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The spatiotemporal analysis of seismic zones characterised by the scattering and accumulation of strain
energy in the roof-rocks of the excavated longwall panel where inelastic or elastic deformations occurred
during hard coal seam mining is discussed. The studied longwall panel was designed to utilize the effect
of partial stress relaxation caused by the earlier extraction of the coal seams located above. A full seismic
moment tensor and spectral source parameter analyses were used to obtain information about the degree
of inelastic and elastic coseismic deformations. This study also showed that these deformation changes
correspond to variation in the Benioff strain release characteristics. Next, analyses of deformation zones
were compared with the relationship between radiated energy and the excavated volume of rocks per
month. The concept of balanced seismic energy release assumed the exponential increase of released
seismic energy with the increase in the volume of excavated rock. Discrepancies between the observed
and predicted radiated energies indicated that strain energy in selected zones in the rock mass was either
scattered if the prediction was overestimated, or accumulated if underestimated. Moreover, the study
showed that elastic deformation in one zone can lead to inelastic deformation in the same zone.
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1. Introduction

Underground excavation results in failure processes, e.g. defor-
mations, taking place in the rock mass surrounding mined longwall
panels. These processes are reflected in seismicity characteristics
and seismic source mechanisms which can be used to reveal the
history of rock mass mechanics during the excavation. Moreover,
such knowledge is useful for understanding the phenomenon of
rock mass destruction and can be used to reduce seismic hazard
in mines. Seismicity in mines is usually caused by the presence
of unfavourable geological conditions such as the depth of
exploitation, hard and rigid rocks forming roof-rocks and floor-
rocks, as well as footwall or/and hangingwall strata, faults, and
others mining layouts [1]. Additionally, mining conditions also
strongly affect the seismicity level which is caused by the presence
of gobs, systems of roof control, safety pillars, and edges of old
mined longwall panels. They disturb the local stress regime just
as natural discontinuities present in the rock mass do [2,3].
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Spatiotemporal seismicity rate anomalies are generally
reported as the most frequent intermediate-term precursory phe-
nomenon of seismic hazard in time-scales varying from a few days
to several years [4]. Recent studies focused on two approaches i.e.
parametric and non-parametric approaches. The first approach is
based on the use of the well-established Gutenberg-Richter law
which was applied in many pieces of research on seismic hazard
in mines [1,4-7]. In the second approach, the non-parametric haz-
ard assessment approach is evaluated under certain conditions
[8,9]. Seismicity in mines can lead to dangerous damages in oper-
ating longwalls, openings, galleries, etc., resulting in rockburst [10].
The mined total volume of rock associated with hard coal exploita-
tion corresponds to an increase in the level of seismicity, thus this
relationship can be used to evaluate an algorithm estimating seis-
mic hazard which varies overtime [11,12].

To deal with the seismic hazard in mines, prevention techniques
are applied during underground workings. One of those techniques
is the usage of destress blasting in order to minimize the strain
energy in a rock mass. Quantitative methods, attempting to assess
the effectiveness of the blasting, were introduced by Konicek
et al. [13,14], Wojtecki and Konicek [15], Wojtecki et al. [3,16,17],
and Konicek and Schreiber [18]. The assessment of the effectiveness
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is based on the analysis of mining tremors’ focal mechanisms occur-
ring after the blasts, assuming that the focal mechanism parameters
carry the information about local stress and strain energy condi-
tions. The focal information was obtained by calculation of the full
seismic moment tensor (SMT) and/or spectral source parameters.
SMT defines the force system occurring in the seismic point source
considering a linear combination of force couples and it describes
the seismic source in the focus entirely and completely [19]. The
spectral source parameters are estimated from the simple well-
known seismic source model presented by Brune [20] and devel-
oped by Madariaga [21], who verified and changed the concept of
the source radius. Both models describe the source as a circle with
a specific radius, size (scalar seismic moment and magnitude), dis-
placement, energy release, static stress drop, and apparent stress.
These spectral parameters are obtained from a fitted model of the
displacement spectra (P-waves and S-waves) as a function of fre-
quency. The displacement spectra are characterized by two main
parameters i.e. the corner frequency and spectral level which corre-
spond to focus size and character of physical processes occurring
during the rapture [11,22].

Spectral source parameters can be used to calculate the source
and apparent volumes which correspond to coseismic inelastic
deformation that radiates the seismic waves. Mendecki [22] noted
that these two parameters have a predisposition to be precursors
that can be used in short- and medium-term predictions and can
be easily calculated from ratios of spectral source parameters, i.e.
scalar seismic moment, stress drop, and apparent stress, respec-
tively. The elastic (reversible) deformation is defined as a process
during which no new microcracks are originated while all existing
microcracks propagate in the rock mass without growing in size
[22]. The potential energy accumulated during elastic dislocation
may be discharged or it may be released gradually or abruptly dur-
ing the processes of inelastic deformation. The inelastic (irre-
versible) deformation of brittle-like rock is mainly due to
fracturing and frictional sliding called cataclastic flow resulting in
emitted seismic waves. Their amplitude and frequency depend,
in general, on the toughness and stress state in the rock mass,
the focus size, and on the fracturing process rate at which the rock
mass is damaged. Generally, a mining tremor resulting from dise-
quilibrium in the flow of rock and, as whirls in the fluid flow, can
be demonstrated as a consistent diffusing structure which contains
newly-created useful data. Formation of such data (hidden infor-
mation) must be combined with extended diffusing rates, i.e. an
increase in dislocation rate at the seismic source produces more
seismic radiation [22].

The purpose of this article is to investigate the focal mecha-
nisms and source parameters of underground mining tremors
within coal seam No. 507, in the Ruda hard coal mine in the Upper
Silesian Coal Basin, Poland (Fig. 1a). The studied longwall panel in
coal seam No. 507 was designed to maximally utilize the effect of
stress relaxation caused by the presence of the earlier excavated
coal seams deposited above. The study is based on parametric sta-
tistical analyses of 1016 selected seismic events recorded and
located by the mine seismic network, with a local magnitude
(ML) higher than or equal to 0.6. Next, 18 relatively strong tremors
were chosen for focal parameters analysis. A cutoff level was
assumed as M, = 1.5 (i.e. seismic energy 5 x 10% ]). This limit
was taken because of two reasons: (1) the acquisition of a repre-
sentative group of relatively strong event representing general rock
mass behaviour during excavation, and (2) the quality of the seis-
mic records. The purpose of the 18-event analysis was to recon-
struct the probable course of destruction processes in the rock
mass and in the area of the longwall panel and to indicate in which
zones the strain energy was accumulated or scattered as well as
where the process of seismic deformation was mainly elastic or
inelastic. This history of stress-strain changes in the rock mass
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was revealed using SMT, spectral source parameters, and energy-
volume relationship.

2. Site characterization, longwall panel seismicity, and seismic
hazard

Coal seam “No. 507’s” longwall panel was mined over a period
of nine months, in the eastern part of the selected hard coal mine,
located in the Main Anticline, the Upper Silesian Coal Basin, Poland
(Fig. 1a) [23]. Longwall mining was designed in a traversing system
with roof-rock caving. The studied longwall panel was designed to
utilize the maximum effect of stress relaxation through earlier
exploitation in coal seams Nos. 502 and 504, and in a small range
in coal seam No. 506. Below the longwall panel, mining was not
carried out. Whether the three coal seams, over coal seam No.
507 (Fig. 1d), had a direct impact on the studied longwall mining
was investigated. The three exploitations were carried out in the
following coal seams: (1) seam No. 502, deposited approximately
124 m above, which was in total mined over the entire longwall
panel (12 and 21 to 22 years before); (2) seam No. 504, deposited
approximately 61-70 m above, which was almost entirely mined
over the longwall panel, except for two small fragments in the
southern and the eastern part (10 and 13 years before); and (3)
seam No. 506, deposited approximately 27 m above, which was
excavated only over the northern part of longwall panel (36 to
37 years before). Therefore, at the beginning, the mining was car-
ried below the edge in seam No. 506.

The coal seams were interbedded with thick layers of sand-
stones, shales, and sandy shales (Fig. 1c). The layer strike had
the direction from ESE-WNW to ENE-WSW. The studied coal
seam was characterized by two main orientations of crack sys-
tems (strike, dip, dip direction): 16°/50°-85°/E and 85°/70°-90°/
S. In the roof-rocks of coal seam No. 507, the crack systems chan-
ged directions 97°/55°-75°/S and 193°/50°-65°/W. Several local
faults were detected in the study area during the mining opera-
tions. Their strike directions were in accordance with the crack
systems direction (ESE-WNW to ENE-WSW) with deviation to
the SW-NE direction. The slips of those faults ranged from 0.8
to 1.8 m and their dips ranged from 40° to 80° in the SE direc-
tion. During the drilling of longwall galleries, rockburst preven-
tion was performed, mainly in the form of destress blasts,
which produced mining tremors characterised by seismic ener-
gies ranging from 10% to 10° J. Preliminary rockburst hazard
assessment qualified this longwall for excavations as slightly
threatened by rockbursts.

The mine seismic network consisted 18 seismic stations (15
underground and 3 surface station, Fig. 1b), and enabled to moni-
tor the seismic activity during longwall mining of coal seam No.
507. Most of the seismic sensors were located to the south from
the longwall panels in coal seam No. 507. Hypocentres and seismic
energies of mine tremors were estimated using the ARAMIS seis-
mic observation system installed in underground excavations
and provided by EMAG Company, Poland. The energy of strong tre-
mors (i.e. with the seismic energy higher than or equal to 1 x 10°],
what corresponds to the local magnitude M; = 1.68) was verified by
the Upper Silesian Regional Seismological Network which belongs
to the Central Mining Institute, Poland. The surface seismic stations
belonged to the AMAX-GSI system, produced by Central Mining
Institute, Poland.

The level of seismicity in the studied longwall panel was
described by the frequency-magnitude distribution for local mag-
nitudes for a total of 1016 selected events, the Gutenberg-Richter
distribution and the comparison of empirical and calculated cumu-
lative probability (Fig. 2a-c). The seismic hazard analysis during
mining of the studied panel was calculated based on the magni-
tude distribution [5].
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Fig. 1. Site characterization.

F(ML) =1- eXp(_ﬁ(ML - Mmin)) (1)

where M is the considered local magnitude (for the Upper Silesian
Coal Basin) from the catalogue; My, the minimum magnitude; F
(My) the cumulative magnitude distribution; and g the parameter
expressed as follows.

B =1/(ML — Mmuin) = b/logy(e) (2)
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where b is the Gutenberg-Richer parameter. During this study, it
was assumed that the minimum magnitude corresponds to the
magnitude with the largest occurrence frequency of seismic events
in the low-energy range (Fig. 2a). The analysis of the seismic cata-
logue from the studied longwall panel indicated that the minimum
magnitude is 0.6. The Gutenberg-Richter distribution for the stud-
ied catalogue was presented in Fig. 2b. The b-value was relatively
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high and reached 1.95 which corresponds to a high level of low-
energy seismicity in the study area.

The maximum probability distribution was calculated based on
the known magnitude/energy distribution and the assumption that
the event frequency distribution in a short or long period is the
Poisson distribution. Thus, the cumulative probability distribution
function of the maximum energy event, G(M["®), can be expressed
as follows [1,5].

_exp(—AAt(1 — F(My))) — exp(—/At)
B 1 — exp(—/At)

G(MM™) 3)
where / is the event frequency overtime (the Poisson factor); and
At the time interval width (10 days). The empirical cumulative dis-
tribution function, Gemp, Was estimated based on Eq. (4) [5].

Gemp (M) = (i — 0.5)/w (4)

where i is the number of maximum energy events in the interval;
and w the interval. The estimated cumulative magnitude distribu-
tion F(M.) enabled the calculation of the cumulative probability dis-
tribution function of the maximum magnitude for the entire
seismic catalogue (Fig. 2c) and comparion with the empirical
distribution.

The visual inspection provided a satisfactory comparison of
both distributions and convinced us to use this data to estimate
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the probability of the occurrence of an event with a certain magni-
tude/energy or larger during the selected time interval. This calcu-
lation required two assumptions, the first being that the analysed
process is stationary for a short time interval, thus 10-day intervals
were chosen and the second being that the intervals contain a suf-
ficient number of events. This second condition is difficult to fulfil,
however, in the studied case, the minimum number of event in the
10-day intervals reached 5, the maximum was 114 and the average
was 33.7 per interval. The probability of exceeding certain energy,
R(E,t), can be estimated as follows [5].

R(E;t) = (1 — exp(=A(t)AD))(1 - F(E, 1)) ()

where F(E,t) is the Pareto’s distribution for energy [5] which pro-
duced similar distribution to magnitude distribution (Fig. 2c). The
Poisson factor and the energy distribution are varied with time.
The results of the exceedance probability calculated for the energy
of 1 x 10° ] per 10-day period are shown in Fig. 3. The start date cor-
responds to the occurrence of the first weak event in this area and is
associated with preparation works. This probability was compared
with the monthly excavated volume of rocks and the longwall face
advances (Fig. 3). The comparison indicated that the excavated vol-
ume of rock correlates with an increase of seismic hazard. Two
maxima can be noticed when the longwall face was close to the
edges of overlying coal seams (No. 504 in the eastern part and
Nos. 504 and 502 in the southern part of longwall panel).

3. Methods and results
3.1. Source mechanisms and source parameters of M; > 1.5 events

The analysis of foci was based on two independent studies: the
solution of the full SMT and the estimation of spectral source
parameters. The analyses required high-quality data, i.e. first P-
and S-wave arrivals are clearly visible. 18 events with local magni-
tudes of M > 1.5 from 1016 events were chosen. It was assumed
that the event population, their distribution, and their focal mech-
anisms are the data set which can represent the general behaviour
of rock mechanics and changes of stress regime in the roof-rocks
for the analysed longwall.

The SMT solutions were calculated in the FOCI software [24]
based on the seismograms recorded by the mine seismic network
[24]. The FOCI software is the stand-alone Windows GUI applica-
tion that allows to perform both the SMT inversion and source
parameters calculation using waveform data and it was created
by Grzegorz Kwiatek. The application is optimized for local-to-
regional applications and seismic networks. The focal mechanism
calculations used the inversion of the first P-wave amplitudes
using the L1 norm and the full SMT solution was carried out due
to the possible participation of various processes in induced tremor
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Fig. 3. Probability of the occurrence of an event with the energy of >10° J per 10-
day interval (black areas) and the excavated volume of coal per monthly longwall
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Table 2

Spectral source parameters of 18 analysed seismic events.
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linear vector dipole, equalled 21.1%. Tremors correlated with the
near-seam processes of destruction are usually characterized by a
small shearing component in the full SMT solution and very high
non-DC components with the ISO component from 20% to 50%. In
the foci of the analysed tremors, the percentage share of the DC
component can be classified as high, which suggests that destruc-
tion processes were correlated with the fracturing of overlaying
sandstones. However, the relatively small magnitudes of these rest
events did not suggest that the origin could be triggered. Six nor-
mal fault focal mechanisms also showed the relatively large values
of components: DC (>30%, mean 54.5%) and ISO (<—27%, mean
—34.3%). The negative isotropic component indicates that in the
focal mechanism an implosion also occurred. The obtained “beach
balls” representing seismic mechanisms are shown in Fig. 4.

To summarise, the studied events indicate roof-rock cracking
with inelastic deformations caused by mining excavation which
followed the longwall face advance.

3.2. Source and apparent volumes

A mining tremor can be considered as a sudden inelastic defor-
mation within a given volume of rock that radiates detectable seis-
mic waves. In this case, the average stress drop obtained as one of
the spectral source parameters can be explained as a spatial den-
sity of the seismic moment My and the source volume V which
can be presented as [22]

V = M,/Ac )

In Eq. (7) the scalar seismic moment corresponds to the
moment tensor, thereby the moments of force couples acting in
the source. Therefore, the source volume can be considered to be
a system of couples located at the centre of this region with the lar-
gest inelastic shear strain drop resulting in deformation. The vol-
ume of rock associated with the coseismic inelastic dislocation
changes from a fraction of m> for cracks of approximately 1 m in
length to a fraction of km?> for large seismic events with source
dimension of a few hundred meters. For mine tremors, the average
strain change within the source volume varies from 10~ to 102
[22].

Mining tremors that occur near to the underground openings
and/or in complex geological structures very often demonstrate a
volumetric character, with many zones of long-lasting deformation
and complicated geometry associated with a local volume varia-
tion. Therefore, the apparent volume for a seismic event (V,) corre-
sponds to the rock volume with coseismic irreversible strain with
accuracy in the order of magnitude of apparent stress divided by
stiffness. It can be defined as [22]

Va=My/20, (8)

Eq. (8) shows that apparent volume depends on the seismic
moment and apparent stress, and thus on radiated seismic energy.
The aforementioned relations lead to the assumption that both
apparent volume and source volume acquires sensitivity to the
inelastic coseismic deformation from its two-dimensional descrip-
tion of the seismic source, namely, by seismic moment and seismic
energy or by seismic moment and stress drop [22].

The apparent volumes for the selected seismic events were cal-
culated based on spectral source parameter results (Table 3). The
apparent volumes varied from 1.014 x 10% to 39.580 x 108 m°.
The location of these events and the corresponding values of
apparent volume were used to map the spatial distribution of the
volumes (Fig. 4). The mapping was carried out by the application
of the inverse distance to a power technique. This gridding method
is one of the more common methods used in natural sciences in
which the value assigned to a grid node is a weighted average of
either all of the data points or a number of directionally distributed
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Fig. 4. Distribution of apparent volume with the full SMT solutions of the 18 studied seismic events, dates and day numbers indicate the longwall face advances.

neighbours. The values of each data point, in this case, were
weighted according to the inverse of its distance from the grid
node, taken to the power of 2. Moreover, this gridding method pro-
duces a smooth and continuous grid and does not exaggerate its
extrapolations beyond the given data points [27,28]. The results
of the apparent volume mapping showed that the first part of
the studied longwall panel was characterised by low values of
the apparent volume, especially along the west edge of the panel.
It suggests that this area was associated with dominating elastic
deformations. Next, the advancing exploitation caused the occur-
rence of larger apparent volumes and the largest values were
observed at the end of the studied longwall panel (Fig. 4).

3.3. Relationship between released energy and the excavated volume
of rocks

Time-dependent seismic hazard assessment in mines can be
associated with a statistical relationship between sum of seismic
energy and the excavated volume of rocks. Usually, the energy-
volume relation can be simply expressed as a power law [5,11].
In this case, a similar relationship is proposed which is exponential,
as follows.

iEj =c; - exp(c V) 9)
=1

where E; is j-th event energy in a time inverval; j=1, 2, ..., n; n the
number of all energies summed in a time interval; V the excavated
volume of rock in a specific time interval; and c¢; and c, the con-
stants. The time interval was assumed as monthly longwall face
advance. If constants ¢; and ¢, are estimated and the excavated vol-
umes are known, it is possible to predict the expected energy
release per time interval. The comparison of the observed energy,
radiated from the rock mass, with the predicted one can provide
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information outlining whether the strain energy was concentrated
or scattered due to the mining and geological conditions. It was
assumed that the accumulation of strain energy in the rock mass
corresponds to the situation that the predicted seismic energy
release is underestimated, thus the observed sum of energy per
month released is higher than the predicted one. It indicates that
in the rock mass additional strain energy originated from distur-
bances in the stress regime and from stress transfers caused by
the previous mining operation was accumulated. The scattering of
strain energy was assumed in the case of the overestimation of
the predicted energy release. The scattering of energy corresponds
to the situation that the present mining operations generated strain
energy in the rock mass, but it was transferred and distributed to
weaknesses or dislocation located in the surroundings of the long-
wall panel, for instance, other mining edges or gobs can be treated
as those weaknesses. Thus it was assumed that exponential seismic
energy release relation corresponds to balanced, regular energy
release due to longwall mining and the observed deviations from
the “average” conditions are related to accumulation or scattering
of energy (Fig. 5a).

The energy-volume relation was found using rigid regression
with the rigid parameter of 0.5 [29]. The results showed that
¢; = 100.3 and ¢, = 0.00015. The estimated relation (Eq. (9)) with
the observed and predicted values of the energy radiated is pre-
sented in Fig. 5a. The modelled curve showed two areas, one over
the line was interpreted as an area of strain energy accumulation
and the second, below the model, as an area of scattered energy.
If the observed values of released energy were located in a specific
area, then this provided information about strain energy distribu-
tion during exploitation. In cases when the observed and predicted
distribution were almost equal, then it was assumed as a balanced
state, i.e. induced strain energy was regularly radiated from rock
masses at the same time interval. Additionally, the observed and
predicted values of energy release were plotted against time
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Table 3
Values of the apparent volume for the selected seismic events.
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No. Date Time Sucha Géra coordinate Va (x10% m3)
X (m) Y (m) Z(m)

1 2017-03-17 21:53:38 15540 2690 —410 1.098
2 2017-03-30 04:43:11 15410 2560 —550 1.247
3 2017-03-31 16:01:29 15369 2582 —580 25.870
4 2017-04-03 17:29:52 15401 2647 —-580 10.590
5 2017-04-03 21:12:37 15418 2494 —460 15.760
6 2017-04-08 01:28:21 15409 2599 —-500 7.105
7 2017-04-13 09:06:54 15419 2558 -500 10.440
8 2017-04-13 23:02:30 15514 2591 —540 6.466
9 2017-04-14 10:42:39 15511 2659 —-500 20.380
10 2017-04-15 01:52:18 15517 2588 —400 19.240
11 2017-04-18 02:35:43 15604 2547 —400 9.802
12 2017-04-18 17:26:19 15443 2713 —410 1.014
13 2017-04-19 03:56:02 15585 2626 —410 5.280
14 2017-04-20 01:41:03 15593 2634 —400 5.573
15 2017-07-13 06:27:39 15886 2549 —580 15.000
16 2017-08-01 22:32:13 15829 2388 -510 16.700
17 2017-08-21 18:59:03 15766 2424 —-540 6.659
18 2017-09-12 17:40:19 15764 2525 -510 39.580

(Fig. 5b). This showed the periods when strain energy was scat-
tered or accumulated in the rock mass. Visual inspection of
Fig. 5b indicated that at the beginning of the longwall panel (days
200-280) the strain energy was scattered, in other words, less seis-
mic energy was radiated from the rock mass than could be
expected from the amount of the excavated volume of rocks. The
longwall was in the starting phase, and there were problems with
the roof falling behind the longwall face [17]. The process of
destruction probably only concerned the rocks deposited in the
direct roof. The advancing exploitation reached the zone where
the previously concentrated strain energy started releasing seismic

.
S 200007 eObserved ~ XE=100.3-exp (0.000 15-7)
§ = Predicted
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>
%D 10 000 Balanced,
5 Accumulation of strain energy regular
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Fig. 5. Calculation results of the energy-volume relation.
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energies which are higher than those expected from the model
(days 250-310).

The rock mass in this area was affected by the local faulting sys-
tem and the edge of coal seam No. 504 which was over the eastern
part of the longwall panel (Fig. 4). However, coal seam No. 504 was
extracted in this area about 13 years earlier, so the actual destress
effect was smaller. Additionally, the processes of destruction
embraced the layers of sandstones deposited at greater distances
from coal seam No. 507 (over coal seam No. 506 and probably over
coal seam No. 504).

Next, according to the advancing exploitation, the mining con-
ditions changed. Coal seam No. 504 was extracted 10 years earlier,
and the destress effect was greater than that in the previous phase,
which corresponded to the scattering of strain energy (days 310-
380). However, systems of local faulting were present in this part
of the longwall panel (Fig. 4). The seismic energy radiated from
the rock mass was once again smaller than expected from the
energy-volume relation. Finally, the longwall face approached the
end of the designed panel size and reached the zone where two
edges (seams Nos. 502 and 504) were located (days 380-480).
The lower longwall face advance (Fig. 3) in this phase should have
also caused strain energy scattering in the rock mass. However, the
opposite effect was observed. The smaller excavated volume corre-
sponded to a higher level of seismicity and large seismic energy
release. The probable causes of this effect are discussed below.

4. Discussion

The applied methodology and obtained results enabled the
observation of variations in the seismic hazard, excavated volume
of rock, the strongest event mechanisms, apparent volume, inelas-
tic and elastic deformations, and energy released during the min-
ing operation. All of these findings can reveal the history of rock
mechanic behaviour under the exploitation and changes in mining
and geological conditions. This probable behaviour reflected the
total deflection of the roof-rocks as a result of the longwall mining.
It disturbed stress regime in this area resulting in a higher level of
seismicity. The authors have focused on the link between the
inelastic and elastic deformations in the roof-rock (based on the
estimated seismic source parameters) with the scattered or con-
centrated strain energy in the rock mass in order to explain prob-
able reasons for those variations.
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4.1. Scattering and accumulation of strain energy

Analysis of the presented results changes over time and space
which allowed three main cases of rock mechanic behaviour and
two individual cases occurring during the mining operations to
be distinguished. This comparison was based on the dependence
between apparent volume and seismic energy release.

The first case related to the situation that the observed energy
released is almost equal to what was predicted and the apparent
volume is small, thus the elastic deformation was dominant in
the rock mass. This case is observed for the event Nos. 1, 2, 4, 5,
and 6. They were located at the beginning of the longwall panel,
below the edge of coal seam No. 506. The predicted and observed
released energy were similar which indicates that the excavation
induced the strain energy and it was released and radiated from
the roof-rocks almost simultaneously in a balanced way. This
energy was not scattered to neighbouring discontinuities or other
weaknesses in the rock mass. This lack of stress transfer at the
beginning could correspond to insufficient deflection of the roof-
rock due to the small volume of excavated rocks. The observed
source mechanisms were mainly reversed and one was normal
which could be related to the fracturing and deflection of the
roof-rocks under the caving process.

The second case concerns the relationship that the observed
energy released is larger than the predicted one (accumulated
strain energy) and the apparent volume is large, thus the inelastic
deformation dominated. This case is observed for the event Nos. 9,
10, 16, and 18. These events mechanisms were reversed aside from
the last normal-like event. Event Nos. 9 and 10 occurred in the
roof-rocks affected by caving, thus the deformation was inelastic.
The total energy released in that period is larger than that expected
from the model, therefore the concentrated strain energy was large
and it was accumulated in the rock mass during exploitation. The
lack of significant local disturbances (edges, faults) caused that
these two events occurred as inelastic fracturing of the roof-
rocks. The last two events (Nos. 16 and 18) occurred at the end
of the panel excavation. The total energy released in this zone
was much larger than that expected from the model. This is due
to the strong disturbance in the stress regime in the terminal area
of the panel which resulted from the total excavation of the panel
and the significant deflection of the roof-rock. Although this area
was affected by two edges of overlying coal seams, the stress
regime and concentrated strain energy were large, thus the energy
was not scattered effectively.

The third case assumed that the observed energy released is lar-
ger than the predicted one (concentrated strain energy) but the
apparent volume is small, thus the elastic deformation dominated
in the rock mass. This case concerns events Nos. 7, 8,11, 12, 13, 14,
and 17, and this data set is the largest, therefore the condition
mentioned above can be treated as preferred for generating seis-
mic events. These events represent elastic reverse or normal mech-
anisms occurring in the area of high concentration of strain energy
which could not be scattered effectively due to the lack of neigh-
bouring weaknesses or its level was so high that the edges or faults
did not disperse it.

By analysing combinations of apparent stress and energy
release, an additional condition can be distinguished. The observed
energy released is smaller than the predicted one (scattered strain
energy) and the apparent volume is small, thus the elastic defor-
mation dominated and this case was observed for the event No.
15. This mining tremor occurred relatively far from the longwall
panel and it could not be directly affected by the operations. Nev-
ertheless, this event represents a specific situation where strain
energy was scattered effectively, probably to edges of seam Nos.

249

International Journal of Mining Science and Technology 31 (2021) 241-251

502 and 504, and the mechanism was normal and elastic disloca-
tion occurred. The second specific case is observed for the event
No. 3 which is related to the condition that the observed energy
released is almost equal to the predicted one and the apparent vol-
ume is large, thus the inelastic deformation dominated. The mech-
anism of this event was normal which indicated that, during the
excavation in the area of this event location, significant inelastic
displacement occurred causing local changes in the stress value.

The described combinations omitted one situation where the
observed energy released is smaller than the one predicted and
the apparent volume is large, thus the inelastic deformation dom-
inated in the source. This suggests that this case is difficult to
explain due to the principle of energy conservation in the rock
mass. Inelastic deformations can appear if in the rock mass the
high level of strain energy is observed and, during the rupture, this
energy converts to seismic energy and inelastic deformations.
However, a possible explanation can be obtained by analysing local
rock mass heterogeneity.

4.2. Benioff strain release

Comparison of source and apparent volumes with focal mecha-
nisms and the Benioff strain release provides a comprehensive
study on rock mechanic behaviour during the total longwall panel
excavation. The Benioff strain release in mines was introduced by
Mendecki [22] and several cases were discussed in the paper of
Mendecki et al. [30]. These studies enabled the approximation of
the behaviour of the stress regime in the rock masses surrounding
the studied longwall fields. Moreover, they discussed the study
issue that could be used to better understand the processes occur-
ring during underground exploitation. Therefore, the Benioff strain
release analysis was also used in the presented study. The cumula-
tive Benioff strain release, which is the root square of energy, was
plotted in Fig. 6. This curve was divided by the intervals inter-
preted according to the scattering and concentration of strain
energy criteria, especially those shown in Fig. 5b. The 18 events
analysed were also marked in Fig. 6. The visual inspection indi-
cated that several phases could be distinguished which correspond
to changes in the Benioff strain release slopes and the occurrence
of the analysed seismic events.

The first phase was characterised by the assumed equilibrium
state at the very beginning of exploitations. The release in that per-
iod was very flat. Next, the first phase of the strain energy scatter-
ing corresponds to a quiescence-like sequence and the occurrence
of any of the selected event M| > 1.5 (days 200-230). This phase
changed to more linear with a stable rate of Benioff strain release
(days 230-260). During this phase, six previously analysed seismic
events occurred which can be explained as the balanced released of
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Fig. 6. Benioff plot. Blue circles denote the analysed 18 events.
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seismic energy after the accumulation of strain energy due to the
excavation advance. The roof-rocks and the panel surroundings
were affected by different variations in stress regimes and stress
transfer which change the Benioff strain release characteristics to
quiescence-like type (more gentle slope between days 260-300).
The time interval from days 250-300 was also characterised by
the high level of seismic hazard (Fig. 3). However, the strongest
events were concentrated only in the first part of this phase and
then, on day No. 280, the extracted volume of rocks and seismicity
decreased which was reflected in the quiescence-like behaviour of
the Benioff strain release. The distribution of the strain energy also
changed and it was dispersed in the rock mass. The next flat phase
of Benioff strain release started on the day No. 310. The longwall
panel was operating in the rock mass effectively destressed by
the extraction of coal seam No. 504, about 10 years earlier. New
fracturing in the roof-rocks occurred and the longwall face advance
was approaching the zone with local faults and the edges of former
mining located over the end of the studied panel. This situation
caused the occurrence of the last four analysed M; > 1.5 events
and the Benioff strain release changed into a new phase with an
accelerating type of behaviour (days 370-460). The acceleration
of the Benioff strain release resulted in characteristic steps which
ended with a strong event. This phase also corresponded to an
increase in seismic hazard level (Fig. 3) and to inelastic deforma-
tions in the roof-rocks (Fig. 5b). The end of mining on the day
No. 460 was reflected in the flattened Benioff strain release curve
due to the significant decrease in seismicity.

5. Conclusions

The spatiotemporal analysis of rock mechanics in roof-rocks is a
complex phenomenon. The discussed results aimed to reveal the
elastic or inelastic deformation during the excavation, as well as
to use the energy-volume relation to assess if the strain energy
in the rock mass was scattered or concentrated. The analyses pro-
vided information about the variation of the seismic hazard level,
inelastic and elastic deformation, apparent volume, and Benioff
strain release which changed in slope at each time interval of the
longwall excavation. The study enabled three favourable condi-
tions to be distinguished which were responsible for the increase
in seismicity and seismic hazard. Moreover, the applied methods
showed that comprehensive application of methods, i.e. seismic
hazard assessment, calculations of apparent volume, and the
energy-volume relation, can be a useful tool for analysing rock
mechanic behaviour and the level of the strain-stress regime dur-
ing underground mining operations. This study can also support
other a preliminary geomechanical analysis which can impact on
the mining factors generating seismic and rockburst hazard such
as: mining method, roof control method, pattern of deposit cut,
concentration of mining operations, and spatial limits of mining
operations [31]. The presented spatiotemporal analysis confirms
that the seismic energy released from the rock mass can be reason-
ably explained by the mechanical behaviour of the rock due to
longwall mining. For instant, the other present works are also
focused on a modelling of elastic strain energy transfer in pillars
[32,33] or in roadways [34] resulting in rockburst or collapses in
coal mines. This study introduced the concept of balanced seismic
energy release during mining and its confirmation and application
may reveal new possibilities of mining seismicity description and
interpretation.
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