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ABSTRACT





Stresses acting on a rock mass, elastic deformations of the area mined out, the amount and method of mining, geological features and rock properties are known to influence mining induced seismicity. The effect of stress and mining method on seismicity can be measured by the ratio of cumulative seismic moment to the product of rigidity and volume of elastic convergence (� EMBED Equation.2  ���). The seismic moment has a logarithmic nature and can be dominated by the few largest events. To reduce this effect we use a supplementary parameter that is empirically related to the incidence of rockburst fatalities (� EMBED Equation.2  ���). As larger events are less hazardous per unit of seismic moment, � EMBED Equation.2  ��� is less controlled by the largest seismic events. The parameters � EMBED Equation.2  ��� and � EMBED Equation.2  ��� were estimated for thirty seismogenic areas selected on the base of the mining layouts, seismic locations and local geology from three deep-level mines in the Carletonville mining district. It was found that � EMBED Equation.2  ��� and � EMBED Equation.2  ��� were far from constant. The ratio of the values of the 80 percentile to the 20 percentile was about five for � EMBED Equation.2  ��� and � EMBED Equation.2  ���. The scatter in values of � EMBED Equation.2  ��� and � EMBED Equation.2  ��� exceeded the reduction in volume of closure and expected seismicity by the introduction of regional stability pillars. As these pillars were introduced to reduce seismicity by a factor five or less, there is scope to improve mine layout design by using seismicity to characterize the local potential for seismicity.
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INTRODUCTION





Mining-induced seismicity around deep-level stopes is known to depend on rock-mass deformations , which are controlled by the following factors: (i) the mining method; (ii) the amount of mining; (iii) the geological setting; host rock types and structures and; (iv) the virgin stress field prior to mining; including the depth. These factors were combined by Cook et al. (1966) into a single statement : “ ..the (seismic) energy is determined by the volumetric closure of the excavation ..”. This approach has provided the support for two closely-related mine design criteria, Energy Release Rate (ERR) and the volume of elastic convergence. 





McGarr (1976) and McGarr and Wiebols (1977) showed a close relationship between seismic moment and the change in volume of elastic convergence of the mined-out area. The volume of elastic convergence is a function of mining geometry and the virgin stress field and is calculated for complex mining geometries using Boundary Element methods (Crouch et al., 1983; Ryder and Napier, 1985).





Ryder (1988) introduced the concept of Excess Shear Stress (ESS) principally to account for seismic events associated with faulting in geologically complex mining districts. Spottiswoode (1988) extended this technique to calculated ESS values on a plane above the reef at Blyvooruitzicht Gold Mine and showed that the level of seismicity was more accurately predicted by changes in ESS than by ERR. However, mine design using ESS criteria is not well established and is not used in this study.





In this study, the seismic activity was analyzed in terms of cumulative seismic moment and the volume of convergence. The cumulative seismic moment is dominated in practice by the presence, or absence, of the few largest events. In order to reduce this source of error, we introduce a supplementary parameter that is empirically defined in terms of the number of rockburst fatalities as a function of magnitude over a large data set. The general trend of this relationship was obtained from the fatalities database compiled from the Carletonville mining region. Evaluation of integrated seismicity was done considering both the cumulative seismic moment and a rockburst factor based on the number of fatalities per seismic event at different magnitude intervals.








METHOD





As suggested in the introduction, we are concerned here with quantitatively comparing cause with effect. Seismicity is an effect that results from changes in stress caused by mining. We quantify the cause in terms of the increase in the volume of elastic convergence in the mined-out areas, and the associated stress changes, and the effect in terms of the sum of all the seismic moments of the resulting seismicity. As we find that the larger events dominate the total seismic moment and that they are not as hazardous per unit of seismic moment, we also measure the effect in terms of empirically expected number of fatalities, a crude but objective measure of hazard.





McGarr (1976) defined � EMBED Equation.2  ��� as the ratio of the sum of seismic moments of events and the volume of elastic convergence:





� EMBED Equation.2  ���=� EMBED Equation.2  ���/G� EMBED Equation.2  ���	  	 				(1)





where:


� EMBED Equation.2  ���	is the modulus of rigidity of the rock types involved;  for the example given below G  was taken as 3.0 � EMBED Equation.2  ���1010� EMBED Equation.2  ���,


	� EMBED Equation.2  ���  is the change in the volume of elastic convergence due to mining,


	� EMBED Equation.2  ���  is the cumulated seismic moment. We estimated � EMBED Equation.2  ��� from the local magnitude M reported by the mine’s seismic system using the Hanks-Kanamori relationship (1979) :





� EMBED Equation.2  ���						(2)





Generally the � EMBED Equation.2  ��� parameter varies between 0 and 1 and represents the level of seismic activity due to mining. High values of � EMBED Equation.2  ��� denote higher seismic activity and a relatively higher seismic hazard than expected. However, this factor is meaningful only for adequately defined seismogenic volumes for which measured seismicity is strictly generated by a certain volume of convergence.





However, the largest single event accounts for a large proportion of � EMBED Equation.2  ���. Small changes in the definition of the seismogenic area or in the time period can result in the inclusion or exclusion of individual large events. In addition, errors in the magnitude estimate of these events play a greater role in the accuracy of calculating � EMBED Equation.2  ���. The simplest, and perhaps most robust, way to reduce the dominant effect of the largest events is to use a measure of seismicity that places less weight on the largest events.





A new parameter � EMBED Equation.2  ��� was introduced. This is defined in terms of the number of rockburst fatalities as a function of magnitude. We would have preferred to use the potentially larger data set of rockburst damage or injuries, but these data were not as reliable or complete as the fatality data. In Figure 1 we plot the ratio of the number of fatalities due to rockbursts during 1990 and 1991 (62 in total) to the number of seismic events recorded by the national seismic network of the South African Geological Survey, expressed in 0.5 magnitude unit bins. The minimum magnitude threshold of the seismic data was about� EMBED Equation.2  ���. The number of smaller events was estimated using � EMBED Equation.2  ���, where � EMBED Equation.2  ��� is the standard magnitude-frequency relationship.








�





Figure 1  The number of fatalities as a function of magnitude in the Carletonville area during 1990 and 1991.


     A total of 62 fatalities for a workforce of some 100 000 miners were attributed to rockbursts.








The relationship between the magnitude and the number of fatalities, derived from Figure 1 can be expressed as:


� EMBED Equation.2  ���							(3)





In a similar way to� EMBED Equation.2  ���, we define � EMBED Equation.2  ��� as:


� EMBED Equation.2  ���=� EMBED Equation.2  ���/G� EMBED Equation.2  ���							(4)





where:	


	� EMBED Equation.2  ���	is the total number of expected fatalities per corresponding seismogenic area,


	� EMBED Equation.2  ���	is the modulus of rigidity for the rock type involved,


	� EMBED Equation.2  ���	is the volume of elastic convergence due to mining.





As the reefs in the three mines considered, and indeed in all the mines in the Carletonville area, are nearly planar and are disturbed by few faults with throws greater than 40 m, we considered the mining horizon of each mine as a single plane. We used the boundary element code developed by Spottiswoode (1990) that has been extended to use data files generated for MINSIM-D, a code commonly used to calculate elastic deformations around tabular excavations (Napier and Stephansen, 1987). The influence kernels were based on Fourier Transform methods (Pierce et al., 1992). � EMBED Equation.2  ��� between successive mining steps and within each defined area was then calculated from values of on-reef convergence and stress as described by Spottiswoode (1988).





The mining outlines in each mine were digitized on an annual basis and described by several “coarse windows” of 64 by 64 grid blocks that were enlarged to patterns of 256 by 256 grids blocks. Areas of active face advance were then described in greater detail using “fine windows” of 64 by 64 grid blocks that were about 10 m on a side.





Each mine was then divided into seismogenic areas using patterns of seismic locations, regions of active mining and host rock lithology. The time interval used when calculating the volume of convergence corresponds to that used for the determination of the seismogenic volume, from which the cumulated seismic moment is also generated. In this approach seismogenic volumes associated with consecutive mining steps may clearly overlap (the term “mining step” has been defined here as a certain amount of mining over a certain period of time). We then look at the scatter in the values of ( and consider the reasons for the lowest and highest values.








DATA DESCRIPTION





This technique was applied on data recorded underground by Gold Fields Seismic System at three mines extracted the Ventersdorp Contact Reef: 





Deelkraal Gold Mine (DLK): The data consists of 10000 seismic events recorded during the period 1983 to 1994 and magnitudes in the range of 0.0 to 3.9. 





East Driefontein Gold Mine (EDR):  The data set comprised 3187 seismic events from the time interval 1988 to 1994, with magnitudes in the range of -2.1 to 3.9.





Kloof Gold Mine Co. Ltd. - Kloof Gold Mine (KLF):  On this mine the data consisted of 32438 seismic events recorded during the period 1983 to 1995.  The recorded events range in magnitude from -2.0 to 4.9. 





The Ventersdorp Contact Reef (VCR) is unusual in that both the hanging-wall and foot-wall rocks vary across the areas mines. These variations in host rock type have been classified into six main geotechnical areas (Johnson and Schweitzer, 1996). The difference in seismicity related to these geotechnical areas could be used to influence the design of deep-level stopes and to optimize the support systems.








RESULTS AND DISCUSSION 





We use the data from Kloof gold mine to illustrate the seismic events distribution and our identification of the seismogenic areas. Figure 2 is a hypocentral map of the seismic events with M ( 2.0 overlaid on the mining layout. Most of the events plotted were associated with active mining, while others were associated with regions that were highly stressed by previous mining. It can be seen that there are several concentrations of seismic events indicated higher seismic activity. Using the concentrations of seismic events, the actively mined areas and the geology of footwall and hangingwall rocks, we sub-divided the mine into eleven seismogenic areas. Figure 3 illustrates these sub-divisions together with � EMBED Equation.2  ��� values for each of the 11 areas.


�





Figure 2  Kloof Gold Mine Co. Limited - Kloof mine: Hypocentral map for seismic events with magnitude


   M ( 2.0.


�


Figure 3  Kloof Gold Mine Co. Limited - Kloof mine: � EMBED Equation.2  ��� distribution for selected seismogenic areas;


	     SL/QC is soft lava hangingwall over quartzite-conglomerate footwall;


		   HL/QC is hard lava hangingwall over quartzite-conglomerate footwall.





It can be seen that the areas from the southern part of the mine, S1 to S6, on average show higher seismic activity, by about a factor of 2, when compared to the areas N1 to N5 from the northern part of the mine. 





Seismogenic areas located in two geotechnical areas (Johnson and Schweitzer, 1996) at Kloof were compared: the areas with soft lava hangingwall over quartzite-conglomerate footwall (SL/QC: areas S2, S4, S6 and N4), to the areas with hard  lava hangingwall over quartzite-conglomerate footwall (HL/QC: areas S1, S3, S5, N1, N2, N3 and N5). It was found that the adjacent areas with SL/QC shows a lower level of normalized seismicity than the areas with HL/QC. This is in accordance with the interpretation of McGarr et al (1975) that stronger rocks are more prone to fail violently.





Seismogenic areas were also defined for Deelkraal and East Driefontein gold mines. In total 30 seismogenic areas were defined.





The value of a mine design criterion, such as � EMBED Equation.2  ���, can be judged by the reliability and accuracy of its application. In other words, � EMBED Equation.2  ��� and/or � EMBED Equation.2  ��� should have the same value for all seismogenic areas. If there is significant scatter in such normalized measurements, then two complementary actions are available. Engineering judgment can be used to in applying these values differently in different areas. Or better design criteria can be developed.





In broad terms, areas with lower values have experienced mining conditions that are “easier” than expected, while higher values denote difficult mining conditions. If these conditions persist, then areas with high values of ( should require additional efforts to reduce � EMBED Equation.2  ��� through reduction of stope spans, greater use of regional stability pillars and perhaps the application of backfill. On the other hand, areas with low values of ( could be mined as safely with less rigorous application of regional support measures. Local support methods, especially support spacing, is currently based principally on hanging-wall conditions. Currently, the amount of support resistance is based on a single question : is the area rockburst prone? Use of ( could assist in a more quantitative approach to specifying support resistance.





Figures 4 and 5 show the variations in � EMBED Equation.2  ��� and � EMBED Equation.2  ���. The 20 and 80 percentiles are marked as the middle 60% of each population seems to be well behaved. The low-value outliers were from shallower or isolated areas, while high-value outliers were deeper and in areas more completely mined out. We suggest that the criterion of volume of closure did not take sufficient cognizance of the depth of mining or of the strain weakening of areas that were left as regional support. It would take enormous computational effort to model strain weakening over large areas in three dimensions and indeed such models have not yet been applied on such a large scale. A simple half-way stage between purely elastic modeling and full inelastic modeling would be to limit the on-reef stress. Preliminary work has indicated that placing a limit as high as 1000 MPa substantially increases the volume of closure when a high percentage of the area is mined.





The large event contributed about 40% of � EMBED Equation.2  ��� and therefore � EMBED Equation.2  ���, in contrast to only about 15% for the case of � EMBED Equation.2  ��� and � EMBED Equation.2  ���.We therefore expected that there would be less scatter in the distribution of � EMBED Equation.2  ��� compared to � EMBED Equation.2  ���. This was not the case and we suggest that this supports the contention of McGarr (1976) that a certain amount of seismic moment should be released, regardless of whether through large or small events. If this is indeed true, then it would be safer if the “compulsory” seismicity were released in one large seismic event : for given � EMBED Equation.2  ���, � EMBED Equation.2  ���/� EMBED Equation.2  ��� is minimized when � EMBED Equation.2  ��� is derived from one single event. As small events are unavoidable, a low b-value in the standard frequency-magnitude relationship becomes the best option.


�


Figure 4  Cumulative plot for � EMBED Equation.2  ��� calculated over all areas studied at Deelkraal, East Driefontein and Kloof


    gold mines 
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Figure 5  Cumulative plot for � EMBED Equation.2  ��� calculated over all areas studied at Deelkraal, East Driefontein and Kloof


gold mines 








CONCLUSIONS





Values of seismicity normalized by the amount of mining, � EMBED Equation.2  ��� and � EMBED Equation.2  ���, shows a significantly large scatter, with the 80 percentile value exceeding the 20 percentile by a factor of five for three mines studied. As stabilizing pillars are designed to reduce seismicity by the same factor, or less, better criteria or a better understanding of the source of these variations are required.





As the value of � EMBED Equation.2  ��� is less dependent than � EMBED Equation.2  ��� on the presence of the few largest events, it was expected that � EMBED Equation.2  ��� would show less scatter than � EMBED Equation.2  ���. The observation that this was not the case suggests that � EMBED Equation.2  ��� is based on a more physically realistic model than was used for � EMBED Equation.2  ���. For a given value of � EMBED Equation.2  ��� in any areas, mining would, on average, be safer if the seismicity occurred as more large events and fewer small events.





These conclusion are radical in their scope and further work is needed, by using data from more mines and by considering other possible mine design criteria, before major changes can be properly motivated for improved mine layout design.
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The design and sequencing of mines at depth is strongly influenced by the need to reduce the seismicity and the resulting rockbursts. Stresses acting on a rock mass, elastic deformations of the area mined out, the amount and method of mining, geological features and rock properties are known to influence mining induced seismicity. 





The effect of stress and mining method on seismicity can be measured by the ratio of cumulative seismic 


moment to the product of rigidity and volume of elastic convergence (� EMBED Equation.2  ���). The seismic moment has a logarithmic nature and can be dominated by the few largest events. To reduce this effect we use a supplementary parameter that is empirically related to the incidence of rockburst fatalities (� EMBED Equation.2  ���). As larg
