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Geophysical Evaluation of Effectiveness of Blasting for Roof Caving During Longwall
Mining of Coal Seam

Fukasz WOJTECKI,] PETR KONICEK,2 Macier J. MENDECKI,3

Abstract—Deep longwall mining of coal seams is made in the
Upper Silesian Coal Basin (USCB) under complicated and mostly
unfavourable geological and mining conditions. Usually, it is cor-
related with rockburst hazard mostly at a high level. One of the
geological factors affecting the state of rockburst hazard is the
presence of competent rocks in the roof of extracted coal seams, so
rock falling behind the longwall face does not occur, and hanging-
up of roof rocks remains. The long-lasting absence of caving may
lead to an occurrence of high-energy tremor in the vicinity of the
longwall face. Roof caving behind the longwall face may be forced
by blasting. The column of explosives is then located in blastholes
drilled in layers of roof rocks, e.g. sandstones behind the longwall
face. In this article, a characterization of tremors initiated by blasts
for roof caving during underground extraction of coal seam no. 507
in one of the collieries in the USCB has been made using three
independent methods. By the basic seismic effect method, the
effectiveness of blasting is evaluated according to the seismic
energy of incited tremors and mass of explosives used. According
to this method, selected blasts gave extremely good or excellent
effect. An inversion of the seismic moment tensor enables deter-
mining the processes happening in the source of tremors. In the foci
of provoked tremors the slip mechanism dominated or was clearly
distinguished. The expected explosion had lesser significance or
was not present. By the seismic source parameters analysis, among
other things, an estimation of the stress drop in the focus or its size
may be determined. The stress drop in the foci of provoked tremors
was in the order of 10° Pa and the source radius, according to the
Brune’s model, varied from 44.3 to 64.5 m. The results of the three
mentioned methods were compared with each other and observa-
tions in situ. In all cases the roof falling was forced.

Key words: Blasting for roof caving, SMT inversion, seismic
source parameters, seismic effect method, longwall mining with
caving.
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1. Introduction

The extraction of coal seams in the USCB is
performed under complicated mining and geological
conditions. The factors responsible for most occur-
rences of rockburst hazard are a large depth of
exploitation, affecting a high-stress level in the rock
mass; competent rocks in the roof of extracted coal
seams; and faults, edges and remnants of surrounding
coal seams, created during earlier and unclean
exploitation. A rockburst is a dynamic, catastrophic
phenomenon, causing the destruction of mine open-
ings and supports. Because of that, underground
excavations often lose their functionality. This phe-
nomenon is very often associated with the destruction
of machines and other underground infrastructure
objects, and it is dangerous for the crew working in
underground excavations. To prevent the rockburst
phenomenon in the USCB, many countermeasures
had been worked out, but the most important is
blasting. There are two main types of blasting in hard
coal mines which are a part of rockburst prevention:
concussion blasting in the coal seam and long-hole
destress blasting in the roof or floor rocks of the coal
seam.

However, if there are competent rocks in the roof
of the extracted coal seam, caving may not be pre-
sent. This situation is disadvantageous from the
rockburst hazard point of view. Hanging-up of roof
rocks behind the longwall face with subsequent
sudden roof caving may be a reason for high-energy
tremor occurrence. The dynamic impact on the coal
seam in the vicinity of the longwall face may be so
high that it may lead to a coal bump. In such situa-
tion, a roof caving may be forced by blasting.

X Birkhauser
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Systematic blasts for roof caving enable regular and
safe longwall face advance.

The effect of blasting for roof caving is clearly
seen. It can be immediately found if caving was
forced or not. Moreover, if the blasting is effective
and roof caving really occurs, then it is accompanied
by a tremor of energy higher than what would be
expected from the mass of explosives used. The
presence of additional geomechanical processes in
the rock mass is reflected in registered tremor and its
energy. The same assumption concerns the effect of
concussion blasting in coal seams or long-hole des-
tress blasting in surrounding rocks, used as a form of
rockburst prevention, but their effect cannot be
directly seen. Some methods to estimate the effec-
tiveness of blasting have been worked out in the past,
e.g. calculation of the radius of crack zone out of
blasthole, numerical simulations using the pressure
generated by the chemical energy in an explosive etc.
They concern the blasting effect due to detonation of
explosives itself. Proposed methods inform about
provoking of geomechanical processes in rock mass
due to blasting, mechanism of these processes and
their scale.

In the presented article, we wanted to compare the
real observations from the underground excavation
with the calculated geophysical parameters of tre-
mors provoked during longwall mining of coal seam
no. 507 in one of the mines in the USCB. Because of
hanging-up of roof rocks behind the longwall face,
the necessity of blasting for roof caving occurred
(Fig. 1). The results could be transferred for destress
blasting, which effects cannot be directly seen.

According to the seismic effect method, where the
energy of provoked tremors and the mass of used
explosives are compared, the effectiveness of each
blasting has been estimated. This method was
developed in the Czech Republic (Konicek et al.
2013). It was then implemented in assigned Polish
hard coal mine (Wojtecki and Konicek 2016). The
seismic effect method was basically created for long-
hole destress blasting. If the energy of a provoked
tremor was higher than what would be expected from
the mass of explosives used, it testifies that other
additional geomechanical processes were triggered in
surrounding rock masses. Blasting can be classified as
effective if additional processes in the rock mass lead
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coal seam no. 507

- sandstone - - shale -— sandy shale
Figure 1
One of the blastholes behind the longwall face to induce roof
caving

to an energy release and a transition of the rock mass
to a new stable equilibrium state occurs. In the
selected longwall, every blasting for roof caving gave
a positive effect.

The focal mechanism and seismic source param-
eters of each provoked tremor have been calculated
too. If there are no other processes, only an explosion
due to the detonation of explosives should be present
in the foci. However, an occurrence of another pro-
cess, provoked by blasting, should be reflected in the
wave pattern and thus in the solution of the seismic
moment tensor (SMT) and seismic
parameters.

The effects of blasting for roof caving with the

presented parameters and under specific geological

source

and mining conditions have been analysed for the first
time by three different methods and compared with
the observations in situ. The occurrence of geome-
chanical processes had their reflection in the
calculated parameters. The explosion did not domi-
nate in the foci of tremors, initiated by blasting.

2. Conditions of Mining

The selected longwall in one of the Polish deep
hard coal mines in the USCB had been designed in
coal seam numbered 507. This coal seam was mined
in a longwall system with caving. Coal seam no. 507
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was deposited there at a depth of between 814 m
below surface (564 m b.s.l.) and 884 m below surface
(634 m b.s.l.). Its thickness varies from 3 to 4.1 m,
and inclination is, generally, in the direction WNW-
ESE—from 2° to 16°. The uniaxial compressive
strength of this coal seam is above 16 MPa, what
testifies about its ability to accumulate energy and
burst. According to experiences and investigation in
USCB, if uniaxial compressive strength is lower than
16 MPa the coal seam does not have the tendency to
burst.

In the immediate roof, layers of shale and locally
sandy shale are present. A few-metre layer of sand-
stone is present above. These roof rocks are mostly
competent. Their uniaxial compressive strength
reaches maximally about 70 MPa. About 30 m above
the extracted coal seam no. 507, a series of thick
layers of sandstones occurs, with interbedding mostly
of sandy shales. The uniaxial compressive strength of
these sandstones equals about 80 MPa. Generally,
rocks laying in the immediate roof of extracted coal
seam no. 507 had a tendency to hang-up behind the
longwall face, creating a danger of strain energy
accumulation.

The floor of the extracted coal seam no. 507 is
composed of shale and sandy shale. A thick coal
seam, numbered 510, is deposited below. The thick-
ness of this coal seam reaches 8.5 m. The distance
between coal seams no. 507 and no. 510 varies in this
region from 2.1 m to 8.6 m only.

Three coal seams numbered nos. 502, 504, and
506, deposited, respectively, at about 124 m,
61-70 m, and 27 m above coal seam no. 507, have
been extracted earlier. These coal seams were
extracted, respectively, at about 12-22, 10-13, and
36-37 years before the exploitation in coal seam no.
507 with the selected longwall. Coal seam no. 502
was extracted in total, while the extraction of coal
seams nos. 504 and 506 created edges above the field
of the selected longwall (Fig. 2). These edges are
boundaries of exploitation, potentially increasing the
stress level in the rock mass. Coal seam no. 504 was
mined by two different longwalls. The range of coal
seam no. 504 exploitation, determined by the past
mining situation, was responsible for the edge ori-
entation. The extraction of coal seam no. 506 was not
continued to the south, because of low thickness.
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Initially, the longwall face was hidden under the goaf
created by an earlier extraction of all mentioned coal
seams. But, it was partly under the theoretical influ-
ence of the edge of the coal seam no. 506 (Fig. 2).
However, the extraction of the coal seam no. 506 was
so long ago that it theoretically influenced the stress
level in a lesser degree.

The length of the selected longwall was about
198 m, and its maximum height equalled 3.8 m. The
extraction began from the longwall cross-cut on the
north-west, and then the longwall face moved to the
south-east. In the original plan, the longwall cross-cut
was designed to the south-east from abandoned goaf
in the upper stage and separated from it by a rib of
coal, about 5 metres wide (Fig.2). Spontaneous
combustion in that goaf was a reason for redesigning
the longwall cross-cut location. It was drilled once
more, at a distance of about 30 m to the south-east.
The advantageous solution against spontaneous fire
hazard was not so good from the rockburst hazard
point of view. A remnant created in coal seam no.
507 precluded a roof caving behind the face of the
selected longwall. Moreover, an increased stress level
might be present within the remnant in the coal seam.

3. Blasting for Roof Caving

The presented geological and mining conditions,
i.e. competent rocks in the roof of coal seam no. 507
with a tendency to hang-up, ability of coal seam no.
507 to burst, remnant between old goaf and second
location of longwall cross-cut, influenced the absence
of regular roof caving behind the longwall face. It
necessitated the application of blasting for roof cav-
ing. In total, 6 blasts were performed for roof caving,
but 5 of them were taken into consideration (Fig. 2).
One blasting for roof caving (4 blastholes, 96 kg of
explosives) was executed together with the destress
blasting from the tail gate. Because the distance
between blastholes exceeded 100 m, the common
result of these two blasts has been ignored.

The blastholes were drilled perpendicularly from
the longwall face, in the direction of the remnant left
in coal mine no. 507. The number of blastholes was
variable, from 1 to 5. The blastholes were about 10 m
long with inclination about 45°. The diameter of
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Figure 2
Map of coal seam no. 507 with the location of blastholes for roof caving, foci of provoked tremors, and beachballs, representing projection of
nodal planes for the full SMT solution

blastholes equalled 76 mm. The explosives were
always loaded pneumatically in blastholes. A single
blasthole was charged with 24 kg of explosives, i.e.
Emulinit PM and stemming. The cartridge containing
Emulinit PM has minimum diameter 32 mm and it
weighs 300 g (Nitroerg 2019). The density of this
explosive material equals 1.15-1.3 g cm™>. To the
other parameters we can include e.g. the average
detonation velocity (4500 ms™"), the specific energy
(522 kJ kg™ "), heat energy (2278 kJ kg™") (Nitroerg
2019). The column of explosives in a single blasthole
was approximately 5 m long and was located in total
in the layer of sandstone (Fig. 1). To stem the
blastholes, cylinder-shaped paper bags containing
clay and sand were used.

The self-executed blasts for roof caving directly
provoked tremors which had seismic energy E from
7x10°Jt05 x 1047 , which corresponds with the
local magnitude M, from 1.08 to 1.53. The values of

the local magnitude M, were calculated according to
the given formula logE = 1.8 + 1.9M; (Dubinski and
Wierzchowska 1973). After each of the mentioned
blasts, a roof caving occurred. From this point of
view, all of the described blasts can be acknowledged
as effective. The parameters of the provoked tremors
have been determined.

4. Methods

4.1. Seismic Effect Method

The seismic effect method has been basically
designed for destress blasting (Knotek et al. 1985;
Konicek et al. 2013, Wojtecki and Konicek 2016).
This blasting is found as effective if the stress release
in the rock mass took place. It has a reflection on the
seismic effect (SE) value (Knotek et al. 1985;
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Konicek et al. 2013). SE can be calculated via
dividing the seismic energy, which is released in the
rock mass due to blasting, by the energy of detonation
of the used mass of explosives from all the blastholes,
thus SE considers natural and mining conditions of
the colliery (Konicek et al. 2013). The seismic effect
method could be used for other types of blasting
which provoke some geomechanical processes and
release energy from it, e.g. blasting for caving.
Generally, the seismic effect can be calculated as a
ratio of seismic energy E;cy;, measured by the mining
seismic network and mass of the explosive charge
O multiplied by a coefficient K;¢,,, characterizing the
conditions in the assigned mine (Wojtecki and
Konicek 2016).

The seismic energy of tremors in the selected hard
coal mine is calculated commonly using the numer-
ical integration method. The square of the velocity
amplitude in the following samples, sampling rate,
distance between focus and seismic station, density
and attenuation coefficient of rock mass, seismic
wave velocity, and the calibration factor are the
parameters for energy calculation on each seismic
station. The energies of all seismic stations are
averaged, which gives the final seismic energy E;cy,
of each tremor. The energy of a tremor being higher
than what would be expected from the mass of
explosives used testifies about some other processes
occurrence. These processes lead it to a new equilib-
rium state in the rock mass.

The coefficient K;-;, has to be determined,
concerning conditions under which the seismic
monitoring is performed. The seismic energy of
tremors has to be calculated in an identical way
(Konicek et al. 2013). Generally, this method uses
statistical analysis of following data: the seismic
energies from in situ monitoring and the mass of the
explosive charges. This coefficient was calculated for
the selected colliery and equals K;cy = 59.23 J/kg
(Wojtecki and Konicek 2016), and it was used to
create the classification system to evaluate the
seismic effect (SE). The criteria were established
using the data probability from the calculated seismic
effects. From the whole dataset of SE, the statistical
values were taken: first quantile (1.4), median (2.3),
third quantile (3.5), maximum (5.9), and so the
outliers. The stress release degrees were determined.
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If SE was lower than the first quantile, it means that
the seismic energy of provoked tremor was less than
1.4. times the energy expected from the used mass of
explosives, and so the effect was insignificant. An SE
higher than the maximum (outliers) was excellent, i.e.
energy released from rock mass was higher than 5.9
times the energy coming from the detonation of
explosives. The classification system developed to
evaluate the seismic effect is shown in Table 1.

4.2. Seismic Moment Tensor Inversion Method

The seismic moment tensor (SMT) inversion
method is used for the calculation of focal mecha-
nisms. This method, originally applied for natural
seismic events—earthquakes (e.g. Sykes 1967;
Backus and Mulcahy 1976), was next transferred to
calculate focal mechanisms of mine tremors (e.g.
Gibowicz et al. 1977; Hasegawa et al. 1989; Gibow-
icz 1989; Dubinski et al. 1996; Stec 2007; Gibowicz
2009; Lizurek and Wiejacz 2011). The basic assump-
tion of this method is that the displacements at the
far-field are a sum of displacements due to each of the
force couples (Aki and Richards 1980) acting in the
source, thus the seismic moment tensor defines the
force system occurring in seismic point source. It is
considered as a linear combination of force couples,
and it describes entirely and completely the seismic
source in the focus (Backus and Mulcahy 1976). The
SMT can be decomposed into an isotropic part I,
describing the volumetric changes (“+”—explosion
and “—”—implosion) and a deviatoric part, which
can be further decomposed into a compensated linear
vector dipole (CLVD), describing a mechanism

Table 1

Classification system for the evaluation of SE in the assigned hard
coal mine (Wojtecki and Konicek 2016)

Seismic effect Evaluation of seismic Percentage of

(SE) effect dataset
SE< 14 Insignificant 20.7
14 <SE <23 Good 29.1
23 <SE <35 Very good 25.1
35 <SE<59 Extremely good 19.5
SE>59 Excellent 5.6
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similar to the uniaxial compression (“—"") or tension
(“+”) and a double couple of forces (DC), describing
a pure shear mechanism. Domination of the double
couple mechanism of forces (DC) indicates the
sliding along the failure plane. It is the most used
description of the mechanism of mine tremors
(Gibowicz et al. 1977; Gibowicz 1989; Stec 2007,
Lizurek and Wiejacz 2011; Wojtecki et al. 2016a).
Some attempts were made applying the SMT
inversion method for the tremors provoked by
blasting in mines, which were published in a PhD
dissertation (Krél 1998) and after in works by
Wojtecki et al. (2013), Caputa et al. (2015), and
Wojtecki et al. (2016a). It can be determined if the
only explosion because of the detonation of explosive
material took place or other processes, e.g. sliding of
the rock blocks or implosion, took place in the focus
of the provoked tremor. Focal mechanisms have been
calculated by the SMT inversion using the seismic
waves generated in the foci of provoked tremors and
registered by the mine seismic network, consisting of
15 underground seismic stations. These seismic
stations were located at a depth from 160 m to
1000 m below sea level (410 m to 1250 m below
surface) and in different layers of rock mass. There
are short-period SPI-70 seismometers and low-fre-
quency DLLM-2001 geophones, measuring the vertical
velocity of ground motion. The epicentre of tremors
was localized, with the error between 25 and 38 m.
The error of the vertical coordinate Z was between
about 47 m and about 59 m, assuming seismic wave
first arrival time error of 10 ms and velocity model
error of 20 m/s. To calculate the seismic moment
tensor of provoked tremors the FOCI software was
applied (Kwiatek et al. 2016). These calculations
were made by the inversion of P-wave amplitude,
taking into consideration the directions of the first
arrivals in the time domain, and with the use of norms
L1 and L2. In both cases, the results were convergent.
However, for better certainty, the results obtained
using norm L1 have been accepted as final. This is
because of its lower dependence on possible large
errors, caused, e.g. by random noise produced by
mining operation or transport machines. The depth of
each focus was calculated once more by the FOCI
software (Kwiatek et al. 2016). The vertical coordi-
nate Z was improved, testing the SMT solution and
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assuming the result corresponding to the lowest value
of estimation error and the highest value of quality
coefficient, taking into consideration the seismic
stations configuration. The full SMT decomposition
of provoked tremors was done. The percentage share
of the I, CLVD and DC was calculated. If the DC
component equals 50% or more, the solution is
classified by the authors as a normal (NO) or
eventually as a reverse (RE) slip mechanism (ac-
cording to the direction of sliding movement). If the I
component dominates the solution, it is classified as
an explosion (EXPL) or implosion (IMPL) mecha-
nism. In some cases, a mixed mechanism in the focus
of the provoked tremor could be present, e.g. NO/
IMPL or RE/EXPL. When the DC component
dominates or is clearly distinguished, it is well-
founded to determine the two perpendicular nodal
planes (A and B) parameters (e.g. ®—strike angle,
d—dip angle, A—rake angle). It is assumed that one
of the nodal planes represents the real fault plane, and
the second one is an auxiliary plane.

4.3. Seismic Source Parameters

They were first calculated for earthquakes and
then for seismic events induced in rock mass by
mining, e.g., in deep gold mines (McGarr et al. 1989),
in copper mines (Trifu et al. 1995; Orlecka-Sikora
et al. 2012; Lizurek and Wiejacz 2011; Lizurek et al.
2015; Rudzinski et al. 2016) and in hard coal mines
(Gibowicz and Kijko 1994; Dubinski et al. 1996).
They were not often calculated for seismic events
being a result of blasting (e.g., Srinivasan et al. 2005;
Wojtecki et al. 2017a, b). These parameters describe
the focus of the tremor and to a certain degree inform
about processes and their scale occurring there. These
parameters are calculated on the basis of seismic
station records. By integrating the velocity V(f) and
displacement D(f) amplitude spectra in the frequency
domain, two parameters J and K are calculated
(Andrews 1986; Snoke 1987; Mendecki 1997,
Kwiatek et al. 2016). By definition, the integrals
impose constraints at positive and negative infinity,
but practically both of them are calculated for finite
frequency limits, lower f; and upper f5. It underes-
timates the J and K power spectra, and according to
Mendecki 1997 must be corrected. The integrals
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J and K enable the calculation of the two basic and
independent seismic source parameters, i.e. low-
frequency spectral level Q, and corner frequency f,,.
These two parameters enable to obtain other seismic
source parameters, e.g. scalar seismic moment M,
moment magnitude M,,, seismic energy E., source
radius r, stress drop Ao, and apparent stress o,. The
first of them estimates the overall size of the seismic
source and is also a measure of energy of the tremor,
and depends on the low-frequency spectral level. The
scalar seismic moment M, is a static parameter and is
proportional to terminal average displacement on a
fault (Aki and Richards 1980; McGarr et al. 1989;
Gibowicz and Kijko 1994; Trifu et al. 1995), and it is
applied for the moment magnitude M, calculation
(Hanks and Kanamori 1979). It represents the mag-
nitude of seismic event, in terms of how much energy
was released. Another parameter that is evaluated
from signal spectra is the seismic energy E., and it
reflects shock dynamics, as opposed to scalar seismic
moment which is static (Gibowicz and Kijko 1994).
If the rupture velocity is slower, the less energy is
radiated (Mendecki 1997). The seismic energy E. is
calculated in a different way, as compared with the
E;cy. The seismic energy E. can be calculated
independently for P-wave (E,) and S-wave (E;), and
the ratio E-to-E, indicates the mechanism of the
dynamic processes. According to this ratio, the
presence of shear or non-shear mechanism can be
estimated. The ratio E,-to-E, higher than 20 suggests,
in case of copper mines, that the DC component
dominates in the focal mechanism described by SMT
(Krdl 1998; Lizurek and Wiejacz 2011), and below it
the other non-shear components are also present
(Lizurek and Wiejacz 2011). Trifu et al. (1995)
demonstrated that in case of the lower limit 10,
analogous situation can take place. The next source
parameter is the source radius r, and it is calculated
on the basis of the S-wave velocity V, and the corner
frequency f,. The value of the source radius r depends
on the assumed source model. Two of them are
commonly used, made by Brune (1970) and Madar-
iaga (1976). In both of them the source has a circular
shape. According to Trifu et al. (1995) the source
radius calculated assuming the Madariaga’s source
model is usually two times smaller than in case of
Brune’s source model. It differs for copper, gold or
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coal mines and varies from several to hundreds of
metres. Smaller values were observed in hard coal
mines (Dubinski et al. 1996). Calculations for tremors
provoked by blasting in hard coal mines (Wojtecki
et al. 2016b, 2017a, b) gave the source radius from
about 20 m to about 150 m, depending on the
blasting parameters, geological and mining condi-
tions, and assumed source model. On the basis of
source radius, the static stress drop Ao can be
calculated (Aki and Richards 1980; McGarr et al.
1989; Trifu et al. 1995). This parameter informs
about the difference in stress levels before and after
the tremor occurrence. The static stress drop 4o
depends strongly on the assumed source model. In
case of tremors after blasting in a hard coal mine, the
stress drop Ao equalled from about 2.5 x 10° MPa to
about  3.05 x 10° MPa  (Wojtecki et al.
2016b, 2017a, b). The last seismic source parameter
is the apparent stress g, that is defined as radiated
energy per unit area per unit slip. Practically, it does
not depend on the assumed source model and does
not inform about the real stress drop (Aki and
Richards 1980; McGarr et al. 1989; Trifu et al. 1995).
It can be treated as hazard factor. High values
represent failure in non-fractured rock mass, which is
example of high seismic hazard. Low values are
associated with failure on the present fault, fractured
zones and other weakened zones (Gibowicz and
Kijko 1994).

5. Results

Seismic waves generated in the foci of tremors,
provoked by blasting for roof caving, and then reg-
istered by the seismological network, were used to
determine the seismic effect, the SMT and the seis-
mic source parameters. After every blast, a roof
caving behind the longwall face occurred. Additional
processes leading the rock mass to a new advanta-
geous equilibrium state affected the energy of
provoked tremors and other parameters.

The seismic effect method classified the consid-
ered results of blasts as extremely good or excellent
(Table 2). Every time, the energy of provoked tre-
mors was higher than what would be expected from
the mass of explosives used—from 3.5 to 7 times.
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Table 2

Seismic effect of blasting for roof caving

No. Q (kg) No. of Ejep x 104 () M, SE Evaluation

blastholes of SE

1. 48 2 1 1.16 3.5 Extremely
good

2. 48 2 1 1.16 3.5 Extremely
good

3. 24 1 0.7 1.08 4.9 Extremely
good

4. 120 5 5 1.53 7  Excellent

5. 72 3 3 141 7  Excellent

According to the seismic effect method, in the foci of
provoked tremors, some other processes occurred,
and not only explosion due to detonation of explo-
sives was present.

The most probable focal mechanisms of tremors
provoked by blasting for roof caving have been
determined via the SMT inversion (Table 3). The foci
depth calculated from the best-fitting solution by the
FOCI software ranges from — 579 to —600 m below
sea level, which corresponds precisely with the depth
of the roof rocks of coal seam no. 507, where the
column of explosive material was loaded. In all cases,
a shear mechanism dominated. The share of the DC
component for these tremors varies from 38.8 to
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60.8% (average 49.1%), as shown in Table 3. The
share of the absolute value of I component for these
tremors ranges from 24 to 40.5% (average 31.6%).
The CLVD component has the lowest share in the full
solution of the seismic moment tensor—absolute
value between 5.9 and 29.1% (average 19.3%).

In the focus of the tremor after blast no. 2, a
normal slip mechanism (NO) clearly dominated
(60.8%), but an implosion and uniaxial compression
were also present (respectively, — 24% and
— 15.3%), as shown in Table 3. In the foci of tremors
after blasts nos. 4 and 5, a mixed mechanism occur-
red, composed mostly of normal slip mechanism and
implosion (NO/IMPL). The DC component domi-
nated (respectively, 38.8 and 42.4%), but it was not
so clear in comparison with the other focal mecha-
nisms. The shares of other components were also
significant—implosion, respectively — 32.1% and
— 29%; and uniaxial compression, respectively,
— 29.1% and — 28.7% (Table 3). In the foci of tre-
mors after blasts nos. 1 and 3, a reverse slip
mechanism (RE) dominated (respectively, 50% and
53.7%), however a share of the explosion was also
high (respectively, 32.5% and 40.5%), as shown in
Table 3. In the focus of the tremor after blast no. 1, a
uniaxial compression occurred (— 17.4%), but in the
focus of the tremor after blast no. 3 a small share of
uniaxial tension (5.9%) was present.

Table 3

Focal mechanism parameters of tremors provoked by blasting for roof caving

No. QO (kg) No. of

Escpr x 10* Z' (m) Components of full seismic moment tensor (%) Type mechanism Nodal plane parameters’

blastholes (J)

I CLVD DC DA/SA DB/SB

LA AB

1. 48 2 1 — 579 325 - 174 50 RE 241.1°/62.2° 49.2°/28.3°
95.6° 79.5°

2. 48 2 1 — 600 —24 — 153 60.8 NO 234.8°/67°  88.1°/27°
— 104.4° — 59.6°

3. 24 1 0.7 — 585 405 53.7 RE 251.9°/72.4° 23.4°/25.6°
108.9° 44.5°

4. 120 5 5 —593 —321 —29.1 38.8 NO/IMPL 271.8°/57.2° 83.4°/33.1°
— 85.4° - 97.1°

5. 72 3 3 - 591 —-129 — 287 424 NO/IMPL 227.9°/73.9° 85.1°/20°
— 101.9° — 54.5°

"Focus depth improved by the FOCI software (solution characterized by the lowest error value and the highest quality coefficient value)

2Parameters of nodal planes: ®A, ®B azimuth of nodal plane A, B, 0A, 6B dip of nodal plane A, B, A, /B rake angle connected with nodal

plane A, B
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For all provoked tremors, the nodal plane
parameters for the DC component have been deter-
mined (Table 3). The strike angle of the nodal plane
A clearly corresponds to the longwall face orientation
(from 234.8° to 271.8°). The other parameters of the
nodal plane A—dip and rake angles—are compara-
ble. The dip angle of the nodal plane A ranges
between 57.2° and 73.9° (average 66.5°). In the foci
of tremors after blasts nos. 2, 4 and 5, the rock blocks
moved directly to the direction of the remnant in coal
seam no. 507 (rake angle between — 85.4° and
— 104.4°, average — 97.2°). In the other two cases,
where the reverse slip mechanism dominated, the
parameters were comparable, but the movement was
in the opposite direction.

A map of coal seam no. 507 with the location of
blastholes, foci of provoked tremors (circles with the
numbers of blasts) and beachballs (representing focal
mechanisms) is shown in Fig. 2. In each beachball,
the shaded area indicates tension, and continuous
lines indicate projection of nodal planes on the lower
hemisphere. The longwall face advances at the
moments of blasts nos. 1-5 are represented in Fig. 2
by broken lines with appropriate number.

In Table 4, the seismic source parameters of tre-
mors initiated by blasting for roof caving are
collected. Blasts parameters were variable (e.g. a
number of blastholes: 1-5, weight of explosives:
24-120 kg), so their effects already should be dif-
ferent from each other, however most of the seismic
source parameters of provoked tremors are charac-
terised by a low variability. The low-frequency
spectral level Q, ranges from 1.12 x 107% to
3.09 x 1078 (average 2.39 x 1078). The corner
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frequency f, varies from 12.27 Hz to 16.89 Hz (av-
erage 15.28 Hz). The scalar seismic moment M,
equals from 3.26 x 10'°Nm to 1.47 x 10" Nm
(average 8.58 x 10'® Nm). The moment magnitude
M,, varies from 0.93 to 1.29 (average 1.16). The
seismic energy E,. calculated for P-waves and
S-waves together ranges from 1.44 x 10*7T to
6.96 x 10* J (average 3.67 x 10* I). Values of the
ratio E/E, range between 3.7 and 9.3 (average 5.6).
The source radius r (assuming Brune’s source model)
equals from 44.3 to 64.5 m (average 51.4 m) and is
higher in comparison with the arrangement of blast-
holes. The diameters calculated on the basis of
obtained source radii are comparable with the half-
length of the longwall face. These values are slightly
overestimated, probably because of the accepted
source model assumptions. The stress drop Ao varies
from 3.37 x 10°Pa to 7.63 x 10° Pa (average
4.6 x 10° Pa). The apparent stress o, is between
6.1 x 10* J/m* and 129 x 10*J/m> (average
9.5 x 10° J/m?).

6. Discussion and Conclusion

The occurrence of the hanging roof behind the
longwall face influences on rockburst hazard. Such
situation took place during extraction of coal seam
no. 507 in selected hard coal mine in USCB. Depo-
sition of competent rocks in the immediate roof and
leaving the 30-m-wide remnant in this coal seam
behind the longwall cross-cut was responsible for the
lack of roof layer falling during longwall mining. The
first roof caving was achieved only as a result of

Table 4

Parameters of seismic sources being an effect of blasting for roof caving

No. QO (kg) No. of Eicyr x 10 Seismic source parameters
blastholes [
Q, x 1078 £, M, x 10'° M, E.x10* r@m) 4o x 10° 0. x 10* £
(Hz) (Nm) Ad) (Pa) (I/m>) '

1. 48 2 1 2.23 16.81 6.73 1.1 237 48 3.89 0.61 4.6
2. 48 2 1 2.48 1515 7.8 1.18 3.27 50.5 4.12 0.87 6.5
3. 24 1 0.7 1.12 16.89  3.26 093 1.44 443 3.98 1.29 9.3
4. 120 5 5 3.03 153 104 1.29 6.96 49.7 17.63 1.29 3.9
5. 72 3 3 3.09 12.27 147 1.29 431 64.5 3.37 0.7 3.7
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blasting. The parameters of blasts, such as number of
blastholes, their location and so the total mass of the
explosives was variable and accommodated to geo-
logical conditions and technical opportunities. Only
length, direction, and inclination to the horizon of
blastholes were stable, so the column of the explosive
material was located each time in the layer of sand-
stone, deposited in the immediate roof of coal seam
no. 507, above the thin layer of shale or sandy shale.
Each blast for roof caving was effective (Fig. 2),
which also was confirmed in situ.

The provocation of additional processes behind
the longwall face was reflected in the energy of the
provoked tremors in comparison with that which
would be expected from the mass of explosives used.
The provocation of additional processes (e.g. roof
rock failure, a slip of rock blocks) is connected with
the rock mass reaching a new equilibrium state. The
destress effectiveness of blasts for roof caving has
been estimated with the commonly used seismic
effect method, based on the energy of the registered
tremor and the mass of explosives used. The seismic
effect method indicates that each blast for roof caving
initiated additional processes in rock mass, and strain
energy was released. The energy of the provoked
tremors was 3.5-7 times higher than that from the
detonation of explosives.

After that, the focal mechanisms of the provoked
tremors have been calculated. Inversion of the SMT
enabled determining precisely the depth of the initi-
ated seismic sources (it correlates well with the depth
of immediate roof of coal seam numbered 507) and
what kind of processes were present within them. The
presence of additional processes has been confirmed.
In the full solution of the SMT, a shear process
dominates. In the foci of tremors after the first and
third blasts, a reverse slip mechanism occurred,
which was probably a consequence of high horizontal
stress in the deflected layer of sandstone and short
stope length between the remnant in coal seam no.
507 and the longwall face in a start-up phase, so the
normal rock block slip was not possible. Caving was
triggered then, but probably in a smaller range. It
cannot be excluded that in the case of blast no. 3 the
pointwise use of a smaller mass of explosives was not
enough. The share of explosion in the focus of the
tremor after blast no. 3 was the highest and equalled
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at 40.5%. Otherwise, it was an exceptional case with
the uniaxial tension (5.9%). In the focus of the tremor
after the second blast, a normal slip mechanism
clearly dominated (60.8%). In the foci of tremors
after the last two blasts, a mixed mechanism occurred
(normal slip mechanism and implosion). This was
probably due to a larger area of hanging roof. Fig-
ure 3 shows chosen examples of possible
displacement patterns at the sources associated with
mining. They explain probable behaviour of crack in
the caving zone. Figure 3a describes a process of
simple shear and normal slip mechanism present to
the highest degree in the focus of the tremor after
blast no. 2. On the contrary, Fig. 3b shows a process
of reverse slip mechanism under the condition of
appearance of horizontal stress, dominating in the
foci of tremors after blasts nos. 1 and 3. In deflected
layers of roof rocks, tensile horizontal stress was
probably present, which affected the focal mecha-
nism. A probable focal mechanism in the foci of
tremors after blasts nos. 4 and 5, being a mix of
normal slip mechanism and implosion, is presented in
Fig. 3c. Similar displacement pattern is characteristic
for larger seismic events associated with mining
(Teisseyre 1980a, b; Ortlepp 1993; Mendecki 1997).

The seismic source parameters, which provide
additional information about the foci of tremors and
to a certain degree about processes occurring there,
have been calculated as well. The efficiency of blasts
for caving has been reflected in some of them.
Characteristic lower values of the corner frequency
f»» and higher values of the source radius r and the
ratio EJ/E, indicate the presence of additional pro-
cesses. Especially the ratio E/E, shows that in the
foci of the provoked tremors a DC (double-couple)
force mechanism occurred. The lower value of this
ratio for the last two provoked tremors may be cor-
related with the greater
mechanism (implosion), identified earlier by the SMT
inversion. The average stress drop 4o equals
4.6 x 10° Pa. According to Mendecki (1997), the
average stress drop varies from 10* Pa for slow
events occurring within a softer rock or along existing
weak geological features to 10® Pa for fast and large
events rupturing hard, highly stressed and, to a great
extent, intact rock. The obtained results are close to
the middle of the range described by Mendecki

share of non-shear
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Figure 3
Examples of displacement patterns at seismic sources in mines, where arrows indicate movements at the source: a simple shear, normal slip
mechanism; b simple shear under horizontal compression, reverse slip mechanism and ¢ simple shear, normal slip mechanism and implosion
associated with stope closure

(1997) but on the side of lower values. Sandstone
laying in the immediate roof of coal seam no. 507, as
a sedimentary rock, had its own system of fractures.
This sandstone was with certain additionally frac-
tured because of its deflection behind the longwall
face.

However, seismic events that occur close to the
underground excavations and in a complex geological
setting frequently exhibit a volumetric character, with
many zones of permanent deformation and complex
geometry accompanied by a local volume change
(Mendecki 1997). The mentioned volumetric char-
acter of inelastic deformation can be described by the
source volume and/or apparent volume (Mendecki
1997). The source volume is the volume of coseismic
inelastic deformation that radiated the recorded seis-
mic waves, and it can be estimated from the seismic
moment-to-stress drop ratio. It varies from a fraction
of a cubic metre for cracks of about a metre in length
to a fraction of a cubic kilometre for large seismic
events with source dimension of a few hundred
metres (Mendecki 1997). Since apparent stress o,
scales with stress drop, and since there is less model
dependence in determining the apparent stress than
there is in determining corner frequency cubed
dependent static stress drop, and because, in general,
the stress drop is greater than or equal double
apparent stress, thus one can define the apparent
volume as seismic moment-to-double apparent stress
ratio (Mendecki 1993, 1997). The apparent volume
for a given seismic event measures the volume of
rock with coseismic inelastic strain with accuracy in

the order of magnitude of apparent stress divided by
rigidity (Mendecki 1997). In Table 5, both volumes
have been set together.

The source volume for tremors provoked after
blasts nos. 1, 2 and 4 are comparable, despite the
detonation of 2.5 times smaller mass of explosives in
the first two cases. Slip of rock blocks can be initiated
by an appropriate location of blastholes, even when
the mass of explosives is smaller. The geomechanical
and local stress conditions play an important role
here. However, it should be noted that in the focus of
the tremor after blast no. 4, the stress drop 4o was
almost two times higher, and the seismic energy E.,
reflecting the dynamic of processes occurring in a
mine tremor, was more than two times higher than
that in the foci of the first two provoked tremors. The
source volume of the tremor provoked after blast no.
3 was the smallest. This was a consequence of using
the smallest mass of explosives, detonated in only
one blasthole. This blast was effective, concerning
seismic effect or full SMT solution, but on a smaller
scale. The highest source volume was in the case of
the tremor provoked after the last blast (no. 5). It was
probably caused by placing the explosive material in
the most exposed roof surface between the longwall
face and the remnant in coal seam no. 507. After blast
no. 5, the roof fell down on a large scale, so the next
blasting was not necessary. An analogous situation as
above concerns the apparent volume.

For the first time, the results of three independent
methods used for the estimation of blasting effec-
tiveness were compared with each other and
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Table 5

Comparison of source volume and apparent volume calculated for tremors initiated by blasting for roof caving

No. 0 (kg) No. of blastholes Ejcn % 10* () Source volume x 10° (m?) Apparent volume x 10° (m%)
1. 48 2 1 1.7 5.5
2. 48 2 1 1.9 4.5
3. 24 1 0.7 0.8 1.3
4, 120 5 5 14 4.0
5. 72 3 3 4.4 10.5
observations in situ. All of the three methods indicate REFERENCES

that blasting for roof caving initiated some other
processes behind the longwall face, not only explo-
sion due to the detonation of explosives, and it was
confirmed visually in the underground excavation.
The seismic effect method enables fast estimation of
blasting effectiveness, but without specifying what
kind of geomechanical processes occurred in the
focus. Such information is collected with the use of
the seismic moment tensor inversion method. From
seismic source parameters especially the E/E, ratio
is valuable for this purpose. Domination or large
presence of slip mechanism in the focus testify about
the effectiveness of blasting for caving in hard coal
mines, but usually it is combined with the implosion
or explosion.

The acknowledgement of the effectiveness of
blasting for roof caving may be transferred to other
types of blasting, e.g. long-hole destress blasting,
which is especially important for rockburst preven-
tion. It looks as though the estimation of seismic
source parameters and the seismic moment tensor
solution may deliver interesting information
describing the initiated process of roof caving and the
state of in situ stress existing there.
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