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Peak particle velocity parameter is very useful in assessing underground mine working stability. Its application is widespread and
requires additional analysis of the dominant frequency of the seismic signal. In order to properly analyze the velocity amplitudes of
strong ground motions generated from seismic sources, time-frequency properties of near-source seismic signals in underground
mines should be quantified. Using numerical calculations, the continuous wavelet transform (CWT) of the recorded near-source
seismic signals in three perpendicular directions was obtained to characterize its time-frequency properties. &e properties of
recorded strong ground motion velocity seismograms for two high energy seismic events and two blasts from two underground
coal mines in Poland have been extracted with the use of continuous wavelet transform spectrograms showing the duration time of
each frequency group. Assuming a constant peak particle velocity amplitude on the analyzed seismograms, the duration time of
each frequency group starts to play a key role. &e longer the duration time of the lower frequency group is on the CWT
spectrogram, the more the damaging effect on underground mining excavations can be observed. Varying bandwidths of
dominant frequencies in separate time intervals for the analyzed seismic signals have had significantly different influence on the
potentially damaging effect on underground mining excavations.

1. Introduction

Seismic phenomena are commonly encountered during
underground mining operations. &ey apply to both coal
mines and metal or salt ore mines. Additional dynamic
stresses in the rock mass in the area of excavation caused by
the seismic shock wave near the source may lead to problems
with its maintenance and in the worst cases can completely
damage the excavation, leading to injury or death of miners.
Additionally, during mining operations, not only near-
source seismic ground vibrations should be taken into ac-
count, but also those caused by blasting work [1]. &e term
near-source seismic ground vibrations utilized in the whole
paper is identified with seismic vibrations observed at

distances of the order of few wavelengths, which corre-
sponds to the commonly used term in seismology, seismic
near-field [2], and does not depend on the source type such
as seismic earthquake, blasting, or any other seismic source.

Although only about 1% of seismic events cause serious
effects in mine workings [3], their analysis is very important
and the basis for assessing the stability of underground
workings is the analysis of the frequency characteristics of a
given near-source seismic shock wave. From the point of
view of the damaging effects of the mining excavation, one of
the key parameters is the seismic PPV (peak particle ve-
locity) value, which depends on the physical properties of the
rock mass and the seismic source itself. &e studies in [4, 5],
for example, claim that it is the best measure of dynamic
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stress change in the rock mass and a predictor of seismic
hazard. In general, the highest PPV values are recorded up to
100m from the seismic foci [6], even if they have relatively
small magnitudes. Butler and Van Aswegen [7] report that,
in gold mines in South Africa, PPV values near the seismic
source are often within the range 300–500mm/s in the case
of compact and strong rocks, and in the case of strong
seismic tremors with magnitudes larger than three, they may
even reach values greater than 1.5m/s. In coal mines at
distances 200–300m from the seismic foci, PPV values are
usually of the order of a few millimeters per second and do
not pose a threat to underground infrastructure [6]. A re-
search conducted for several dozens of years in Poland by the
Central Mining Institute in coal mines shows that, for a
given rock mass and mining conditions, it is possible to
determine PPV intervals that will cause rock bursts and
damage to underground workings [8, 9] (see Figure 1).
McGarr et al. [10] emphasize that changes in the stiffness of
the rock medium may cause local disturbances in the
propagation of the seismic wave and change significantly its
amplitude during propagation. However, the particle ve-
locity amplitudes always depend on the magnitude and
distance to the seismic source.

Analyzing the impact of the near-source PPV values on
underground working stability, it is essential to take into
account not only the dominant frequency of the recorded
seismic signal but also its duration in time. Due to the long
exposure time, microcracks can appear in the rock mass,
which significantly weaken its structure, especially in coal
seams [6], and contribute to the reduction of its strength.
&e case of seismic vibrations lasting 0.6–0.7 s and PPV
values within the range 0.8–1.8m/s in Carboniferous rocks
in the conditions of the Upper Silesian Coal Basin, Poland,
can be completely damaging [3]. Generally, low frequencies
of seismic signals generated by induced mining seismic
events cause higher dynamic loads on the underground
support systems in the mine than blasts that generate seismic
signals with significantly higher frequencies [8]. Moreover,
higher frequencies of seismic vibrations with short duration
time do not have the potential to damage the rocks [3]. He
et al. [11] point out that the frequency and time analysis of
the recorded seismic vibrations is crucial in assessing their
effect onmine workings at a given distance. Additionally, the
study in [11] shows that the strain rate that occurs in the rock
mass is proportional to the velocity of seismic waves and
their frequency.

For a given type of rock, it is possible to define the
limiting values at which its destruction will occur. Silva et al.
[12] recommend initially determining the static and dy-
namic properties of the surrounding rocks and then using
the Holmberg–Persson empirical formula to determine the
critical values for a given rock. &e authors of [13, 14]
suggest that, in the case of seismic events induced by
blasting, it is possible to successfully select the chargemass of
blasting and to predict the PPV values utilizing neural
networks.

It should be noted that analyzing the impact of mining
seismic tremors on the stability of underground workings,
the superposition of static and dynamic stresses should be

taken into account concurrently. &erefore, dynamic stress
analysis should always be related to the static stress analysis,
which depends on basic parameters such as rock mass
density, Young’s modulus, and Poisson’s ratio [8]. &e
change of the above parameters with the change of rockmass
strength will cause the variability of PPV values [5] and may
indicate both an increase and a decrease of dynamic stresses.
Li et al. [15] proposed a static-dynamic stress superposition
approach to assess the loss of excavation stability in mines.
He et al. [16], in turn, proposed the so-called Index of Static
and Dynamic Stress (ISD), which is based on the highest to
lowest PPV ratio recorded in a given area of the mine. &is
index also allows for the assessment of the hazard of rock
burst occurrence in specific mining and geological
conditions.

An interesting approach to analyze near-fault, pulse-like
ground motions caused by tectonic earthquakes was in-
troduced by [17] where modified Gabor wavelet was utilized
to characterize near-source-ground motions. Subsequently,
the study in [18] proposed wavelet analysis to extract the
largest velocity pulse from a recorded ground motion. &ese
twomethods make it possible to develop quantitative criteria
for classifying near-source ground motions and are very
useful for seismology and engineering applications. Similar
approaches have extensively been investigated by seismol-
ogists and engineers.&e authors of [19–21] show clearly the
importance of the seismic near-source ground motion
analysis.

&e main objective of the paper is to introduce con-
tinuous wavelet transform in the analysis of near-source
seismic signals in underground mines. We have proposed a
novel time-frequency approach to decompose recorded
seismic vibrations generated by bothmining seismic tremors
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Figure 1: Diagram of 120 rockbursts that occurred in coal mines in
Upper Silesian Coal Basin, Poland, in the years 1988–2006 as a
function of distance from damaged working R (m) and seismic
energy Es (J). Two lines of estimated constant PPV values 0.05m/s
and 1.0m/s include 90% of the rockburst cases [9].
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and blasting during mining operations in coal mines. We
have analyzed selected recordings of seismic signals of two
high energy seismic events and two underground blasts
showing the simultaneous importance of dominant fre-
quencies and time duration of seismic signals. &e presented
approach made it possible to compare different types of
seismic vibrations generated by seismic events and blasts and
assessing their potential influence on the stability of un-
derground mine workings.

2. Materials and Methods

Our experiment consisted of time-frequency analysis with
the use of a continuous wavelet transform of recorded near-
source ground motions generated by two high energy
mining seismic events and two underground blasts. &e
analyzed seismic signals come from two experiments carried
out in Rydultowy and Bielszowice coal mines with high
seismic hazard conditions in the Upper Silesian Coal Basin,
Poland.

2.1. Test Sites Description

2.1.1. Rydyltowy Coal Mine, Upper Silesia, Poland. &e test
site with the plotted high energy seismic event, blasting, and
the measurement point are shown in Figure 2.&e test site in
Rydultowy coal mine is located in the area of the coal panel
no. IIIE-E1 at the depth of 1180m. &e seismic measure-
ments occurred from February 2020 to February 2021 and
during this time, 2925 induced seismic events with energies
from 101 (J) to 108 (J) were observed. Some of these events
were related to the blasting works conducted in the coal
panel no. IIIE-E.

In the area of the test site, a multichannel Seismological
Observation System (SOS) was installed. &e recordings of
seismic phenomena were carried out by 11 underground
seismic probes installed near coal panel no. IIIE-E1. All
seismic sensors recorded seismic vibrations in the frequency
range from 1Hz to 500Hz, and our triaxial PPV seismic
probe has recorded the seismic velocity amplitudes within
the range ±1m/s (see Figure 2).

2.1.2. Bielszowice Coal Mine, Upper Silesia, Poland. &e test
site with the plotted analyzed high energy seismic event,
blasting, and the measurement point are shown in Figure 3.
&e test site in Bielszowice mine is located in the area of coal
panel no. 314 at the depth of 1050m. &e seismic mea-
surements have been conducted from April 2020 to No-
vember 2020 and during this time 183 induced seismic
events with energies from 102 (J) to 107 (J) were recorded.
Some of them were related to the blasting works conducted
in the coal panel no. 314 area.

In the area of the test site, a multichannel Seismological
Observation System (SOS) with Sejsgram and Multilok
seismological analysis software was installed. &e recordings
of seismic phenomena were carried out by 10 underground
seismic probes installed near coal panel no. 314. All seismic
sensors recorded seismic vibrations in the frequency range

from 1Hz to 500Hz, and our triaxial PPV seismic probe has
recorded the seismic velocity amplitudes within the range
±1m/s (see Figure 3).

2.2. Estimation of Dynamic Stress State with Peak Particle
Velocity Parameter and Mine Underground Working
Stability. Near-source seismic measurements conducted in
our experiment in two Polish underground mines have been
possible with the use of specially designed seismic probes
that enable the recording of high peak particle velocity values
(PPV) within the range of 1–1000mm/s. PPV is an essential
parameter due to the fact that it can be directly related to
dynamic stresses in the rock mass [22]. Hence, PPV is widely
applied as an indicator in assessing the influence of vibra-
tions on underground infrastructure and is crucial in
assessing rock burst hazard in underground workings.

&e measured or estimated PPV values are proportional
to the maximum normal (σP) dynamic stresses associated
with the seismic longitudinal P-waves that are generated by
seismic sources [22]:

σP �
(1 − v)E

(1 + v)(1 − 2v)

PPVp

cp

, (1)

and maximum shear (τS) dynamic stresses associated with
the seismic shear S-waves [22]:

τP �
Gvs

cs

� ρ · PPVP · cs, (2)

where PPVp is the peak particle velocity of the seismic
P-wave (m/s), ρ is the density of the medium (kg/m3), E is
Young’s modulus (Pa), G is the shear modulus (Pa), v is
Poisson’s ratio, cP is the seismic P-wave velocity (m/s), and
cS is the seismic S-wave velocity (m/s).

In formulas (1) and (2), the homogeneity of the rock
medium is assumed.

&e multiannual monitoring of rock bursts cases in un-
derground coal mines in the Upper Silesian Coal Basin,
Poland, indicates that high energy mining seismic events can
cause at least partial damage to undergroundmine excavations
if they are located no farther than 300 meters away. Mea-
surements and empirical research conducted in the Upper
Silesian Coal Basin, Poland, have enabled us to analyze 120
rock bursts cases that occurred in USCB coal mines between
1988 and 2006 and relate the observed damaging effects with
the peak particle velocity parameter PPV. Figure 1 shows that
the damage to mine excavations occurred in 90% of the total
cases for the estimated PPV value between 0.05m/s and 1.0m/
s [9]. We would like additionally to emphasize that we did not
consider any other factors having significant influence on
damage to mine excavations such as preexisting stress field
near the undergroundworkings or rock damage criteria. If one
wants to analyze preexisting stress field, for example, then it
cannot be measured directly and one has to rely on some
modelling software such as FLAC 3D which causes the ac-
curacy of such method to be very questionable. &erefore, we
decided to utilize one parameter only, i.e., PPV parameter, to
assess its influence on underground working stability showing
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additionally that time-frequency characteristic of seismic
signals can provide deeper insight into the relation between
PPV parameter and underground working stability itself. &is
relation is not unique, because many other factors play an
important role and these factors cannot be determined with
sufficient accuracy. &erefore, our analysis between PPV and
time-frequency characteristic of the seismic signal has sta-
tistical or probabilistic meaning and is not deterministic and is
expressed empirically by data shown in Figure 1.

2.3. Continuous Wavelet Transform. Time-frequency anal-
ysis is a technique used to determine the frequency content
of local sections of a time-varying signal as it changes over
time. One of the widespread techniques of time-frequency
analysis of time-dependent signals is Short Time Fourier
Transform (STFT). However, the main disadvantage of
STFT technique is the resolution problem related to the time
windowing function. A wide time window provides good
frequency resolution but poor time resolution, and con-
versely, narrower time window provides good time reso-
lution but poor frequency resolution.&is is the main reason
why we have used in our analysis of seismic records the
continuous wavelet transform, which can yield both good
time and frequency resolutions of time-varying signals.

Continuous wavelet transform of a time function x(t) has
two parameters and has the following form:

Xψ(a, b) �
1

|a|
1/2 

∞

−∞

x(t)ψ
t − b

a
 dt, (3)

where a and b are wavelet transformation parameters that
can be related to the frequency distribution of the time signal

x(t) at a given moment of time t. ψ(t) is a complex and
continuous function both in the time domain and in the
frequency domain and is called the mother wavelet. &e line
sign above ψ(t) represents a complex conjugate. Xψ(a, b) is a
two-parameter complex wavelet transform of a function x(t)
with kernel ψ(t).

&ere are many types of analytic mother wavelets uti-
lized in (1) and we have decided to use Morse wavelet. Morse
wavelet is very useful in analyzing modulated signals with
time-varying amplitude and frequency and our strong
motion seismic recordings definitely belong to this group of
signals [23].

&ere are many applications of the wavelet transform
such as image compression where significant improvement
in image quality is achieved with higher compression ratios
compared to conventional techniques. &e concept of
wavelet transform is broadly applied to denoise or compress
time-varying signals. In seismology, continuous wavelet
transform (CWT) has extensively been used to investigate
the characteristics of pulse-like motions [18], for example,
utilizing the concept of signal denoising by wavelet analysis
to extract the short-time velocity pulses from earthquake
recordings and forming a special classification procedure for
recorded near-source seismic ground motions.

&e wavelet transform allows decomposition of the time-
varying signal x(t) into instantaneous frequencies in a given
time and we have used this approach. Continuous wavelet
transforms are also used in the following areas: edge de-
tection, solving partial differential equations, transient de-
tection, filter design, electrocardiographic (ECG) analysis,
texture analysis, business information analysis, and gait
analysis. &e wavelet transformation was also used to in-
terpret the time histories of landslides.

Blasting E = 2.2E5J

Seismic event E = 4.8E5J

Measurement site

rh = 162m
rh = 186m

LP 314

Figure 3: Upper Silesian Coal Basin, Poland. Bielszowice coal mine, area of coal panel no. 314. Plan view of experimental site.
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Figure 2: Upper Silesian Coal Basin, Poland. Rydultowy coal mine, area of coal panel no. IIIE-E1. Plan view of experimental site.
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3. Results and Discussion

During our research experiment, we have found that near-
source seismic vibrations generated by two high energy
seismic tremors and two blasts in Bielszowice and Rydult-
owy mines in Poland are highly nonstationary stochastic
processes (see Figures 4–15. &is means that the analysis of
these vibrations using, for example, standard methods of
Fourier analysis can be insufficient to select dominant fre-
quencies due to the fact that stochastic processes can have
varying bandwidth of dominant frequencies in separate time
intervals. &is, in turn, has led us to the conclusion that high
resolution time-frequency analysis that utilizes the contin-
uous wavelet transform method is required. Time-frequency
analysis makes it possible to distinguish the characteristics of
seismic signals in individual time intervals of the measured
near-source seismic signals. We have found that the
recorded near-source seismic ground motions are nonsta-
tionary with seismic wave packets of variable dominant
frequencies in the range from a few to several tens of hertz.

We have utilized in our analysis an important obser-
vation that seismic PPV values with high frequency band-
width are less dangerous than PPV values with significantly
lower frequency bandwidth. For example, in [24], it was
observed that, after blasting, PPV values can be very high,
but they also have very high frequency bandwidth with no
damaging effect on underground mine workings, even when
the PPV values are greater than 1m/s. &e frequency
characteristics of the seismic vibrations generated by nu-
merous low energy seismic events appear to be very similar
to blasting and therefore are not dangerous for excavation
stability.

Figures 4–15 show the recorded near-source velocity
seismograms, its amplitude Fourier spectrum, and the
continuous wavelet transform (CWT) recorded in three
perpendicular directions, X, Y, and Z, for each recording.
&e CWTallow for the analysis of frequency components for
individual parts of the recorded seismic time signal of the
particle vibration velocity, obtaining information that is not
available for the ordinary amplitude Fourier spectrum.
Generally, it can be noted that the dominant frequency range
is greater than 20Hz for all recorded seismic signals except
the triaxial particle velocity amplitudes generated from
seismic event from Bielszowice mine with seismic energy
8 ∗ 104 (J).

Figures 4–6 present the recorded velocity seismograms
of triaxial geophone probe at the distance of 240m from a
seismic event with energy 2 ∗ 108 (J) in Rydultowy coal
mine. It was the strongest seismic tremor recorded in the
analyzed period for bothmines.&e PPV values forX, Y, and
Z components are 25mm/s, 46mm/s, and 81mm/s, re-
spectively, and the PPV value for the full XYZ vector is
83mm/s. &e calculated amplitude Fourier spectra for X, Y,
and Z components have dominant frequencies between 1Hz
and 10Hz, whereas there are two additional visible fre-
quency bands in the ranges 20Hz–30Hz and 40Hz–50Hz.
Much more detailed time-frequency information can be
gained from the continuous wavelet transform (CWT),
where several dominant frequency groups are visible in

separate time intervals. From the assessment of under-
ground working stability point of view, the most important
are the groups of lower frequencies in the ranges 1–20Hz
and 20–40Hz that are clearly seen on all three X, Y, and Z
velocity CWT spectrograms. &e 1–20Hz group of fre-
quencies on the CWT spectrogram lasts generally longer
than 20–40Hz group of frequencies that has a rather adverse
effect on underground working stability. Additionally, we
show in Figure 16 the 3D particle velocity ground motion
that represents the 3D movement of the particles in the rock
mass nearby the installed seismic probe. One can easily
observe that this 3Dmotion has one dominant direction that
runs approximately along the Z axis.&is is the characteristic
particle motion movement for the fault slip source
mechanism.

Figures 10–12 present the recorded velocity seismograms
of a triaxial geophone probe at the distance of 186m from a
seismic event with energy 5 ∗ 105 (J) in the Bielszowice coal
mine. &e PPV values for X, Y, and Z components are
7.8mm/s, 8.2mm/s, and 2.8mm/s, respectively, and the PPV
value for the full XYZ vector is 10mm/s. &e calculated
amplitude Fourier spectra for X, Y, and Z components have
clearly visible dominant frequencies between 20Hz and
30Hz, whereas there are two additional visible frequency
bands in the ranges 50Hz–60Hz and 70Hz–80Hz, but only
for Z component. More detailed time-frequency informa-
tion can be gained from the continuous wavelet transform
(CWT), where several dominant frequency groups are only
visible for Z component in separate time intervals. From the
assessment of underground working stability point of view,
the most important is the group of lower frequencies in the
range 20–30Hz and clearly seen on all three X, Y, and Z
velocity CWT spectrograms. &e 20–30Hz group of fre-
quencies on the CWTspectrograms lasts generally about 300
milliseconds and has an adverse influence on underground
working stability. It is also interesting to point out that, on
CWT spectrograms 20–30Hz, visible frequency band is
probably related to resonant frequency of some structure in
the rock mass rather than directly related to the seismic
source. We also show in Figure 17 the 3D particle velocity
ground motion that represents the 3D movement of the
particles in the rock mass nearby the installed seismic probe.
Similar to the recorded vibration from the seismic event in
Rydultowy coal mine, one can easily observe that this 3D
motion has one dominant direction that runs in the XY
plane and is characteristic to particle motion movement for
fault slip source mechanism.

Figures 7–9 present the recorded velocity seismograms
of the triaxial geophone probe at the distance of 252m
from blasting on 2020-07-25 with charge weight 72 kg and
estimated seismic energy 8 ∗ 104 (J) in Rydultowy coal
mine. &e PPV values for X, Y, and Z components are
1.3mm/s, 3.1mm/s, and 3.4mm/s, respectively, and the
PPV value for the full XYZ vector is 5.4mm/s. &e cal-
culated amplitude Fourier spectra for X and Z components
have clearly visible dominant frequencies between 20Hz
and 50Hz, whereas there is an additional visible frequency
band in the range 50Hz–90Hz for all three components.
More detailed time-frequency information is obtained

Shock and Vibration 5



0.01
0

–0.01
–0.02

m
/s

0 200 400 600
Time (msec)

800 1000 1200 1400 1600

(a)

15

10

5

|F
FT

|

×10–4

0 10 20 30
Frequency (Hz)

40 50 60 70 1009080

(b)

Fr
eq

ue
nc

y 
(H

z)

100
80
60
40
20

0 200 400 600
Time (msec)

800 1000 1200 1400 1600

10 20 30 40 50 60 70 1009080

(c)
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07-21 with seismic energy 2 ∗ 108 (J). (a) Velocity seismogram (m/s); (b) amplitude Fourier spectrum; (c) continuous wavelet transform.
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from the continuous wavelet transform, where the two
dominant frequency groups are only visible for all com-
ponents in separate time intervals. Comparing the cal-
culated X, Y, and Z CWT spectrograms with CWT
spectrograms obtained for two analyzed seismic events,
one can easily notice that the dominant frequency bands

have been shifted towards higher frequencies. From the
assessment of underground working stability point of
view, this is advantageous effect.&e lower 20–30Hz group
of frequencies on the CWT spectrograms is visible on X
component only and lasts generally about 200 millisec-
onds, what constitutes half of the duration of the recorded
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Figure 11: Y component of recorded near-source seismic ground motion in Bielszowice coal mine from seismic event that occurred on
2020-10-23 with seismic energy 5 ∗ 105 (J). (a) Velocity seismogram (m/s); (b) amplitude Fourier spectrum; (c) continuous wavelet
transform.
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Figure 10: X component of recorded near-source seismic ground motion in Bielszowice coal mine from seismic event that occurred on
2020-10-23 with seismic energy 5 ∗ 105 (J). (a) Velocity seismogram (m/s); (b) amplitude Fourier spectrum; (c) continuous wavelet
transform.

10 Shock and Vibration



m
/s

0 100

×10–3

200 300
Time (msec)

400 500 700 800 900 1000600

1
0

–1
–2

(a)

|F
FT

|

×10–5

0 10 20 30
Frequency (Hz)

40 50 60 70 1009080

10

5

(b)

Fr
eq

ue
nc

y 
(H

z) 80
60
40
20

10 20 30 40 50 60 70 1009080

100

0 100 200 300
Time (msec)

400 500 700 800 900 1000600

(c)

Figure 12: Z component of recorded near-source seismic ground motion in Bielszowice coal mine from seismic event that occurred on
2020-10-23 with seismic energy 5 ∗ 105 (J). (a) Velocity seismogram (m/s); (b) amplitude Fourier spectrum; (c) continuous wavelet
transform.
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seismic signal. We have also shown in Figure 18. &e 3D
particle velocity ground motion that represents the 3D
movement of the particles in the rock mass nearby the
installed seismic probe. Opposite to the recorded vibration
from the seismic event in Rydultowy coal mine, one can
easily observe that this 3D motion has no dominant

direction and is characteristic to the particle motion
movement of explosive source mechanism.

Figures 13–15 present the recorded velocity seismograms
of the triaxial geophone probe at the distance of 162m from
blasting on 2020-08-16 with charge weight 192 kg and es-
timated seismic energy 2 ∗ 105 (J) in the Bielszowice coal
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Figure 14: Y component of recorded near-source seismic groundmotion in Bielszowice coal mine from blasting on 2020-08-16 with charge
weight 192 kg and estimated seismic energy 2 ∗ 105 (J). (a) Velocity seismogram (m/s); (b) amplitude Fourier spectrum; (c) continuous
wavelet transform.
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Figure 13: X component of recorded near-source seismic groundmotion in Bielszowice coal mine from blasting on 2020-08-16 with charge
weight 192 kg and estimated seismic energy 2 ∗ 105 (J). (a) Velocity seismogram (m/s); (b) amplitude Fourier spectrum; (c) continuous
wavelet transform.
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mine.&e PPV values for X, Y, and Z components are 7mm/
s, 4.3mm/s, and 2.5mm/s, respectively, and the PPV value
for the full XYZ vector is 7.2mm/s.&e calculated amplitude
Fourier spectra for X and Z components have clearly visible
dominant frequencies between 20Hz and 100Hz, whereas
there is an additional visible frequency band in the range
1Hz–20Hz for Y component. More detailed time-frequency
information is obtained from the continuous wavelet
transform (CWT), where the dominant frequency group in
the range 80Hz–100Hz is only visible for Y and Z com-
ponents in separate time intervals. Comparing the calculated
X, Y, and Z CWT spectrograms with CWT spectrograms
obtained for two analyzed seismic events, one can easily
notice that the dominant frequency bands have been shifted
towards higher frequencies. From the assessment of un-
derground working stability point of view, this is an ad-
vantageous effect. &e lower 20–40Hz group of frequencies
on the CWTspectrograms is visible on all three components
but is not clearly dominant as opposed to higher frequencies.
We also show in Figure 19 the 3D particle velocity ground
motion that represents the 3D movement of the particles in
the rockmass nearby the installed seismic probe. Opposite to
the recorded vibration from the seismic event in Bielszowice

coal mine, one can easily observe that this 3D motion has no
dominant direction and is characteristic to the particle
motion movement of explosive source mechanism.

All of the four triaxial strong motion velocity amplitude
recordings have had the PPV value for the full XYZ vector
greater or near the threshold value of 5mm/s. Comparing
these values with the constant lines of estimated PPV values in
Figure 1, where all documented rockburst accidents in Upper
Silesian Coal Basin, Poland, in the years 1988–2006 have been
shown as a function of the distance from the damaged
working R (m) and seismic energy Es (J), we can conclude,
imprecisely, that all of the four analyzed seismic sources could
pose a danger to underground mining workings. &is result,
however, cannot be overestimated for several reasons. First,
we need to emphasize that even if there is an observation of
high PPV value, it only indicates that the rockburst or damage
of the excavation can occur. &e higher the PPV value we
have, the higher the probability of working damage is.
However, there are many cases observed where high PPV
values will not cause any damage to underground galleries.
&is does not indicate that the PPV criterion is incorrect but
clearly shows that the damage to underground workings
depends also on other factors: related to mining and
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Figure 15: Z component of recorded near-source seismic groundmotion in Bielszowice coal mine from blasting on 2020-08-16 with charge
weight 192 kg and estimated seismic energy 2 ∗ 105 (J). (a) Velocity seismogram (m/s); (b) amplitude Fourier spectrum; (c) continuous
wavelet transform.
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geological conditions and properties of the rock mass and
related to properties of the recorded seismic signal itself. It is
well known that lower dominant frequencies of the recorded
seismic signals are more damaging to the underground
workings than higher ones, which is shown in the amplitude
Fourier spectra of our signals. Nevertheless, we have also

indicated that further properties of strong motion seismic
signals can be extracted with the use of CWT spectrograms
showing the duration time of each frequency group. &e
longer the duration time of the lower frequency group is on
the CWT spectrogram, the more the damaging effect on
underground mining excavations can be observed. From that
point of view, the recorded strong velocity ground motion in
Rydultowy coal mine from a seismic event that occurred on
2020-07-21 with seismic energy 2 ∗ 108 (J) has had the largest
potential impact on underground mining working stability.

4. Conclusions

Selected recordings of near-source seismic ground motion of
two high energy seismic events and two underground blasts
were analyzed, indicating the importance of the dominant
frequency band and its time duration in the assessment of
undergroundmine working stability.&e presented approach
made it possible to compare two types of near-source seismic
vibration generated by seismic events and by blasting. It was
found that the spectral Fourier analysis of presented seismic
signals may be insufficient due to the fact that they are highly
nonstationary stochastic processes.&erefore, further analysis

–0.01

–0.005

0

0.005

0.01

0.01

0.005

0

–0.005

–0.01

0
–1

1

–2

×10–3

Z 
(m

/s
)

X (m/s) Y (m
/s)

Figure 18: Recorded 3D particle velocity ground motion (m/s) in
Bielszowice coal mine from seismic event that occurred on 2020-
10-23 with seismic energy 5 ∗ 105 (J).

2

0

–2

–5
5

–5

0
0

5

10

×10–3

×10–3

×10–3

Z 
(m

/s
)

X (m/s) Y (m
/s)

Figure 19: Recorded 3D particle velocity ground motion (m/s) in
Bielszowice coal mine from blasting on 2020-08-16 with charge
weight 192 kg and estimated seismic energy 2 ∗ 105 (J).

0.05

0

–0.05

0.05

0

–0.05–0.1

Z 
(m

/s
)

0.01
–0.01

–0.02
0X (m/s) Y (m/s)

Figure 16: Recorded 3D particle velocity ground motion (m/s) in
Rydultowy coal mine from seismic event that occurred on 2020-07-
21 with seismic energy 2 ∗ 108 (J).

4

3

2

1

0

–1

–2

–3
–1

0
1

×10–3

×10–3

×10–3

–4
–2

0
2

4

Z 
(m

/s
)

X (m/s) Y (m/s)

Figure 17: Recorded 3D particle velocity ground motion (m/s) in
Rydultowy coal mine from blasting on 2020-07-25 with charge
weight 72 kg and estimated seismic energy 8 ∗ 104 (J).

14 Shock and Vibration



is required that incorporates both time and frequency do-
mains to obtain a more credible assessment of the damaging
effect on underground mine workings.

In the presented approach, time-frequency analysis was
applied to the recorded strong motion seismic signals uti-
lizing high resolution continuous wavelet transform (CWT)
spectrograms. It was found that there are varying band-
widths of dominant frequencies in separate time intervals for
the analyzed seismic signals, having significantly different
influence on the potentially damaging effect on under-
ground mining excavations. &e CWTspectrogram analysis
confirmed the known observation that seismic signals
generated by blasts have significantly lower damaging effect
on excavations comparing to seismic signals generated by
high energy seismic events due to the existence of higher
dominant frequencies in separate time intervals for seismic
vibrations generated by blasts.

&e analysis of 3D particle velocity ground motion that
represents the 3Dmovement of the particles in the rockmass
nearby the installed seismic probes indicates two signifi-
cantly different spatial motions. First, for the analyzed
seismic signals generated by strong seismic events, one
dominant direction has been found and is characteristic to
particle motion movement for fault slip source mechanisms.
Second, for the analyzed seismic signals generated by
blasting works, no dominant direction was detected, which
is characteristic to particle motion movement for explosive
source mechanisms.
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