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Abstract

A variety of geophysical methods and analytical modeling are applied to determine the rockburst hazard in Polish coal mines.
In particularly unfavorable local conditions, seismic profiling, active/passive seismic tomography, as well as analytical state
of stress calculating methods are recommended. They are helpful in verifying the reliability of rockburst hazard forecasts.
In the article, the combined analysis of the state of stress determined by active seismic tomography and analytical mod-
eling was conducted taking into account the relationship between the location of stress concentration zones and the level of
rockburst hazard. A longwall panel in the coal seam 501 at a depth of ca.700 m in one of the hard coal mines operating in
the Upper Silesian Coal Basin was a subject of the analysis. The seismic tomography was applied for the reconstruction of
P-wave velocity fields. The analytical modeling was used to calculate the vertical stress states basing on classical solutions
offered by rock mechanics. The variability of the P-wave velocity field and location of seismic anomaly in the coal seam
in relation to the calculated vertical stress field arising in the mined coal seam served to assess of rockburst hazard. The
applied methods partially proved their adequacy in practical applications, providing valuable information on the design and

performance of mining operations.

Keywords Underground mining - Hard coal mining - Rockburst hazard - State of stress - P-wave field - Analytical

modeling - Seismic tomography

Introduction

In addition to measures taken to effectively cope with rock-
burst hazard, a broadly understood rockburst prevention
strategy involves the assessment of hazard levels in relation
to specific geological and mining conditions in the area of
the planned mining operations (Zorychta 2003). Geophysi-
cal methods, in particular seismological and seismoacoustic
observations and seismic measurements in the form of pro-
filing or seismic tomography, play an important role in the
assessment of rockburst hazard levels (e.g., Dubiriski 1989;
Pilecki 1999; Kormendi et al. 1986; Luxbacher et al. 2008;
He et al. 2011; Szreder et al. 2008; Dou et al. 2012; Cai
et al. 2014; Mutke et al. 2015; Wang et al. 2016; Cao et al.
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2016; Czarny et al. 2019; Marcak and Pilecki 2019; Li et al.
2020). Depending on the geological and mining conditions,
the selection of the type and scope of adequate preventive
measures is based on the results of successively conducted
seismic surveys supported by the results of analytical and/
or numerical modeling. These methods yield the range and
size of stress concentration zones in the rock mass, as well as
destressed zones. A vast majority of coal mines in the USCB
(Upper Silesian Coal Basin) that are still operational, have
to mine very deep lying coal seams in confined conditions.
They are caused, inter alia, by the presence of coal seams
remnants from previous mining operations or geological
disturbances (Zorychta and Burtan 2008). They give also
rise to high-energy seismicity and thus increase the risk of
rockbursts in underground workings. The presence of con-
straining factors leads to changes in the state of stress and,
consequently, in the changes of density of elastic energy in
rock formations (Zorychta 2003; Chlebowski 2013).

The aim of this study is a combined analysis of changes in
stress distributions and the resulting rockburst hazard level
assessments based on seismic tomography (A-G 2009-2010)
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and analytical modeling (BN-T 2008). Research work was
conducted in one of the coal mines operated by Polska
Grupa Gornicza S.A. and results were obtained from the
mining longwall 09a in 501 coal seam. Seismic tomography
was applied to reconstruct the P-wave velocity field in the
coal seam, yielding the stress redistribution zones (Nolet
1987; Dubinski 1989, Goszcz et al. 1989; Lo and Inder-
wiesen 1994; Kormendi et al. 1986; He et al. 2011; Li et al.
2020).

Analytical modeling relies mostly on rock mechanics
classical solutions having relevance to stress and deforma-
tion relations arising in mined-out coal seams (Satlustowicz
1968; Pietuchow and Linkov 1979; Kteczek et al. 1987,
Zorychta 2003; Gil 1991; Karfakis and Wu 1995; Zhao et al.
2000; Barika 2004; Wang et al. 2006; Yang et al. 2018).
In this study a geomechanical model of the longwall min-
ing system was developed, underpinned by the theory of
bending plates rested on a deformable supports (Gil 1991;
Zorychta 2003). The governing differential equations of
the deflection line were solved and distributions of vertical
displacements and stress state in the research region were
established.

Geological and mining conditions in the test
area

The longwall panel 09a with a coal seam height of
3.6—4.2 m, length of 130 m and panel length of 690 m,
located within the enclosed portion B of the coal seam 501
at a depth of 700 m was selected as the case study. The
longwall 09a was rated to be the third-degree rock burst
hazard category according to the formal regulations, the
third self-heating propensity category, the fourth methane
hazard category, class B dust hazard and the first and second
degree of water hazard. Coal seam was mined by the shearer
system with a roof caving (Fig. 1). The longwall operation
started with a cut-through in the goaf zone of the previously

exploited panel no. 09 and continued along the goafs of
another longwall 08 eastbound, between main headings [Xa
(bottom heading, from the south) and Xb westbound (top
heading, from the north).

In the research area, the thickness of coal seam 501 is in
the range of 3.6 to 5.4 m, with a dip at a variable angle of
about 4°—6° in the south-western direction. There is a layer
of sandstone with a thickness of 3.1-7.8 m directly in the
roof, then a layer of clay slate locally with carbon inserts
with a thickness of 0.3 to 0.5 m, and further a layer of sand-
stone with a thickness of 11.8-14.2 m. Within the floor of the
501 coal seam, there is a clay slate with a thickness of 0.6 to
0.9 m, which is an intercalation between coal seam 501 and
510, and then coal seam 510 with a thickness of 9.8—11.6 m.
There are faults found by mining works, including longwall
# 09a with throws of 0.5 and 1.8 m, respectively, and the
Xb west heading with a throw of 0.3 m. Moreover, in the
area of the panel, there are exploitation edges of the 405,
404/5 and 401 coal seams at vertical distances of about
180, 205 and 270 m, respectively, as well as headings in the
416/418 coal seam at a vertical distance of 50-55 m. Aver-
age values of strength parameters determined on the basis of
penetrometric tests for coal seam are 12.0-31.2 MPa, sand-
stone—19.5-72.0 MPa, clay—12.0-33.6 MPa and locally
occurring slate—16.8—-60.0 MPa (Materials 2010).

Seismic tomography methodology
and analysis of results

Seismic tomography was aimed to assess the rockburst/seis-
mic hazard, resulting from critical stresses arising in the coal
seam or on the immediate roof/floor rock layers and in the
area alongside the panel length 09a/501.

The concentration stress zones give rise to positive seis-
mic velocity anomalies A, which is expressed by the for-
mula (Dubiriski 1989):
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Fig. 1 Fragment of coal seam map with longwall 09a/501 (Materials 2010)
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Table 1 Rockburst hazard increase ratings based on seismic anomaly
(Dubiriski 1989)

Stress Stress increase A, [%] Stress increase [%]
increase rate

0 None <5% <20

1 Low 5to 15 20 to 60
2 Medium 15t025 60 to 140
3 High >25 > 140

Table2 Destressing effectiveness based on seismic anomaly
(Dubiriski 1989)

Destressing  Destressing A [%] Stress decrease [%]
rating effectiveness
0 None 0to—7.5 <25
1 LOW —-75t0—15 25t0 55
2 Medium —15to =25 55to0 80
3 High <-25 >80
0
Vp -V

A, = £ % 100% (1)

S 0

Vp

where vp)—measured P-wave velocity, vg—reference
velocity.

The value of the reference velocity, associated with the
depth (H) of the control point, can be obtained from meas-
urements or derived from the formula (Dubinski 1989):

V) = 1200 + 4, 83(£0, 077)H70x0.028) @)

Three categories of seismic hazard ratings are proposed.
Alongside three respective rockburst hazard categories,
from small through medium to large, are defined by the
value of seismic anomaly (A). The ratings of rockburst
hazard increase in USCB mines, based on seismic anomaly
value, are given in Table 1.

2%  blasting holes
1

¢=42mm | =1,5-2,0m
1

—_——

Fig.2 Layouts for seismic tomography: a—series I, b—series III

For mining operations that involve destressing, seismic
anomaly value will yield the effectiveness of destressing.
For this purpose Table 2 is proposed to evaluate the scale of
expected stress decrease.

Seismic tomography was performed in four consecutive
measurement series. As part of the 1st, 2nd and 3rd series,
the test was carried out between the Xb west heading, front
of the longwall and IXa heading, and additionally for the
4th series in dip-road III (Fig. 1). The seismic tomography
involved the longwall face zone over the length about 350 m
from the cut-out (series 1), the Section 300 m from the front
of the local heading in the next two series (2nd and 3rd) and
the section of 290 m of the length in case of the last series
(4th). A wavefield was induced by small explosive charges
detonated in blast holes located in the IXa heading, spaced
25 m, and in the cut-through, spaced 40 m, and additionally
in the 4th series, in the dip-road III, within 40 m distance
from Xb west heading. Thus generated seismic waves were
recorded using 28 Hz geophones in the south sidewall of Xb
west heading (distance between the geophones 15-20 m).
The recording time was about 500 ms and sampling fre-
quency 1 kHz.

The aim of the measurements was to obtain technically
correct seismograms that would determine the onset of the
P-wave propagated in the coal seam. The configuration of
geophones and excitation points was determined by the lay-
out of existing and accessible headings (Fig. 2).

In the next step, P-wave velocities were calculated and
the adequacy of the calculation procedure was verified by
statistical analysis of sets of ray lengths, travel times and
ray velocities. Correlation analysis and linear regression
of the paths and arrival times allow the systematic errors
involved in individual path measurements to be eliminated
through introduction of the constant correction, which is
of key importance when registering the first arrival times
of refracting waves. The analysis of correlation and linear
regression in the ray path-velocity system proves useful in
examination of seismic records in the context of refracted
wave propagation in the fractured medium. In the next
step, the velocity wavefields were reconstructed by the
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linear tomography utilizing the iterative SIRT (Simul-
taneous Iterative Reconstruction Technique) (Krajewski
et al. 1989; Ruban et al. 1993; Hosseini et al. 2012). The
entire longwall plane was decomposed into cells with the
dimensions 20 X 20 m. Iterations procedure was repeated
until the error involved in reconstruction was effectively
reduced to the noise level. Accordingly, the measure of the
reconstruction error was the standard deviation of the set
of differences between the measured and computed times,
derived basing on the reconstructed velocity wavefield
along the seismic ray paths.

To the extent required for the purposes of combined
analyses with analytical models, the results of seismic sur-
veys were limited to the presentation of selected velocity
field parameters only in the coal seam and illustrated in the
form of contour maps showing the variability of:

e P-wave velocity (Fig. 3),
e Seismic velocity anomaly (Fig. 4),

In two selected measurement series—series I and III
given as examples, though the cognitive aspects are the most
interesting.

The results of seismic tomography show that P-wave
velocity in the coal seam in the research region changes sig-
nificantly in the range of 1,650-2,200 m/s for both measure-
ment series, with an average of 1,980 m/sec. The variability
range of ray velocity appears to be smaller, slightly exceed-
ing 5%. In case of the I series, local high velocity zones
(more than 2,125 m/s, anomaly more than + 9%) occur along
the Xb west heading up to 30 m from the longwall and in
the vicinity of the cut-through up to 20 m from this heading.
Similarly, for series III, increased velocity zones, more than
2,125 m/s, anomaly + 9% are found at the Xb west heading
up to 30 m from the front of the longwall average. Moreover,
in both series, local zones of increased P-wave velocity were
observed along the panel length of the designed longwall
section, excluding the headings (Fig. 3).

Assuming that the seismic anomaly distribution is related
to redistribution of stresses in the coal seam, a positive seis-
mic anomaly in excess of + 15% indicates a significant stress
increase in relation to the value regarded as average (Table.
1). A negative seismic anomaly below —7.5% (Table. 2)
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Fig.4 Distribution of seismic anomaly in coal seam 501 in longwall 09a
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Fig.5 Reference velocity of longitudinal wave in the coal seam 501
(depth 700-750 m) (based on Dubiriski 1989)
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Fig.6 Rockburst hazard level in the function of seismic anomaly
(based on Dubiriski 1989)

indicates the weakening zones of the coal seam, where the
structural disruption processes are very likely. Based on the
relationship between reference velocity and depth and rock-
burst hazard variability (Dubinski 1989) (Figs. 5, 6), it can
be concluded that an increase in positive seismic anomaly
of more than+20% resulting from an average stress increase
will lead to elevated rockburst hazard level d in Figs. 4, 6. In

the studied area, no hazard level a in Fig. 4 and low hazard
b in Fig. 4 dominate, with no high hazard level d. Medium-
level rockburst hazard is reported in local areas, which
account for 9-10% of the total area (Fig. 4). The results of
series I indicate that the medium level hazard zone includes
the Xb west heading at a distance of 30 m from the cut-
through and the longwall cut-through at a distance of 20 m
from this heading. The seismic anomaly may be attributable
to the stress redistribution in the vicinity of the interrupted
mining operations on longwall 09 and the remaining coal
seam south of the tectonic disturbance (20 m). It appears that
the coal seam 501 was not destressed during the previous
mining operations in coal seams 405 and 404/5, and there
are local stress increases and decreases in the area alongside
the edges of these coal seams. The location of the indicated
areas does not also confirm a direct causal relationship with
the edge of coal seam 405. With regard to the results of the
third series, it can be said that the dominant factor causing
stress redistribution was the progress of a longwall face. The
zone with medium level rockburst hazard includes the sur-
roundings of the Xb west heading on the section of 30 m
from the front and the front of longwall 09a on the section
of 35 m from the Xb west heading. Locally, the medium
level rockburst hazard zone extends up to 50 m in front of
the longwall, while the remaining hazard zones are frag-
mented alongside the panel length and do not include head-
ings (Fig. 4). Enhanced seismicity in the discussed zones can
be expected when the longwall front advances toward them
at a distance of about 50 m.

Taking into account the above-mentioned considerations,
seismic anomalies indicate the possibility of stress concen-
tration in the studied area. In the longwall panel 09a/501,
different energy of tremors can be expected in panel sections
indicating low and medium rockburst hazard levels associ-
ated with structural disruption of the coal seam and of its
immediate surroundings rock layers.

Analytical modeling methodology
and analysis of results

The main factors determining the rockburst hazard in the
studied area are: stress state in the mining area, physical
and mechanical properties of the rock mass and induced
seismicity, especially occurrence of high- energy seismic
events. A necessary condition triggering the rockburst in an
underground excavations is the critical stress loads in haz-
ardous areas (Zorychta 2003; Chlebowski 2013). The stress
arising in the rock mass as a consequence of deformation
processes can be expressed by a stress indicator, and recall-
ing the Mohr—Coulomb criterion it is defined as a function
of strength parameters and principal stresses (Salustowicz
1968; Kieczek 1994). The magnitudes of the state of stress
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components in the investigated coal seam are determined,
in turn, by its depth, the impacts of coal seam remnants and
tectonic disturbances. Moreover, they also depend on the
employed mining method technology, as well as type and
geometry of excavations (Kteczek and Zorychta 1990; Zory-
chta and Chlebowski 1998; Zorychta et al. 1999; Chlebowski
2009). In the context of modeling deformations and stress
conditions in the rock mass, analytical or numerical methods
have gained in importance in the long-term design of min-
ing operations. They can be used to estimate the rockburst
hazard during mining operations.

The rockburst hazard assessment for the longwall panel
no. 09a/501 is based on the results of the analytical modeling
and thus derived countour maps, yielding the variability of:

e The vertical stress (o), as a superposition of gravity-
induced stresses and the presence of remnants of pre-
vious mining operations and geological disturbances
(Fig. 7),

¢ Stress concentration factor (k), expressed as the quotient
of vertical stresses and lithostatic stresses (p,) (Fig. 8).
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The developed model of the rock strata takes into account
the nonlinear characteristics of the coal seam deformabil-
ity and linear deformability of the roof/floor rock layers.
The influence of constrained conditions is modeled by an
uneven distribution of external static loads (Chlebowski
2013). Simulations were supported by a computer program
developed by the Authors and the calculation procedure
relied on differential equations of equivalent roof bending
in consideration of a variety of aspects involved in mining
operations (the presence of goafs, unmined coal body and
available working space). The fact that the original structure
of the coal body could thus get fractured was taken into
account. The system of heterogeneous linear equations was
solved assuming the boundary conditions determining the
continuity of roof bending, inclination and internal forces
acting at characteristic points in the model. Thus derived
formulas yielding the distributions of displacements and
vertical stress within the coalbed were implemented into
the program, partly in the form of numerical procedures.
The cartesian coordinate system (emulating the geometry
of the mined lot) was used in calculations, with the step
ensuring the sufficient accuracy of results (the basic grid
5 X5 m). Prior to the calculation procedure all relevant data
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were loaded, including mechanical parameters of the rock
strata and information about the current mining conditions
in the area (such as the presence of mining remnants).

Contour maps (Figs. 7, 8) illustrate the mining conditions
in the analyzed area after the completion of longwall mining
operations in the panel 08 in the southern section and 09
in the western section, but prior to mining of the longwall
panel 09a (Fig. 1). This means, the impact of longwall face
progress are neglected, permitting us only to estimate the
potential rockburst hazard during the mining of coal seam
501.

The calculations indicate that the state of stress within
the analyzed longwall panel, between IXa and Xb west
headings, in the cut-through and in the panel end sections
tends to vary. These stress variations can be attributed to the
interactions of extensive goafs, the presence of remnants of
previous mining operations in the surrounding rock strata as
well as by sedimentation and fault disorders. The analysis
of modeling results reveals that the vertical stress values
are in the range from 17.4 to 27.6 MPa (Fig. 7). These are
found to be fragmentarily higher than the uniaxial compres-
sive strength of coal seam 501. Consequently, local critical
intensity zones will appear in the form of fracture zones. It
means that during the mining operations on longwall 09a,
with additional impacts produced by the longwall face,
rather the low-energy tremor hazard may be enhanced reach-
ing 10°J and 10*7J.

These observations are fully confirmed by the distribution
of the stress concentration factor k. The variability range of k
is 0.985 to 1.55 in the longwall panel area (Fig. 8). Its value
below 1.0 indicates the presence of destressed zones in the
coal seam. The stress concentration zones reveled in the dis-
tribution diagrams (darker blue color) are attributable to the
superposition of interactions from the goafs of longwall 08
on the southern side and 09 on the western side, the presence
of faults with throws of up to 1.6 m and the edge complex in
coal seams 405, 404/5, 401 as well as to the disappearance
of coal seam 501 in the north-eastern corner of the panel.
Relatively, the most favorable state of stress, similar to the
lithostatic stress of the order of 18 MPa, factor k~ 1, is regis-
tered in the middle section of the panel in an area practically
free of confined mining and geological conditions.

Analytical modeling results can be interpreted with refer-
ence to seismicity prognosis undertaken as a part of devel-
opment works. Since the presence of heading impacts on
changes in stress and elastic energy in the surrounding strata
in a lesser degree only, low-energy up to 10* J may be regis-
tered during the road heading operations. Furthermore, the
advance of the longwall face 09a must impact on compact
sandstone layers. These formations may become periodically
activated with a potential to trigger high-energy tremors.
Energies of most events with foci in the burst-prone strata
overlying coal seam 501, should not exceed 7-10° J. The

greatest probability of a rockburst occurrence is associated
with the designated stress concentration zones. Since the
rockburst hazard is a resultant of the state of stress in the
coal seam and the predicted seismicity of the rock strata, it
should be assumed that the longwall advance should give
rise to medium- and locally high-level hazard. Longwall
headings, especially the [Xa heading, will be exposed to the
highest-level hazard.

Effectiveness of the methods

Analytical modeling and the first series of seismic tomogra-
phy were taken before commencement of mining operations
on longwall 09a. Seismic surveys in subsequent test were
conducted when mining operations on longwall 09a were in
progress. Therefore, full information on induced seismicity
and rockburst hazard levels are available in order to estimate
the validity of rockburst hazard assessments, and to formu-
late reliable conclusions through results obtained by analyti-
cal and seismic methods. According to information received,
a total of 2,566 seismic events were registered during the
longwall construction period, including 7 with the energy
of the order of 10° J (maximum tremor energy 5.5-10° J),
102 of the order of 10*J (Fig. 11), 1,019 of 10° J (Fig. 10),
1,438 of the order 10%J (Fig. 9) (Materials 2010). The total
energy generated by these tremors amounted to 8.7-10° J,
equivalent to the value of the unit energy intensity of about
17 J/t. Taking into account analogous data characterizing
the seismic activity of the remaining longwalls operated in
the area (the analyzed panel was selected as the last one in
the series of longwall operations), it appears that the relative
rockburst hazard accompanying the advance of longwall 09a
was average. In addition, dynamic events such as rockbursts
did not occur, despite seven such events being recorded dur-
ing previous longwall operations.

The theoretical maximum tremor energy was not
exceeded, and the adequacy of the applied calculation pro-
cedure was thus verified. To account for specificity of the
stress state assessments, a more profound statistical analy-
sis of recorded low-energy seismic activity seems justified.
Such seismic activity is typically revealed through the effects
of disruption of the primary structure of the rock mass. In
the general population of recorded seismic events, both
spontaneous and invoked by prevention, 99.7% tremors were
found to be in the low-energy range below 1-10° J, of which
10* J was about 4% (Fig. 11), of 10? J about 40% (Fig. 10),
and of 102 J about 56% (Fig. 9). None of the tremors, includ-
ing high-energy ones, posed a direct threat to the staff safety,
which must be the consequence of highly effective preven-
tive measures.

With reference to the distribution of epicenters of
low-energy tremors (Figs. 9, 10, 11), it can be stated that
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Fig. 11 Location of tremor foci with energy of 10*J in longwall 09a/501 (Materials 2010)

regardless of the energy class (102 1,107, 10* 1), the distri-
bution of seismic events is rather random, poorly correlated
with the seismic anomalies (Fig. 4) and stress concentra-
tion areas in the coal seam (Figs. 7, 8). A small number of
tremors were registered outside the area considered in this

@ Springer

study. It encompasses nearly the entire northern part of the
longwall panel 09a and the goafs of the adjacent southern
longwall panel. That renders a full and reliable interpreta-
tion of modeling results a daunting task, particularly in rela-
tion to higher energy seismic events. Consequently, it can be
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assumed that such distribution of tremors can be attributed
to the presence of a fault zone with a throw of 17-25 m run-
ning along the northern border of the deposit area.

Conclusions

The main objective of the analysis was to combine the results
of seismic surveys with analytical modeling of stress state
to examine the rockburst hazard caused by the processes of
destruction in the coal seam and/or its immediate rock lay-
ers. The experiment was conducted in the longwall panel
09a in section B of coal seam 501, designated for mining
operations. The combined analysis leads us to the following
general conclusions:

e The results obtained by the employed seismic tomogra-
phy and analytical modeling clearly indicate that the state
of stress in the coal seam is subject to changes, mostly
due to the impact of previous mining operations, both
in adjacent as well as distant coal seams, and geological
disturbances, especially tectonic origin.

e Analytical modeling reveals the presence of local stress
concentration zones in the longwall panel as a conse-
quence of the superposition of the impacts produced
by goafs, the edges of mined-out panels and coal seam
washout zone.

e The results of analytical modeling indicate the presence
of destressing zones. Their horizontal range is very lim-
ited and their destressing efficiency is very low. Seismic
tomography does not reveal clearly the destressing zones
as a result of previous mining of adjacent coal seams.

e In contrast to the analytical modeling results obtained
before the commencement of mining operations, seismic
tomography permits us to take into account the impact of
the longwall face on the state of stress.

e Analytical modeling generally indicates bottom heading
(IXa) as burst-prone, while seismic tomography points
to the top heading (Xb west). Nevertheless, regarding
the unfavorable location of the cut-through, the results
obtained by the two methods appear to be reasonable.

e The observed seismicity developed in the course of min-
ing operations appears to confirm the analytical mod-
eling results relating to the occurrence of non-favorable
conditions in the longwall panel. These conditions may
potentially lead to degradation processes in the coal seam
and adjacent rock layers and, consequently, trigger the
occurrence of low-energy tremors.

e The results of both methods proved to be unreliable in
the context of locating seismic foci within the longwall
panel. The distribution of tremors in the analyzed energy
intervals was rather random and did not coincide with

stress concentration zones determined by seismic and
analytical methods.

With regard to complex conditions, seismic and analytical
methods prove to be useful tools providing vital information
for mining practice, particularly at the stage of engineer-
ing design and mining operations. A variety of modeling
research techniques and methods yield complementary
results. Their successive development, especially measure-
ment apparatus and techniques, criteria for interpretation of
results, accuracy and precision of mathematical models, will
improve the reliability of the results obtained.
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