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ABSTRACT. Continucus monitoring of induced seismic events in the Ostrava-Karvind
mining district is one of the necessary asswumptions in investigation of the time de-
pendent development of selsmic activity in this region. Basic information concerning
individual seismic events included in the database contains origin time, focus coor-
dinates and appropriate class of energies. The present paper represents a special
examination of individual approaches to the energy classification of induced seismic
events recorded by individual monitoring systems operating in this mining area, and
the seismic station Ostrava-Krisné Pole (OKC), as well. The resultant values of
seismic energy and/or magnitude determined on the basis of accepted approaches of
the parameter evaluation are being mutual correlated and the respective relations
are established.

KEYWORDS: seismic energy, statistics, induced seismicity, Ostrava-Karvind Coal
Basin

1. INTRODUCTION

Information concerning rockbursts and induced seismic events of lower intensity
in a region can be acquired by the installation and operation of a seismographic
network. The purpose of this network is a continuous recording and evaluation of
these seismic events. The evaluation among other facilities is aimed to determine
the foci coordinates and energy of induced seismic events quantification.

The released seismic energy is one of the most important parameter which has
been usually implemented in quantification considerations during natural as well
as induced seismicity investigations. The energy itself, besides the characterizing
of individual events, should serve as directivity displaying of energy radiation at
the moment of the rockburst origin accompanied with rupture of rock mass. How-
ever, this dynamic parameter represents also the basic input data in the rockburst
prediction studies using, e.g. Beniofl’s graphs, frequency—energy distributions and
sumbel’s asymptotic functions.

With respect to different types of used instrumentation, different suitable ap-
proaches in energy quantification were applied. The results of computations were
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then mutually correlated to find out possible linking of individual empirical rela-
tionships valid for the chosen data sets from long—term seismological observations.
In principle, for released seismic energy and/or magnitude scale two methods are
convenient. The first method is based solely on measurement of maximum ground
motion, i.e. on displacement amplitudes, or particle velocities and appropriate pe-
riod of vibrations. This method was proposed by Richter (1935) for estimation
of local earthquakes and it became a basis for widely applicable method in quan-
tification of earthquakes [Karnik 1956; Gutenberg, Richter 1956; Tobyas, Mittag
1991] and also for seismic induced events [Gibowicz 1963; Dubinski, Wierzchowska
1973]. The latter mentioned approach assumes the determination of signal du-
ration instead of maximum amplitude measurements and was described, e.g. by
[Bisztricsany 1958; Kupras, Paszta 1980; Kiratzi, Papazachos 1985]. In practice the-
exact determination of seismic duration is not relatively so easy to reach the same
value of signal duration by individual authors. Nevertheless, this method is more
convenient the when prevailing part of recorded events exceeds the dynamic range
of recording instrumentation either due to the intensity of events, or due to the
short epicentral distance. Taking into account the knowledge of basic parameters,
l.e.seismic event magnitude, the signal duration and epicentral and/or hypocentral
distance, empirical relationships may be established.

The examination of results of induced seismic events quantification by using
both approaches mentioned above and applied in processing of seismic monitoring
systems data in the Ostrava—Karvind Coal Basin is the subject of the present pa-
per. The resulting relationships between parameters, i.e. released seismic energy
and magnitude, defined according to observations of individual systems are also
introduced.

CALCULATION OF ENERGY AND MAGNITUDE

The first seismic station in the eastern part of the Ostrava-Karvind Coal Basin
was erected at the surface of the Darkov Mine (formerly Ist May Mine) in 1977
[Travniéek, Holedko 1980]. The purpose of this station was to start continuous
observation of seismic activity induced by underground mining in this region. In
accordance with the entire conception of local seismographic network construction,
further surface as well as underground seismic stations were later put into operation.
One of the basic tasks of the local network was to produce objective data estimating
the released seismic energy of all recorded events reliably.

For the approximate estimate, a modified empirical formula was used to deter-
mine the released energy in a focus at small distance. This expression was based
on Gutenberg’s formula

E = 2m3pv D2 AT 27 (1)

where p is the density [kg.m™3], v is seismic wave propagation velocity [km.s~1], D
is epicentral and/or hypocentral distance [km], A is displacement amplitude [m], T"
is the period of the appropriate seismic wave oscillation [s] and 7 is the duration of
the corresponding wave group [s]. For the routine practice in the operational center
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of the local network was introduced the following simplified formula

E =kA’D?T %3 [J], (2)
where the factor £ = 27%pvV =2 [kg.m~2s71], V is the magnification of the seis-
mograph, A is maximum trace amplitude measured from analogue seismogram in
mm. The parameters p, v, D, T and 7 have the same meaning as in Eq. (1).

As the first step in the source-observation site distance, the velocity of the
fictitious velocity ”S —P” wave was used [Holub 1986]. With respect to the different
sensitivities of used galvanometers, the factor k reached prevailingly to the value
of 200 [Travniéek, Holetko 1979], only at one station the value & = 70 was defined,
if in both cases the parameters of a group of S-waves were involved in energy
quantification. This type of instrumentation was in operation from 1977 to 1993.
Approximately since 1979 a surface station in Dukla Mine was in operation being
equipped with a delay—triggered velocigraph incorporating also analogue recording.
When estimating the released seismic energy, the method based on signal duration
was adopted and this can be expressed by the form

log s = 3.1 -logr+0.984+0.32 D, (3)

where 7 is the signal duration [s], D is the epicentral distance [km)].

After erection of the seismic station Ostrava—Krasné Pole (OKC), which is situ-
ated at the outskirts of Ostrava, approximately 25 km from the center of the mining
area, similar approach in energy estimate of induced seismic events was applied as
described by Stanikovéd et al. (1989). The basic empirical equation (3) was specified
by the values of numerical constants having the form

log By = A -log7 +0.33 4+ 0.03- D, (4)

where A = f(D) was tabulated.

Due to the insufficient capabilities of this instrumentation from the view of ne-
cessity of automation process in introduction of data acquisition and processing,
development of a new generation of simple digital instrumentation was launched
[Bigos et al. 1988]. For evaluaulon of the released seismic energy a special approach
was applied. This approach was based on the assumption that the value of energy
calculated from digital data is proportional to the area limited by the function v?(¢)
within the interval (0; 7), where 7 represents body wave duration at the respective
seismic station [Kalenda et al. 1991]. The evaluation of seismic energy Eo; released
in the focus was performed usit éhe formula
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new instrumentation was gradually installed at the seismic stations where it was
operating together with the previous analogue instrumentation. In order to be
kept with the continuation of long time series of observation bhefore using the new
recording system, the output data for energy quantification of both systems were
correlated and resultant relation was derived

]140756

Foi = [B:(r/R)~>* ). (6)
In the operational center where the final data processing of the local network is
performed the resultant value of energy Ey is expressed as a modus of the set of
energies Eoi evaluated at individual seismic stations and this so—called ”accepted
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of induced seismic act1v1ty in the Ostrava—Karvind Coal Basin. This approach in
determining the quantity of released seismic energy was applied till December 1991.

Starting from January 1992, a new approach in energy evaluation was introduced
which was based on the following formula

vig vuailli
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logE=A+B+C-logr [J], (7)

where: A and C' are numerical constants, B = A? . S, i.e. particle velocity [m.s™}]-
sensitivity of the appropriate seismic channel, 7 is hypocentral distance [m)].

The sensitivity S was being determined for each seismic channel within the
microarray of the appropriate mine . When final data processing in the operational
center in the Czechoslovak Army Mine 1s performed, then the numerical constants
A, B and C in Eq. (7) are represented for individual mines by values the quantities
of which are taking into account the values of parameters for individual seismic
channel.

Besides the system of local seismographic network there has been since 1988
also in operation a regional seismic polygon (SP) consisting previously of five, and
later, of ten stations [Kaldb 1991; Knotek 1991]. One of the principal tasks which
had to be solved for reliable operation and ensuring results of high accuracy, was
the investigation of a suitable model of medium which usually influences the fo-
cus determination and energetic quantification of individual seismic events as well.
During the trial experiments there was determined the resultant model consisting
of five layers upon the half-space. Applying the knowledge of velocity model en-
abled us to derive basic formulae for energy estimate as well as for application of
magnitude scale. At present, the quantification of energy is being carried out by

using the formula:
E=k- -A%.d.-¢2@-10 [J], (8)

where parameter & = 1.633 - 107 [kg.ms], p is density [kg.m ~3], vp contained in
parameter k corresponds to plopagatlon velocity of P-waves [km.s™1], A represents
total vector of particle velocity [m.s™!], d is epicentral distance [km],  is attenua-
tion coefficient [km™!]. When comparing energy estimation by applying Egs. (2),
(6) in the system of local network and Eq. (7) for the seismic polygon, a relatively
good agreement of calculated values was found there.
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In the course of obtaining reliable results in energy quantification by another

vay, a formula for magnitude computation was derived. The magnitude is now
alculated according to following relation

M =log Amax + logd + a - (d— 1) loge + I, (9)

where parameters Amax and d correspond to parameters applied in Eq. (8), «
is the attenuation coefficient (o = 0.04km™!), K represents a fixation constant
(K =5.202).

3. InPUT DATA AND THEIR PROCESSING

Long—term seismological observations in the Ostrava—-Karvind coal i

jine region -
have been performed by using lecal seismographic ne

twork and seismic polygon
(SP) having the character of a regional network surrounding the whole region un-
der investigation. A part of these monitoring systems is also the seismic station
Ostrava—Krésné Pole (OKC) which was mentioned above. The layout of the obser-

vation sites in the region ot coal mines and their adjacent area is given in Fig. 1.
The instrumentation of individual monitoring systems and seismic station OKO as
well as the methods of data processing were deseribed, e.g. in Holub et al. (1993),
Knotek (1991) and Stafikova et al. {1989).
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For the determination of mutual correlations between individual data sets of
random quantities represented either by the quantity of released seismic energy
given in Joules or by local magnitude, the regression analysis is usually applied.
These data have been contained in databases of individual monitoring systems and
also in bulletins of local seismic events recorded at the OKC seismic station and
they could be characterized as follows:

a) database of local seismographic network includes among others, the parameter
of released seismic energy E [J] calculated till 1991 acc. to the Eq. (6), and since
1992 acc. to the Eq. (7),

b) database of seismic polygon with output parameters of released seismic energy
E [J] defined by the Eq. (8) and/or local magnitude acc. to the Eq. (9),

c) database of local seismic events at the OKC seismic station, where released
seismic energy is computed acc. to the Eq. (4).

The most frequent estimate of mutual correlation between two variables X and

Y is so—called the coefficient of correlation. For correct application of this estimate,

two basic assumptions are valid:

— regression line is a straight line
— basic data set is of 2-D standard distribution.

This 2-D standard distribution is characterized by the fact that for each value
of the first random quantity the second random quantity has also random distribu-
tion with constant dispersion and vice versa. In accordance with Microsoft Excel
application, basic formulae for calculation of the correlation coefficient Rxy are
introduced which are described by the following relations

cov (X,Y
Rxy = —(-—-—), (10)

ox * 0y

where ox and oy are standard deviations of quantities X and Y, respectively.
Covariance (X,Y) is defined as

1 i)
cov(X,Y) = -~ Z(Xi — px)(Yi — py), (11)
=1

where pix and g1y represent mean values of random quantities X' and Y, respec-
. - . - . . 2 2
tively. In the process of computation of Rxy dispersion variance (0% and oy) of
both random quantities are determined using the expressions

1 ,
ok = =D (Xi—px)? (12)
i=1
1 n
of = 5 2 (Vi) (13)
$=1

For mutual comparison of couples of chosen quantities, the linear regression
analysis was applied which enables to approximate set of observations by the least
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squares method. The results of this approximation are described by numerical
constants @ and b in equation of a straight line the form of which is y = a + bz, all
values defined for the confidence level of 95 %.

When determining mutual correlation between individual data sets, the following
time series were analyzed:

— January 1991

~ January —June 1991

— January — December 1991
— January — December 1992
— January — December 1993.

These time series from the viewpoint of energetic classification were limited by
“accepted” value of released energy of 10%.J computed on the basis of the local
network data (Eeg,) and/or seismic polygon (Esp). Using this limited value, the
following correlations were investigated:

Eoxc vers. Eggy Loke vers. Fsp
Exgp vers. Esp Erga vers. Msp.

Special attention was paid to the detailed analysis of data sets Exg, vers. Esp
and Esg, vers. Mgp which comprised all available data from January 1991 re-
gardless the low energetic limit. These calculations were aimed at finding out the
influence of the a priori choice of the lower limit on the resulting equations of re-
gression straight lines. For better and more objective display of calculated and
expected quantities, there were prepared the histograms of the appropriate residua.

4. RESULTS AND CONCLUSIONS

The standard least squares fit of the input data (energy quantification and time
series) of individual monitoring systems described above, was performed using pro-
gram modules of the Microsoft Excel. The importance of the applied statistical
methods lies in their ability to estimate mutual relationships among individual en-
ergy quantifying parameters. This software permits different statistical approaches
and resulting graphical displays suitable for objective presentation. The basic the-
oretical formulae used in present study were described in Chapt.3, the graphical
and numerical outputs will be consequently discussed hereinafter.

From Figs. 2—6 one can see the graphs of the mutual relationships between the
individual pairs of investigated data sets approximated by linear regression using
the least squares method. These interrelations are characterized by the equations of
corresponding straight lines and correlation coefficients R?. The accuracy of linear
dependence parameters is determined by their average values (yq, ptp and py), ie.
the numerical constant a, the slope of the approximation straight line b and the
dependent variable y; above all, the number of observations N, is also given. The
scatter of observed and expected values residua for the dependencies investigated
during the period 19911993 is presented by the appropriate histograms.

Based on the presented results of the regression analysis it can be conciuded
that for our purposes the correlation coefficient R? offers the most complete in-
formation on the mutual dependencies among individual energetic parameters. By
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TABLE 1. Average values of linear regression
coefficients a and b within the time period 1991 -1993.

Fokc vers. ECSA Fa=0.62+0.21
2b=0.8440.03

Foxc vers. Esp Fa=1.0940.22
@b =0.694+0.05

Eaga vers. Egp Za=0.941+0.24
ab=0.74+0.04
Erq s vers. Msp Ja = 2.65+0.01

@b =1.394+0.02

discussing the appropriate relationships, all the parameters and their mean values
characterizing the scattering in the data sets, have similar values for different time
series investigated. When computing the average values of parameters a and b,
calculated according to observations in 19911993, one can find out that the value
b displays a smaller scatter than the parameter a. Only for the dependence Epxg,
vers. Mgp the scatter of the parameter a is characterized by a minimum value (see
Table 1). Nevertheless, it can be stated that both parameters in linear regression
(a and b) during the time of observation the duration of which is approximately
a year at minimum, are relatively stable. The present findings of approximation
straight line equation (13), for example

log Eega = 1.39 - Msp 4 2.65 (13)

agrees very well with previous results reported by other authors, e.g.

Dubinski & Wierzchowska (1973) logE =19 -Mp +1.8 (14)
Syrek & Weislo (1981) logE=1.9- M +1.65 (15)
Klima et al. (1991) logEF = 2.825 - Msp + 1.19 (16)
Koneény (1994) log Bsp = 1.66 - Msp +2.20.  (17)

Taking into account the data from January 1991 whose energetic span was lower
than the released energy of 10%J, a linear equation (17)

log Brgy = 1.93- Msp +2.05 (18)

was derived which is similar to the Egs. (14) and (15).

As it was also proposed by Klima et al. (1989) and Stafikové et al. (1987), simi-
lar approach could be performed in determining the interrelations between seismic
energy and local magnitude scale of selsmic events using the data of local seismo-
graphic network, seismic stations Prihonice (PRU), Kasperské Hory (KHC) and
seismic station OKC, as well.

On the other hand, it was ascertained from the present analysis that the lower
values of energetic parameters are taken into account, the higher scatter of data in
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mutual relationships can be expected. The evidence of this statement is seen from
Figs. 2—06, where the lower threshold of released seismic energy of 10%J is intro-
duced. It is obvious that the greater scatter of calculated data from weak seismic
events is caused by a relatively greater inaccuracies in primary data determination
at individual seismic stations, and consequently, within the appropriate monitoring
systems and at the seismic station OKC, as well. ‘
Finally, the histograms representing residua of the differences between calculated
and expected values of energetic parameters correspond to the normal distribution,
the snoothing curves of these histograms display more or less expressive maximum.
In summary, the method of linear regression applied in present study seems to be
a suitable one for the estimating mutual dependeces of energetic parameters defined
on the basis of different computation approaches. Our preliminary results confirmed
further continuation in detailed analysis leading to determination of generally valid
relations, namely in their linking to the magnitude scale of the seismic stations

Prihonice (PRU) and Kagperské Hory (KHC), as well.
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