with recalibration or analysis of failure mode where applicable). 

Although outside of the primary scope of the mock-up, some other investigations are also considered, such as the behaviour of concrete at the experimental conditions, for example.

A detailed plan has been elaborated to carry out the actual dismantling in a minimal time span. When the main cover is removed, we will put the dismantling plan into effect in around the clock (on a 24 hour, 7 days per week schedule) to obtain minimally disturbed samples.

Conclusion and perspectives

The mock-up experiment is a first step in the demonstration of the disposal of HLW. The dismantling will allow us to check the validity of several hypotheses in realistic circumstances, as far as the engineered barriers are concerned. It will allow collection of additional data for the optimisation of the in situ experimental set-up, from both a scientific point of view (e.g. which processes should be monitored), as well as from a technical point of view (e.g. how to monitor these processes, and which sensors will give the most reliable measurement results). Although it was not the primary goal of the mock-up experiment, the experiment still provided valuable input for a critical review of the current HLW disposal concept.

More generally, the further development of the demonstration programme will enhance the optimisation of the concept (safe and economical), the tuning of the concept parameters (thermal loading, etc.), the adaptation to a particular geological situation, the design and installation of engineered barriers, and the monitoring philosophy and technology.

On a larger international scale, EIG EURIDICE also participates in the second phase of the FEBEX project [7]. This project, coordinated by the Spanish waste-management agency ENRESA, contains both an in situ and a mock-up simulation. The cooperation allows us to exchange both scientific and technical details, ranging from backfill phenomena at higher temperatures to sampling techniques.

The demonstration activities that have been performed up to now have clearly shown that they are essential in assessing the feasibility and safety of a concept. Although the name “demonstration” mainly refers to showing something, this case proves that the demonstration significantly contributes to and interacts with the waste disposal concept in general. This concept can never be considered to be completely comprehensive when based on desk studies and laboratory experiments alone; a complete-system test will be a necessary phase in the acceptance procedure. 

The demonstration activities are also indispensable from the standpoint that they put emphasis on the development of the technical aspects of a disposal site. The technical aspects include construction, installation of engineered barriers, and long-term on-site monitoring with the appropriate techniques. The construction activities in the host formation must not significantly alter the properties of this formation. The specific conditions (clay at high field-stresses) may require a thorough assessment of the current construction techniques, such as those used in shallow tunnelling. The application of the engineered barriers, from mining of the smectite clay to the installation, should preferably proceed in a mechanised way, and result in a uniform structure with predictable characteristics. The demonstration will also give us essential feedback on the performance of instrumentation techniques. Although concept safety must not depend on monitoring, it is expected that some kind of long-term monitoring (institutional or other) will be required for purposes such as licensing or public acceptance.

Indeed, it has become clear that final acceptance of a HLW disposal concept, which is essential prior to licensing and final implementation, will not only be based on scientific or technical aspects, but also on perception by society. Here also, the role of demonstration can hardly be underestimated.
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