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Summary

1. Introduction
In March 2002, excavation works to extend the underground research facility HADES (Mol, Belgium) were completed. HADES is located at a depth of 223 m below surface, in the Tertiary Boom Clay layer (Fig. 1). A 90m long gallery with an excavated diameter of 4.89m was realised, connecting the recently constructed shaft and the existing part of the research facility. Lining thickness was 0.4m. One of the main goals of the connecting gallery project was the demonstration of the feasibility of an industrial excavation technique which allows efficient construction works at these depths in a plastic clay layer but which creates only a limited EDZ [1].
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Figure 1: Overview and construction history of HADES.

The term EDZ is a very general one; in fact many types of disturbance or damage can occur which do not necessarily have the same extent. In the current paper the Hydraulic Disturbed Zone (HDZ) and the zone with (macro-) fractures are dealt with. Results obtained during and after the excavation of the connecting gallery are presented and discussed.
2. Methodology
Two types of information are used in this paper. On one hand, there are the on-site observations of fractures around the gallery and on drill cores, and on the other hand, there are the results obtained from piezometers, installed in the vicinity of the connecting gallery.
During the construction of the connecting gallery an important effort was made to observe fractures. As the excavation progressed, the face and sidewalls of the gallery were observed, photographed and mapped; also, some cored borings were carried out after the tunnel was constructed, showing the extent of the zone damaged by macro fractures [1, 3].
Mid May 2002, two 40m long piezometers (12 filters each) were installed into the clay body from the connecting gallery (Fig 1). A downward piezometer and a horizontal one (eastward) were installed at about 30m from the old Test Drift front which was a formal tunnel end. The influence of the second shaft and this old front on the piezometers is very limited, given their distance. These instruments are called the “reference piezometers”, as their aim is to give reference values for the pore water pressure distribution around the gallery.
Other pore water pressure information is obtained from the piezometers installed within the framework of the EC CLIPEX programme: before the excavation of the connecting gallery, the host rock was instrumented from the old Test Drift front and from the second shaft (Fig. 1). The instrumentation consists of displacement sensors, pore water and total pressure sensors. During excavation of the connecting gallery, successive changes in these properties could be observed.
Possible changes of the hydraulic properties of the host rock were investigated during the beginning of the EC SELFRAC project; permeability measurements were performed around the connecting gallery. The mean hydraulic conductivity K (which is combination of KH and KV) is determined using the method described in [2]. A pressure increase (or decrease) is applied to a piezometric filter and the resulting flow rate is measured. After a stabilisation period (steady state flow is needed) K is calculated using the formula for isotropic media:
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with Q being the flow rate (m³/s), (h the head difference (m) and F a form factor (m), which for a cylindrical filter is given by:
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L and D are the length and diameter of the piezometric filter.

3. Results

Figure 2 gives an overview of some results of the fracture observation programme. Figure 2A shows a sketch of the fracture pattern around the connecting gallery on a vertical cross-section; the tunnelling shield is also indicated. A similar fracture pattern was observed in drill cores, which can be thought of as small diameter galleries [3]. Figure 2B is a picture of the sidewall, some fracture traces are indicated. Figure 2C consists of two parts which both show fracture traces on an unfolded cylinder made up by the gallery sidewalls: a detail of the fracture map on the left and the calculated trace of a typical shaped fracture (cf. Fig. 2A) on the right. This detail of the fracture map considers a 4m long section of the gallery. A part of the calculated trace (bottom part) is repeated several times on the fracture map: the observed and calculated traces are similar.
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Figure 2: Fractures around the connecting gallery. A: sketch of the fracture pattern observed during excavation. B: Photo of the gallery sidewall (unsupported zone behind the tunnelling shield) with indicated fracture traces. C: Detail of the fracture map which contains all fracture traces observed on the sidewalls. The trace of a typical shaped fracture (cf. fracture pattern) is shown on the right.

The cored borings performed shortly after the realisation of the connecting gallery indicated a radial extent of the fractures up to (at least) 1m into the host rock [3].In the framework of the EC project SELFRAC, more cores will be taken in November 2003 to verify these results.
Figure 3 shows the results of the vertical (downward) reference piezometer. The distances indicated on the graph are measured from the gallery intrados; the lining is 0.4m thick. The recorded pore water pressure is larger for filters further away from the gallery. After installation of the piezometer a convergence and stabilisation of the host rock around it occurs, this process is faster at locations further into the host rock. Therefore filters close to the gallery measure atmospheric pressure during the first months, indicating the host rock has not yet converged fully around the piezometer. All filters of the downward piezometer are now sealed off from the gallery: they no longer measure atmospheric pressure. The closest filter from the horizontal reference piezometer (at 1 m from gallery intrados) is however not yet sealed off at the moment.
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Figure 3: Pore water pressures recorded by the vertical (downward) reference piezometer. The filter closest to the gallery (1.7 m from gallery intrados, 1.3m into host rock) measures the lowest pressure and further into the host rock the pressure gradually increases.

Figure 4 gives an overview of the results from the two reference piezometers as function of the radial distance (May 2003). The gallery lining is shown as well. For each filter, the measured pressure is shown as a percentage of the original (theoretical) value. The pore water pressure distribution around the gallery is anisotropic. The HDZ in a horizontal plane seems to range up to about 20m into the host rock. In a vertical plane however, an equilibrium pressure is not reached even at 40m. The fact that the values are all significantly lower than 100% is probably due to the disturbance caused by the installation of the piezometer itself (cf. drilling of borehole).
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Figure 4: Overview of measurements of the reference piezometers (May 2003) as function of the radial distance till the gallery axis. The gallery and lining are shown as well. The graph compares the undisturbed in-situ pressures with the measured ones (as a percentage of the original value).

Table 1 contains the results of four hydraulic conductivity measurements performed at different positions. In situ tests in the past gave similar K-values which are used as reference values for Boom Clay [4]: KH = 4.1 10-12 m/s and KV = 2.2 10-12m/s.

Table 1: Hydraulic conductivities measured around the connecting gallery.

	Test location [m]

(radial distance to gallery intrados)
	Hydraulic conductivity K [m/s]

	5.5
	5.7 10-12

	6.64
	6.3 10-12

	7.98
	~4 10-12

	12.31
	3.2 10-12


4. Discussion

A large amount of fractures were induced around the connecting gallery. When excavating at these depths, fractures are unavoidable but one can limit their extent. The connecting gallery was excavated using an industrial technique which aimed at limiting the EDZ. During the excavation of the second shaft no real effort was made to limit the EDZ. The ratio between the radius of the fractured zone and the radius of the excavation itself for the connecting gallery and the second shaft are respectively about 1.4 and 2.4 [3]. The measures taken during the construction resulted in a significantly smaller fractured zone. Moreover, healing and sealing effects will probably reduce the influence of fractures on the overall performance of a future repository [1]. From a depth of 1.3m into the host rock, installed piezometers are sealed off from the gallery by the converging clay.
The orientation of the fracture traces on the fracture map can be plotted in function of the position of the fracture observation on the sidewall (Fig. 5). Figure 5A shows the orientation of all fractures observed in a 10m long section in the middle of the gallery; the orientations of the trace of a typical shaped fracture are shown as well. Graphs for all other 10m long sections (except near the end of the gallery) are similar. This indicates that the fracture pattern is consistent along the gallery. Figure 5B shows orientations for the last 7m before the connection to the Test Drift and indeed displays other behaviour; besides the orientations for a typical shaped fracture the result for a similar fracture pattern caused by the excavation of the Test Drift is shown as well. Figure 5B suggests a similar fracture pattern indeed exists around previous excavations. Up to now, no natural fractures were encountered [3].
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Figure 5: Orientation of  fracture traces on the fracture map. A: Data from a 10m long section in the gallery middle. B: Data from the last 7m before the connection to the existing URF. On A and B, orientations of fracture traces of the observed fracture pattern around the connecting gallery are shown (black). Orientations of a similar pattern around the Test Drift are shown on B (grey).
The extent of the HDZ is very large in comparison with model predictions: the reference piezometers indicate an HDZ of 20m in a horizontal plane and over 40m in a vertical one. Elasto-plastic modelling (Mohr-Coulomb) in the framework of the CLIPEX project resulted in a HDZ of about 7m into the clay host rock [5]. Also during the CLIPEX project, a large HDZ was observed; fractures and skeleton viscosity play an important role in this phenomenon [6]. The anisotropy of the HDZ is not yet fully understood; the anisotropic hydraulic conductivity (K), convergence and fractures could provide an explanation [1, 3]. Three additional reference piezometers will be installed in November 2003; one of those will be installed at an angle of 45° with the two existing ones and will provide more data on the anisotropy of the HDZ.

The measured K-values do not differ substantially from the original in-situ values. From a distance of 5.1m into the host rock, the influence of the excavation on permeability is limited. Conductivity measurements at smaller distances will be carried out in the near future.

5. Conclusions

The EDZ around an industrial excavation (excavated diameter 4.89m) was studied. The extent of the EDZ depends on the phenomenon examined. If we look at the fractured zone, the EDZ extends about 1m into the host rock. The radius of the HDZ however is at least 20m and the HDZ is aniso-tropic. It was shown that -if macro-fractures are considered- industrial excavation techniques can limit the EDZ. Moreover, healing and sealing effects will probably reduce the effect of the EDZ. From a depth of 1.3m into the host rock, installed piezometers are sealed off from the gallery by the converging clay. From a distance of 5.1m into the host rock, the influence of the excavation on permeability is limited.
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A new gallery (excavated diameter 4.89m) was recently constructed at the underground research facility HADES (Mol, Belgium) located at a depth of 223m in a plastic clay. An industrial excavation technique was used. The EDZ around the gallery is studied by observing macro-fractures and pore water pressure distribution. The fractured zone extends at least 1m into the host rock; this value will be verified during the EC SELFRAC project. The radius of the Hydraulic Disturbed Zone (HDZ) is at least 20m and the HDZ is anisotropic. Gallery construction will always induce an EDZ but it is shown that industrial excavation techniques can limit its extent. From a depth of 1.3m into the host rock, installed piezometers are sealed off from the gallery by the converging host rock. From a distance of 5.1m into the host rock, the influence of the excavation on permeability is limited.
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