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Abstract. Stress concentrations produced by rock deformation due to extraction in underground mines
induce seismicity that can take the shape of violent and quite dangerous rockbursts.

The hazard evaluation presented in this paper is based on a Bayesian probabilistic synthesis of
information determined from mining situations during excavation, with previous and present data from
microseismicity and seismoacustics.

The method proposed in this study is an example of ‘time-dependent’ on-line seismic hazard evalu-
ation. All results presented were obtained retrospectiely for different underground coal mines in Poland
and Czechoslovakia.
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1. Introduction

Seismic events induced by underground mining (often called mine tremors) and
rockbursts that sometimes occur along with them, reduce mining productivity,
cause damage to the mine workings, to the earth surface, and are often a source
of fatalities in mines. A wide review of seismicity induced by mining, including
principal types of mine tremors, their focal mechanism and source modeling,
source parameters and scaling relations, prediction and prevention, was presented
by Gibowicz (1990 and references therein).

One of the directions in minimizing the risk of rockburst is the prediction of
strong seismic events (Young 1989). Information about the seismic hazard in mines
is obtained from different fields; geological and mining information, geophysical,
geodetical and mining measurements and data evaluations (Spottiswoode, 1989;
Gibowicz, 1990). This information is largely qualitative in character.

The method based on the time variation of the Gutenberg—Richter relation for
tremor sequences on the longwall face (Lasocki 1989) and the method using the
dependence of seismicity on the amount of extracted deposit, presented in this
study, make possible a quantitative, on-line seismic hazard evaluation.

* On leave from Institute of Geophysics, Polish Academy of Sciences 01-452 Warszawa, ul. Ksiecia
Janusza 64, Poland.
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Induced seismicity in underground mines is cause by rock deformation due to
the extraction of some of its volume. Attempts to continuously evaluate this
seismic hazard using the probabilistic dependence of seismic energy on extracted
deposit volume have repeatedly been made for coal mines in Poland and Czechos-
lovakia, and preliminary evaluations have been published (Glowacka er al., 1987,
1988, 1989, 1990; Glowacka, 1992b). The present work mentions only the most
important assumptions on which calculations are based. The most general results
obtained for four different mining regions in Poland and Czechoslovakia are
presented.

The method should be regarded as a long-term prediction scheme, because it
takes into acount energy accumulation in the rockmass. It gives best results for
regions separated from other workings, in uncomplicated mining conditions. For
evaluating short-term seismic hazard, and taking into account more complex min-
ing conditions, additional information has to be used. In the second part of this
study, the formalism on how to combine the results of long-term prediction,
determined from the dependence between seismicity and extracted volume, with
short- and medium-term prediction, determined from microseismicity and seismo-
acoustics, is presented. Examples for two mines in Poland are shown.

2. Seismic Hazard Evaluation Based on Exploitation

Let ¢ be the time which has passed since the extraction began, and Ar the time
interval under consideration, say, a month or a day, for which the seismic hazard
is evaluated. Assume that for time ¢ — Ar (i.e. for the past) all information about
seismicity and excavation is known.

The most probable sum of seismic energy (XE(r — At, tA)) resulting from the
excavation of the planned volume AV = V(¢) — V(¢ — At), that will be released in
unit time A, is expressed by the formula (Glowacka, 1992a)

CE([—At, 1) =
{SEr(t — At, t)e(At, b,) + AE(r — AD}(e(AL, b)), (1)
where
SE(t— At 1) = C[VE(@) - VE({ — Ar)],

and the parameters C and B, are calculated on the basis of the formula (Kijko,
1985)

SE(r) = CVE. 2)

Equation (2) was obtained using the earlier solution of McGarr (1976) for the
sum of seismic moment, and all formalism presented here can be expressed in
terms of seismic moment. More details about (2) and its applications can be found
in Gtowacka and Kijko (1989) and Glowacka (1992b).



PROBABILISTIC SEISMIC HAZARD EVALUATION IN MINES 123

Parameters C and B of Equations (1) and (2) depend on the mining and
geological situation of the rockmass and, since this situation is changing during the
course of extraction, they are functions of time, C = C(t), B = B(t). Expression
e(At, b,) =1 — exp(Ar- b,) is a function characterizing energy loading and relax-
ation as a function of time; it is equivalent to the assumption that the medium is
described by a Kelvin—-Voigt model. It was assumed that b,, which characterizes
the energy release time, is equal to 0.2 per day (Glowacka and Pilecki, 1991;
Glowacka, 1991a); this assumption agrees with laboratory results (Scheidegger,
1982). The term 2E(t — At, t)e(At, b,) describes energy loading in the rockmass
as a result of extraction of AV, with loading function e(A¢, ,). The value AE(t — At)
is the excess of seismic energy accumulated in the rockmass, at time ¢ — Af, and
is evaluated at every state of calculation as a difference between the expected,
(SE(t— At)y and observed, ZE(r — At),, sum of released seismic energy:
AE(t— At) = (RE(t — Af)) — SE(t — Ar),; if AE(t — AT) <0, then it is assumed
that AE(t — At) = 0.

Finally, the term {SE (¢ — Af)e(At, b;) + AE(t — Ar)} is the total seismic energy
available for release according to e(At, b,), in the time interval At.

The most probable sum of seismic energy is calculated twice for every stage of
seismic hazard evaluations; first from Equation (1), second assuming AE =0 in
(1) (i.e. assuming no excess energy accumulation), expressed by

(E(t— At 1) ={3E4(t — At, t)e(At, b)}e(At, b)), 3)

so the difference between values (1) and (3) can be easily interpreted as the excess
energy accumulation (multiplied by e(At, b,)). In Figure 1, the separation between
curves 4 and 4a is a measure of excess energy accumulation.

The value of excavated area S was used, instead of excavated volume V, for
the cases in which the height of workings is constant. At every stage of calculation,
the values C, B, and AE are evaluated from the previous history of the dependence
between seismic energy and the extracted deposit voume.

Moreover, it was assumed that the distribution of the released seismic energy,
about the most probable energy described by formula (1), is a lognormal distribu-
tion (Glowacka, 1991, 1992b):

fe(E) = L/(Ea 211"y exp(— ((In(E) — m,)/ 0,)*/ 2), 4)

where o, is the standard deviation of In(£) and m, is the most probable value of
In(E) (Benjamin and Cornell, 1970).

Let P(E;) denote the probability that the expected sum of seismic energy exceed
the predetermined threshold E;, i.e. p(E;) = P(SE = E}), then

P(E)=1- fo ' fo(E) dE. )

The seismic hazard will be understood as the sum of seismic energy released
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Fig. 1. Seismic energy versus time (in months) for the chosen region (five longwalls/seam 501) of the
Wujek Coal Mine, for the period 1.10.1974-31.01.1979. Arrows mark the strong tremors, with energy
larger than 1 x 107 J. Curves: 1 — monthly sums of seismic energy, referred to the right vertical axis;
2 - cumulative seismic energy, referred to the left vertical axis; 3 — energy calculated from relation
(2); 4 - predicted seismic energy calculated from relation (3), 4a — predicted seismic energy (1); both
4 and 4a curves referred to the right vertical axis; 5 — probability of exceeding the energy 5 x 107J
(5). Modified from Glowacka, Syrek, and Kijko (1987).

during time Ar (1), or as the probability that the value of the seismic energy sum
exceeds the threshold E; (5). Since the energy is stored in the rockmass, the way
of seismic hazard evaluation presented in the study, should be regarded as long-
term prediction.

The algorithm was tested for four different coal mining regions excavated
through caving. The time of extraction was about 5 years for every region. The
catalogs of thousands of tremors within the local magnitude range 0.5-3 were
analyzed. As an example, the results for five longwalls of the Wujek coal mine
(Poland) can be seen in Figure 1.

The figure shows observed and predicted values of released seismic energy, and
probability, changing with time in monthly intervals. Curve 1 illustrates the
monthly energy sum (in Joules). Curve 2 represents the total energy sum, and
curve 3 the theoretical relation (2) plotted for the last stage of calculations (that
is, for £ — Ar). Curves 4, 4a, and 5 illustrate the evaluation of seismic hazard: the
most probable value of the energy sum expressed by relation (3) when AE =0
(curve 4); the expected value of energy (1) taking energy accumulation into
account (curve 4a); and the probability (5) that energy 5 X 107 J is exceeded (curve
5).
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Table I.  Prediction on the basis of energy accumulation

Mine E ) Number Success Failure False
of tremors alarm
Wujek 107 < E 2 2 0 0
Kleofas 5x10°<E<10" 4 3 1 1
Kladno 10°<E 6 4 2 2
Doubrava 107<E 6 5 1 2
18 14 4 5

Strong shock (or tremor) is defined in this paper as a shock with energy greater
than the mean level of expected energy (3) i.e. when no excess energy accumu-
lation is taken into account. In Figure 1, this is the mean level of curve 4 and it
is equal to 10" J. The arrows show the strongest shocks in the analyzed period.
The probability increase (curve 5) and energy accumulation (the separation be-
tween curve 4 and 4a) preceding microearthquakes with energy greater than 107 J
can be seen in Figure 1. Hundreds of tremors, in the analyzed area, with energy
lower than the mean level of energy expressed by (3) result from extraction AV
in the time interval Ar only, and they are not shown in the figure.

The results obtained for another three regions were similar. If the value of
excess energy accumulated in the rockmass is treated as a measure of seismic
hazard, the specification presented in Table I can be done. It can be seen that 14
out of 18 strong tremors were preceded by excess energy accumulation. A good
correlation can be found (Figure 2) between the value of seismic energy E radiated
in the strong tremors and the value of excess energy accumulated before them,
AE, expressed by the formula E = a - AE. For the 14 tremors mentioned above,
coefficient ‘@’ is equal to 1.0 = 0.2, One tremor with energy 10° J (Kleofas* mine)
was preceded by an accumulation five times smaller than the tremor energy. This
probably resulted from the fact that the area of energy accumulation covers a
region several times greater than the one analyzed (Glowacka, 1992a). However,
the possibility of interaction between mine-induced and residual tectonic stresses
for very strong events cannot be excluded {Gibowicz, 1990).

The above-presented method gives information on how much energy released
in strong shocks can be expect (from AE) and how high is the probability P(E;)
that the expected sum of seismic energy exceeds the predetermined threshold E;.
The threshold value E; can be changed, but if too small a value is used (below
the mean value (3) of energy released for a given Ar), the resulting probability
will always equal unity, so information will be lost. In the following part of this
study, only information P(E;) is used.

Accumulation of energy and the large probability of a strong tremor can last
for several months (Figure 1). This is why the seismic hazard evaluation based on

* In the past the Kleofas mine (Poland, Upper Silesia) was named Gottwald, and can appear with
both names in references.
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Fig. 2. Tremor energy E versus accumulated energy AE. Mines: Wujek (PL) +, Kleofas (PL) [,

Gottwald (Kladno CSFR) X, Doubrava (Ostrava CSFR) «. Tremor with energy 1 x 10°J (Kieofas

mine M) was not taken into account. The continuous line expresses the relation E = a - AE, dotted

lines express E = (a = Aa) - AE.

the dependence of seismic energy on the extracted deposit volume should be
regarded as long-term prediction. Fortunately, in mining we have information
about seismic hazard from different sources (e.g. Spottiswoode, 1989; Gibowicz,
1990), which in some cases can be treated as short- or medium-term prediction.
Having additional information is particularly important in complex mining con-
ditions.

There are several ways of combining different methods of seismic hazard evalu-
ation used in the prediction of strong earthquakes. The most popular method, if
the results are to be presented in probabilistic form, is the Bayes method (Rikitake,
1976).

The purpose of this study is to show how to use the Bayes formula to evaluate
the probability of a strong tremor of rockmass if at least two independent methods
of seismic hazard evaluation are used.

3. The Probabilistic Synthesis

Let P(E|A) denote the conditional probability that there will occur a tremor with
energy greater than E, on the condition that an event A (a result of observation
or evaluation) is registered. Then, on the assumption that all the probabilities
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have been calculated for a predetermined area S and a preset unit time Af, the
Bayes formula for two or more events takes the form

PEIA.B.. )= P(A,B...|E)- P(E)
7Y P(A,B...|E)-P(E)+P(A,B...|E)-P(E)’

(©6)

where E is the negation of event E (the nonoccurrence of a tremor with energy
greater than E), P(E) is called a-priori probability, and P(E|A, B ...) is the
a-posteriori probability of the event E.

Let

pa=P(E|A), ps=P(E|B), po=P(E), and p=P(E[A,B...);
then, on the assumption of conditional independence of two events A and B,

p(A, B|E) = p(A|E) - p(B|E), 0
Equation (6) takes the form

(Iip =1)(Alpo — 1) = Upa—D(A/ps— 1) (8)

which was independently derived by Aki (1981) and Utsu (1979). For a small time
unit, the values p, po, pa, ps are small and it can be shown (Aki, 1981) that

P=Por— " —" (9)

The quantity p./po is called the probability gain (Aki, 1981) resulting from the
detection of the anomaly A. The occurrence of the anomaly A increases the
probability if p4/po > 1.
Whether assumption (7) is realistic is not clear in practice (Rhoades, 1989a).
Generally, one can state that precursors with different origin time are independent.
The present study will show the results of application of Equations (8) and (9)
to two independent methods of continuous seismic hazard evaluation in mines.
The a priori probability p,, is calculated using the following equation:

pPo = n(E)IN, (10)

where n(E;) is the number of time intervals Af when a tremor with energy greater
than E; has occurred, and N is the number of these time intervals in the whole
time period under consideration. In mining practice, the value of po can be
evaluated using Gumbel’s method (Kijko er al., 1982).

The evaluation was performed for two mining longwalls. The first is the 11/507
longwall in the Bobrek mine (Glowacka and Lasocki, 1991). The time variation
of the Gutenberg—Richter relation for the tremor sequences is used as a medium-
term forecast. A detailed explanation of the method can be found in Lasocki
(1989, 1990).
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Fig. 3. Results of seismic hazard evaluation for longwall 11, Bobrek Coal Mine (Poland) for the
period 04.09.1986-23.04.1987. Arrows mark the tremors with energy larger than 5 x 10°J. Modified
from Glowacka and Lasocki (1991). (a) po — a-priori probability (10), p, — predicted probability based
on extracted deposit volume (1), p, — predicted probability calculated using the Gutenberg-Richter
relation. (b) p — a-posteriori probability calculated from relation (8).

The results are displayed in Figure 3. Figure 3a shows the probability po
(calculated from (10)), py (calculated from (1) and normalized), and p, (calculated
from time variation of the Gutenberg—Richter relation). Figure 3b shows the
probability p of occurrence of a tremor (8) of energy greater than 3 x 10° J during
one day. The increase of probability p compared to py and p, can be seen, before
strong tremors, as a result of probability gain; it occurs where py/po and py/po
are greater than 1. Four out of seven big tremors were preceded by increases of
probability. Three out of seven tremors were not predicted. This was due to a py
almost equal to zero for the final period of longwall 11.

If any one component of (8) is equal to 1, the synthetic probability p equals 1
also. One can state that Equation (8) increases the high values of probability,
which agrees with results of Rhoades (1989a), and diminishes the small values of
probability. Generally, the results of the method cannot be treated quantitatively
but, rather, qualitatively. An increase of probability, or a long time with a high
level of probability, seems to point out a dangerous situation.

The probability py equals almost zero for the second half of the analyzed period
of longwall 11, Bobrek Mine, and it can result from the fact that another longwall
was opened near the studied area, which probably increased the seismic activity.
In a similar situation, the results of p, could be improved if all the extracted arca
is taken into account, and if additional information, from different geophysical
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Fig. 4. Results of seismic hazard evaluation for J5/707 longwall in the Marcel Coal Mine (Poland)
for the period 12.04.1986-28.04.1986. Modified from Glowacka, Pilecki (1991). (a) po - a-priori
probability (10), p, — probability evaluated using seismoacoustic activity, py — probability based on
extracted deposit volume (1), (b) p — synthetic probability (9 or 8). Arrows mark the tremors with
energy not less than 5 x 10*J. The bold arrows mark tremors with energy not less 1 x 10°J.

measurements is added. The prolem of p, equal almost to zero, or to unity, can
be removed by increasing the value of o, (Glowacka, 1991) in Equation (4).
However, this method flattens the values of py, compared to other probabilities
used in the synthesis.

The second analyzed region is the J5/707 longwall in the Marcel coal mine,
where seismoacoustic activity was registered. Seismoacoustic anomaly, defined as
at least a double increase in the number of impulses relative to the number
registered over the previous hour, is proposed as a basis for short-term forecasting
(Glowacka and Pilecki, 1991; Glowacka, 1989). The probability gain for a seis-
moacoustic anomaly was evaluated using the Aki (1981) method. Event E corre-
sponds to the occurrence of a tremor or a sum of tremors with energy exceeding
or equal to 5 x 10*J within one hour.

The results can be seen in Figure 4. This figure illustrates the product of
probability gains for short- and long-term prediction obtained using Equation (9).
The probability maxima before the strongest tremors (E = 10°J) can be seen.
These resulted from the occurrence of strong events in periods, when py had
maximas. The probability gain before strong events is equal to 5, while for seis-
moacoustic anomaly it was equal to 3. The synthesis of probability did not removed
many false alarms, and did not increase the number of predicted events. The
improvement can be achieved only by adding results of other geophysical, or
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mining, measurements. The results from use of Equation (8) give the same proba-
bility values (Glowacka, 1991). The assumption of small probability values, indis-
pensable for Equation (9), is often unrealistic for mine conditions.

4. Summary and Conclusions

The purpose of the study was to show how to use the Bayes formula to evaluate
the probability of a big tremor of rockmass in an underground mine, if at least two
independent methods of seismic hazard evaluation are available. In the presented
regions, three out of the four following independent methods were combined.

The first method used the statistical frequency of strong tremors.

The second method was based on the dependence of seismic energy on extracted
deposit volume. This way of evaluation should be regarded as long-term predic-
tion. A good correlation between the excess of accumulated energy and seismic
energy released in strong tremors can be noticed. The efficiency of this method
can be improved if all longwalls, located close to each other, where extraction is
carried out at the same time, can be analyzed. This condition was not fulfilled in
the case of the Bobrek Mine.

The problem of py almost equal to zero, or to unity, which is not convenient
for probabilistic synthesis, can be removed by increasing the value of o, in Equa-
tion (4). However, this method flattens the results of py compared to other
probabilities used for synthesis.

The third method of seismic hazard evaluation was based on the time variation
of the Gutenberg—Richter relation. This can be treated as a medium-term forecast.

The next method of seismic hazard evaluation, used for synthesis, was short-
term prediction based on seismoacoustic registration.

The method proposed in this work is an example of time-dependent, on-line
seismic hazard evaluation.

The probability gain resulting from three stages of prediction increases manifold
prior to strong tremors in both analyzed regions. 1t also seems important that the
presented method yields information about periods of reduced seismic hazard
compared to the standard statistical analysis based on frequency of tremors.

The method proposed in this study is a very convenient and easy tool for seismic
hazard evaluation. However, the results indicate that the synthetic probability
range is extended (small values are smaller while large ones are made larger)
compared to the expected values of probability.

The virtue of the method is that it allows incorporation of outcomes from other
geophysical or mining measurements, evaluations or expert opinions; for example
tomography or information about seam edges, presented in probabilistic form.
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