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In order to study the energy characteristics of seismic waves on the liquid CO2 blasting system, the blasting seismic wave signal of
liquid CO2 blasting was obtained by on-site microseismic monitoring tests. The adaptive optimal kernel time-frequency analysis
method was used to study the basic time-frequency properties of the seismic wave signal. Combining wavelet packet transform
decomposition and reconstruction and adaptive optimal kernel time-frequency analysis method, the liquid CO2 energy
distribution of the seismic wave signal was further analyzed. And the energy regression model of seismic wave source of liquid
CO2 blasting system was discussed. The results show that the vibration velocity is at a low level, and the main frequency range
is between 30 and 70Hz, and the duration is about 20-30ms. The energy is mainly distributed in 0-125Hz, which is composed
of two main regions. The power function model can be used to describe the attenuation law of the seismic wave energy. The
energy conversion coefficient and characteristic coefficient of the source of liquid CO2 blasting system were defined and
analyzed. Combined with the empirical formula of the Sadovsky vibration velocity, the energy regression model of the seismic
wave source of liquid CO2 blasting system was obtained.

1. Introduction

The cyclic nature of the drill-and-blast method, increasing
excavation demands, environmental concerns, and trends
towards safety, necessitates the development and exploration
of the potential of new and improved concepts of rock exca-
vation. One of the promising and nonexplosive concepts
that warrants in-depth evaluation as a tool for rock fragmen-
tation is the “Penetrating Cone Fracture” (PCF) method [1].
Liquid CO2 blasting system is one of the nonexplosive blast-
ing technologies, which is based on liquid carbon dioxide
being converted to high-pressure carbon dioxide gas or fluid
with the ignition. The gas spreads through fissures and
microcracks in the rock and breaks it in tension, rather than
compression as with explosives, and the damage at lower
tensile stress levels is more efficient in the utilization of
energy, less vibration, pollution-free, reduce the damage of
the surrounding rock mass, and destruction of the environ-
ment. Figure 1 shows a schematic diagram of the compo-

nents which make up the cartridge. The chemical energizer
is activated by a small electrical charge which causes the
blasting [2].

In the past, researches on liquid CO2 blasting technology
mainly concentrated on the blasting equipment and its appli-
cations. The gas pressures and the velocities of blast waves that
travel through the sandy shale were determined by field tests
[3]. Other important applications of this technology are in
the fields of environment-friendly blasting, such as urban
underground construction [4], neighbor rock breaking of the
forest [5], highway construction for the cold region [6], and
controlled blasting [7, 8]. Recently, with the wide application
of this technology, many scholars have done a lot of research
on coal seam permeability improvement [9–17], energy cal-
culation [2, 18], pressure characteristics [19, 20], and mecha-
nism of fracture [13, 21–25] and its application.

Liquid CO2 blasting fracturing technology is a new green
blasting excavation method, which can effectively reduce the
vibration effect compared with the traditional explosive
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blasting. Blasting vibration signal is the carrier and physical
manifestation of blasting seismic waves, which determines
the crack geometrical form and propagation mode of the
rock mass. However, the time-frequency characteristics and
energy distribution of seismic wave signals of liquid CO2
blasting are not clear from above literature review.

The blasting seismic waves of liquid CO2 blasting are
nonstationary signals, and time-frequency analysis/distribu-
tion is an important mean of analyzing such nonstationary
signals. The time-frequency analysis technique can be
divided into two categories: linear time-frequency analysis
and nonlinear time-frequency analysis. The linear time-
frequency analysis includes short-time Fourier transform
(STFT), Gaber expansion, wavelet transform (WT), and S
transform. The nonlinear time-frequency analysis includes
bilinear time-frequency analysis and adaptive optimal kernel
(AOK) [26, 27] time-frequency analysis [28]. Moreover,
based on the simulation signal of blasting vibrations and
seismic waves, the STFT, WT, S transformation, Wigner-
Ville distribution, smooth pseudo-Wigner distribution,
cone-shaped kernel time-frequency distribution, and the dis-
tribution of the AOK time-frequency analysis were used for
the signal processing in the MATLAB software. The results
of the comparative analysis show that the kernel function
of AOK is adaptive with the change of time, which can effec-
tively suppress the cross term and realize the time-frequency
localization with the best precision. Published researches
that mainly focused on the signals of blasting vibrations
and seismic waves processed by the AOK time-frequency
analysis found in the literature were those of Zhao et al.
[28], Wang et al. [29], Sejdić et al. [30], and Sun et al. [31].

In the analysis method of signal decomposition and
reconstruction, compared with wavelet analysis, wavelet
packet transform analysis provides a more refinement anal-
ysis method for signals [32–34]. The frequency band can be
divided into different levels; according to the characteristics
of the analyzed signal, the corresponding frequency band is
adaptively selected to match with the signal spectrum, which
can improve the time-frequency resolution. The signal was
decomposed and reconstructed in multiscale and multireso-
lution by the wavelet packet, which can better express the
energy distribution characteristics of the frequency band.
However, the signal reconstruction of time-frequency analy-
sis still uses the linear summation calculation method to
analyze the different frequency band energy, instead of non-
linear calculation on the double integral of time and fre-
quency to analyze the signal energy, which resulting in a
relatively low accuracy of calculation results.

In this work, the research is conducted by microseismic
tests of blasting seismic signals of liquid CO2 blasting as
the foundation after reviewing the signal processing and
analysis methods. Firstly, the basic time-frequency charac-
teristics of the seismic signals were analyzed through the
adaptive optimal kernel time-frequency analysis method.
Secondly, combining wavelet packet transform decomposi-
tion and reconstruction and adaptive optimal kernel time-
frequency analysis method, the energy distribution of the
seismic wave signals from liquid CO2 blasting was further
analyzed. Finally, an energy regression model of the seismic
wave source of the liquid CO2 blasting system was obtained.
These findings can provide a theoretical basis for the propa-
gation law of shock waves of supercritical CO2 jet in the rock
mass and for the design of liquid CO2 blasting.

2. Experimental Methodology

2.1. Test Scheme and Design. Since the seismic waves from
liquid CO2 blasting (principle and equipment can be
referred to in reference [1]) are weak, the microseismic mon-
itoring system was adopted to monitor the blasting seismic
waves. The tests were divided into two parts: one part is
for the analysis and research of time-frequency characteris-
tics of the blasting source signals, and the other part is for
the analysis of seismic wave attenuation law, as shown in
Figure 2, the layout plan of the microseismic test station.

(1) Analysis of Time-Frequency Characteristics. From
Figure 2, the monitoring points are arranged as a cir-
cle with a total of 8 stations. There are five blasting
points; one blasting point is arranged in the center
of the circle, and the other four blasting points are
arranged in a square at a distance of 0.5 meters from
the center of the circle. The distance between the 8
monitoring points and the center is 12 meters

(2) Study on the Attenuation Law of Seismic Waves.
Monitoring points are arranged in a “straight line”
pattern, with a total of 4 monitoring points. The first
monitoring point is 12 meters away from the blast-
ing source, and the distance between each monitor-
ing point is 12 meters

2.2. Implementation of the Test Plan

2.2.1. Test Equipment and Installation. As shown in Figure 3,
the monitoring point equipment used in the experiment
consists of three parts: sensor, collector, and battery. The
sensor is installed by deep drilling, with a hole depth of 1
meter and a diameter of 90mm. After the installation of
the whole monitoring point, the monitoring software can
be used to check its background noise. Generally, the back-
ground noise should be no more than E-5V. The sensor
and the hole wall adopt the yellow mud coupling.

2.2.2. Program Implementation. A total of 5 blasting tests
were carried out in this test, and the phase change blasting
parameters of liquid CO2 are shown in Table 1, which were
obtained from the laboratory at Central South University

Firing head
Electrode

Valve Chemical energizer/heater

Liquid carbon dioxide
Rupture disc Restraining device

Devlon bush
Discharge port

Figure 1: Schematic diagram of a liquid CO2 blasting system [2].
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(see the reference [2]). Test 1, test 2, and test 3 were carried
out to discuss the time-frequency characteristics, and test 4
and test 5 were carried out to analyze the attenuation law
of seismic waves. The recording sampling rate of the test
data was 4000Hz. A total of 8 microseismic instruments
were used to record seismic wave data, and the sensitivity
of the sensor was set at 200V/m/s.

3. Decomposition and Reconstruction of Signal
and Time-Frequency Analysis Techniques

3.1. Wavelet Packet Decomposition and Reconstruction. The
time-frequency local property of a seismic wave is the most
fundamental and key property of a nonstationary signal.
The traditional Fourier transform signal analysis cannot well
describe this property. Therefore, in order to analyze and
process a nonstationary signal, researchers have improved
or created new signal analysis theories based on the Fourier
transform. Wavelet analysis and wavelet packet analysis
are widely used in seismic signal analysis. The understand-
ing of wavelet analysis and wavelet packets analysis is
illustrated by three layers structure diagram of the wavelet
analysis tree and wavelet packet analysis tree shown in
Figures 4(a) and 4(b).

Wavelet transform has the characteristics of multiresolu-
tion analysis and can represent the local features of signals in
both time and frequency domains. In Figure 4, A represents
the low frequency parts, and D represents the high frequency
parts, and they are followed by the number of layers (i.e.,
scale number) of decomposition. As can be seen from
Figure 4(a), the low-frequency part is continuously decom-
posed by wavelet analysis, while the high-frequency part is
not considered. The final signal consists of A3 +D3 +D2 +
D1. Figure 4(b) shows the structure diagram of the wavelet
packet analysis tree. The decomposition relation of signal
[34] is S = AAA3 +DAA3 + ADA3 +DDA3 + AAD3 +DAD
3 + ADD3 +DDD3.

From the previous analysis, it can be seen that the wave-
let packet analysis can provide a more detailed analysis for
the signals, by dividing the frequency band into multiple
levels. Decompose the high-frequency part without subdivi-
sion of the multiresolution analysis, and adaptively select the
corresponding frequency band according to the characteris-
tics of the analyzed signal, so that it can match with the sig-
nal spectrum, thus improving the time-frequency resolution.
In this paper, wavelet packet analysis is selected for signal
decomposition and reconstruction.

3.2. Time-Frequency Analysis of Nonstationary Signals.
Adaptive optimal kernel time-frequency analysis (AOK) is a
nonlinear time-frequency distribution analysis method pro-
posed by Jones and Baraniuk [26], which uses short-time fuzzy
function and time-varying adaptive kernel function to distin-
guish the details of multicomponent signals in the time-
frequency distribution. AOK is an optimal time-frequency
method in time-frequency matching. Its kernel function
changes in an adaptive manner with the change of time,
which is characterized by the optimal accuracy of both cross
term suppression and time-frequency localization. This

Monitoring point

Blasting point
Monitoring point

Figure 2: Microseismic monitoring schematic diagram of the test scheme.

Figure 3: Equipment installation at site monitoring points.

Table 1: Phase change blasting parameters of liquid CO2.

Serial
number

CO2
quality

Stomatal
direction

Burst disc
pressure

Blasting
rod

1 0.452 kg East and west 150MPa 1 bar

2 0.526 kg South and north 150MPa 1 bar

3 0.454 kg East and west 150MPa 2 bar

4 0.498 kg East and west 150MPa 1 bar

5 0.448 kg East and west 150MPa 2 bar
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ability of good localization in both time and frequency
domains is suitable for the analysis of time-frequency charac-
teristics of seismic signals. The AOK is used to analyze signal
in the time-frequency domain.

The AOK distribution of signals at as sðtÞ can be
expressed as follows.

PAOK t, fð Þ = 1
2π

ð+∞
−∞

ð+∞
−∞

A t ; θ, τð ÞΦopt t ; θ, τð Þe−jθτ−jτωdθdτ:

ð1Þ

In the equation, Aðt ; θ, τÞ is the short fuzzy function of
the signal; Φoptðt ; θ, τÞ is the corresponding optimal kernel
function.
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In the formula, wðuÞ is the symmetric window function,
and t is the central position of wðuÞ. When w ðuÞ = 0, only
the signal in the range of ½t − T , t + T� can calculate its kernel
function. For any detail part of the signal, the short-time ambi-
guity function can be accurately described.With the definition
of the short-time fuzzy function, it is easy to calculate the cor-
responding Φoptðt ; θ, τÞ. The short-time fuzzy function varies
with time, so the optimal kernel also varies with time.

Φoptðt ; θ, τÞ can be obtained by solving the following
optimization problems:

max
Φ
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In which, σðφÞ is the extension of the radial Gaussian
function in the direction of the radial angle φ, which is called
the expansion function. The φ is the angle between the radial

and the horizontal φ = arctan ðτ/θÞ, r =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
θ2 + τ2

p
. θ is the

polar coordinate angle of ambiguity function, τ is the time
interval, and f is frequency, which is the energy volume of
radial Gaussian kernel function. If α is too small, the kernel
function will filter out some self-components. If α is too
large, the kernel function can not effectively remove the
influence of cross components. The proper selection of α is
taken according to the actual signal, and the range of values
is generally 1 ≤ α ≤ 5 Gaussian window, and radial Gaussian
function was adopted in time-frequency analysis. The energy
volume variable 128 × 128 is 2 [35, 36]; the output resolution
is 512.

Nonlinear time-frequency representation (TFR) analysis
method of a nonstationary signal sðtÞ has the following
properties [37]:

(1) TFR is a real value and positive, indicating the
change of energy

(2) TFR gives the signal energy of the double integration
of time and frequency, namely

E =
ð+∞
−∞

ð+∞
−∞

TFR t, fð Þdf dt: ð5Þ

According to equation (5), time and frequency distribu-
tion (TFR) is the two-dimensional spatial distribution of sig-
nal energy in time and frequency, which has a clear physical
meaning of joint distribution of signal energy in time and
frequency domain.

3.3. Detailed Analysis of Energy Distribution Characteristics
of Blasting Seismic Waves. Although AOK time-frequency
analysis can obtain the main frequency information and
the frequency range of energy concentration, it cannot show
the detailed information of energy distribution in different
frequency bands. Wavelet packet transform can be achieved
by signal decomposition, and reconstruction can show good
energy distribution of different frequency bands after detail,
but the energy calculation is the signal amplitude linear
summation, and the time-frequency distribution (TFR) is
the signal energy in time and frequency; compared to 2 d
space distribution, it does not have clear physical meaning
when the signal energy in frequency domain on the joint dis-
tribution. In this paper, seismic waves are decomposed and
reconstructed in different frequency bands by wavelet packet
transformation, and then, the time-frequency characteristics
and energy of reconstructed signals in each frequency band

s

A1 D1

A2 D2

A3 D3

(a) Three-layer wavelet analysis tree structure diagram

s

A1 D1

AA2

AAA3 DAA3

DA2

ADA3 DAA3
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AAD3 DAD3

DD2

ADD3 DDD3

(b) Three-layer wavelet packet analysis tree structure diagram

Figure 4: Structure diagram of wavelet analysis and wavelet packet analysis decomposition.
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are analyzed in detail by using AOK time-frequency analysis
method. The method combining wavelet packet transform
and AOK time-frequency analysis can make up for each
other’s shortcomings and accurately analyze the magnitude
and distribution rule of different frequency band energy of
liquid CO2 blasting seismic wave signals.

Wavelet packet decomposition and reconstruction anal-
ysis of signals can be realized directly on the MATLAB
platform. AOK time-frequency analysis technology adopts
the AOK time-frequency analysis toolbox (TFTB, Time-
Frequency Toolbox); a time-frequency analysis toolbox
developed by professor (CNRS, The National Center for Sci-
entific Research) François Auger [38] of France National
Center for Scientific Research was used to calculate the band
energy of reconstructed signals. The above analysis is all
independent individual analysis, which needs to be further
compiled on MATLAB software platform to complete the
wavelet packet decomposition and reconstruction of seismic
wave signal, AOK time-frequency analysis, and energy cal-
culation. The flow chart of the MATLAB program for signal
decomposition and reconstruction, AOK time-frequency
analysis, and energy calculation is shown in Figure 5. Firstly,
the signal is decomposed and reconstructed by the wavelet
packets, and then, the energy calculation formula (5) is
added to the AOK time-frequency analysis program to cal-
culate the energy of each frequency band. Finally, the energy
normalization, calculation, and analysis of the energy distri-
bution in different frequency bands are carried out.

4. Results and Discussions

4.1. Basic Characteristics and Energy Distribution Analysis of
Blasting Seismic Wave Signal. The microseismic monitors
have been arranged as a circle in Figure 2 of the test plan.
Three blasting tests have been carried out. 24 sets of signals
from blasting earthquakes have been received by the moni-
toring equipment of 8 stations, each of which has compo-
nent data in three directions (D, B, and Z directions). In
this paper, the time-frequency analysis of liquid CO2 blast-
ing seismic wave signal is carried out by taking the typical
test data obtained from the No. 1 test as an example.

As shown in Figure 6, the seismic wave signal of the No.
1 test is shown. It can be seen from the diagram that the
direct wave energy of liquid CO2 blasting signal is strong,
and the attenuation speed is fast. No obvious S wave is found
in the blasting process, and the attenuation law of seismic
signal waveform accords with the characteristics of the
explosive blasting signal. The amplitude of blasting vibration
of seismic wave signals in three directions is 0.01-0.04 cm/s,
and the vibration velocity is at a lower level. In order to ana-
lyze and study seismic wave signals from time domain and
frequency domain, this paper selects three components of
M1 seismic wave signal in the No. 1 test as typical test data
and uses AOK time-frequency analysis technology to ana-
lyze seismic wave signal based on signal analysis MATLAB
processing platform. AOK time-frequency analysis method
adopts program and toolbox compiled by Jones et al. [26]
of (Rice University) of Rice University. The time-frequency
distribution (TFR) contours and three-dimensional dia-

grams of the three-component signals of the M1 station of
the No. 1 test station are shown in Figure 7 by using the
toolbox.

As can be seen from Figure 7, the AOK time-frequency
analysis method can localize the time domain and frequency
domain of the three-component signals and can obtain the
main frequency information and duration of the seismic
wave signal. The main frequency of the three components
of the M1 station in test 1 is 60Hz, 54Hz, and 47Hz, and
the frequency band with large energy is between 30 and
70Hz. The duration is about 20-30ms. The frequency range
of the D component signal is between 0 and 250Hz, the
frequency range of the B component signal is between 0
and 125Hz, the frequency range of the Z component signal
is between 0 and 200Hz, and the duration of three-
component signals is about 0.1 s.

The sampling frequency of the microseismic monitoring
system is 4000Hz. According to the sampling theorem, the
sampling frequency of Nyquist is 2000Hz. When the wave-
let packets are used to process the seismic wave signal, the
selection of wavelet basis function directly determines the
accuracy of signal processing and analysis results. Daube-
chies wavelet (DB wavelet) basis function series can better
reflect the unstable change process of the seismic wave sig-
nal in time and frequency distribution. db8 wavelet is often
used to transform blasting vibration signal by wavelet
packet transform. In the study of blasting seismic wave sig-
nals analysis, most of them adopted 8, 16, 32, 64 as the min-
imum decomposition frequency band. Combined with the
Nyquist sampling frequency, the wavelet packet decomposi-
tion and reconstruction signal are decomposed by using the
db8 wavelet series as the basis function. A total of 256

Input seismic signal

Determine the number of
decomposition layers

Wavelet packet decomposition
and reconstruction

The time-frequency distribution
of each frequency band

AOK analysis of
reconstructed signal

Computational
energy program

The percentage of energy of
each frequency band

Output calculation result

End of program

Figure 5: Flow chart of the MATLAB program for signal
reconstruction and AOK time-frequency analysis.
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subbands is obtained, the minimum frequency band is
0.0000Hz~7.8125Hz, the highest frequency band is
1992.1875Hz~2000Hz, and the intermediate frequency band
is increased with 7.8125Hz as the equal difference sequence.

The AOK time-frequency domain analysis of 256 seismic
waves with different frequency bands after wavelet packet
reconstruction is carried out. The margtfr function in the
time-frequency analysis toolbox is used to calculate the time-
frequency distribution TFR, time t, and frequency f after
AOK time-frequency analysis. The return value is the energy
of the signal, and the function expression is ½margt, margf , E
� =margtfr ðtfr, t, f Þ, E as the energy of the signal.

Based on the above analysis flow and analysis method,
combined with the time-frequency analysis toolbox, the
three components recorded in the M1 test station were
decomposed and reconstructed by the wavelet packets, and
then, AOK time-frequency analysis and energy calculation
were carried out, and 256 band energy distribution percent-
ages are obtained as shown in Table 2 and Figure 8.

As can be seen from Table 2 and Figure 8, the frequency
band energy distribution of liquid CO2 blasting seismic wave
signal is as follows:

(1) It can have arranged from the figure that the energy
of the signal is mainly concentrated in the 1-16 fre-
quency band (0-125Hz). The energy distribution of
the three signal components in the first 16 frequency
bands is, respectively, 87.74%, 98.42%, and 99.72%,
and the maximum value occurs in the frequency
band where the main frequency is located. The

energy distribution of 125Hz-250Hz is 11.04%,
1.5%, and 0.24%, respectively. After the frequency
of 250Hz, the energy distribution of the three com-
ponents is 1.22%, 0.08%, and 0.04%, respectively. It
indicates that the energy of the seismic wave signal
is very concentrated, and the energy of the high-
frequency part decays very rapidly, although the
high-frequency part of the energy decays rapidly
but still occupies a certain proportion of the
distribution

(2) In the 16 frequency bands, the energy distribution is
divided into two regions, the 1-8 frequency band
region and the 11-16 frequency band region. The
energy of the three-component signals distributed
in the 1-8 frequency is 63.24%, 80.85%, and
95.97%. The energy of the three-component signals
distributed in the 11-16 frequency is 24.02%,
16.59%, and 3.7%, respectively.

4.2. Energy Calculation of Measuring Point. According to the
linear arrangement of the test scheme, a total of 4 monitor-
ing points and two blasting tests were set up, and a total of 8
groups of test data were set up. Each group of test data
included the vibration signal components in D, B, and Z
directions. Because of the poor signal-to-noise ratio (SNR) of
the signal recorded by station 2, a total of 18 data amounts
were obtained in this experiment. According to the waveform
information of the blasting signal recorded by the monitoring
network, the PPV value of each component of each station is
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Figure 6: Seismic wave of blasting test 1.
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calculated. Table 3 is the PPV table of three directional com-
ponents of the seismic wave in two explosion tests.

Figure 9 shows the trend diagram that the PPV of the
three directional components of seismic waves decreases
with the increase of distance. It can be seen from the dia-
gram that the whole vibration velocity is at a lower level.
With the increase of distance, the vibration velocity decays

rapidly, in which the attenuation speed of vibration velocity
in D and B directions is first fast and then slow; 24 meters is
the inflection point of velocity attenuation rate, and the
attenuation rate of vibration velocity in Z direction shows
a trend of rapid decrease. When the vibration velocity
decreases to the micron level at 48 meters, the vibration
velocity in three directions tends to be similar.
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As can be seen from Table 4, the AOK time-frequency
distribution method can localize the time domain and fre-
quency domain of the three components of the signal, which
can obtain the main frequency information and duration of
the seismic wave signal. The main frequency of the three-
component signals of the 4 test a1, a2, and a4 stations is
mainly distributed between 30 and 53Hz, the duration is
about 20-50ms, all the seismic wave component signals are
concentrated in the frequency domain, and the frequency
range is between 0 and 250Hz. The duration of the signal
is about 0.1 s. With the increase of distance, the main fre-
quency decreases, and the energy decreases gradually.

In the process of seismic wave propagation, it is very dif-
ficult to accurately calculate the seismic wave energy density
at each geophone position. In engineering, the maximum
peak vibration velocity and the square (discrete signal) of
the amplitude of each sampling point in the seismic wave
duration are usually used to represent the energy of the mea-
suring point. Table 5 shows the seismic wave energy param-
eters of the liquid CO2 blasting system, and Figure 10 shows
the correlation curve between the peak vibration velocity of
the measuring point and the double integral energy of TFR
to time and frequency. It can be seen from the diagram that
the correlation curve of the two parameters has a high linear

correlation. The correlation coefficient is R2 = 0:90. There-
fore, it can be considered that the peak velocity of the mea-
suring point can reflect the energy of the measuring point
for liquid CO2 and explosive blasting seismic wave, and it
is not necessary to calculate the energy obtained by the dou-
ble integration of time and frequency of TFR in the whole
time period of the event. In the process of analyzing the
law of seismic wave energy attenuation in liquid CO2 blast-
ing system, on the one hand, it can automatically pick up
and calculate the peak velocity and reduce the calculation
workload; on the other hand, it can improve the efficiency
of evaluating the damage and attenuation degree of seismic
wave energy.

4.3. Energy Attenuation Law. The regression models that can
be used for seismic wave energy attenuation can be divided
into two categories [39]: (1) exponential function form, see
formula (6), and (2) power function form, see formula (7).

E = E0e
−αr , ð6Þ

E = E0r
−α: ð7Þ

In the formula, r is the distance between the measuring
point and the source, E0 is the initial energy of the source,
E is the energy at r, and α is the attenuation coefficient. Here,
E0 is only the initial energy of the source obtained by the
regression curve or the initial energy of the virtual source.
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Figure 8: The percentage of energy distribution for three-
component signals of station M1 in different frequency bands.

Table 3: PPV of three direction components of seismic waves in
two explosion tests.

Serial
number

Recording
station

D-PPV
(mm/s)

B-PPV
(mm/s)

Z-PPV
(mm/s)

4

a1 0.064 0.111 0.127

a2 0.0395 0.067 0.039

a4 0.009 0.0055 0.0001159

5

a1 0.04 0.1 0.107

a2 0.02 0.0461 0.033

a4 0.00523 0.0035 0.00012
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5-a4-Z

Figure 9: Relationship between PPV and distance of three
directional components of seismic waves in two explosion tests.

Table 4: Main frequency of three directional components of
seismic wave in explosion test 4.

Serial number Recording station D (Hz) B (Hz) Z (Hz)

4

a1 53 41 47

a2 41 39 50

a4 30 39 35
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Use the data in Table 5 to compare the exponential func-
tion with the fitting curve of the power function according to
the above formula. As shown in Figure 11, the parameter
coefficients and correlation coefficients of the exponential
function model and the power function are shown in
Table 6. It can be seen from the table that both the exponen-
tial function model and the power function model are suit-
able to describe the energy attenuation law of seismic
waves produced by the liquid CO2 blasting system. From
the point of view of correlation coefficient alone, the expo-
nential function model is more suitable for seismic wave
attenuation law of liquid CO2 blasting system, but the initial
energy E0 of the source is small or has little difference with the
energy at the measuring point of 12 meters and is in the same
order of magnitude. Although the correlation coefficient of the
power function model is smaller than that of the exponential
function model, it is closer to the real value from the initial
energy E0 of the source. To sum up, the power function is
more suitable to describe this typical attenuation law of explo-
sive seismic wave: with the increase of the distance from the
source, the early attenuation is rapid, and the late attenuation
is slow. The attenuation of explosion seismic wave energy in
lithe quid CO2 blasting system is similar to that of explosive
explosion seismic wave energy.

Although the data are few here, while the relationship
between energy and distance in this paper conforms to the
general law of energy characteristics of blasting seismic
waves. Therefore, in a sense, we just proved this relationship,
if data points are more in the future work, the other analyt-

ical method such as the analysis of variance (ANOVA) can
be conducted to deep investigate the influence of distance
on energy.

4.4. Source Energy Regression Model

4.4.1. The Empirical Formula of Vibration Velocity of
Sadovsky. The velocity attenuation law of particle vibration
in blasting engineering is commonly expressed by Sadovs-
ky’s empirical formula [39], that is,

V = K

ffiffiffiffi
Q3

p
r

� �α

=V0r
−α: ð8Þ

In the formula, the particle vibration velocity is the par-
ticle vibration velocity, the cm/s; V is the site coefficient; K is
the charge, kg; r and α are the same as above; V0 is the initial
vibration velocity of the source; and the same V0 of cm/s is
the vibration velocity of the virtual source here. For the data
in Table 5, combined with the formula (8), the average
energy of liquid CO2 blasting tube in reference [2] is
0.030 kg TNT. The regression analysis shows that K =
4:924 and α = 1:0526.

4.4.2. Energy Conversion Factor. It is not convenient for
Sadovsky’s formula to be directly used to calculate the
energy of the microseismic source. The site coefficient K is
related to the source medium and blasting parameters. The
seismic wave energy corresponding to explosive quantity Q
also needs to be converted. In solid media, only a very small
part of explosive explosion energy is converted into the seis-
mic wave. Here is a concept of energy conversion coefficient
η that needs to be explained and defined. The ratio of seis-
mic wave energy to total energy produced by the explosive
explosion is defined as the seismic wave energy conversion
coefficient of explosive blasting. According to this theory,
this paper also represents the ratio of seismic wave energy
Ec to TNT equivalent total energy produced by liquid CO2
blasting according to this theory that liquid CO2 blasting
system has a similar seismic wave energy conversion coeffi-
cient ET [39].

ηc =
Ec

ET
: ð9Þ

Through theoretical analysis and a large number of
experimental data, the energy conversion coefficient of
explosive was discussed and analyzed in detail and put for-
ward the formula for calculating the energy conversion coef-
ficient of explosive earthquake based on the statistical

Table 5: Seismic wave energy parameters of the liquid CO2 blasting system.

Measure point Distance (m)
PPV (cm/s) Energy (cm2/s2)

D B Z D B Z

4-a1 12 0.0064 0.0111 0.0127 0.0156 0.029281 0.022842

4-a2 24 0.00395 0.0067 0.0039 0.004070286 0.011159 0.006034

4-a4 48 0.0009 0.00055 0.00001159 0.000481786 0.000205 4.99E-08
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Figure 10: Regression curve between peak vibration velocity and
energy.
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parameters K and α based on explosive seismic effect (the
unit of Q is m of kg, r and the unit of V is cm/s) and the for-
mula for the energy conversion coefficient of explosive as
follow [39, 40]:

ηc = K∙10−2
� �3/α∙10−3: ð10Þ

The seismic wave energy conversion coefficient C =
1:88E − 07 of the liquid CO2 blasting system is obtained by
using A = 4:924 and B = 1:0526 generation (15).

4.4.3. Source Energy Characteristic Coefficient. The total
energy generated by the explosion of TNT with a mass of
Q is

ET =Q ∗QV : ð11Þ

QV is the explosion heat of TNT, 4150.2 kJ/kg.
The seismic wave energy is obtained by replacing for-

mula (11) with (9).

Ec =Q ∗QV ∗ ηc: ð12Þ

Then, the Q, QV , and ηc parameters are substituted into
(12) to obtain the elastic wave energy of liquid CO2 blasting
source Ec = 0:0232 J. Replace formula (12) with (8) to get

V =
K

QVηcð Þα/3
ffiffiffiffiffi
Ec

3
p
r

� �α

=
V0

Ec
α/3

ffiffiffiffiffi
Ec

3
p
r

� �α

: ð13Þ

Assume

Kc =
K

QVηcð Þα/3
=

V0

Ec
α/3 : ð14Þ

The Kc is defined as the energy characteristic coefficient
of the source, and formula (10) is obtained by replacing for-
mula (14) with the energy characteristic coefficient of the
source.

Kc =
102+α

QV
α/3 : ð15Þ

From formulas (14) and (15), it can be seen that the
value of Kc is mainly related to the dynamic characteristics
of the source medium but independent of the specific blast-
ing mode. That is to say, Kc reflects the proportional rela-
tionship between the source elastic wave energy Ec and the
initial peak vibration velocity V0 of the source. Under the
same experimental conditions, the stability ofKcis better
than that of site coefficient. The energy characteristic coeffi-
cient Kc of the source of liquid CO2 blasting system is 5.376
by replacing K , QV , ηc, and (14).

4.4.4. Source Energy Regression Model. The relationship
between the peak vibration velocity of particles and the
energy of the seismic wave is obtained by replacing formula
(14) with (13).
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(a) Exponential function model
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(b) Power function model

Figure 11: Regression model of energy with distance.

Table 6: Parameter of exponential function model and power
function model from the regression curves in Figure 11.

Formula E = E0e
−αr Formula E = E0r

−α

R2 0.999 0.992 0.999 R2 0.996 0.949 0.986

D
E0 0.05929 D E0 2.3994

α 0.1112 α 2.0253

B
E0 0.08088 B E0 1.79948

α 0.08434 α 1.65352

Z
E0 0.08777 Z E0 4.00521

α 0.11212 α 2.078
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V = Kc

ffiffiffiffiffi
Ec

3
p
r

� �α

: ð16Þ

After determining the energy characteristic coefficient Kc
, formula (16) is used as the regression model of seismic
wave energy attenuation in the liquid CO2 blasting system.
Taking the peak vibration velocity V and attenuation coeffi-
cient α as parameters, the source energy of liquid CO2 blast-
ing system is directly obtained by the least square method,
and the seismic wave source energy Ec = 0:0234 J is obtained
by regression of Table 5 experimental data. The deviation of
elastic wave energy between liquid CO2 blasting source and
formula (12) is 8.55%.

5. Conclusions

In order to study the time-frequency and energy characteris-
tics of seismic waves in the liquid CO2 blasting system, the
liquid CO2 blasting seismic wave signal is obtained by field
microseismic monitoring test. According to the nonstation-
ary characteristics of the blasting seismic wave signal, the
basic time-frequency characteristics of the seismic wave sig-
nal are studied by adaptive optimal kernel time-frequency
analysis method. On this basis, combined with wavelet
packet transform decomposition and reconstruction tech-
nology and adaptive optimal kernel time-frequency analysis
method, the energy distribution of the seismic wave signal is
analyzed in detail. The main conclusions are as follows:

(1) The direct wave energy of the blasting signal is
strong, and the attenuation speed is fast. There is
no obvious S wave in the blasting process. The
amplitude of blasting vibration of seismic wave sig-
nals in three directions is 0.01-0.04m/s at about
12m, and the vibration velocity is at a lower level.
The main frequency range is between 30 and
70Hz, and the duration is about 20-30ms. The
energy is mainly distributed in 0-125Hz, the main
frequency appears in the frequency band with the
maximum energy, and the energy in the high-
frequency part decays rapidly, and there are two
main regions in the energy distribution, which indi-
cates that two different peak pressures will be pro-
duced in the process of liquid CO2 blasting, which
is consistent with the experimental data of the pres-
sure response of the free explosion field in reference
[2]

(2) The attenuation of explosion seismic wave energy in
the liquid CO2 blasting system is similar to that of
explosive explosion seismic wave energy. The power
function model can be used to describe the attenua-
tion law of seismic wave energy: with the increase of
distance from the source, the early attenuation is
rapid, and the later attenuation is slow

(3) The energy conversion coefficient and characteristic
coefficient of the source of liquid CO2 blasting sys-
tem are defined and analyzed. Combined with the

empirical formula of Sadovsky vibration velocity,
the energy regression model of seismic wave source
of liquid CO2 blasting system is given
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