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Abstract: Non-stationarity of sequences of seismic events directly con­

nected with mining works allows to construct a general time-dependent 

model of rockburst generation process. The model enables real time 

estimation of the probability of occurrence of a strong tremor from 

eVent series reccrded during a cértain period preceding the moment · of 

estimate. To reach the goal a specific form of the distribution of 

event energy must be set. 

The estimation procedure has been supplied with a weighing ability 

to account for the continuity of process dynamics and a truncated Pare­

to distribution has been lried to represent the distribution of event 

energy. The latter involves an assumption that in a given place and 

time there exists maximal energy which may be released in the form of a 

se ismic event. A complete a lgorithm to estimate parameters of the trun­

cated Pareto distributiort and to evaluate time-dependent strong event 

hazard has been given in the paper. An example of the use of the method 

to process event sequence recorded during mining works has been presen­

ted. 
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1. INTRODUCTION 

The non-stationary character of a sequence of tremors directly 

connected with mining operations has been noticed by the author in all 

available data sets. The suggestion was proved by means of statistical 
inference methods. The results of analysis and their discussion are gi­
ven elsewhere (Lasocki 1992). In consequence one may attempt to build 

methods for short term rockburst predictíon in which seismicity data 

will play an important part. Following the studies of stochastic struc­

ture of seismicity oeeurring in a elose vieinity of mining stopes (La-

socki 1990} 1992, 1992b) the beloN assumption can be accepted when con-

structing a time-dependent model of rockburst generation process: 
- the events are mutually independent. The process is memoryless; 

- the rate of event occurrence and the event energy are mutually inde-

pendent; 

the process ls non-statlonary , but lt ls time-dependent only through 

a dependence of the parameters of its distribution; 

the proeess is segmental stationary, i.e. it is stationary for the 

lime interval [t,t+6T], where t - any time moment and 6T takes a spe�i­

[ie value for loeal eonditions. 6T is supposed to be long enough to re­

cord a sequence of seismic events sufficiently numerous for a reliable 

estimation of proeess parameters; 

- in the interval of stationarity the rate of tremor occurrence is dis­

tributed according to Poisson's distributicn. 

Under these assumptions the eumulative distribution function of tremor 

energy E for any time interval (t , t+6t) , conditional upon event oceur­
rence is glven by: 

F(E I N>O,ilt;t) {1-exp[-A(t)·6t]}·F (E;t) e (1) 

where: A(t) ls the mean number cf event s per unit time in the time in­

t e rval ( t , t + 6 t) ; 
Fe(E;t) ls the cumulatlve dlstributlon function of marginal 

tion of tremor energy; 

6{:<:i'lT. 

dlstribli-

The probabi lity of oceurrence of the event having energy greater than 

or equal to a given value E within the time interval (t,t+6t) is given 
p 

by: 



H(nt,E ;t) 
p 
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{l-exp[-A(t)·nt]}·{l-F (E ;t)} e p 
(2 ) 

since it is assumed that within the time interval of length nT, 

regardless its position on the tlme axis, the process is stationary, 

events recorded within this interval can be treated as an elementary 

statistical sample. Therefore if n events were recorded in the period, 

say, (t-nT,t) and their energies were respectively E1, . •  ,En , then va­

lues for the constant for this period model parameters can be obtained 

by means of any well known statistical estimation procedure. For regu­

larity purposes useful when evaluating errors of estimates, the maximum 

likelihood method is preferred whenever possible. The maximum likeli­

hood estimator for A is given by: 

n/nT (3) 

The other parameters are obtained solving the respective standard equa-

tions after �he specific form of the 

set. 
energy distribution F (E;t) 

e 
is 

The estimates are valid for the whole period (t-nT,t) thus, in 

particular, their values may be ass igned to the upper limit t. Hence if 
nt s mall compared to nT, the value achieved from formula (2), when sub­

stituting parameters with estimates , represents the probability of oc­

currenee of the event having energy greater than or equal to E estima-
p 

ted for time moment t and predicted for time interval (t , t +nt) . 

The details of the model construction and estimation procedures 

have been presented elsewhere (Lasocki, 1990, 1992a). 

Two problems of the above method of strong event hazard analysis 

have baan considered in the presented work. The consequences of conti-

nuity of process dynamics have been discussed and in order to account 

for it the estimation procedure has been supplied with a weighing faci­

lity. Secondly the truncated Pareto distribution has been tried to re­

present in the model the event energy distribution. 

2. WEIGHTS OF OBSERVATIONS - CONTINUITY OF PROCES S DYNAMICS PROBLEM 

The time variation of model parameters results from the time chan­
ges of loeal geologieal and mining eonditions controlling seismic ener-
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gy discharging process in the mining rockmass. Since mining works in 

active stopes are car�ied on in more or less eontinuous manner, the 10-

cal stress field is redistributed continuously and then the process dy-
namics is supposed to posses� continuity property. It is assumed, how-

ever, that there exists a finite interval 6T in which the process para­

meters remain unchanged and the observation are considered to build an 

elementary statistical sample. This assumption has been introduced be­

cause the true function representing process dynamics is unknown and 

means that it may be fruitfully, from the point of view of strong event 

hazard analysis, approximated by the staircase function of lag �T. 
Within the interval (t-6T,t) the observations recorded close to the up­

per limit contain more up-to-date information about the state of tremor 

generation process than the data about events occurring closer to the 

lower limit. The estimation procedure does not distinguish between the 

data hence a certain delay of the estimated probability with respect to 

the true probability may be expected due to incorporating older (i.e 

corresponding to the past states of the process) data into the estima­

tion procedure. 

The length of interval of stationarity �T ís an external parameter 

in the model and is to be set a'priorí with accordance to the event 

rate and the localvariability of conditions controlling tremor genera­

tíng process. In any case it must be large enough to ensure suffieient 

slze of dáta set used in estimation procedure, otherwise the estimates 

would not be reliable. There are two ways to select the value of �T. It 

may represent absolute t1me that 15 it 15 a'priori chosen in time units 

and rema1ns unchanged throughout the whole period of mining works in a 

stope wh1ch is the target of strong event hazard analysis. It does not 

exclude other trials with other 6T values but one sequenee ofthe pro­

bab111ty est1mates for all time moment s is obtained with the use of 

constant value �T. The other method 15 probably more appropriate for 

stopes where mining operations cause movement of active front of any 

kind, e.g. longwall mining. In such eases the loeal stress variations 

might be related to the rate of faee advance and to stabilize process 

var1ations corresponding to irregularities of the advance rate the �T 
should vary 50 that the face advance remains eonstant all the time du­

ring 6T time periods. 

Regardless the way in which the �T value is chosen the above men­

tioned delay of probability estimates may be significant in case the 

event rate forees long �T selectinn. The problem can be clearly seen in 

the constant advance method when mining has been final1y stopped. Due 

to the way of 6T seleetion the strong event probability estimate would 
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remain constant while the real probability will be falling down with 

ti me due to rheol ogic a l processes. Therefore it would be reasonable to 

attribute certain weights to the data used in estimation procedure so 

that the newest observations from the (t-nT,t) interval have the 

greatest importance on the resultant estimates at moment t while the 

oldest - the least. 

As the first order approximation let us assume that during nT pe­

riod information 'ages' exponentially. Then the weight of an event re-

corded at moment t from the point of view of moment t (t�t 

is given by: 

w /3·exp{-o:(t-t. )} 
1 

where: o: determines rapidity of 'ageing'j 

� is a normalization constant. 

t-t::;t.T ) 1 1 

( 3 ) 

Let the number of events recorded during (t-t.T,t) time period be n. We 

assume that this number is invariant of the weighing operation hence: 

then: 

Let the probabi l i ty 

i. 
L w. n 

t. -Ln 1 

n 

Zexp{-o:(t-t, )} 
1 

density function 

(4 ) 

of tremor energy be 

f CEj�. , ' . JE,), where E, , ' , JE, are the distribution parameters. For the e 1 r 1 r 
observed sequence E J • •  ,E the logari'chmic maximum 1 ikel ihood 1 n 

i5: 

n 

Lln[f(E)) 
1 

L ln(p) 
1 i ;:: 1 i � 1 

function 

(5 ) 
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where p is the probability a'posteriori. If the data set can be split 
1 

into say K classes each containiog Ok observations Df equal value 
K 

, L n =n, then formula (5) can be converted into: k k=l 

E k 

(6 ) 

Relation (6) represents relation (5) setting K=n aod n
k

=l for all k. 

When all observed events have equal weights (=1) eaeh of them is 

treated as one observation. If the event i has the weight w. we treat 
1 

it. formally as w observation. Then fo l lowing relations (5), (6) the 

logarithmic maximum likelihood function of n weighed events E1, ·· ,En 
is given by: 

l(l:;, . . ,l;) 1 r 

n 

L ln(p 1 i :=; 1 

W i L w.ln[f(E) 1 1 1 i; 1 
(7 ) 

The respective standard equations are obtained as partial derivatives 

of 1 with respect to the parameters {�}. 

3. TRUNCATED PARETO DISTRIBUTION AS THE ENERGY DISTRIBUTION MODEL 

According to relations (1), (2) the method requires a specific 

form of energy distribution. In previous applications of the method the 

Pareto distribution has been used for this purpose. (Lasocki 1990, 

1992a, G!owacka and Lasocki 1992). The Pareto distribution of energy is 

achieved when one assumes that above a certain energy threshold ener­

gjes af events aecurring in an are a of mining works follow statistical­

ly the simple Gutenberg-Richter relation as follows: 

logN a + b·logE E�E o (8 ) 

where N denotes number af events of energies greater than or equal to 

E, and a, b - parameters. 



- 127 -

The resultant density probability function of event energy is given by: 

f CE) 
c: 

E:c:E o (9 ) 

The model i5 i denti cal with the seismological simple large earthquake 

model (Lomnitz 1974), with the onl y difference that in the latter mag­

nitude is used instead of energy, and hence exhibits analogous proper­

ties. In partic ul ar it also leads to the 50 called energy catastrophe, 

which consists in the fact that the anticipated value of energy given 

:l>y: 

E[E] 
b> 1 

b�l 
( 10) 

is divergent for certain range of parameter values. The simple large 

earthquake model was also criticized due to the noticed deficit of 

events in large magnitude range with respect to the number predicted by 

�he model. A similar phenomenon in mining induced seismicity was repor-

1ed by several authors. ( Kushnir et al. 1980, Bath 1984, Gibowicz 1990 

étnd others) This feature of energy distribution has been sometimes no-

1iced in sequences of events d irectly connected with m in ing operation 
but the evidence collected till now i5 not definitely convincing . 

Both problems, the energy catastrophe and the discrepancy between 

theoretical and emp i rical energy distributions disappear when one as­

sumes an existence of a certain upper magnitudejenergy limit . (Cosenti­

no et all. 1974) In case of the seismicity directly connected with mi­

ning this would mean that in the region of mining works there exists a 

maximum of energy which can be discharged in a farm af seismic event . 
Since the tremor generation process is time-variant, this maximum is 

also supposed to change in time while mining . With an assumption l ike 

this the distribution of tremor energy takes a form of the truncated 

Pareto distribution. (Lasocki 1990) Its probability functions and the 

maximum likelihood standard equation for the shape parameter b with re­

gard to the weighing of observation presented above are given by: 

fT CE) ( lla) e 
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u'CE jE)b n 

nlb + )_CEOjEm)b . ln(Eo/E,) - L wi 'lnCE JEo) 
o m i=l 

where: E >EsE and E is the upper limit of energy. u m m 

C !lb) 

ci (lle) 

The likelihood function decreases monotonical1y with the íncrease of 

parameter E , therefore ít cannot be estimated by means of maximum li-m 
kelíhood method. Because of the small size of samples used for estima-

tion of parameters in the time-dependent strong event hazard analysis 

lhe estimation of this parameter cannot be made as it ís earried oh in 

similar seismological models. In fact the estimation of E is very 
ITl 

lroublesome and due to that the applications of this model in the real­

lime estímation of strong event occurrence is strongly limited. Kijko 

(1981) suggested a compromising way of E estimatíon whích has been ap-
ll! 

p1ied in the presented algorithm. An estimate of maximum of common 10-
garithm of energy is given by: 

where: Eobs ís 
rnax 

ob" the largest and E o max-l is th e second 

( 12) 

largest energy in 

the sample. To obtain a reasonable estimate a considerable samp1e size 

is required which in turn usually forces long �T selection. Thus the 

method with the truncated Pareto distribution for tremor energy can be 

used only together with we{ghing procedure. 

Fig. 1 presents a fragment of the day by day estimaled probability 

record obtained by means of presented algorithm with the truncated Pa­

ret o dis tributi o n model for tremor energy. The data processed were ac­

quired around an active longwall in the Pokoj coal mine in Upper 8i1e­
sia, Poland. Mining works were carried on at the depth of 850-900 me-o 
lers. The coal seam of average 3 meters thickness was overlaid by a 

complex of alternating rigid sandstone, shale and coal layers. The 

front was movíng along a 40 meter wide coal pillar whích was left to 

separate a ventilating cycle of the mine from the adjacent mine. This 
pi1lar was suspected to be the cause of the majority of strong seismic 

events occurring in the region of longwall. The recorded energies be­

longed to the range 102- 107J and those of order l03J and more satis­

fied the energy distribution model . The event rate was variable. More 
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than 1 300 events in all were recorded during two years mining of the 

slope. Due to disturbances in mining process caused by strong tremors. 

the face advance rate was irregular. in average 0.77 meter a day. 

�he analysis wa� done with the constant advance method. The period 
of stationarity �T was changing so that the face advance during the pe­

riod was kept 30 meters at any moment of inference. The applied wei­

ghing caused that an influence of observation was dropping by a half 

every ten days. The procedure was used to estimate the probability of 

occurrence of event having energy greater than or equal to 5.10�J. 
Compared to the results obtained while using previous estimating 

al�orithm with the normal Pareto distribution for tremor energy and 

wllhout weighing function the above presented algorithm delivers re­

cII,ds in which the probability build-ups prior to the strong events are 

more steep and last shorter time. AIso the decreases of estimate are 

faster. These effects are probably due to weighing operation. An evi-

dent improvement in predictive efficiency of the algorithm due to the 

change of the model for energy distribution has not been observed. How­

ever, too small number of cases has been processed till now to conclude 

about the effectiveness of the new algorithm. 
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Pig. 1. The estimated probability of tremor occurrence of energy � 
S.10SJ in the longwall region. 

3. CONCLUSIONS 

The worked out method for weighing observations m�y be applied in 

any algorithm of real-time analysis of seismic event sequence in which 
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information about the present and future states is inferred from the 

past data. In particular it is u s eful for the algorithm to e s timate the 

time-varying probability of oeeurrence of strong tremor elose to mining 

works. The method partially diminishes effeets of the contradict.ion 

between the idea of variability in time of tremor generating process 

that is the demand of short duration of the stationarity period and the 

requirement of statistieally significant size of sample used in estima­

lion. It is particularly important when the analysis is carried on for 

low event rate sequences. The exponential form of weights should be tin­
derstood as the first approximation only and should be reviewed by more 

detailed studies. 
There has been developed the a1gorithm to estimate the probabi1ity 

af oecurrence of strong tremor in the region of mining works in which 

the truncated Pareto distribution is used to model the event energy 

distribution. Although such a model eliminates difficulties which show 

up while interpreting the previously used simple Pareto distribution 

(the expec�ed value of energy is always finite in this model) and a1so 

may give a better fit to the empirical energy distributions. due to the 

imperfect way of estimating the upper limit of tremor energy, the ef­

feetiveness of this algorithm is not visibly better than the effective­

ness of the algorithm used previously. This conclusion is not, however, 

definite and further studies of field examples are necessary. 
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