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ABSTRACT


Aftershock and foreshock time sequences of blasts and seismic events on four mines were found to follow Omori’s law  (n(t)~t-p) with the value of “p” ranging from 0.6 to 1.0.  These results were obtained through superposition of the time sequence of many events.  On average, less than one additional event took place in the four hours preceding main shocks.


Although aftershocks are not often clearly identified, when superposition is applied they were found to occur at a rate well in excess of the background rate for a few hours.  This fact should be considered in seismic risk management and people should be withdrawn over a region around larger events.  The recommended times and areas should be decided locally, based on agreed concept of “acceptable” risk and using the methodology described above.


Foreshocks also show the same patterns, particularly for small events when each event was considered as a main shock.  Perhaps counter-intuitively, smaller events were preceded by more foreshocks than was the case for larger events.  In the data sets studied, there were too few events preceding larger events to be used for short-term predictions.  In any case, large events are rarely preceded by an accelerated rate of seismicity.





INRODUCTION


Seismicity and rockbursts are an inevitable part of mining in brittle rock at depth.  The primary source of seismicity is redistribution of stresses from the mined rock onto the remaining rock mass.  Removal of ore and waste typically takes place by blasting.  The rate of seismicity is typically very high immediately following the blast and then decays to the background rate after a period of the order of hours.


The rate of earthquake aftershocks decreases approximately inversely with time after large earthquakes, a phenomenon called “Omori’s law”.  Utsu et al (1995) presented a thorough review of Omori’s law since the original work by Omori in 1891.  Most of their references were to Japanese studies and only two referred to work on mining-induced events, namely McGarr (1976) and McGarr and Green (1978).  A dramatic example of aftershocks induced by a controlled mine collapse was provided by Scott Phillips et al (1997).  This paper addresses some issues of aftershock behaviour, as caution against the damaging effects of aftershock seems an easy way to control the risk of exposure to rockbursts.


McGarr and Green (1978) found that the rate of tilt and the cumulative rate of aftershocks of large events could be described as logarithmic creep.  They also pointed out that this is compatible with Omori’s law which originally postulated that the rate of seismicity, n(t)~1/(c+t), where c is a small constant.


Omori’s law holds a lowly status in geophysics, as physical explanations are not widely accepted.  Utsu et al (1995) referred to it as “... one of the few established empirical laws in seismology”.  Also: “The power law implies the long-lived nature of activity in contrast to the exponential function appearing in most decay laws in physics”.


Yamashita and Knopoff (1987) have proposed two models in which stress corrosion cracking provides the necessary time dependency.  The Gutenberg-Richter Magnitude-frequency distribution of earthquakes, Log(n(M))~-bM, provides a widely accepted power law distributions of seismic source sizes.  For a typical value of b = 1.0, Yamashita and Knopoff (1987) suggested that the “p” value in Omori’s law should be p=1.


(Malan and Spottiswoode (1997) used simple viscous relaxation laws to generate a logarithmic decay of deformations after the advance of a stope face.  The essential element of this work is that the stress relaxation occurs on a range of scales.  More recent, unpublished, work by both authors has shown similar results.


METHODOLOGY


Aftershock sequences are consistently recorded by mine seismic networks in South Africa at present only for the largest events, say M>3.  Events with M ~= 2 can cause considerable damage and therefore their foreshock and aftershock behaviour is of interest.  In this paper, I use the method of superposed sequences (Utsu et al, 1995) for quantifying the average occurrence of both foreshocks and aftershocks.


The matrix (Tij) in Figure 1 represents the time differences between all possible pairs of events “i” and “j” between “N” events.  This is illustrated in Equation (1).


�EMBED Equation.3����
(1)�
�
If the “i” events are defined as main shocks, then tj are aftershocks when tj > ti and tj are foreshocks when tj < ti.


A real-world study of the time-dependent behaviour of foreshock and aftershock behaviour requires more complex analysis than simply analysing the values Tij.  For analysis of real data, a time period of complete recording before and/or after any possible main shock is needed.  In this paper, one week’s data are analysed.  Subset of the data for foreshocks and aftershocks are shown in the diagonal bands marked as such.  I then exclude main shocks within one week of the start or end of each data set (stippled triangles in Figure 1).


A special exclusion is needed for the normal production blasts for the case of mine events.  For the South African gold mines, blasting takes place between about 13:00 and 17:00.  For these cases, I only studied main shocks between 22:00 and 10:59 inclusive to minimise the effect of blasting.


In any set of seismic events, any individual event can possibly be construed as leading to later events.  Figure 1 illustrates application of the method of superposed sequences (Utsu et al, 1995, p 13) to mining events.  In the normal case of considering only one or more selected events as the main shocks, data for these events are contained in columns such as that marked in bold in Figure 1.
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Figure 1.  A matrix representing all possible foreshocks and aftershocks within a data set.  Any column represents a possible sequence of foreshocks, main shocks and aftershocks. One such sequence is in a box and marked with larger symbols.  For the full data set, all possible main shocks lie on the diagonal (dashed line and zeroes).  Aftershocks and foreshocks within a limited time (one week in this paper) before and after any main shock are shaded.  Events in the three lightly stippled areas are excluded for reasons explained in the text.


As in the case of earthquakes, the choice of the size of any aftershock zone requires some subjective judgement.  In this report, I simply consider only those events within a defined epicentral distance of each main shock.  The vertical distance between events is ignored, as the location error is typically larger in this direction.


Lastly, what happens when each event in the data set is considered as a possible foreshock or aftershock to each event as a possible main shock?  As Tij = Tji, the distribution of foreshock times is identical to the distribution of aftershock times.  Any Omori-type aftershock behaviour is then exactly matched by equivalent foreshock behaviour.  The excluded data introduce some exceptions to this behaviour, as will be seen in my analysis.








DATA


In this paper, I investigate aftershocks of blasts and aftershocks and foreshocks of mining-induced induced events at four mines.


Mount Charlotte Kalgoorlie, Australia. (MTC) (Mikula, 1998).  Mining took place by mass mining of a sub-vertical ore body.  Aftershocks following mass blasts of between one and eleven tons of explosives were analysed.  Special corrections were necessary to the seismicity rate when blasts were within hours or days of one another.


Blyvooruitzicht, Carletonville, South Africa.  (BVZ).  Pillar removal with preconditioning blasts in which about 100 kg of explosives were blasted 3.5m to 5.5m ahead of advancing faces (Kullmann, 1996).


East Rand Proprietary Mines, Boksburg, South Africa. (ERPM)  Longwall mining with strike stabilising pillars (McGarr, 1976), McGarr and Green, 1978) and Milev et al, 1995).


Tau Tona shaft  (WDLE), previously called Western Deep Levels East, Carletonville, South Africa.  Longwall mining with strike stabilising pillars.


ANALYSIS


Aftershock sequences typically follow Omori’s law (Utsu et al, 1995, p5):


�EMBED Equation.3����
(2)�
�
where


n(t)	=  the rate of seismicity,


t	=  time after the  main shock,


K	=  a constant.


c	=  a small time offset and


p	=  a constant


The original work by Omori used p = 1.0, but this was adopted to allow for other values.  A value of p ~= 1.0 is usually found.


In Figure 2, the seismicity following production blasts at MTC is shown.  The log(n(t)) vs log(t) plot is used as a test of the power-law behaviour implicit in equation (2).    The time taken to drop down to the background level is called the “die-down” period and has been used by the mine as guide to the re-entry time into the area after each blast (Mikula, 2000).
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Figure 2.  Decay of seismicity with time following production blasts at Mount Charlotte Mine (data from Peter Mikula).


Figure 3 shows the seismicity rate for events with M>-1.7 at BVZ (Table 1).    Time bins 5 seconds wide, followed by exponentially increasing bin widths were used.  The seismicity rate decayed as t-p until a background seismicity rate of 8 events per day was reached after about one day.


The decay of seismicity after the precondition blast as seen in Figure 3 was very well developed because the mining at this site was isolated from other mining and therefore the background rate of seismicity was very low.  The increased rate of seismicity following the blasts also indicated that the blast resulted in large changes in the rock mass, as planned.
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Figure 3. Seismicity rate (n(t)) in events per day per precondition blast as a function of time (t) in seconds following 113 precondition blasts, normalised by the number of main shocks.  The smooth line is the fit according to Equation (3).


As it was difficult in all data sets to separate aftershocks from the background seismicity, equation 1 was adjusted as follows:


�EMBED Equation.3����
(3)�
�
where n( represents the background rate of seismicity.


Data were then inverted for n( , a, K and p to obtain a least-squares fit to the logarithm of n(t).   Figure 3 shows the application of Equation (2) to events with M>-1.7 following 65 precondition blasts.  Values of n(, a, K and p are listed in Table 1.


I then tested the behaviour of larger seismic events outside the blasting windows.  Main shocks occurring between 20:00 and 12:00 each day were chosen.  Figure 4 shows the decay rates before and after seismic events with M>-1.7 and M>1.0.  Data for foreshocks and aftershocks were superimposed in Figure 4.  The only difference between the plots for foreshocks and aftershocks is caused by the exclusion of events during the blast window.  Without this exclusion, these graphs would coincide exactly.


At short times, the aftershocks of M>1.0 events were generally several times more numerous than aftershocks of all the events.  On the other hand, the M>1.0 events exhibited very few foreshocks, with the fit to n(t) barely rising above the noise level. The irregular curve for the foreshocks of events with M>1.0 in Figure 4 was due to the lower number of main shock events (50) and the smaller number of foreshocks.  From these data, it seems that there is potentially a better chance of anticipating that small events (M<1.0) are imminent compared to larger events (M>1.0).


The background level following and preceding the larger events was lower than that for the smaller events.  One possible explanation is that the larger events occur on structures less intimately associated with the stoping than is the case for the smaller events.  It seems that, in general, the smaller events are spatially distinct from the larger events.  The most important seismic feature at this site is the up-dip and down-dip edge of the stabilising pillar that was mined (Kullmann, 1995).  Larger events tended to follow the pillar, whereas smaller events were associated with the advancing faces.
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Table 1.  List of parameters for foreshocks and aftershock sequences analysed here.  “NMAIN” is the number of main shocks.  “Distance” is the search radius on plan for identifying foreshocks or aftershocks.  B/A/F: “B” for aftershocks of blasts, “A” for aftershocks of mine events and “F” for foreshocks of mine events.  N is the average number in excess of the background, measured from the first 4 hours of data.


Mine�
NMAIN�
Distance�
MMIN�
MMAIN�
B/A/F�
n(�
c, s�
p�
N�
�
MTC�
�
-�
�
Blasts�
B�
1.44�
0�
0.64�
-�
�
BVZ�
113�
50�
-1.7�
Blasts�
B�
8.1�
�
1.1�
6.54�
�
BVZ�
3326�
50�
-1.7�
-1.7�
A/F�
7.2�
�
0.69�
0.30�
�
BVZ�
47�
50�
-1.7�
1.0�
F�
3.0�
�
0.66�
0.00�
�
BVZ�
47�
50�
-1.7�
1.0�
A�
2.3�
�
0.74�
1.98�
�
ERPM�
3129�
300�
0.0�
2.0�
A/F�
0.26�
3�
0.86�
0.06�
�
ERPM�
82�
300�
0.0�
2.0�
F�
0.21�
0�
1.04�
0.04�
�
ERPM�
82�
300�
0.0�
2.0�
A�
0.17�
6�
1.10�
0.19�
�
WDLE�
12740�
250�
0.0�
0.0�
A/F�
10.4�
4�
0.93�
2.24�
�
WDLE�
326�
250�
0.0�
2.0�
F�
4.4�
0�
0.54�
0.24�
�
WDLE�
326�
250�
0.0�
2.0�
A�
4.2�
20�
0.76�
0.59�
�
�
How many precursory events are involved?  Table 1 lists the cumulate number of seismic events in the four hours prior to, or following, the main shock, with the background rate of seismicity (n( in Equation (2) above) removed.  This supports the contention that smaller events are more “predictable” than larger events.


The value of this precursory pattern for small events is, however, of doubtful value as it is results from symmetry.  If all events are considered to be main shocks and stacked at time zero, then the time sequence of foreshocks and after shocks is identical.  We have, then, a situation in which aftershock sequences also appear as foreshock sequences.  Foreshock sequences also follow Omori’s law (Equation 3), but with time (t) describing time before the main shock.
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Figure 4  Seismicity rate at BVZ in events per day preceding and following events with M>-1.7 and M>0.  Symbols as for Figure 3.


Figure 5 is an analysis of data from ERPM mine (Milev et al, 1995).  These graphs are not as well separated as those for data from BVZ.  Aftershocks are only slightly more numerous than foreshocks.
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Figure 5  Seismicity rate at ERPM in events per day preceding and following events with M>0.0 and M>2.0.  Symbols as for Figure 3.


Figure 6 shows foreshock and aftershock time sequences for WDLE.  There is anomalous behaviour at times less than about one minute due, perhaps, by timing problems in the seismic system at the mine.  Nonetheless, the general behaviour is similar to that of the data from BVZ.


The large increase in seismicity, typically 100 to 1000-fold in the figures shown here, occurs over only a few seconds to minutes.  Table 1 lists a number of derived parameters, including the number of events in excess of the background rate of n( between the main shock and four hours before or after the main shock.  Only in the case of the precondition blasts did an additional number of more than one event, on average, take place, either before or after the main shocks.
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Figure 6.  Seismicity rate at WDLE in events per day preceding and following events with M>0.0 and M>2.0.  Symbols as for Figure 3.


CONCLUSIONS


Aftershock time sequences after blasts and mining induced events were found to follow Omori’s law.  Foreshocks of induced events also showed the same pattern, particularly for small events.  These results were obtained through stacking of the time sequence of many events outside of the blasting time.  On average, less than one additional event took place in the four hours preceding main shocks.  Smaller events were better “forecast” than larger events.


Although aftershocks are not very common, they occur at a rate well in excess of the background rate for a few hours.  This fact should be considered in seismic risk management and people should immediately move to safer area following larger events.  The recommended times and areas should be decided locally, based on agreed concept of “acceptable” risk and using the methodology described above.
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