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ABSTRACT: A stope in a South African deep-level gold mine has been instrumented with 3 D micro-seismic array in order to improve the understanding of the rock mass behavior around the tabular ore body under dynamic loading. The amplitude spectral ratio R’(f) between seismic waves recorded in solid rock and on the skin of the excavation were analyzed. It was found that the ground motion measured on the skin was four to ten fold larger when compared to the ground motion measured in the solid rock. In the fractured ground, where the amplification taking place, a well-developed coda wave (most probably Rayleigh wave) was found to travel with much low velocity than in a solid rock. Two mechanisms of dynamic response have been defined here: structural response, defined as a common spectral behavior at all surface seismograms; and local site effect, defined by spectral peaks at one or two surface seismograms.


RÉSUMÉ: Une exploitation en gradin a été équipée avec une série de capteurs microsismiques tri-dimensionels dans une mine d’or sud africaine d’importante profondeur dans le but de mieux comprendre le comportement du massif rocheux autour d’une structure tabulaire sous chargement dynamique. On a analysé l’amplitude du rapport spectral R’(f) entre les ondes sismiques enregistrées dans une roche solide et celles enregistrées sur les paroies de l’exploitation. Il en est ressorti que le déplacement mesuré sur la paroie est quatre à dix fois supérieur à celui de la roche solide. Dans la roche fracturée où le mouvement est amplifié, on a découvert une importante onde finale (probablement onde Rayleigh), celle-ci néanmoins se propage nettement moins rapidement que dans une roche solide. Deux mécanismes de reponse dynamique ont été établi: premièrement la reponse structurale est definie comme un rapport spectral commun sur tous les sismogrammes de surface, et en second lieu un effet local se traduisant par des pics spectraux à un ou deux des sismogrammes de surface.


ZUSAMMENFASSUNG: Gold wird in Suedafrika von tafeligen Erzkoerpern in grosser Tiefe abgebaut. Details von Gebirgsschlaegen sind wichtig fuer die Minenplanung. Eine dreidimensionale Anordnung von Geophonen wurde daher installiert, um ein besseres Verstaendnis von den dynamischen Prozessen zu erzielen. Das Amplitudenspektralverhaeltnis R'(f) zwischen seismischen Wellen vom Festgestein und denen von den Stollenraendern wurde analysiert. Es wurde festgestellt, dass der Gesteinsversatz an den fraktierten Abbauflaechenraendern das vier bis zehnfache von dem im Festgestein betrug. Eine gut entwickelte Kodawelle (wahrscheinlich eine Rayleighwelle), welche sich viel langsamer als die im Festgestein fortbewegt, wurde im fraktierten Gestein gemessen. Zwei dynamische Prozesse wurden identifiziert: tektonische Ereignisse die in allen Oberflaechenseismogrammen das gleiche Spektrum aufweisen. Zweitens, ein lokaler Prozess, der bei Spektralerhoehungen in ein bis zwei Oberflaechen seismogrammen zu erkennen ist.


�
1	Introduction


�



Measurements of the dynamic site response made during the past three years by CSIR Division of Mining Technology have shown that the phenomenon is real and significant. Many interesting results have been obtained. For example, it was found that the peak particle velocity on the skin of the excavation may be amplified by four to ten fold compared to a point in solid rock a similar distance from the focus, and the total energy flux by even larger amounts (Durrheim et al. 1997). Ground motion at points less than a meter apart show difference in amplitude and phase, which can only be accounted for by large strain across fractures. A case has been recorded where this behavior changed dramatically following a nearby seismic event, suggesting that a significant change in of stress occurred. The data were initially analyzed using classical seismological approaches such as spectral ratios (Spottiswoode et al. 1997). Time domain approaches, such as deconvolution and system identification using data adaptive filters, were also investigated. Latterly, analysis techniques used by earthquake engineers such as single and multi-mode harmonic oscillators were applied to describe the site response (Cichowicz et al. 1998).





Much scope exists for the application of site response knowledge to study the rockburst damage mechanism and rockburst resistant support design. Ortlepp (1997) analyzed a large number of rockburst cases in deep level gold mines and categorized the rock fractures and the rockburst mechanisms. Wagner (1984) characterized the support requirements under rockburst condition and developed a simple model based on the comparison between the rockburst damage and the peak ground velocities calculated as a function of magnitude and the distance from the event (McGarr, 1981). Kaiser and Maloney (1996) proposed the relationship between seismic moment and peak ground velocities as better representation. However, most of works used data recorded in solid rock and do not take into account the dynamic effects of the fractured rock at the skin of the excavation.








2	Method OF OBSERVATION


2.1	Ground motion 





The earthquake response of underground structures was analyzed 





2.2	Waveform analyses








2.3	Spectral ratio





Following previous	 results we focussed on the analyzing the difference in ground motion at closely spaced points.





The dynamic response was represented as an amplitude spectral ratio R’(f) between two seismic signals measured at different points in the panel (Spottiswoode et al., 1997).





To compare the ground motion at different sites (e.g. A and B), the full waveforms were Fourier transformed:
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and										(1)
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where: �EMBED Unknown��� and �EMBED Unknown���are the velocities time histories and �EMBED Unknown��� and �EMBED Unknown���are their Fourier transformations.





The ratio of the complex spectrum at each frequency was expressed as amplitude ratio R(f) and phase difference �symbol 100 \f "Symbol" \s 9�d�(f):
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where: R(f) is an amplitude ratio and �symbol 100 \f "Symbol" \s 9�d�(f) is the phase difference:





Spectra of the seismograms at adjacent frequency vary widely  and give a noisy appearance. Spectral ratios, such as R(f) in Equation (2), are more prone to noise. To obtain stable values, spectra for many events were obtained and the median used, R�symbol 162 \f "Symbol" \s 9�¢�(f) and �symbol 100 \f "Symbol" \s 9�d��symbol 162 \f "Symbol" \s 9�¢�(f), of all spectral components for A(f) and �symbol 100 \f "Symbol" \s 9�d�(f) at each frequency. After replacing amplitude ratio’s and the phase differences with their median values, averaged for number of events was done (Press et al., 1992).





The phase difference, d’(f), was interpreted in terms of the propagation velocity of seismic energy. This provides some insights into the “softening” effect of the fracture zone around the stope. These analyses have suggested that the effective velocities of propagation be much less than the S-wave velocity.





3	Site description





Two sites on Carbon Leader stoping at Western Deep Levels, East Mine – panel 93 E4 were chosen for underground monitoring. Figure 1 illustrates the position of the sites and the mining environment.





The Carbon Leader reef is being mined on strike by a conventional 25 m long panel. Until recently the stope used backfill as permanent support and Camlok props as temporary face area support. Permanent support has been replaced with elongates (initially cone props with a later switch to Madodas and then Eben Haeser) and packs without backfill. The stope is being mined on strike, and the majority of hangingwall fractures are oriented between face-parallel and at 200 oblique to the stope face, with a moderate to steep dip. The discontinuities include joints, faults, bedding and parting planes and mining induced fractures were mapped and analyzed. Three major joint sets, throwing north-north-east, east-west trending and north-west were measured. Faults striking north-east, sub-parallel to the dominant joint set. The faults are all normal with throws of less than 1 m and dip steeply to the south (Reddy, 1998).





�








Figure 1 Mining plan with the position of the monitoring sites.





The Green Bar, an argillaceous unit up to 2,5 m thick, overlies the Rice Pebble Marker. The Green Bar lies at an average of  2,0 m above the Carbon Leader. The position of this structure in respect to the recording configuration can be seen on Figure 2.








4	RESULTS AND DISCUSSION


4.1	Dynamic behavior of the hangingwall by 3 D seismic array





A linear array of triaxial geophones connected to a Portable Seismic System (PSS) was installed into a 10 m long hole drilled vertically into the hangingwall (Figure 2a). Each of the five triaxial sites was separated from its nearest neighbor by 2 m. The lowest triaxial geophone has installed just below the bottom Green Bar interface, while the next geophone is above Green Bar interface. The other three triaxial geophones and the surface vertical geophones were all located in quartzite hangingwall strata above the Green Bar. On the preliminary test the signal of the top triaxial geophone (“A” in Figure 2a) was dominated by mono-frequency characteristic with low attenuation, perhaps owing to poor grouting. The data from this site was excluded from further analysis. In addition, a surface array of uniaxial geophones connected to a Ground Motion Monitor (GMM) was installed on the skin of the hangingwall in the immediate vicinity of the hole (Figure 2b).















































Figure 2 (a) Vertical section showing positions of sensors in uphole geophone array. Mapped positions of the Green Bar and fracturing around hole are also indicated. (b) Schematic (scale is approximate) of positions of GMM sensors (e.g. ‘G2’) with respect to hole in plan (‘G7’ and ‘G8’ were positioned on the footwall). Configuration 2 is a modified version of the configuration 1 and has operated for the last few months.





The PSS and GMM arrays were connected via a common geophone channel, to allow for the comparison of the data sets and the identification of common recorded seismic events. A computer program was written to identify the common events on the basis of high correlation of the common signals and then combine the data files, after correcting for offsets in the data and for differing sampling rates.








4.1.1	Waveform analysis





Some 521 common events were identified as having been recorded by both the PSS and the GMM, and the data files were combined for joint assessment. 





A standard seismological procedure using P- and S- arrival time difference, polarization of the first motion, back azimuth and waveform similarity were used to group the data into various clusters. The mine’s data were then used to associate each cluster with specific mining stope. The most well developed clusters were associated with the 93 Level stope faces to the north east of the recording site, which were steadily advancing away from the site during the period of recording. (Figure 1).





An increased degree of complication of the signals from top to bottom was found. This was accompanied by an increase in the amplitude and duration of the coda waves, classified as surface (Rayleigh) waves using the following criteria:





arrival after the S-wave, 


Comment on larger delay explain with Steve’s model + the paragraph with the hammer as evidance. ….





the frequency contents much lower than body waves








Amplitude diminishes with the distance from the free surface of underground excavation.





Figure 3 (a) An example of seismograms recorded in solid rock (site “B” from Figure 2a). (b) An example of seismograms recorded on the skin of the hangingwall (site “E” from Figure 2a). Where X & Y are the horizontal components oriented to dip and strike respectively and Z is the vertical component)








Evidence for Rayleigh waves











Polarization of the particle motion 





Figure 4 A Polarization diagram illustrating Rayleigh type of motion.





















































4.1.2	Ground motion





The maximum velocities for the entire data set recorded in a borehole array are shown on Figure 5. Their values ranged from 0.6 mm/s to 5 mm/s. A similar behavior with small dispersion was obtained.











Figure 5 Maximum velocities recorded at site WDL, East mine, 93E4 panel, geophones B, C, D and E are installed in the borehole from top to bottom.





The maximum velocities from the skin are shown on Figure 6. The variations of velocities of individual events on the skin of the hangingwall are higher than the variations of velocities within the borehole. Their values (ranged from 0.2 mm/s to 7 mm/s) are larger than the maximum velocities recorded in the  borehole array.
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Figure 6 Maximum velocities recorded at site WDL, East mine, 93E4 panel (3D observations): G2 to G6 are placed on the hangingwall, G1 is about 5 into a hangingwall, and G7 is on the footwall.
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The results from velocity analysis have indicated that the values recorded in the skin are several times larger than the velocities recorded in the solid rock. These higher velocities are most probably amplified by the energy trapped fractured rock near the skin of the stope. However, the mechanism of energy trapping and energy interaction with incoming seismic wave is not very well known and described in this study.
































4.1.3	Spectral ratio





The dynamic behavior of the rock mass surrounding the Up-hole site has been also analyzed in terms of spectral ratio. The three-dimensional seismic network installed there provides an excellent opportunity to examine the change in the seismic wave close to an underground opening.





Figure 7 shows the Log10 amplitude spectral ratio of the seismic signal recorded at 6.5 m into solid rock (G1) and a number of seismic signals recorded at the skin of the excavation (G2, G3, G4, G5 and G6) for Configuration I from Figure 2b. We suggest that G1 (6.5 m into the borehole) closely represent the solid rock.
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Figure 7 Log10 (spectral ratio) of the seismic signal recorded at 6.5 m into the hangingwall (G1) and a number of seismic signals recorded at the skin of the excavation (G2, G3, G4, G5 and G6) for configuration I from Figure 2b.





Strong structural response was observed in the low frequency range at 40 Hz and 70 Hz for all surface sites (G2 to G6). Local site effects were observed at two surface sites for frequencies above 140 Hz (G4 and G5), with a clear peak at 185 Hz for G5.





The spectral peaks interpreted as the structural response (40 Hz and 70 Hz for all surface sites) could be associated with widespread effects, such as the Green Bar layer, while the site effects observed at G4 and G5 reflect the difference in the intensity of the local fractures in the vicinity of the geophones.





Two mechanisms of dynamic response have been defined here: structural response, defined as a common spectral behaviour at all surface seismograms; and local site effect, defined by spectral peaks at one or two surface seismograms.





Strong structural response was observed in the low frequency range at 40 Hz and 70 Hz for all surface sites. Local site effects were observed at two surface sites for frequencies above 140 Hz, with a clear peak at 185 Hz for one geophone.





A few months later the geophones G5 and G6 were moved deepper 1 m beyond the geophone G5. The idea was to trace the size of an anomaly located around G5 (Figure 8).
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Figure 8 shows the spectral ratios between the seismic signals recorded in the solid rock and seismic signals recorded on the skin of the excavation for this new configuration (Figure 2b - Configuration II).








Structural response detailed discussion with some attempt for interpretation





Site or local effect same as above.





It can be seen from Figure 8 that the spectral peaks at 40 Hz and 70 Hz for all surface geophones remained the same as they were before. It indicates that the expected deterioration the hangingwall and the support in time, does not affect the low frequencies.





Significant change is obtained for geophones G2 and G3, which have developed a spectral peak at 185 Hz. The spectral behavior for G5 at its new position is similar to G3, G3 and G4 in range of 185 Hz, while the spectral behavior for G6 is similar to those of G4 for frequencies higher than 200 Hz. These changes are interpreted as local effect. However, the size of the effected area is apparently larger than the span of the surface network and cannot be accurately mapped.





The results obtained for the dynamic response of the site, including both the structural response and the local site effect, can be related to the existing support methodology. The normalized load-deformation curve, presently used as a support design criterion, could be modified by the dynamic response spectrum in order to provide additional design information.





4.2	Ground motion recorded by 2 D seismic array





Two additional ground motion monitors with a common trigger and 15 geophones were installed as part of the in-stope monitoring program described above. The site location is shown on Figure 4.1. The recording configuration is represented in Figure 4.7. Most of the geophones ware placed on the hangingwall except B5, B6 and B7 which were deployed on the footwall. 





Short site disruption cartoon and fault characteristics.
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Figure 9 Configuration of micro seismic array consisting of two ground motion monitors (A & B) with common trigger and 15 geophones. All geophones are placed on the hangingwall except B5, B6 and B7.





The maximum velocities recorded at site A are shown in Figure 10. An interesting feature for this site was the north-easterly trending fault which cuts through the recording configuration. The geophones A1, A4, A6 and A7 were on the up-dip side of the fault while the geophones A2, A5, A3 and A8 were on the down dip side of the fault. Geophone A8 was reserved for strong seismic events and set on low gain only. Geophone A7 had poor signal. These two geophones have been excluded from the analysis.








Figure 10 Maximum velocities recorded by box “A” (Figure 9). All geophones A1 to A8 are placed on the hangingwall. The geophone A8 is low gain.





It was found that the peak velocities measured at geophones located on the up-dip side of the fault were recorded higher peak particle velocities than the geophones located on the dawn-dip site of the fault. The difference was fairly clear for geophones A5 and A4 situated very close to the fault and only 20 cm from each other. The Log10 spectral ratio for these geophones presented on Figure 11 indicates that the maximum velocities recorded at A5 are 4 to 5 times higher in average than the maximum velocities recorded at A4, and about 10 times higher in the frequency range 100 Hz to 160 Hz. 








�EMBED Excel.Sheet.8  ���




















�





Figure 11 Log10 spectral ratio (A5 /A4) of the seismic signal recorded both sides of the fault by geophones 20 cm from each other shown in Figure 9.





 Figure 12 show the maximum velocities recorded at site B. Geophones B1 to B4 were installed on the hangingwall while geophones B6, B7 and B8 were installed on the footwall.
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Figure 12 Maximum velocities recorded by box “B” (Figure 9). Geophones B1 to B4 and B8 are placed on the hangingwall. Geophones B5 to B7 are on the footwall. Geophone B8 is low gain





Peak velocities were used to look at the relative motion between hangingwall and footwall. This shows independent behavior between the two, as has been observed before.





5	CONCLUSIONS


The results from velocity analysis have indicated that the time delays observed between pairs of geophone sites exceeded the travel time for P- and S-waves in solid rock, indicating lower wave velocities. These lower velocities are expected, given the high degree of fracturing near the skin of the stope. It is expected that this will give insight into the mechanisms of energy trapping. It will also assist in estimating the effective stiffness of the fractured rock and, thereby, it’s dynamic response.





Two mechanisms of dynamic response have been defined here: structural response, defined as a common spectral behavior at all surface seismograms; and local site effect, defined by spectral peaks at one or two surface seismograms.





The spectral peaks interpreted as the structural response (40 Hz and 70 Hz for all surface sites) could be associated with the presence of the Green Bar layer in the quartzite, while the site effects observed at G4 and G5 would be more dependent on the difference in the intensity of the local fractures in the vicinity of the geophones. However, this interpretation is too broad and numerical modeling is required to provides insights into the actual mechanism of dynamic behavior of the hangingwall.





The results obtained for the dynamic response of the site, including both the structural response and the local site effect, can be related to the existing support methodology. The normalized load-deformation curve, presently used as a support design criterion, could be modified by the dynamic response spectrum in order to provide additional design information.
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