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A deep gallery excavation in clay: monitoring our modeling skills
J. Verstricht, W. Bastiaens, F. Bernier & X.L. Li
EIG EURIDICE, Mol, Belgium
ABSTRACT: In the framework of the Belgian in situ research program on the disposal of high-level nuclear waste in a clay formation, an underground test facility is operated. Recently, this facility has been extended by a second access shaft and a connecting gallery. The construction works have been subject to an extensive modeling and monitoring program to assess the performance of an industrial gallery excavation and construction technique at unprecedented depths, and to assess the response of the clay formation to these works. In this paper we present how the instrumentation program has been designed and implemented, the actual performance of the instruments, and some selected measurement results. 
1 The hades underground research facility
Since 1974, the Belgian Nuclear Research Centre (SCK•CEN) investigates the option of disposal of high level nuclear waste in a clay formation. In this context, it started the construction of the underground research facility HADES (High Activity Disposal Experimental Site) by sinking an access shaft in 1980, complemented with two galleries (total length of 100 m) at a depth of 223 m in the Boom Clay, a Tertiary sedimentary clay formation. Many experiments have since then been operated in this infrastructure, many of which are still producing data on the performance of this clay formation for underground radioactive waste disposal.
As space became limited in the existing facility for new experiments, and to allow for large-scale demonstration tests in a clay environment representative of the future disposal site, EIG EURIDICE, the current manager of the underground facility and a joint undertaking between SCK•CEN and the Belgian Waste Management Agency NIRAS/ONDRAF, implemented the extension of this facility by sinking a second shaft (completed in 1999) and excavating a connecting gallery (completed in 2002). Figure 1 shows a complete overview of the current facility. This paper will focus on the monitoring program related to the connecting gallery.
2 Design and implementation of the instrumentation PROGRAM
2.1 Context of the instrumentation program

The construction works in the 1980s allowed us to demonstrate the feasibility of excavating galleries in the Boom Clay at a depth of 223 m. These excavations were however mainly performed manually, and therefore not representative for a repository site. Moreover, the low excavation speed (some 3 m/week) and the large overexcavation (necessary for the manual lining installation) caused a relative high disturbance (due to the decompression) of the clay host rock around the gallery. From these and other lessons learnt from the Boom Clay behavior at these depths, we decided to apply a mechanized technique for the excavation (roadheader with tunneling shield) and lining (wedge block) of the connecting gallery (Demarche & Bernier 2003). Such technique allows for a higher excavation speed (minimum 2 m/day) with a minimal overexcavation, reducing the plastic zone in the host rock due to this excavation. Application of this technique at these depths was unprecedented, and therefore a comprehensive instrumentation program was set-up to monitor the (minimized) disturbance of the tunneling technique on the clay host rock, to assess the pressure development on the lining, and to assess the performance of the tunneling equipment itself. In this paper, we will focus on monitoring the clay host rock and the gallery lining. Further details on the project context are given in (Verstricht et al. 1999).
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Figure 1. Lay-out of the HADES underground research facility. Instrumentation boreholes were drilled at both ends of the connecting gallery before its construction.
2.2 Modeling of the gallery construction
The influence of the excavation works on the clay host rock was modeled, and the comparison of the measurements with the predictions allows us to improve our model predictions on the behavior of the clay host rock. Preliminary modeling was also used to optimize the location and measurement range of the sensors (Verstricht et al. 1999).

2.3 Instrumentation lay-out
The model predictions, combined with the lay-out of the existing galleries (sensor locations have to be accessible through boreholes), led us to a definition of three instrumented regions: one near the front of the Test Drift, another near the bottom of the second shaft, while the third region consisted of instrumented lining segments. Monitoring the clay host rock is performed mainly by instrumented boreholes, as shown in Figure 1. The main parameters monitored in the host rock are pressure (pore water and total pressure) and displacement.

2.3.1 Instrumentation from the Test Drift Front
In the region near the front of the Test Drift, we designated four zones to be monitored (Fig.1): zone A in the axis of the connecting gallery, zone B just above the gallery, zone C vertically upwards, and the zone D in the horizontal plane of the gallery. Each zone was equipped with one instrumentation borehole for pressure measurements, and another borehole for displacement measurements. All instrumentation was installed in May 1998.

Pore water pressures were monitored through twin-tube piezometers, each consisting of a sintered stainless steel filter integrated in the borehole casing, and connected with a twin tube to a pressure transmitter at the Test Drift front. The filters were located at depths between 15 and 30 m in the clay. Total pressure was monitored through pressure transducers, whose diaphragm was mounted flush with the borehole casing.

The displacements were measured through extensometers, inclinometers and a deflectometer, depending on the location/orientation of the borehole. In the axis of the connecting gallery, we wanted to measure the axial displacement towards the excavation front, and therefore an extenso​meter was installed there, with 6 anchors between 20 and 30 m depth. Each anchor (grout type) was connected, by a stainless steel rod in a plastic protection tube, to a displacement transducer (potentiometer type) at the measurement head (located at the Test Drift Front). The other displacement sensors in the vertical plane monitored the vertical displacements, and therefore inclinometers were applied. To allow for automated measurements with a high read-out frequency, as would be needed during the excavation, we opted for an in-place inclinometer (IPI), consisting of a chain of ten segments, each 3 m long and equipped with an electrolevel transducer. The displacement sensor in the horizontal plane had to measure horizontal displacements, which required the use of a deflectometer. We selected a chain type, consisting of ten 3‑m long segments, equipped with angle transducers between the subsequent segments. 
2.3.2 Instrumentation around second shaft
The region around the second shaft was instrumented with a pair of boreholes (pressure and displacement), some 5 m above, and parallel with, the future connecting gallery (zone E, Fig. 1). For the displacement sensor we again selected an IPI chain.
2.3.3 Instrumented lining segments
To assess the design and installation of the lining segments, we embedded vibrating wire strain gauges in 30 segments (three sections of 10 segments each). Each segment contains 6 or 12 sensors, and this configuration allows to measure intrados and extrados strains separately. 
3 Instrumentation PERFORMANCE
3.1 Pressure measurements
The installation of the instrumented boreholes mostly proceeded without problems. The performance of the piezometer is excellent. Total pressure sensors are more vulnerable to field conditions (sensitive diaphragm), and from the 23 sensors installed, 17 survived the whole campaign of almost four years. The results from the total pressure sensors were however lower than expected, as in fact hardly any effective stress could be measured, except for one sensor. The measurement of total pressure in clay host rock here is apparently disturbed by the installation (borehole drilling) and therefore requires an improved sensing and installation technique.
3.2 Displacement measurements
3.2.1 Multi-point borehole extensometer

The excellent initial performance of this instrument was first compromised by the unstable shotcrete front on which the measurement head was attached. This could be repaired and the measurements showed again the original trend (in fact, the anchors could be considered as fixed, while the measurement head moved with the shotcrete front), and the measurement trend also was an indication to us that the extensometer functioned correctly. During the actual excavation however, we could not observe the expected displacements (e.g. no response observed when removing the actual borehole anchors), nor any differential response between the different anchors. The expected displacements were eventually observed and can be explained by a virtual anchor point that is located close to the measurement head.  Most probably, the connecting rods suffered from an obstruction (acting as the virtual anchor point) between the anchors and displacement transducers. For the depths considered, an extensometer of this type (with connecting rods) requires a more specific installation procedure to avoid such obstruction.
3.2.2 In place inclinometer (IPI)
This type of instrument gave a mixed experience. The initial installations (from the Test Drift Front) were performed with a single plastic (ABS) casing, which turned out to be too fragile for long term (> few months) applications in Boom Clay at 223 m depth. During the installation from the second shaft, we had to redrill the borehole, as the original casing had collapsed after a few weeks and before the IPI was installed. A double casing, consisting of an outer steel tube, complemented with the inclinometer casing at the inside, resulted in an excellent performance. 
In contrast, the two IPIs at the Test Drift did not allow for a straightforward interpretation. One inclinometer saw half of the sensors out of range or broken (large initial displacements due to grouting), while significant displacements at the borehole mouth complicated the analysis.
A similar remark can also be made for the deflectometer, where the interpretation suffers from an uncertain orientation of the measurement chain: we measured vertical displacements of the same order as horizontal displacements, where only horizontal displacements can be expected. This might be due to misalignment with respect to the vertical axis.
3.3 Strain in concrete lining segments

All 270 sensors were successfully cast into the segments; every sensor still functions after more than one year. The interpretation of the actual stress state requires a correct understanding of the mechanical behavior of the concrete. This implies elastic modulus, shrinkage and long term creep values determined by laboratory tests. Frequent on site measurements, sometimes interacting with tunneling activities at critical moments (e.g. wedging) are also essential.
4 measurement results

We discuss here some typical measurement results. A complete analysis of the measurements is given in (Bernier et al. 2003).
Figure 2. Response of the piezometer A2 ahead of the excavation front, with evidence of suction due to decompression of the clay host rock. The sketch indicates at which borehole depth each sensor is located.
4.1 Porewater pressure measurements ahead of the excavation front

Figure 2 shows the response of the piezometer in the axis of the gallery. The intermittent excavation sequence (excavation alternated by ring installation, during which no excavation takes place) can be clearly observed, especially during the latest days. As predicted, the pressure initially increases, followed by a decrease as the excavation is approaching the filter. This decrease extends into suction, and finally the pressure reaches the atmospheric value when a fracture connects the filter with the environment. Although the trends were predicted, both the pressure increase as well as its extension were higher than expected.

4.2 Displacements in the clay
Figure 3 shows the response of the inclinometer E1 (above the initial part of the connecting gallery) upon the start of the gallery excavation. The settlement in the clay formation followed closely the gallery excavation (which started in the beginning of February).

Figure 3. Vertical displacement above the gallery during and after its construction (inclinometer E1).
4.3 Strain in concrete lining segments

The strains measured in the three instrumented sections have allowed us to estimate the pressure build-up on the gallery lining. Figure 4 shows this pressure over time for section 50, located in the middle of the connecting gallery. We averaged all strain readings in each segment and applied a thin-wall approximation to transform internal segment stress to external pressure, assuming a uniform external pressure on a monolithic ring. The strain-stress relationship (including long-term creep characteristics) has been derived from lab tests on concrete samples. The results show that the pressure builds up quite rapidly and to a relative high value. In contrast, total pressure measurements on the lining of the second shaft only show - after 4 years - pressures in the order of 1 MPa. This indicates that gallery construction, compared to shaft sinking and lining has caused a significant lower disturbance of the clay host rock.

A detailed interpretation of the strain measurements allows us further to determine the influence of the installation (wedging of key segments) and of the configuration on the stress distribution in each segment. One of the relevant phenomena observed is a significant difference between intrados and extrados strain in some segments, indicating bending in the segment considered.

Figure 4. External pressure on lining of ring 50 as derived from averaged readings from embedded strain gauges (uniform external pressure hypothesis). Note the fast pressure increase. Corrected for creep.

5 Conclusions

This extensive instrumentation program has given us essential information on gallery construction in a deep clay formation. It has provided us with a better view on the effects in the host clay rock, and with the results we are able to improve the design of the engineering structures and of the tunneling procedure itself, resulting in more cost-effective construction methods that will have a minimal impact on the host rock. Special attention is currently being paid to excavation related fracturing and self-healing effects in clay, to the assessment of the large-scale piezometric conditions in the clay host rock around galleries in function of time, and to the optimal design of gallery structures such as gallery crossings.
Concerning sensor performance, special attention is being paid to reliable displacement and total pressure measurements in the clay host rock.
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