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GEOTECHNICAL MONITORING RESULTS FROM 20 YEARS OF OPERATION OF THE HADES UNDERGROUND RESEARCH FACILITY (MOL, BELGIUM)
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Abstract

Shortly after the initiation of the Belgian research programme for disposal of highly radioactive waste in deep clay formations, field observations were carried out to obtain an idea about the feasibility of underground constructions. They indicated rather unfavourable mechanical conditions and led to conservative construction methods. During sinking of the first shaft, geotechnical measurements gave preliminary indications about the dimensioning of the civil constructions. Observations during the excavation of the first gallery showed more favourable conditions in the unfrozen clay and led to a more economical construction of the second gallery. The need for more reliable input data has led to specific test set-ups in the underground facilities and in relation with the current extension works. The safety of a disposal site also requires data on the long-term behaviour of the clay layer during operation of the disposal site, even if the combination of the harsh underground conditions with sensitive measuring instruments and installation procedures is never evident. The relevance of long-term and post-closure monitoring also increases as the option of retrievability of waste disposal is gaining more attention.

Introduction

When the Belgian Research Centre for Nuclear Energy SCK•CEN initiated in 1974 the research programme on disposal of heat-emitting, high-level radioactive waste (HLW) in deep clay layers, few data were available on the real conditions at depth. To demonstrate the feasibility of the construction of shafts and galleries in such medium, the need for extensive field data became evident and clay samples were taken through core drillings. Characterisation of these samples indicated a very plastic medium and led to the construction (started in 1980) of the access shaft and underground gallery based on freezing [1]. Cast iron lining was selected for the gallery because of the too large thickness of concrete required in this context. Large undisturbed samples from non-frozen clay taken around the gallery delivered very interesting information on its mechanical behaviour. After preliminary tests through an exploratory shaft and gallery excavation, the second gallery ("Test Drift") has been dug successfully in non-frozen clay and this completed the HADES Underground Research Facility (URF) at the end of 1987.

To implement real-scale demonstration tests, an extension of the current facility was necessary. SCK•CEN and the National Radioactive Waste Agency NIRAS/ONDRAF have therefore created the Economic Interest Grouping (EIG) PRACLAY. This has resulted in the completion of the second shaft (1997-1999), while the excavation of the connecting gallery is currently being prepared. From this latter gallery, a demonstration gallery (PRACLAY gallery) will be dug (Fig. 1).

[image: image1.png]SECOND
SHATT

-
-
-

HADES

PRACLAY

-

o
-

///

1 m \0 w

FIRST

SHAFT

2
o
o

w6

1SV PRACLAY GIE




Figure 1: HADES URF facility and its planned extension within the EIG PRACLAY

Monitoring has been essential throughout all these construction works to build up the expertise on clay mining and lining. A more detailed monitoring programme for the extension works is currently being carried out through the EIG PRACLAY [2], where not only pure construction-oriented measurements are carried out (e.g. behaviour of shotcreted support lining at large openings), but also the influence of these works on the clay formation, resulting in an Excavation Disturbed Zone (EDZ), are being assessed.

Safety aspects also required monitoring of many parameters, such as temperatures, pressures, displacements, or chemical conditions, leading often to specially developed or adapted equipment. The future decision process on HLW disposal will require a certification of the measurement data. 

Monitoring of underground construction

The shaft construction started in 1980 and was based on a complete freezing along the shaft depth (both water-bearing sand layers and Boom Clay layer). The decision for freezing of the clay was based on the mechanical clay behaviour determined on cores sampled from the surface; these cores indicated a low mechanical resistance of the clay.
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Figure 2: first shaft with monitoring levels

As the first question on HLW disposal dealt with feasibility of constructing a repository, monitoring was dedicated to the shaft sinking and the assumptions on pressure build up and deformations. At several levels in the shaft, ground pressure and lining deformation sensors were installed (Fig. 2) to check shaft integrity. The pressure was measured through Glötzl earth pressure cells installed near the shaft liner, in different orientations. The first results showed a rapid increase in total pressure, even higher than the geostatic level, followed by a decrease down under this level after thawing. This indicated a more significant swelling of the clay compared to the above laying sands due to the freezing. Interpretation of data indicates a rather large heterogeneity in the stress field around the shaft. Questions soon arose on the possible influence of installation on the performance of these sensors. Further theoretical investigations and field measurements confirmed the hypothesis that the installation itself can affect significantly the surrounding stress distribution. In practice this usually meant for the media considered (clay, grout) that the pressure cells underestimated the surrounding stresses. The high clay settlements around the shaft, partially due to the thawing of the clay around the shaft, also caused tubing ruptures.

After the excavation of the first gallery, non-frozen clay sampled near this gallery showed a more favourable behaviour than the previous cores (higher cohesion). This supports the necessity of continuous in situ observations when characterising formations. To verify these findings, an exploratory shaft and gallery were successfully constructed without freezing. Monitoring of this construction was not restricted to the lining but extended to the surrounding clay.

When in 1987 the second gallery ("Test Drift") was being constructed, the monitoring programme both considered the lining itself (pressures, loads and deformation) and the surrounding clay, in which inclinometers and settlement sensors recorded displacements. The last part of the Test-Drift has been lined in an alternative way by the so-called sliding steel ribs at the request of the French Waste Agency ANDRA. This highly flexible lining has been designed for limited external pressures by allowing a larger but controlled deformation of the clay as predicted by the convergence-confinement model. 

The first efforts to reproduce the measurements by modelling were difficult due to the large distribution of the sensor values and to the manual excavation method used, which caused too much uncertainties on several model parameters, such as overexcavation, advance rate, lining stiffness and so on.

Keeping these experiences in mind, much attention is now devoted to the design of monitoring programmes for the extension of the facility (second shaft and connecting gallery as shown in Fig. 1) within the EIG PRACLAY. Apart from the actions for documenting purposes (e.g. sampling), measurements have been carried out (and some are still running) to check with time the total and interstitial pressure build-up on the lining and the lining deformation. Some flexibility in the monitoring plan should allow for adaptations due to design changes or due to unexpected field observations during construction. For instance, after observation of large deformations and clay fractures around the bottom chambers of the shaft, we decided to perform additional permeability measurements to check the extension of the damage both in space and time (and which could verify the self-healing capacity of the clay).

A detailed instrumentation set-up has been installed to monitor the response of the clay when excavating the future connecting gallery. Because this excavation (in contrast with the previous ones) will be performed in a mechanised way, we expect to obtain a more uniform and repeatable picture of the clay behaviour, which will give us a better understanding of the coupled hydro-mechanical processes. After first modelling results have indicated the optimal location of the sensors together with the expected measurement ranges, blind predictions are now being performed, based on excavation parameters (such as progress rate and lining installation and stiffness).

Integrated in situ tests

As soon as the underground infrastructure became operational, several test configurations were implemented to investigate thermal, hydraulic, mechanical and chemical processes in the clay medium. A clear understanding of these processes should give us a better picture of the main phenomena to be considered when investigating the safety of HLW-disposal. At the early beginning, a special piezometer system has been developed and patented by SCK•CEN to collect water through this very low permeable clay and to record water pressure changes [3]. Such piezometer system, consisting of one to several stainless steel filters is also very suited to migration experiments. Figure 3 shows a typical application, where such system is installed behind the concrete plug at the end of the first gallery and which is functioning now for almost 15 years. The related migration experiment will be continued until at least 2010.

These systems are now used throughout the underground facility as versatile tools and adapted according the specific test requirements. They allow determining hydraulic parameters, ranging from simply porewater pressure measurements to hydraulic conductivity measurement in different directions. For one experiment, the piezometer tube has been equipped with a collimator to allow for directional humidity measurements by a neutron probe [4]. In many test set-ups with geomechanical objectives, the piezometer filters are complemented with total pressure sensors in an attempt to derive the effective pressure (= total – porewater pressure in saturated media). Another adaptation has been performed in the framework of the Mont Terri project [5], where a more indurated clay is considered; by complementing the filter screens with packers, we are able to obtain the same functionality for the piezometer system.

Practical experience with in situ monitoring

One of the main characteristics when designing monitoring programmes, is the specific nature of in situ measurements. This often requires custom-designed or -adapted instruments to be compatible with the environment, which can be corrosive, shows high total and porewater pressures, swelling clay, and with pyrite or other hard inclusions attacking sensitive parts. Experiments with heating or radiation sources present additional challenges. This requires a robust implementation of sensitive instruments, which furthermore also have to resist to the harsh conditions during installation works (such as drilling operations). The combination of measuring instruments with a construction site has never been straightforward.
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Figure 3: piezometer behind concrete plug

Depending on the parameter measured, less or more important spatial variations may occur. While displacements and porewater pressures show mostly repeatable results, total pressures and loads (such as segment loads) require more interpretation efforts. This may be due to local variations itself, but can be also due to installation of the instruments. It is well known that several parameters, such as total pressure, are affected by the installation of the measuring instrument itself. The interpretation of this measurements requires therefore a certain redundancy on the number of instruments installed to obtain some idea of the distribution of the measurement values, so that, similar to statistical techniques, some kind of average value and the typical deviation can be estimated. On the other hand, there is an obvious limit to the number of sensors and instrumentation boreholes to preserve the representativeness of the medium being investigated (clay host rock, backfill). We typically deal with this dilemma by combining several sensors into one installation device.

The influence of installation on the eventual measurement performance further requires detailed installation procedures to be drawn up for each type of instrument and for each application. Manufacturer's procedures usually need to be complemented or adapted to the local working conditions. Successful applications are therefore sometimes also alternated with some instrument failures, which nevertheless give us the needed experience to further improve our monitoring expertise.

A further specific aspect that has to be taken into account, is the difficulty to access most instruments once installed. Maintenance, repair or recalibration are therefore not readily possible. As most monitoring programmes have a multi-year time span (e.g. restoration of field conditions after installation requires several months to one year in such plastic clays), the technology applied should be sufficiently proven. Past experiences have taught us that testing and validation of instruments should be as complete as possible before final installation any new (and even existing) type of instrument, and sufficient resources should be foreseen for this.

Future developments

We expect that the focus of monitoring will shift from the current research-oriented applications, through demonstration tests, to licensing issues. 

The Belgian HLW disposal programme is currently reaching the demonstration phase. Through the Economic Interest Grouping "PRACLAY", a demonstration programme is currently being prepared [6,7], with as main objective the simulation of a reference disposal concept through an experimental gallery (Fig. 1), to be constructed from the connecting gallery within the next years. Monitoring is considered essential in this programme: the measurements should prove the reliability of the concept toward the public, while detailed observations of the thermal, hydraulic, mechanical, and geochemical conditions will allow us to update the current models. This will enable us to predict or confirm more confidently assumptions on the mechanical stability of complex underground structures (such as crossing chambers), the influence of gallery digging on the clay hydraulics (desaturation, fracturing, evolution of permeability,…), influence of temperature and thermal gradients on these parameters, or the influence of concrete lining segments on the performance of clay-based barriers. 

We further foresee that monitoring will play an essential role when the legal basis for HLW disposal will be defined. A licensing process will take into account the measurement results that become available before, during, and - optionally - after the disposal operations. Such licensing might include the validation for the proposed host rock of the approach based on standard test procedures and compliance of all system components with previously defined standards. This process is currently also considering the topic of retrievability, in which in situ monitoring also plays a crucial role. Finally, monitoring is gaining importance in the discussions on retrievability and post-closure follow-up.

Summary and Conclusions

The reasons for monitoring, and hence the monitoring activities, have been quite diverse and have shown some evolution over time. From purely construction-related observations, to general characterisation and modelling oriented measurements up to the specific safety and operational measurements that will be required when the final disposal site(s) will be built and operated. Up to now, in situ measurements have hardly been performed on a routine basis, as they mostly required custom solutions due to the research context of the specific monitoring tasks, as well as the environment, which is, even in geotechnical terms, quite exceptional. A more systematic and formal approach, which will ensure the confidence in the measurements obtained, is expected to be required as these results will play an essential role in the decision taking process dealing with HLW-disposal. SCK•CEN believes that an extension of its QA-programme and –accreditation to the whole field of in situ monitoring will help us in reaching the goal of delivering reliable and clear results to the decision-makers. The experience gained in the last two decades, such as instrument reliability and installation procedures, will be of great value to this.
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