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ABSTRACT. Along the undergrcund working the st ress is displaced by any hit to the
roek mass. There were defined zones of aggravation, infiuenee, impact and destruction
on the basis of continuous seismoacoustic moni toring of the saddle layers in the
Ost.rava-Karviná. Coal Basin (OI\:R) in the neighbourhood of underground working.
These zones develop in time frorn the begÍIming of mining operations in underground
working through the stages of preparat ion, development, fully developed underground
working till the final stage ending the rnining acti vity in uuderground working.

Two types of seismic events were defined on the basis of a space and t ime model
of the foci zone: Iocal events (developed events] and global ones (triggered events).

The possibilities of prediction of seismic events in the influence and irnpact zones
were discussecl. Phenomena related to the extraetion of the saddle layers were ex-
plained.

1. INTRODUCTION

In previous papers ofmany authors the influence of parameters such as excavated
area, stratigraphy of the layers, intensity of mining [Konečný 1990], thickness of
overlying strata [Kalenda 1992] ancl velocity of excavation [Kalenda 1994b] on the
seismicity of the area were studiecl. These analyses were macle with the presumption
of stationarity of excavation process. The pararneters of the process such as step of
coalface, thickness of coal seam, wiclth of coalface, diameter of unclergrouncl working
(gate), thickness and rigiclity of the overlying strata are measurecl 01' estimatecl.

It has been shown that under sirnilar condítíons under sirnilar stress state we
can see a great difference in the seismicity of the are a both in the connection with
the excavatíon of one coalface but also in the connection with the extraction of
the whole mining area [Konečný 1990; Holub at al. 1992b; Slavík at al. 1992;
Kaleuda 1995b]. The clevelopmen t stages were stu c1ied an d clescribecl in det ails
cluring the extr actions of many coalfaces [Holub at al. 1992a; Slavík at al.1992;
Kalenda 1995b].

Similarly as in the case of time clevelopment of seismic activity, the space zones
clefined on the basis of seismic event foci localizatíons in the neighbourhood of the
rnining works have their space developrnent [Kalenda 1994b; 1995b).

On the basis of the model defined by the space ancl tirne clevelopment of zones in
the neighbourhoocl of underground working the seismic activity can be divícled into
two parts: local and global seisrnic activities. Statistical prediction can be made
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for the local and global seismic activities separately in cli:fferent mining conclitions
[Kalenda 1995b].

2. TIME DEVELOPMENT OF FOCAL AREA
IN THE NEIGHBOURHOOD OF WORKINGS

Two model coalfaces in the Ostrava-Karviná Coal Basin (OKR) were analysed
coalface No. 13933 in the 3rd mining area of the CSA Colliery leading in to

the 39th coal seam with a fill of 3 m mining thickness, with 210 m wicle coalface,
and in coalface No. 7 of the Lazy Colliery leacling into the 37th coal seam to
the full thickness of 6 m for caving with a 240 m wide coalface [(Kalenela, Slavík
1992; Kalenda 1994a; 1994b; 1995b]. Although different seams of saddle str ata
were excavated there was found sirnilar time development of seismic activity in the
neighbourhooel of both coalfaces. This feature of seismic activity was observecl in
other active coalfaces ancl retrospectively it was verifiecl even on oleler coalfaces
led in di:fferent coal seams [Kalenda 1994a; 1955a]. Based on seísrnic activity tirne
eleveloprnent it can be saiel that in the case of monitored unelergrounel workings
seisrnicity tirne clevelopment has the following stages (see Fig. 1):
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FIG. 1. Time developrnent of the Benio:ff graph gradient (excavation af
coal face No. 13933 in ČSA Mine during years 1990 -1991)

- preparation stage
- developrnent stage of the underground working (development stage)
- stage of the fully developed underground working



SPACS AND TIMS DEVELOPMENT 01' THE FOCAL ZONE ... 57

- stage of finish of the underground working (after completed extraction).

2.1. Preparation Stage

The first stage is referred to as the preparation stage of the unclergrouncl working.
In this stage there is an occurrence of moderate inc.rease of seismic activity, causecl
by the alteration of stress conditions resultirig from the previous extraction. The
seismic activity can be brought back to life by various activities inclucling e.g.
drilling, relieving holes or widening of the initial break-through (in coalfaces). The
increase seismic activity in new mining areas is very small but on the other hand
even preparatory activities under conditions of high burclening and immense level
of accumulatecl energy can cause rockbursts. In the case of preparation of drivings
increase in seismic acti vity is most ly insignificant.

2.2. Development Stage o] the Underground Working

The seconel stage is referred to the development of a coalface or driving when
there is an occurrence of linear incrernent of the gradient line in the Benioff sum-
mary graph. This stage will last in dependence on stress condition of the massif,
loading conclitions of the overlying strata, size of the coalface ancl on thickness of
the extracted seam from a few weeks to a few months (see Fig. 1).

In the course of this stage the higher and higher overlying strata are getting
under the influence of a coalface which sets off against the increment of line slope
in the Benioff summary graph which need not be completely linear but may become
nori-Iinear particularly in the case of thick blocks of overlying sandstones. As found
on cletailed spatial localizatian of events by means of seismoacoustic manitoring of
the coalfaces (hereinafter SA monitoring) [Kalenda, Slavík 1992; Kalencla 1994a;b],
the influence of coalface propagates to overlying strata step by step from the nearest
strata to the clistant ones. The energy of events increases depending on shifts of
foci until reaching its limit which is given by the thickness of a layer or a few layers
and according to the relation [Kalenda 1992]

log Elim [J] = 4.29 . log li [mJ - 0.56, (1)

where h is the thickness of the overlying layer formecl primarily by sandstones and
conglomerates in conditions of the OKR. Minute events are observed within full
thickness of the layer above ancl ahead of the coalface, but in case of breaking clown
the layers into free space in a collapse, some events were initially observed on the
upper side of the layer where the greatest tensile strength occurs. In the case of
additional stress along coalface N0.13933 the foci of events were located up to the
height of 120 m above the extractecl area. In the case of absence of aclditional stress
(coalface No. 138704), the values corning from the event foci coordinates reachecl
50 -70 m above the coalface.

In the case of clrivings the stage of their clevelopment is relatively short because
the reach of driving's influence is relatively small, approximately within 5 -10 m.
Only in cases of high initialloacling and a high amount of previously accurnulated
energy the drivings ma.y bring about seismic events even from more distant localities
(approx. 100 m).
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The end of this stage is given by maximum expansion oť influence of a coalťace
(driving) in horizontal direction and towards the overlying strata when bilaterally
:fixed girclers in the virgin coal area and in the collapse are no longer destructed
(cut), and only the girders :fixed into the virgin coal area ofthe coalface begin to cut.
Prediction of seismic events in this stage is the most clifficult, since it is impossible
to determine in advance when this stage will cease. Moreover the probability of a
falsely predicted anomalous event is the greatest by the end of this stage because
it is not unambiguously determinable whether any other overlying strata get under
the influence of coalface ar not.

2.3. The Stage oj Developed Utuierqrousul Working
and u, Finish

The thircl stage is the one of a fulIy cleveloped unclerground working in which
the line slope of the Benioff graph tends to be slightly decreasing and the situation
in the eoalfaee is stationary. Loeal changes of seismie activities given by loeal
influences can be best seen in this stage.

In the stage of developed coalface the sandstone layers are cut mostly only in the
virgin eoal area of the coalface, because they are just unilaterally :fixed. Therefore,
this results in decreasing infiuence of the coalface towards the overlying strata as
a result of lesser load capacity of unilaterally :fixed plates against bilaterally :fixed
ones in the stage of coalface development.

In case ofhigh level of additional stress in the neighbourhood of coalfaee No. 13933
there were foci of events loealized up to the heights of about 50 -70 m above the
extractecl coal seam, in case of no aclclitional stress (coalface No. 138704) the foci
of events reachecl the height of 20 - 30 m above the coalface.

The end of the stage of developed underground working is given by the terrni-
nation or long-term interruption of mining activity in the underground working in
the sense of extraction af material, when the line slape of the Benioff graph starts
to fall exponentially till reaching some steady rest values.

If the coal mining ar driving activities in the given colliery re-starts, then the
stage of development of the underground working will be restored with the excep-
tion, that maximum line slope of the Benioff summary graph wilI not reach its
initial high values of the first development, but only the maximum values given by
the previous stage of cleveloped coalface, since bilateral breaking of the overlying
slabs has already taken place there.

3. SPATIAL DEVELOPMENT OF FOCAL AREA IN THE
NEIGHBOURHOOD OF UNDERGROUND WORKINGS

Based on detailed SA space monitoring (see above) and on localization of foci
of events the following space zones being formed in the course ať coal mining and
driving activities were de:fined (see Fig. 2):

- zane of aggravation
- zone of infl.uence
- impact zone
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FIG.2. lnfiuenced zones in the surrounding of eoal face No. 13933 in the
eSA Mine

- zone of destruetion of massif

3.1. Zone oj Aggravatíon

Any impacts to the massif cause the formation of the first zone in its neighbour-
hood - zone of a.ggravation. This zone is not seismically defined, but it is possible
to monitor it on the basis of other measuring methocls (by strain gauges ar by level-
ling). Re-grouping of stress and its loeal growth takes plaee in this zone, however,
this stress does not reach the breaking strength, nor the weakest components of the
massif and that is why no seismie event s arise there. On the other hancl, aecumu-
lation of fiexible energy takes place in the overlying str aba which can be seismically
active later.

Zone of aggravation may theoretically reach an infinite distance but, in reality, it
is measurable in the case of the OKR e.g. by levelling up to the distance ať 1 kilo-
metre. Its limitation is mostly given in horizontal direction by tectonic limitations
of extracted areas and in vertical direction it mostly reaches the surface.

Zone of aggravation already arises in the course oť preparation of the min ing
works and in the period oť clevelopment of underground working its range rapidly
grows, and so that at the time of ending of the coalface development it is measurable
for the majority of coalfaees up to the distances above 400 m. Then its propagation
veloeity decreases till the end of the underground working.
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S.2. Zone oj lnfluence

The second zone - zone of infiuence - always arises in the neighbourhoocl of
drivings and coalfaces when the surcharges taking place in the massive are so huge
that they overcome its breaking strength, which resul ts in arising "triggered" seis-
mic events. However, their energies were largely accumulated from other sources
rather than from driving 01' extraction by which they are" triggered", e.g. due to
previous extraction of the overlying coal seams ancl leaving small pillars 01' due
to the extraetion of neighbouring coalfaees and re-grouping of stress in the wicle
area. These events have a global character and they are completely dependent on
previous extraction and re-grouping of the stress. The released energy may be
eonsiderable depending upon the period of previous extraction and accumulation
ability of the strata.

The zone of influence reaches as far as about 400 m from an active coalface
and as high as 150 m above the eoalfaee (eoalfaee No. 13933) in the case of thick
sandstone complexes. The zone of influence usually reaches dimensions up to 200 m
from the coalface and almost 80 m above the eoalfaee. At drivings in places with
high additional stress the zone of influence may reach as far as 150 m and as high
as 80m (roekburst, Jan.7, 1992, Coal Area 4, Doubrava Colliery - Kalenda 1995c).
Largely the zone of infiuence is clirectly linkecl to another seismieally clefinecl zone
- impact zone, but this one need not follow the former zone cornpletely, especially
when loeal region is aggravated by aclclitional stress in such a manner that seismic
events in this region are triggerecl at large seale. On the other hand the zone
of influence of underground working is completely separatecl in space as it was for
example at eoalface No.133933 in the period ofits drawing near a small pillar in the
overlying coal seams [Kalenda, Slavík 1992], or in the case of the "triggerecl" events
on mining line between the 8th and 9th coal areas of the Darkov Colliery [Kalencla
1995a] (see Fig.3). The zone of influence arises alongside drill ho1es, drivings and
coalfaces after the initiation oftheir clevelopment stage ancl its maximum dimensi on
is formed rnostly by the encl of the clevelopment stage. Only in case when the mining
work proceeds to anomalously aggravatecl area in space, then the aggravated area
may become larger at that moment and interfere with the area minecl.

S.3. Inip act Zone

The impact zone of a eoalface arises largely by the extraction of coal in the course
of clevelopment stage of the coalface. Breaking strength is exceeclecl in fuH volume
of the rock in this zone, above all, due to the extraction of the coalface itself. Other
effeets have 1ess influence ancl just expancl 01', the other way round, contract the
size of this zone. The event s in this zone have largely a local character and may be
statistieally predictecl on the basis of seismicity development.

In the case of thick sandstone layers the impaet zone of a eoalfaee reaches as
far as about 200 m away from the active eoa1faee ancl as high as 70 m above the
coalface. The impact zone of a coalface usually reaehes as far as about 100 m away
from the coalface and as hígh as about 30 - 40 m above the extracted seam (coalfaces
No. 138704 of the Lazy Colliery, No. 140804 + 5 of the Darkov Colliery). In the
case of clrivings the impact zone reaches as far as 5 -10 m away from the driving,
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which was verified by seismic tomography (Staš - internal material of the VVUÚ
Ostrava), but it may be even smaller ar 110ne.

The impact zone arises no sooner than in the course of development stage and
its evolution, as for its height, is largely finished at the beginning of the stage of
clevelopecl working. The impact zone shifts horizontally in the stage of clevelopecl
unclerground working according to the advance of the given unclergrouncl work-
ing. The impact zone of a coalface carresponds to geomechanical evaluation ať the
distance L ať the influence range.

3.4. Zone o] Desiruction oj MassiJ

A complete clestruction of strata takes place in the neighbourhoocl of extractecl
unclergrouncl working after releasing the seismic energy in the irnpact zone. There-
fore the rock loses its ability to accumulate energy, which results in the formation
of a seismic zone of destruction.

This zone is spread largely in caving - behind the face ancl its height reaches
about 20 - 50 ID clepencling on the height of the impact zone. Its height usually
cloes not exceecl 20 m above the coalface ancl its size is largely limited horizontally
by the outline of the caving whereas its height is lower at eclges. Its climension at
dri vings largely cloes not exceecl 2 - 3 m towarcls the coal seam ancl 1-2 m towards
the hangingwall, which causes, among other factors, also greater consequences of
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seismic events on the corridors than on the coalface area.
The zone of destruction arises no sooner than with the developed underground .

working and it is spatially related to the unclergrouncl working alongside which its
formation is about to arise.

4. DrscussION

The outlined time-space model eoming from monitored seismologie and seis-
moacoustic events enables to explain some app arent paradoxes in the behaviour of
seismie aetivity in the course of mining.

The most important feature of this model is the fact that it separates apparently
homogeneous seismie event s from those induced by natural activity of the coalfaee
in the impact zone - (local events) ancl the other ones whieh are "triggerecl" in the
zone of influenee - (global events) whose energy accumulation passecl through due
to whole previous mining. This feature of the model explains a phenomenon of the
so called "third coalface" which says that the third coalface under extraction in a
given mining area is the most dangerous one.

If we investigated the increase maximum global energy in time since the begin-
ning of the extraction in the given coal area, we would find out that its dependenee
on time can be deseribecl by the equation

10gE [J] = b·log(t -to)+a, (2)

where i - to is the time when the extraction of the given coal area startecl. It
can be shown on practieal data that at the extraetion of saddle seams in most
eases the value of eoeffieient b is of such an amount that the theoretical ancl even
the observecl maximum energy after 3 - 5 years from the beginning of extraction
reaches the value of 106-108 J, i.e. when the roekbursts are already coming into
being [Kalenda 1994b; 1955b].

According to this model, the "triggered" events have global character given by
the extraction of the whole coal area ancl their coming, based on the observations of
the event s arising in the zone of influence, need not be anyhow signallecl in aclvance.
In case that global events are incluced in other layers than in local ones, this may
result in alterations of eoefficient b in the energy - frequeney (hereinafter E - F)
distribution [Kalenda 1995a]. However if the global events are "triggerecl" from the
same layer complexes, then their occurrence is quite inciclental ancl it is possible to
cletermine only the probability of their occurrence given by the relation

(3)

where N, is the calcuIated numbers of events in class E; accorcling to the cumulative
E - F distribution inset by its st atistically significant classes of registerecl events ancl
calculatecl from time of beginning of extraction in a given coal area [Bath 1979].

The seconcl significant feature of the model is the fact that in the course of
extraction of each coalface the most clangerous stage is the one of its developrnent
when the wide zone of infl.uence comes into being and global maximum events may
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be "triggerecl". Sirnultaneously, a new sinking mechanism of layers will result in a
higher level of seismic aetivity than observec! in the course of next extraction in the
stage of developed eoalface. Therefore, it is necessary to situate the initial breaks-
through at eoalfaees in such a manner as to prevent from addition of the adverse
factors. Thus it is possible to explain e.g. the crash of eoalface No. 13733 in coal
area No.3 of the CSA Colliery when - due to the extraetion of the neighbouring
four coalfaces - the maximum event energy of apprax. 1010 J accumulated in the
stage of developing coalface and simultaneously the zanes of influenee and impact
reached under the edge of unmined area with high level of additional stress.

With the same mechanism it is possible to explain the initiation of roekbursts
caused by drivings 01' relief drilling when global events are "triggered" in the zone
of infiuence particularly in the areas with high additional stress and substantial
accumulated energy given by previous extraction.

The third feature of thís model is the fact that it is possible to predict local events
in the impaet zone basecl on previous evolution of seismie activity in the sarne zone
for a period whose length is proportional to the magnitude of the impact zone and
to the rate of eoalface advance when total aceumuIation and release of energy takes
place within greater volume of strata in the impact zone with formation of the zone
of destruction prirnarily in the stage of deveIoped eoalfaee.

Loeal seisrnie aetivity is determined by loeal properties of strata in the impact
zone, by the ad vance rate of coalfaee, variations in stress as wel! as by its re-
grouping. It is possibIe to determine Ioeal rate of risk in the coalfaee by means of
predietive filtration [Rudajev, Pěč, Buben 1976; Lasoeki 1993].

However, this does not enable to predict global events.

5. CONCLUSION

The outlined tirne-spaee model whieh - on the basis of seismie aetivity in the
neighbourhood of underground working - de:fines the formation and tirne evolution
of spatial zones in the neighbourhood of the working, gives answers to questions
reIated to the method of leading the unclerground working a.nd its possible exposure
to danger of an anornalous seismic event.

At the same time, the model provides the possibility to dívide seismie events into
Ioea1 ones bound directly to the activity of the eoa1face ancl to its immediate roek
neighbourhoocl and into the global ones related to the general state of mining in the
extracted coal area. It is indicatecl that Ioeal and global seisrnie activities clo not
directly cohere with each other and then it is impossible to precliet global events on
the basis of loeal seismic aetivity. On the other hand, the prediction of loeal events
based on previous seismic aetivity is possible with a high degree of probability and,
at the same tirne, it is possible to estimate maximum energy value of the seismic
event being determined by total extraetion in the given coal area and "triggerecl"
by the extr act.ion of coalface ar by driving.
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