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Modelling and monitoring of deep tunnelling in clay
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ABSTRACT: The demonstration of the disposal of high-level radioactive waste in Belgium involves con​struction works to extend the current research infrastructure (at 223 m depth in a tertiary clay layer) with a second access shaft and a connecting gallery. These works give us a unique opportunity to extend our know​ledge on the behaviour of clay at these depths, more specifically on the Excavation Disturbed Zone (EDZ) due to tunnelling works as this zone might affect the protective properties of the clay host formation. A research programme assesses the short-term hydro-mechanical disturbance caused by gallery excavation. This is performed by predictive modelling, field measurements (pressure and displacement), and a characterisation programme to determine the initial field conditions. The results of the first modelling exercises have allowed us to determine the optimal position and measurement range of the instruments. This paper presents both the first modelling and experimental results.

1 INTRODUCTION

The demonstration at real scale of the concept for High-Level radioactive Waste (HLW) disposal in Belgium requires the extension of the current under​ground facilities. The current Belgian concept consists of a network of horizontal disposal galleries in a clay formation. In the framework of the basic research on HLW dis​posal, the Belgian Nuclear Research Centre SCK•CEN started with the construction of an under​ground research facility, called HADES (High Activity Disposal Experi​mental Site) in 1980. This facility has a 230 m deep access shaft with two gal​leries at 223 m depth and is situated in the Boom Clay, a tertiary clay layer of some 100 m thick. The first gallery, finished in 1984, is lined with cast iron segments, while the second gallery ("Test Drift"), completed in 1987, is lined with concrete blocks. The extension works, managed by EIG PRACLAY (an Economic Interest Grouping between SCK•CEN and the Belgian Waste Management Agency NIRAS/ONDRAF), con​sist of a second shaft, now nearing completion, and a connection gallery, which will be excavated between this shaft and the existing facilities, as shown in Figure 1.

The unique opportunity provided by these con​struction works to investigate the behaviour of tun​nelling in clay at these depths has resulted in the CLIPEX (Clay Instrumentation Programme for the EXtension of an underground research laboratory) research programme. Field data are used to assess various models that predict the short-term hydro-mechanical clay behaviour. In particular, we are interested in the performance of mechanised excavation techniques and the corresponding reduc​tion of the plastic zone extent.
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Figure 1. HADES underground research facility with PRACLAY extension (second shaft and connecting gallery).

2 ModELLING RESULTS

The modelling of the gallery excavation, set up as a benchmark exercise between different modelling teams, is being performed in different phases with increasing com​plexity, to ensure that results from the different teams can be directly compared.

We started with a one-dimensional simulation of the (idealised) excavation of a cylin​drical cavity in an infinite medium under the condi​tions of axisymmetry and plane strain. The second exercise simulated a more realistic two-dimensional excavation process, taking into account the decom​pression of the clay mass ahead of the excavation face, the support laying distance and the sequential tunnelling process. We considered both an excava​tion without and with a radial overgap of 5 cm (resulting in an additional radial displacement before the clay contacts the lining). The models and mate​rial parameters to be used were fixed to ease com​parison between the results. Differences could there​fore directly be attributed to the method used (code, mesh, handling of boundary conditions).

The results (Bernier & Van Cauteren 1998) indi​cate axial displacements ahead of the face up to 8 cm (12 cm with overexcavation gap, Figure 2), radial dis​placements near the lining of 4 cm (9 cm with gap, Figure 3), a plastic zone with radial extent up to 4 m (7 m with gap, Figure 4), and a maximum principal total stress ahead of the excavation front up to 5.5 MPa (initial isotropic total stress of 4.5 MPa) as shown in Figure 5.
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Figure 2. Prediction of axial displacements ahead of the excavation face.
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Figure 3. Radial displacements as a function of the radial distance to the gallery axis.
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Figure 4. Extent of the plastic zone around the excavated gallery.
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Figure 5. Maximum principal total stress ahead of the excavation face.

A parametrical study has shown that the initial pore water pressure and the pore water bulk modulus have a large influence on these results (Labiouse & Bernier 1997). The bulk modulus depends on the amount of gas dissolved in the water, but is very difficult to determine accurately.

With all the excavation parameters (excavation rate, support…) and the initial conditions known (based on the characterisation programme and the first in situ measurements), a final blind prediction of the excavation can be carried out and compared with the field data when they will become available.

3  CHARACTERISATION PROGRAMME

In order to input reliable field parameters in the models, we have also carried out a characterisation programme to obtain some mechanical parameters of Boom clay. Although earlier data existed (summarised in De Bruyn 1999), they were mostly determined in laboratory tests on clay samples. The existing field data were obtained around the galleries, where clay had been disturbed due to the freezing (first gallery) or (over)excavation (Test Drift). Therefore, we considered this programme necessary to (1) vali​date existing data, (2) obtain a more complete set of data, and (3) obtain values that were representa​tive for the zone being monitored.

The test programme consisted of:

1 Pressuremeter (PT) and dilatometer (DT) tests to determine the in situ deformability modulus, the anisotropic behaviour, the time dependent behaviour and the strength parameters (Geocontrol 1998);

2 Hydro-fracturing tests (HT) to determine natural in situ stress and in situ permeability (Klee & Rummel 1998);

3 Self-boring pressuremeter tests (SBPT) to determine the confining stress and the in situ shear modulus (Bidwell 1999).

All these tests have been carried out in boreholes drilled from the front of the Test Drift at depths between 10 and 20 m, where we assumed that the clay had not been disturbed significantly by the Test Drift excavation.

The shear modulus has been determined by the pressuremeter and dilatometer tests, with results varying (depending on borehole and depth) from 40 to 70 MPa. Maximal moduli are usually measured in the vertical direction. Shear moduli in unloading have also been calculated, resulting in an average value of 130 MPa. These moduli are very homogeneous, regardless of the borehole, depth or measuring direction. Yield pressure calcu​lations lead to average results of about 5.5 MPa.

Although none of the hydrofrac tests demon​strated the initiation of new fractures with clear breakdown events, they yielded reliable "refrac-and-shut-in" pressure data. The impression packer tests conducted showed that in most tested sections axial, sub-vertical fractures with similar orientation were stimulated. Therefore, the stress analysis was carried out on the basis of the classical concept for horizon​tal principal stress, resulting in stresses of (2.55±0.24) MPa (minimum horizontal stress) and (5.23±0.54) MPa (vertical stress). The pressure pulse tests conducted prior to the hydrofrac tests yielded a higher than expected hydraulic conductivity of (4.3±1.0)(10-10 m/s for the Boom clay around the test boreholes instead of values in the range of 10-12 m/s as observed with the usual piezometer filters. The high con​ductivity together with the lack of fracture initiation indicate some damage of the clay host rock due to the drilling process.

For the SBPT, a weak rock configuration was chosen, consisting of a six-arm selfboring pressure​meter and pore water transmitters. The results suggest that Boom clay has a large elastic range, is non linear-elastic (exponent of 0.6), has a shear modulus of 150 to 200 MPa, an undrained shear strength of 2 to 2.3 MPa, with in situ stresses of 3.4 MPa considering a non linear elastic model (NL) and of 4.3 MPa considering a linear elastic model (L). It is worth pointing out that the obtained undrained shear strength is consistent with the values of 1.7 to 1.9 MPa obtained in CTU tests under 4.1 MPa confinement (De Bruyn 1999).

The SBPT shows, in contrast with the hydrofrac tests, only a small anisotropy. All the tests produced good pore water data and the tests can be shown to be undrained. Once reached, the maximum radial effective stress remained con​stant at 2 MPa during the tests.

A summary of the mechanical parameters obtained through this test programme is given in Table 1.

The in situ tests have confronted us with the working conditions in clay when trying to obtain pa​rameters in clay that is as undisturbed as possible. A typical example is the drilling technique of the SBPT: instead of the usual drilling mud, which cannot be applied in our clay formation, we have to use compressed air. This required customising of the drilling system, which eventually led to a successful test programme.

Table 1. Comparison between the parameters as obtained from the pressuremeter (PT), dilatometer (DT), hydrofrac (HT) and selfboring pressuremeter tests (SBPT).

values in MPa
PT
DT
HT
SBPT

shear modulus
42/69
66/72

(at loading)

shear modulus

89/167

83/225

(unloading)

shear strength



2/2.3

yield pressure
4.5/6.7


vertical stress


5.23
3 (NL)*

horizontal stress


2.55
3.4 (NL)/4.3 (L)*

viscosity exponent

0.057

non-linear exponent


0.6

* NL: non-linear, L: linear

4 instrumentation programme

4.1 Set-up and installation

Based on the modelling results, we have designed the instrumentation programme to obtain the following parameters:

1 Axial displacements (range 15 cm) ahead of the excavation front as a function of time and place;

2 Radial displacements (range 15 cm) around the excavation, from the gallery lining up to 7 m;

3 Water (up to 2.5 MPa) and total pressure (up to 5.5 MPa) at the same location to derive the effective pressure; the measurements are performed up to a radial extent of 12 m.

Sensors are located both in the vertical and hori​zontal plane to check for possible stress anisotropy. Given the installation possibilities, we arrived at a configuration of eight boreholes drilled from the front end of the Test Drift, to be complemented with two boreholes above the connecting gallery, and some additional instrumentation in the lining of the connecting gallery.

From the Test Drift, four boreholes have been drilled and instrumented with displacement sensors, while the other four boreholes have been equipped with pressure sensors. All boreholes are 30 m deep; this depth is considered sufficient to cover the representative (i.e. undisturbed) clay formation, while this length still allows us to position the sensors with sufficient accuracy. 

Displacements are measured through:

1 A six-point borehole extensometer in the axis of the future gallery;

2 Two fixed inclinometer chains in inclined boreholes above the future gallery;

3 A fixed deflectometer chain aside from the future gallery.

The extensometer consists of six anchors (inflatable, cemented packers) at borehole depths from 30 to 20 m, connected by stainless steel rods to displacement transducers (range +15/-5 cm) at the borehole mouth. The inclinometers consist each of a chain of 10 3 m-long beams with an electrolevel sensor (range ± 4 cm/m) on each beam. The whole chain is installed in a ABS casing. The deflectometer also consists of a chain of 3-m long beams, but now the angle (both in horizontal and vertical direction) between the beams is measured. By integrating the measurements of both the inclinometers and deflec​tometer, we can obtain a complete picture of the posi​tion of each sensor. To obtain absolute measure​ments, we perform a regular survey of the borehole mouths, to which the measurements are referenced. This will allow us to relate the displacement data to the excavation progress.

Somewhat paired with the displacement bore​holes, we have drilled and equipped four boreholes with pressure sensors. Total pressure is measured through miniature pressure sensors flush mounted in the wall of the borehole casing, while pore water pressure is measured through porous filters, which are connected by a twin-tube system to pressure transmitters at the borehole mouth. This system also allows for sampling and determination of other hydraulic parameters (e.g. conductivity and storage coefficient).

4.2 Data management

Measurement data are automatically gathered by a networked PC and inserted into the experimental database. As convenient checking of the measurement data is essential to the success of each monitoring programme, especially at longer term, we have developed a system for visualisation through a standard internet browser (Kalin, 1999) as shown in Figure 6. This will also allow to give the partners in this research programme direct access to the data without the need for custom software or dedicated telephone lines.
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Figure 6. Measurement data visualised by an internet browser.

4.3 First measurement results

After installation of the instrumentation (May-June 1998), we expected a stabilisation of the measure​ment data, such as an increase to the undisturbed values for the pressure values, and no significant displacements, except for the extensometer. The results were however somewhat more complicated due to the disturbance of the existing Test Drift-gallery, installation of the equipment, and sensor performance itself.

4.3.1 Existing field conditions

The presence of the Test Drift-gallery, which has a draining behaviour on the surrounding clay forma​tion due to the (permeable) concrete lining, causes a pressure gradient near the front. The (intentionally) weak support of the shotcreted front further causes a continuous movement of this front inside the gallery.

The pressure gradient is clearly visible in the pressure profiles as shown in Figure 7. The measure​ment data show that the influence is larger in the axial direction (boreholes A2 and B2). A first analysis further indicates that the disturbance of the Test Drift may be extending further than 30 m. The field data are also compared with a model prediction, which gives the pore water pressure profile after 10 years of draining, with an hydraulic conductivity of 4(10-12 m/s and an initial pressure of 2.25 MPa.

The continuous decompression is evident by the apparent displacement of the deepest (30 m) exten​someter anchor. In fact, we may consider this anchor as fixed, while the reference head at the borehole mouth is the moving part. We notice a movement of some 0.013 cm/day, as shown in Figure 8. This value corresponds with the optical survey data.
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Figure 7. Pressure gradient due to the draining effect of the Test Drift – measured values versus model prediction.
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Figure 8. Extension of the deepest anchor indicates decompres​sion of Test Drift Front.

4.3.2 Installation of the measuring equipment

To guarantee the direction of the boreholes, a mini​mal drilling diameter is required for a sufficient rigid drill rod assembly. The 30 m boreholes have there​fore been drilled to an internal diameter of 150 mm. 

As the ABS inclinometer casing has an outer diameter of only 70 mm, and to avoid excessive creep of the clay host rock, the remaining space has been grouted by a smectite-cement mixture, which resem​bles the clay characteristics after setting. Apart from the inclinometer boreholes, we also applied this procedure to the extensometer borehole. The prac​tice recommended by the supplier ("the borehole is left open") is clearly not applicable in clay, where no borehole will stay open unless supported in one or another way.

Because the grouting has a higher hydraulic con​ductivity, we have not applied this procedure to the pressure sensing boreholes. These have been drilled in two stages, with the final stage (from 15 to 30 m deep) at small diameter, so that only a small creep is needed to obtain contact between the sensors and the clay host rock. Nevertheless, even drilling itself al​ters the hydraulic and mechanical properties (as ex​perienced with the hydrofrac tests), and this has to be taken into account when analysing the measure​ments, as explained in the next paragraph.

4.3.3 Sensor performance

As we have experienced, the field conditions in clay are quite demanding. Although the high water and total pressures were specified (2.5 and 4.5 MPa, respectively), it seems that hardly any plastic casing is able to cope with these. The deflectometer chain, after showing stable measurements during more than a month, was pushed out of its casing, probably due to a broken end cap. We have been able to seal the end of the casing and reinstall the whole chain. Also one inclinometer chain showed some irregular readings after an initial stable period. We assume that this also has to do with deformation of the casing due to final setting of the grouting around the casing.

Interpretation of the total pressure readings is less straightforward. As they indicate a total pressure  that is hardly higher than the pore water pressure u (i.e. almost no effective pressure' = -u), we per​formed a test by opening a piezometer filter (pres​sure drop to atmospheric pressure) and recording the related total pressure drop. As shown in Figure 9, it is clear that the pore water pressure drop of almost 2 MPa is only partially observed by the total pres​sure cells, which are however at only some 5 cm distance from the filter. Modelling has however shown that, due to the very low hydraulic conduc​tivity (4(10-12 m/s), such small distance can explain the pressure gradient. Our first conclusion is that the total pressure cells only record the pore water pres​sure, due to the absence of any effective pressure (remoulded zone immediately around casing). The measurement of total pressure (or variations of it) in a clay formation remains one of the principal chal​lenges.
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Figure 9. Response of total pressure sensors when connecting piezometer filter to atmospheric pressure

5 conclusions

We have designed and implemented an instrumenta​tion programme based on previous modelling. We have paid much attention to the interaction between modellers and field scientists, so that measurement data obtained can be compared directly with the model predictions.

The characterisation tests and first measurement data show once more that standard installation procedures sometimes are not adapted to the field conditions in deep clay. Here a good co-operation between supplier and end-user is indispensable to obtain successful results. The self-boring pressuremeter tests have shown that this is perfectly possible.

A good understanding of the initial field condi​tions and parameters is essential when comparing model predictions and field measurement data. 
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