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Zones of high stress concentration induced by coal mining at a depth of 1250 meters in the Lorraine Collieries are detected ancf monitored using a combination of numerical and microseismic methods. Changes in the stress state induced by coal mining are estimated by means of numerical simulations. The areas of high stress concentration are located and monitored by local microseismic network. The study of microseismic activity recorded during mining made it possible to localise the zones of high stress concentration and validate the calculations done by numerical modelling. The results of this study hold out interesting prospects for using a combination of numerical modelling and microseismic monitoring for detecting, locating and monitoring of the zones prone to rockbursts.

Introduction

Since the middle of the 19 th century the Houillères du Bassin de Lorraine collieries have been extracting the biggest coal deposits in eastern France near the Franco-German border. The geology of the coalfield is extremely complex, in that it is affected by two faulted anticlines (Merleback and Simon) separated by a syncline with highly asymmetric edges (Marienau). This series is overlaid unevenly by the Vosge sandstone formation of a thickness varying between 200 and 300 meters according to location \ 2 (Figure 1). In the zone investigated, the seams worked lie in two clusters: lower and upper of soft coal.

Mining operations modify the equilibrium state of the rock mass. In particular, it leads to a new distribution of stresses, according to the rheological and mechanical behaviour of the structure, and this process is the cause of substantial microseismic activity ' . Some of this microseismic activity is associated with dynamic phenomena 3 ' 4 ' [START_REF] Senfaute | Microseismic Monitoring of Underground Coal Mining at the Provence Coal Mines[END_REF] . The effects of these phenomena are felt mainly in the vicinity of the coalface and can cause significant damage in the workings, such as the collapse of roadways, violent failure of pillars, or coalbursts at the seam. Research has been done to define a methodology for predicting high stress concentration zones based upon large scale numerical modelling [START_REF] Al-Heib | La planification des travaux miniers assistée par des modèles prévisionnels des états de contrainte dans les massifs rocheux[END_REF] ' [START_REF] Josien | The prevision of rockbursts in Gardanne Colliery[END_REF] In the present study, numerical modelling was combined with microseismic monitoring for detecting and locating the high stress concentration zones induced by the coal mining. It was carried out during the mining of the Irma seam at a depth of 1250 meters in the collieries of the Lorraine basin (France).

Description of the site

The Irma coal seam is worked using the longwall caving method. The width of the working face is 290 meters and the total length 1700 meters. The thickness of the seam is from 3 to 4 meters and it slopes at 20°. The working of this face involves 4 different configurations (Figure 2):

• configuration 1: the working face is 535 meters long and is located 180 meters below the old workings of the Louise seam;

• configuration 2: the working face passes through a barrier pillar 195 meters wide, known as the Louise barrier pillar;

• configuration 3: after passing through the Louise barrier pillar, for 390 meters the working face is 180 meters below old workings at the Louise panel and alongside old workings at another adjacent face (the Irma 1140 panel);

• configuration 4: the working face is alongside the old workings at an adjacent face (the Irma 1140 panel) for 580 meters.

Numerical modelling

The zones of high stress concentration are estimated by numerical modelling using the Suit3D computer code8 based on the boundary element method9 . Suit3D is a numerical code developed to calculate induced stresses and displacements dues to mining operations for tabular mines (coal mines, gold mines, etc.). The code uses the displacement discontinuity method. The advantage of Suit3D is its capacity to model group of seams close to each other; to generate mesh for any form of exploitation area and to calculate different energy parameters. The Suit3D code is able to incorporate in the calculations all the panels or seams that influence a particular sector, without limitation. The numerical modelling process at the scale of the Irma panel embraces all the panels worked in the sector (4 seams). Modelling was done in a number of phases corresponding to the different configurations in which the panels were worked (e.g.

Figure 2). The first series of numerical modelling operations sought to identify the high stress concentration zones existing before the Irma panel was worked. It revealed two such zones: one corresponds to the area of the Louise barrier pillar (zonel) and the other to an area of older adjacent worked panels: zone 2 (Figure 3a). In these areas, the normal stress concentration was about 1.2 times the initial stress. The second series of numerical modelling operations was intended to determine the changes in the zones of high stress concentration once work on the Irma panel had begun. It showed that the arrival of the working face in these areas that were already overstressed caused an extension in the overstressed zone and a substantial increase in the value of the stress. This was of the order of 1.7 and 1.9 times the initial stress (Figure 3b).

Local microseismic monitoring network

In order to locate and monitor the high stress concentration zones identified by the numerical modelling process, a local microseismic monitoring network was installed in the vicinity of the workings at the Irma panel. The network consisted of 16 sensors of the vertical geophone type installed in the roofs of the roadways (Figure 4). The geophones have a specific frequency of 14 Hz. The signals are transmitted via telephone pairs to a central data input and processing unit at the surface. Data acquisition employs a computer with a sampling frequency of 3 kHz. As soon as an event is recorded, automatic processing takes place. In this way the location, energy and magnitude of the event are automatically calculated.

Analysis of microseismic activity

Location of events

Six blast were fired in order to determine the propagation velocity of the seismic waves appropriate to precise location of the seismic epicentres in the zone of study.

Interpretation of this series of blast gave a seismic wave propagation velocity of the order of 4700 m/s. The accuracy of the location of the events using this velocity model is of the order of 20 meters. During working of panel, a total of 60,375 microseismic events were recorded, with a maximum magnitude of the order of 3. The events were located close to the working face, both in front and behind. The small seismic events, of magnitude below 1.5 (98 percent of the population) were evident throughout the workings. However the strongest events, of magnitude 1.5 or above (2 per cent of the population) appeared and were located in two zones: the zone of high stress concentration in the barrier pillar (zone 1) and the zone affected by stresses from the old adjacent workings (zone 2).

Seismic energy

The seismic energy of each event is determined using the following equation:

C r 2 V 2 (t)dt in
Where p is the density of the medium, R is the hypocentral distance; V(t) is the ground velocity and c is the group velocity of the P and S phases. This method is valid when the seismic wave is radiated spherically and symmetrically. The quality factor (Q) is not taken into account. The attenuation was estimated as not significant considering the short distances source-geophones and the recorded wavelengths. However, for the energy computation we consider the geometry effect. The calculation is done for each geophone recording a valid signal and then averaged aver that number of geophones.

Accordingly the seismic energy is estimated at the source of the event.

The correlation between the seismic energy and the cumulative advance of the workings demonstrates the different seismic patterns associated with the extraction of the panel.

Four seismic patterns were observed. Figures 5 and6 show the different seismic patterns observed throughout the working of the face:

Pattern 1: This seismic pattern appears after the face has advanced through 50 meters and is associated with the caving of the roof. This pattern shows that the seismic energy released increased as a linear function of the advance of the face for the first 500 meters of working, and is associated with small events of magnitude below 1.5.

Pattern 2: A change in the seismic pattern takes place once the working face arrives beneath the Louise barrier pillar. This new pattern is characterised by a considerable increase in the seismic energy released and is associated with the appearance of strong seismic events, of magnitude 1.5 or more. These events add to the small seismic events that are present during the first seismic pattern.

Pattern 3: A third seismic pattern appears about 25 meters after the working face has moved on from the barrier pillar. It is characterised by a substantial fall in the seismic energy released and is associated only with seismic events of low magnitude. This pattern is perturbed by the appearance of a few strong events. However the strong events are located behind the face and beneath the barrier pillar.

Pattern 4: A change in pattern appears when the working face moves on from the zone located 180 meters underneath old workings. This seismic pattern is characterised by a substantial increase in the seismic energy released and is associated with the appearance of strong seismic events.

Correlation between microseismic activity and high stress concentration zones

The numerical simulations showed two high stress concentration zones before working of the Irma panel, and an increase in stress concentration when the working face arrived in these areas. The location of high stress concentration zones, as estimated by numerical modelling, is confirmed by the microseismic activity recorded during working of the face. Analysis of the seismic energy released as a function of the advance of the face shows a strong change in the seismic pattern in the zone of the barrier pillar (zone 1) and the zone affected by stresses from the old adjacent workings (zone 2); Figure 5. These changes are associated with the appearance of strong seismic events. All the strong seismic events are located in the zones of high stress concentration identified by numerical modelling (Figure 7). The researches [START_REF] Mcgarr | Relationship of mine tremors to induced stresses and to rock properties in the focal region[END_REF] showed that in the Witwatersrand gold mines the position of seismic epicentres coincided with the zones where the changes in stress induced by mining were maxima.

The small seismic events of magnitude below 1.5 that appeared after the commencement of caving are present throughout the working and are grouped in a cluster. This cluster of events is localised in the vicinity of the face, both in front and behind, and advances with the working face. This population of low magnitude events is associated with the ruptures created during caving of the roof and the microcracking of the coal in front of the face 9 ' 10 . The strong seismic events, localised solely in the zones of high stress concentration identified by numerical modelling are associated with the opening or slipping of pre-existing cracks in this zone and/or with the creation of new failures.

Conclusions

The control of the behaviour of the rockmass under difficult conditions of mining necessitated the introduction of a methodology based upon large scale numerical modelling and microseismic monitoring.

The numerical simulations were able to identify the high stress concentration zones induced by the working faces at a depth of 1250 meters. The location of this high stress zones was confirmed by the location of the microseismic epicentres and analysis of the seismic energy released. The changes in seismic pattern and the location of the events of high magnitude were correlated with the zones where the changes in stress estimated by numerical modelling were highest. The results of this study open interesting prospects for using a combination of numerical modelling and microseismic monitoring as a means of detecting, locating and monitoring of the zones prone to rockbursts. 34 375 seismic events (0 < ML < 3) 210 seismic events (ML > 1,5)
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Figure 7: Location of microseismic events of magnitude higher to 1.5 recorded during the first 600 meters of working of the Irma panel (the working face was located in the barrier pillar zone) and location of high stress concentration zones identified by numerical modelling.
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 56 Figure 5: Correlation between seismic energy and the cumulative advance of the Irma panel