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Based on the same blasting vibration signal, the S transform and HHT method have been applied for the time and frequency
analysis. Both the S transform and HHT method are analyzed and compared from the point of decomposition path and analysis
function. It expressed that these two methods are complete and effective and have the characteristics of adaptive multiresolution.
Especially, the time resolution of the HHT method is invariable and its accuracy is high. Moreover, its frequency resolution can be
adaptively adjusted with the inherent characteristics of the signal. However, the time and frequency resolution of the S transform
are limited by the uncertainty principle, and the resolution improvement is at the cost of reducing the resolution of another.
Furthermore, the HHT method has much more adaptability and is superior to S transform in the analysis of nonstationary signals.
In advance, the waveform curve and power spectral density of each detonator are extracted, which indicates that it is not scientific
to use different segment detonators for the same circle of the auxiliary hole. Under the premise of the same charge quantity, the
vibration energy peak value produced by the same segment detonator is less than that of several segments of detonators. Therefore,
it is believed that the HHT method has broad application prospects in the study of wave propagation, attenuation law, structural

dynamic response characteristics, and blasting vibration damage in rocks.

1. Introduction

Blasting vibration is an unavoidable hazard to the surrounding
environment in the blasting excavation process. It is of sig-
nificant importance to study the blasting effect caused by
blasting vibration [1-5]. Sadowski formula is mainly used for
regression analysis of blasting vibration signals. However, the
relationship between frequency and energy distribution of
blasting waves is less [6-9]. Meanwhile, through the engi-
neering practice, it is shown that if the vibration velocity of a
single particle is used as the sole index to measure the blasting
vibration intensity, the actual damage of buildings cannot be
well reflected in many cases. The other vital influence factors
are not considered, such as the frequency, duration, and energy
of blasting vibration [10-13].

Blasting vibration signals could be analyzed and pro-
cessed by various digital signal processing methods, and the
time and frequency can be extracted. Then the main char-
acteristic information of the signals can be comprehensively
analyzed by time-frequency processing methods. Those have
been widely used now, such as the traditional Fourier
transform, short-time Fourier transform, and wavelet
transform [14-17].

The Fourier transform is limited to the local frequency
domain and could not be analyzed from the perspective of
the time domain. Short-time Fourier transform (STFT),
which is based on Fourier transform, is a commonly used
time-frequency analysis method. The time window is
loaded onto the time signal first for the STFT, and then
Fourier transform on the data signal of the time window
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is performed. Then, the short-time spectrum of the signal
could be obtained from the angle of frequency and time.

Wavelet analysis is a method to process the local time-
frequency characteristics of data signals. The window area
could be kept unchanged, and the window shape can be
changed gradually with the analysis situation. Both the time
window and frequency window could be transformed. S
transform adopts Gauss window function, and the window
width is proportional to the reciprocal of the frequency,
which avoids the selection of window function and improves
the defect of fixed window width, and the phase spectrum of
each frequency component in time-frequency representa-
tion keeps direct contact with the original signal.

A new method for analyzing and processing the time-
frequency distribution of nonstationary data signal is proposed,
which is HHT (Hilbert-Huang Transform) method [18, 19]. It
consists of two parts, i.e., Huang transform and Hilbert spec-
trum analysis. For the Huang transform, the EMD (Empirical
Mode Decomposition) method is used to decompose the signal
into a finite number of IMFs (Intrinsic Mode Function). It is
considered that any complex function is composed of some
IMF components, which are uncorrelated, simple, and non-
sinusoidal functions. IMF components could be extracted by
EMD decomposition. The original vibration signal is composed
of n-order IMF components and residuals after decomposition
[20, 21]. For the Hilbert spectrum analysis, it is to transform the
Hilbert spectrum with a finite number of IMF components
obtained by EMD so as to obtain the distribution spectrum of
energy in the time-frequency plane, namely, the Hilbert
spectrum. Energy and instantaneous frequency, rather than the
frequency and energy of the whole signal, are obtained by the
Fourier transform. By integrating the Hilbert spectrum, the
energy spectrum could be well obtained, which can be used to
analyze the energy distribution of vibration signals varied with
time and frequency. It breaks the limitation of the uncertainty
principle and can accurately express all kinds of information on
the time-frequency plane [22, 23].

The basic properties of those three different transforms
are compared in Table 1.

From Table 1, it can be shown that the basic functions of
the three transform methods are different in signal analysis.
Correspondingly, the decomposition method of the signal is
different, and the result is different. Therefore, it cannot be
made a unified analysis for the signal. The sine or cosine
function is adopted as the basic function in Fourier trans-
form, while the basis function of wavelet transform is preset
and could not be changed with the parameters of the wave
itself, so the results are quite different when choosing various
wavelet basic functions. It means that the signal analysis has
to be met some difficulties. For the HHT method, it is based
on the data signal itself to decompose. Moreover, there is no
choice to select any predefined function so that better
analysis results can be obtained by the EMD decomposition.
The IMF components obtained by EMD decomposition are
stationary and have stronger local characteristics than those
obtained by Fourier transform and wavelet transform. HHT
transform method has strong automatic adaptability, high
decomposition efficiency, and better suitability to sudden
change and fast attenuation of data signals.
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The time-frequency processing methods of signal mainly
include wavelet transform and EMD. However, wavelet
transform is based on the analysis of specified wavelet basis.
Once the wavelet basis is specified, the decomposed mode is
fixed. For different signal analysis, it is better to use different
wavelet basis to achieve a better suitable processing effect.
The EMD method can just solve this problem. EMD is
equivalent to an adaptive orthogonal basis time-frequency
signal processing method. For the processing of an unknown
nonlinear and nonstationary signal, the decomposition can
be started directly without prior analysis. According to some
certain fixed modes and levels, without human intervention
and setting, the EMD method would be automatically
divided.

Once there is an intermittent signal in the actual signal,
frequency aliasing would occur by the EMD decomposition
method. It is shown that there are multiple scale components
in an IMF component or a scale component exists in
multiple IMF components. To solve this issue, the noise
assistant processing method, EEMD (Ensemble Empirical
Mode Decomposition), and CEEMD (Complementary
Ensemble Empirical Mode Decomposition) are proposed.
EEMD is to add white noise to the original signal to change
the distribution of the extreme point of the signal. In
contrast, CEEMD adds a set of noise signals to the original
signal to change the distribution of the extreme point of the
signal.

When the same number and amplitude of white noise
are added, the residual noise of EEMD will decrease with the
average number of integration. The residual noise of
CEEMD is maintained to a small extent, regardless of the
average number of integration. In a sense, EEMD and
CEEMD can save calculation time when the interference of
small residual noise is guaranteed.

Compared with EMD, the EEMD algorithm can over-
come the phenomenon of mode aliasing and reconstruct the
signal better, but the residual white noise brings noise in-
terference to the signal. CEEMD algorithm can not only
overcome the phenomenon of mode aliasing but also could
accurately reconstruct the original signal without energy
loss. Therefore, compared with EMD, the white noise added
in the decomposition process by those two methods can
partially eliminate the noise, but it can not completely offset
it.

S transform is a further optimization of the wavelet
transform, which reflects that the frequency is related to the
resolution in time and frequency domain, and the local
phase information and the time and frequency resolution
improvement could be significantly reflected.

The relevant theoretical analysis, comparison, and
summary of rock blasting vibration signal are carried out
here. Wavelet S transform and HHT transform methods are
selected to effectively extract the time-frequency and energy
distribution characteristics of the blasting vibration signal.
Meanwhile, the waveform curve and power spectral density
of each detonator are extracted. Especially, for the same
circle of the auxiliary hole, those two transform methods
would be applied to identify the blasting vibration effect,
which is of great significance to guide the blasting design.
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TaBLE 1: Basic properties of different transforms.

Fourier

Transform type outte Wavelet transform HHT transform

transform
Decomposition . . .
path P Frequency Time-frequency Time-instantaneous frequency
Data parameter Frequency Scale and wavelet location Time and instantaneous frequency

. . Signal Narrow time-domain wavelet has better local timeliness, Quantitative description of local time-

Data information 1 . . - .

frequency wide time-domain wavelet has better local frequencies. frequency characteristics of signals
Adaptive signal Stationary

type signal
Resolution ratio Unique
Base function Sine (cosine)
type function

Analysis function  Sine function

Nonstationary signal
More
Wavelet basis function

The frequency band of the wavelet varies with the scale
and the number of oscillations remains unchanged

Stationary and nonstationary signal
More
None

EMD decomposition based on data
characteristics

2. Blasting Vibration Signal

Based on mastering the influencing factors of blasting vi-
bration, the blasting vibration signals in the test are analyzed.
Figure 1 shows the layout of the blasting holes in this section.
The excavation section area is 12.15m? and the cutting
method is a straight and parallel hole cutting way [24]. The
cutting hole depth is 2.2 m, and the depth of the other holes
is 2.0 m. In order to ensure the cutting quality, six holes are
evenly distributed around the empty hole. The more holes
and the bigger holes diameter are, the more advantageous it
is to cut blasting because much more auxiliary free surface
and compensation space could be provided. Full-face
blasting excavation is adopted here. The millisecond deto-
nators are used, i.e., MS1, MS3, MS5, MS7, MS8, MS9, MS10,
MS11, MS13, MS15, and MS19, respectively. The emulsion
explosive is used and the weight of each roll is 300 g. The
charge quantity and other blasting parameters are shown in
Table 2 [24].

The intuitive analysis method of blasting vibration signal
is to directly analyze the measured waveform and determine
the characteristic quantity of blasting vibration from the
waveform diagram. Blasting vibration waveform can be
analyzed intuitively using a blasting vibration instrument
system, and three parameters of vibration amplitude, main
frequency, and duration could be obtained.

The frequency of vibration wave is related to the rock
property. Generally, the harder the rock medium is, the
higher the frequency of the seismic wave is. And the softer
the medium is, the lower the frequency is. For important
safety projects involving blasting vibration, suitable pa-
rameters of blasting seismic wave should be determined by
actual observation through a small-scale blasting test.

Referenced values for blasting protection of buildings
have been proposed in criteria for the safety of blasting
vibration (GB6722-2014) [25], but some problems should be
discussed. Firstly, besides the characteristics of blasting vi-
bration motion itself, the factors determining the dynamic
response of building structures to blasting vibration are
closely related to the inherent dynamic response of struc-
tures. It has an obvious selective amplification effect on
blasting seismic response. The blasting vibration component
consistent with the natural frequency of the structure would

be amplified to the greatest extent, in which the response of
the structure to blasting vibration motion is directly
determined.

The blasting vibration signal is selected here to analyze
the typical characteristics, as shown in Figure 2.

3. Theory of S Transform and HHT Analysis

3.1. Theory of S Transform. S transform is a time-frequency
reversible analysis method of time-window Fourier trans-
form proposed by Stockwell et al. It is an extension of
continuous wavelet transform based on Morlet wavelet.

The continuous wavelet transform of a function h(t) can
be set as follows:

(6]
Wed) = [ hw(- ndd, (1)
where 7 and d are translation factor and scaling factor,
respectively.
If the continuous wavelet transform is multiplied by a
phase term, that is,

S(r, f) ='W (z,d), (2)
then, its wavelet generating function is
LfI —2pn ionfe
5 = —f . 3
w (7, f) \/Ee e (3)

Since the allowable wavelet function in formula (3) could
not satisfy the zero-average condition, it means that formula
(2) is not a continuous wavelet transform in a strict sense.
Specifically, the continuous S-transform should be defined as
follows:

_ o |f_| ~f2(r-t)*/2_-i2nft
S(r, f) = L}Oh(t) o G (a)

It is worth mentioning that the continuous S transform
can also be derived from the time-window Fourier trans-
form, whose positive transform is as follows:

H(f) = ro h(t)g(t)e > dt. (5)
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FiGure 1: Blasting hole layout [24].

If the normalized Gaussian window function is used in
the time-window function and the scaling ¢ and translation ¢
are carried out, it could be

1 42 02
gty =——=c""". (6)
Then,
* oo 1 —(1=t)*120* -i2nft
S (T,f, o) = 17 h(t)a—me e dt. (7)

Formula (7) is further simplified, order o = 1/| f|, and then
the formula (4) of continuous S transform could be obtained.

As can be seen from the above, a Gaussian window
function with variable width has been adopted in the S
transform, and the window width is in direct proportion to the
reciprocal of the frequency. Therefore, the time window in the
low-frequency band is wider and the high-frequency resolution
can be obtained, while the time window in the high-frequency
band is narrower, which a high time resolution could be
obtained. That is to say, it has self-adaptability to some extent.

3.2. Theory of HHT Analysis. HHT analysis method is
mainly composed of EMD and Hilbert transform. In order
to study transient and nonstationary phenomena, the
frequency must be a function of time. IF (Instantaneous
Frequency) is an intuitive and basic physical concept in the
HHT method. Significantly, EMD is proposed by Huang
NE et al. and the EMD decomposition is the core of HHT
method.

The original signal X (¢) can be composed of n-order
IMF components and residuals 7, (¢):

X () =) C(t) + 1, (8)
i=1

Signals can be expressed as contours in the time-fre-
quency plane. The amplitude distribution on the processed
time-frequency plane is called the Hilbert spectrum.

Based on the time scale (time difference between adja-
cent peak points) characteristics of the signal itself, the EMD
method decomposes the signal into a set of IMFs with
different time scales, which could satisfy two kinds of def-
initions. Each IMF can be considered as a modal function
inherent in the signal.

At the same time, IMF can be arbitrarily combined to
highlight certain characteristics and achieve the analysis
purpose. This filter is based on the IMF component and has
self-adaptability. It fully retains the inherent nonlinear and
nonstationary characteristics of the signal itself. When the
noise is one or more IMF components, the filter is directly
used to eliminate it.

4. S Transform and HHT Analysis

4.1. S Transform Analysis of Blasting Vibration Signal. The
time-frequency distribution of each detonator after S
transform is shown in Figure 3, such as the frequency range
and magnitude in the time-frequency diagram.
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TaBLE 2: Blasting parameters scheme [24].

Charge quantity

Hole name Hole No. Number of holes . Detonator segment
Each hole Total weight (kg)

Empty hole 1 1 0 0.0

Cutting hole 2-7 6 5 9.0 1
Auxiliary hole 8-10 3 5 4.5 3
Auxiliary hole 11-12 2 5 3.0 5
Auxiliary hole 13-18 6 4.5 8.1 7
Auxiliary hole 19-21 3 4 3.6 8
Auxiliary hole 22-27 6 3 5.4 9
Auxiliary hole 28-32 5 3 4.5 10
Auxiliary hole 33-38 6 2.5 4.5 11
Auxiliary hole 39-46 8 2.5 6 13
Peripheral hole 47-54 8 2 4.8 15
Peripheral hole 55-72 18 1.5 8.1 19
Bottom hole 74-79 6 3 5.4 15
Bottom hole 73, 80 2 3 1.8 19
Total 80 68.7

0.2}
0.15
0.1}
0.05

V (m/s)
o

-0.05

-0.1

-0.15

-0.2

0 02 04 06 038

1 12

T (s)

14 16 1.8 2

F1GURE 2: Typical blasting vibration waveform curve.

The energy distribution pattern and frequency distribution
range of each detonator through S transform could be clearly
revealed. Meanwhile, the waveform curve and power spectral
density of each detonator are extracted, as shown in Figure 4.

The following can be seen from the waveform and
spectrum curve of each detonator signal:

(1) The interval time of millisecond detonator has a great

influence on the spectrum distribution of blasting
vibration signals, and the peak power spectrum of
signal with large vibration velocity is not necessarily
large. Although there are differences in waveforms
between kinds of detonator segments, the frequency
range covered by the power spectrum curve is ap-
proximately the same, indicating that the blasting

vibration signal belongs to the shock wave signal
with the broad-frequency domain.

(2) The frequency of full-face millisecond blasting is in

the range of 0~1000Hz under the geological con-
dition, and the main frequency is 0 ~ 200 Hz, while the
central frequency is above 100 Hz, which is consistent
with the frequency range of the main vibration phase
monitored by measuring instrument.

(3) The main frequency and the duration time of the

main frequency are different for kinds of signals with
various interval times. The phase difference of
superimposed signals with different interval times
makes the signals form new peaks or valleys, and the
interval time between two adjacent peaks or valleys
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signal curve and power spectrum density; (c) MS5 signal curve and power spectrum density; (d) MS7 signal curve and power spectrum
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power spectrum density; (h) MS11 signal curve and power spectrum density; (i) MS13 signal curve and power spectrum density; (j) MS15
signal curve and power spectrum density; (k) MS15 signal curve and power spectrum density.

has been changed. Then the energy distribution in
different frequency bands has been inevitably
changed with the main frequency and duration time
of blasting vibration signal, which will be clarified in
the follow-up analysis.

The vibration components response of different fre-
quency bands can be obtained, as the vibration components
intensity of the corresponding frequency band can be di-
rectly reflected by the frequency band energy. Moreover, the
energy duration is related to the accumulation effect of low-
cycle fatigue damage and the nonelastic failure of the
structure, so the normalized frequency and the duration of
frequency band are taken as indicators to study the energy
characteristics of blasting vibration signals. Time-frequency
distributions of energy through the S transform for each
detonator are shown in Figure 5.

The following can be seen:

(1) The delay interval has a great influence on the total
energy of the signal. The energy of the blasting vibration
signal with a large peak particle velocity must be large.

(2) The energy duration at different frequencies is var-
ious. Under this test condition, the energy duration
in the frequency band decreases gradually from low
frequency to high frequency.

(3) The charge of MS7, MS8, MS9, MS10, and MS11
detonator segments are 8.1 kg, 3.6 kg, 5.4kg, 4.5kg,
and 4.5kg, respectively, while the corresponding
energy peaks are 0.35, 0.35, 0.35, 0.37, and 0.38,
respectively. In contrast, the MS8 detonator charged
the smallest explosive with a relatively high peak
energy. Therefore, the selection of the MS8 detonator
must be careful.

(4) From the time-frequency spectrum of detonator
vibration signals, it can be seen that the frequency
distribution range is wide. The influence of detonator
segments on vibration signal is more reflected in the

time-frequency amplitude. The energy of the MS11
detonator is the largest, even more than the value of
the MSI detonator in the cutting hole, while the
charge is only 50% of its charge, which indicates that
it is not scientific to use different segment detonators
for the same circle of the auxiliary hole. Moreover,
the vibration reduction is also invalid. This also
shows that under the premise of the same charge
quantity, the vibration energy peak value produced
by the same segment detonator is less than that of
several segments of detonators.

It is not suitable for the analysis of nonstationary vi-
bration signals by Fourier transform. Wavelet and wavelet
packet analysis uses local basic quantities and wavelet basic
functions as analysis tools. It can be more intuitive and ef-
fective for the analysis of nonstationary signals, but it has high
requirements for selecting wavelet basic functions, which
means the adaptability is not strong enough. Compared with
the traditional blasting signal analysis theory, the HHT
analysis method is a newer method. Especially, its unique
time-frequency analysis ability could meet the requirement of
nonstationary signals such as blasting vibration. It differs
from the Fourier transform in that the complex harmonic
components are not needed to reveal the information con-
tained in the signal. Meanwhile, it differs from wavelet and
wavelet packet methods in that it does not depend on the
selection of wavelet bases and has better adaptability.

4.2. HHT Analysis of Blasting Vibration Signal. The fol-
lowing is the filtering and denoising effect of blasting
vibration signal based on EMD method. The sampling
frequency is 8 kHz and the sampling time is 2.2 s. Firstly,
the original signal is decomposed by EMD, and then the
IMF components cl~cl9 are obtained, as shown in
Figure 6. It can be seen that after EMD decomposition,
each IMF component shows a certain scale mode in the
time domain, and each component is arranged in order of
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FIGURre 6: IMF1~IMF6 components using EMD decomposition.

its specific frequency from high to low, which reflects the
multiresolution characteristics and adaptability of the
EMD method.

Any signal can be decomposed into several IMF, which is
called empirical mode decomposition (EMD). The specific
decomposition method is as follows: firstly, for any signal to
be analyzed, all the maximum points and all the minimum
points are found, and then two H-Spline curves are used to
fit these extreme points to get the upper and lower envelope
lines. All the signal data are between the two envelope lines,
and then the average value of the upper and lower envelope
lines could be obtained. The difference between the signal
value and the mean value is recorded as the first component.
For each IMF component, the Hilbert spectrum, Hilbert
transform, and corresponding analytic signal are obtained.

It can be seen from Figure 6 that the IMF component of
the blasting vibration signal decomposed by EMD is very
rich. After signal decomposition, to determine the main
information components contained in the signal and avoid
the loss of effective information, it is necessary to determine
the dominant components of the signal so as to realize the
signal reconstruction process. The cross-correlation coeffi-
cient is used here to objectively evaluate the correlation
between the IMF component and original signal, as shown in
Table 3.

It can be seen from Table 3 that the correlation coefhi-
cient between IMFI~IMF6 components and the original
signal is much larger than the other order IMF components
so it can be determined as the dominant component of the
signal. Then the above six order IMF components are se-
lected to synthesize the blasting vibration signal. The
reconstructed signal and the separated self-similar high-
frequency noise from the signal IMF1 to IMF6 components
are illustrated in Figures 7 and 8, respectively.

Most of the effective information of the signal has been
contained in the filtered signal, and it can be determined as
the characteristic signal, which provides the premise for
further analysis.

5. Comparison and Discussion of Blasting
Vibration Signal Analysis Methods

As the inheritance and development of wavelet transform
and short-time Fourier transform, S transform uses Gauss
window function whose frequency is proportional to the
reciprocal of window width, eliminating the selection of
window function and improving the defect of fixed window
width. Furthermore, in the time-frequency representation,
the phase spectrum of each frequency component keeps
direct contact with the original signal, inducing more
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TaBLE 3: Cross-correlation of each IMF component with the original signal.

IMF Cross-correlation coefficient
1 0.3336
2 0.5732
3 0.6582
4 0.2981
5 0.1796
6 0.0125
7 0.0086
8 0.0018
9 0.0008
10 0.0009
11 0.0003
12 0.0004
13 0.0018
14 0.0066
15 0.0026
16 0.0006
17 0.0013
18 0.0008
19 0.0014

V (m/s)

0.2 0.4 0.6 0.8

1.2 1.4 1.6 1.8 2 2.2
T (s)

FiGure 7: Waveform after HHT denoising.

features that can be obtained in the analysis. Meanwhile, the
feature extracted by the S transform is insensitive to noise
information.

The special feature of the S transform is that it not only
keeps the direct relationship with the Fourier transform but
also has different resolutions at different frequencies. In
addition, the S transform is closely related to wavelet
transform and can be regarded as the deformation of the
continuous wavelet transform.

Both S transform and HHT transform can be well ap-
plied to the analysis of blasting vibration signals with
nonlinearity and nonstationarity, and the main character-
istic information of the time-history curve can be extracted.

Based on different time scales, IMF is directly decom-
posed from the original signal by the EMD method, and it
can reflect the inherent characteristics of the original signal
itself. Moreover, the IMF component is usually of practical
physical meaning. EMD method does not need a preset basic
function and has the characteristics of self-adaptation and
high efficiency. However, the S transform is decomposed by
the basic function, and its decomposition results are closely

related to the selected basic function, so it is difficult to select
the suitable basic function.

The energy distribution of the nonstationary signals in
the time-frequency spectrum could be described by the S
transform and Hilbert transform. It should be noticed that as
restricted by the Heisenberg uncertainty principle, S
transform results in spectrum diffusion and energy leakage,
which makes the energy distribution with frequency wider
and just a qualitative representation. Hilbert energy spec-
trum can clearly show the specific distribution of energy at
any time and frequency, and most of the energy is con-
centrated on the limited energy spectrum lines.

S transform and Hilbert transform have the character-
istics of adaptive multiresolution. The time resolution of the
HHT method is invariable and its accuracy is very high.
Meanwhile, its frequency resolution can be adaptively ad-
justed with the inherent characteristics of the signal.
However, the time and frequency resolution of the S
transform are limited by the uncertainty principle, and the
resolution improvement is at the cost of reducing the res-
olution of another.
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FIGURE 8: Waveform of filtered self-similar noise components after HHT denoising.

Both the S transform and Hilbert transform have a good
effect in nonstationary signal denoising and filtering. Ob-
viously, compared with the S transform, the EMD-based
denoising and filtering method is much more flexible and
adaptable.

Blasting vibration signal analysis is one of the main
techniques to study the blasting vibration effect. Due to the
interference of signal detection background and the influ-
ence of signal form and processing method, noise exists
widely in the signal. Therefore, signal filtering and denoising
are an important part of the signal process and detection. It
is required that the analyzed signal should be linear, peri-
odic, or stationary when using Fourier transform. Because
the time-frequency characteristics of the signal cannot be
extracted at the same time, the denoising effect of the
nonstationary signal, which may contain many peaks or
sudden changes, is not good. In contrast, wavelet analysis
can be used for time-frequency analysis at the same time.
Moreover, it has the characteristics of time-frequency lo-
calization and flexible selection of filter basis. It can effec-
tively distinguish abrupt parts and noises in nonstationary
signals. The signal-to-noise ratio could be improved while
maintaining a good resolution of abrupt information, but it
has not yet gotten rid of the defects based on the Fourier
transform.

Furthermore, the EMD method can decompose a time
series signal into a set of intrinsic mode functions with
different scales, which has the characteristics of multi-
resolution and self-adaptation. The main purpose of the
EMD method is to get IMF. Moreover, the filter and denoise
could also be applied. That is, starting from the scale
characteristics of the signal itself, the decomposed IMFs are
combined to form high-pass, low-pass, and band-pass filters
to eliminate noise or carry out the specific analysis. It is
better than the wavelet method for filtering and denoising.

6. Conclusions

Through the above analysis and comparison, the following
are indicated:

(1) Itis not scientific to use different segment detonators
for the same circle of the auxiliary hole. Under the
premise of the same charge quantity, the vibration
energy peak value produced by the same segment

detonator is less than that of several segments of
detonators.

(2) Both the S transform and HHT method have the
characteristics of adaptive multiresolution. EMD
method has the characteristics of self-adaptation and
high efficiency; its frequency resolution can be
adaptively adjusted with the inherent characteristics
of the signal. In contrast, S transform is decomposed
by the basic function. Furthermore, the time and
frequency resolution of the S transform are limited
by the uncertainty principle, and the resolution
improvement is at the cost of reducing the resolution
of another.

It is believed that the HHT method and S transform have
broad application prospects in the study of wave propaga-
tion, attenuation law, structural dynamic response charac-
teristics, and blasting vibration damage in rocks.
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