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The traditional empirical mode decomposition method cannot accurately extract the time-frequency characteristic parameters
contained in the noisy seismic monitoring signals. In this paper, the time-frequency analysis model of CEEMD-MPE-HT is
established by introducing the multiscale permutation entropy (MPE), combining with the optimized empirical mode de-
composition (CEEMD) and Hilbert transform (HT). The accuracy of the model is verified by the simulation signal mixed with
noise. Based on the project of Loushan two-to-four in situ expansion tunnel, a CEEMD-MPE-HT model is used to extract and
analyze the time-frequency characteristic parameters of blasting seismic signals. The results show that the energy of the seismic
wave signal is mainly concentrated in the frequency band above 100 Hz, while the natural vibration frequency of the adjacent
existing tunnel is far less than this frequency band, and the excavation blasting of the tunnel will not cause the resonance of the

adjacent existing tunnel.

1. Introduction

As is known to all, the physical quantities such as peak
velocity of particle vibration (PPV), acceleration (a), and
displacement (s) are usually used to measure and determine
the degree of influence of structures under blasting vibration
[1]. However, the safety standard of blasting vibration of
existing regulations is relatively broad and empirical.
Therefore, many scholars have proposed and improved
safety control criteria for blasting engineering from the
perspectives of numerical calculation [2], stress wave
propagation theory [3], and maximum instantaneous input
energy angle of structure [4]. In engineering practices, in
addition to the blasting peak vibration velocity as the basis
for controlling blasting hazards, the influencing factors of
the vibration degradation of the protected construction
(building) on the duration of blasting vibration, frequency of
blasting vibration, the energy released by blasting vibration,
and type of adjacent structures cannot be ignored [5].

However, blasting seismic waves is a typical nonsta-
tionary and nonlinear signal, and only with the help of the
time-frequency analysis method can the monitored time-
domain signals be transformed into frequency-domain
signals. Further interpretation of signal frequency-domain
information and energy distribution characteristics is of
great significance for blasting seismic wave hazard control.
Common time-frequency analysis methods include the
short-time Fourier transformation, Wigner—Ville distribu-
tion, continuous wavelet transform, etc. [6, 7]. The theo-
retical basis of the abovementioned methods is Fourier
transform, which inevitably leads to false frequencies and
redundant signal components [8, 9]. In view of this problem,
Huang et al. [10] proposed empirical mode decomposition
(EMD) in 1998, which fundamentally broke through the
limitation of Fourier transform theory and established a
signal analysis method based on instantaneous frequency for
the first time [11, 12]. The process of decomposition retained
the characteristics of the data itself.
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But, there are some problems with EMD. Considering
that the monitoring signals of blasting seismic waves are
mostly noisy signals, the mixing of noise makes the EMD
results produce modal confusion [13], which makes it dif-
ficult to identify the time-frequency characteristics of
measured blasting seismic wave signals. To solve the
abovementioned problems, the efficient random signal de-
tection method of multiscale permutation entropy (MPE) is
introduced in this paper. Combined with the optimized
EMD, complementary ensemble empirical mode decom-
position (CEEMD), the joint algorithm of CEEMD-MPE is
obtained. The time-frequency analysis model of CEEMD-
MPE-HT can be established by applying the Hilbert trans-
form (HT) to IMF obtained by the CEEMD-MPE joint
algorithm. This model can realize the time-frequency
analysis of the noise signal and extract the real energy and
frequency information of the signal.

This paper discusses the application of the CEEMD-
MPE-HT time-frequency analysis model in the blasting
project of the Loushan tunnel, which is a separated tunnel
with a large span and small clear distance. Compared with
other time-frequency analysis methods, the proposed time-
frequency algorithm not only preserves the real information
of the signal but also has the advantage of effectively sup-
pressing the mode confusion. The advantages of this time-
frequency analysis model are compared and verified in the
mixed simulation signals and successfully applied in prac-
tical engineering. According to the time-frequency char-
acteristic parameters obtained by the proposed model
algorithm, the influence of expanding blasting on one side of
a super-large and small clear distance separated tunnel on
the other side is discussed. The time-frequency algorithm
provides a useful idea for solving the identification of
blasting seismic wave signals, the analysis of time-frequency
characteristic parameter law, and the control of blasting
vibration hazards in engineering practices.

2. CEEMD-MPE-HT Time-Frequency
Analysis Model

2.1. The Principle of CEEMD. CEEMD [14] is the method of
adding two white noise signals n(t) in opposite directions to
the original monitoring signal S(f). Generally, 0.2 times of
the standard deviation of S(¢) is taken as the white noise
signals, and empirical mode decomposition (EMD) [10] is
performed, respectively.

The specific implementation steps of CEEMD are as
follows:

Step 1: white noises are added in opposite directions to
S(t) in pairs to get two new signal sources, S(t) + n(t)
and S(f) — n(t), respectively

Step 2: EMD decomposition of S(f) + n(t) and S(t) -
n(t)

Step 3: step 1 and step 2 are repeated until the set
number of adding white noise is reached
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Step 4: the overall average of all the results obtained in
Step 2 is carried out, and the obtained result is the
CEEMD result

Since white noise in opposite directions is added in pairs
and the IMF is averaged many times, it can be considered
that the artificially introduced white noise has been elimi-
nated. This method is an improvement of ensemble em-
pirical mode decomposition (EEMD), which not only
ensures that the decomposition effect is equivalent to EEMD
[15] but also reduces the reconstruction error caused by
white noise at the same time.

2.2. The Principle of MPE. Permutation entropy (PE) [16] is a
method to detect randomness and dynamic mutation in time
series. It has the advantages of a simple concept, fast cal-
culation speed, and strong anti-interference ability, espe-
cially suitable for the analysis of nonlinear data.

MPE [17] is an optimization method of combining
multiple scales with PE. It can analyze the time series more
efficiently.

Suppose the length of the any one-dimensional time
series x(i) is L. X(i) can be expressed as x;(i)={x;, x,
x3---xr}. Equation (1) is obtained by coarsening x; (i) with a
multiscale:

1 & L
N .
V== E x;, 1<j<— (1)
s ... s
i=(j—1)-s+1

In equation (1), s is the scale factor and y;is the multiscale
time series. When s=1, x(i) does not change. The core of
multiscale coarse granulation is to segment the time series
and take the average value of each segment to improve the
operation accuracy. So, the value of s is critical. When s is too
large, it cannot reflect the complexity of the time series.
When s is too small, it is difficult to extract fragments and the
analysis effect is poor. According to [18], this paper takes
s=10. The MPE value [19, 20] of x(i) can be obtained by
calculating the PE value of y; in equation (1).

According to the definition of MPE and [21, 22], when
the MPE of x(i) is greater than 0.6, it can be considered as an
abnormal component with great randomness and needs to
be eliminated.

2.3. The Principle of HT. The detailed process of HT is in-
troduced in [10]. The Hilbert marginal spectrum is mainly
discussed in this paper, which is obtained by integrating the
Hilbert time spectrum with respect to time, as shown in
equation (2). The marginal spectrum is the global amplitude
of each frequency, which represents the total cumulative
amplitude in the statistical sense. H(w, t) is the spectrum of
Hilbert time [23], where w denotes frequency.

h(w) = JZH(w, t)dt. (2)
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F1GURE 1: Flow chart of the CEEMD-MPE-HT time-frequency analysis model.

Therefore, the flow chart of the CEEMD-MPE-HT time-
frequency analysis model of seismic wave vibration signal
can be established (Figure 1). For the termination conditions
of EMD, refer [10].

3. Time Frequency Analysis of a Simulation
Signal with Noise

3.1. The Establishment of a Simulation Signal with Noise.
The noise simulation signal is composed of Gaussian white
noise with a power of 0.2 and sinusoidal steady-state signal
with a frequency of 120. The number of samples N=1028,
and t is a time series with a total length of 1 s and a unit time
interval of 1/N. Figure 2 shows the waveform of the sim-
ulation signal.

3.2. Comparison of the Time-Frequency Analysis Results of the
Simulation Signal with Noise. Three time-frequency analysis
methods were used to analyze the simulation signal shown in
Figure 2. The results can be seen in Figures 3-5, among
which Figures 3(b), 4(b), and 5(b) are the results of the

modal decomposition of the IMF marginal spectrum. The Y-
axis coordinate is ESD represents the energy spectral density.

By observing Figures 3-5, the following conclusions can
be drawn:

(1) There is an obviously one-to-one correspondence
between the results of modal decomposition and the
IMF marginal spectrum.

(2) The IMF high-frequency modes obtained by EMD
are seriously confused. The addition of white noise
results in the appearance of false IMF components in
the decomposition, such as the IMF1 and IMF2
components with frequencies greater than 120 Hz.
The low-frequency decomposition is relatively stable.

(3) The high-frequency modal confusion of IMF ob-
tained by CEEMD is somewhat reduced, but there is
a slight modal split at low frequencies [24], such as
IMF6 and IMF?7.

(4) The phenomenon of IMF modal confusions obtained
by CEEMD-MPE was inhibited. The components are
arranged from high frequency to low frequency, and
the decomposition results are good. From the



4 Shock and Vibration

oo | NN

FIGURE 2: Waveform of the simulation signal. (a) Gaussian white noise with power of 0.2. (b) Sinusoidal steady-state signal with frequency
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FIGURE 3: Results of EMD-HT time-frequency analysis. (a) Decomposition results of EMD. (b) IMF marginal spectrum.
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FIGURE 4: Results of CEEMD-HT time-frequency analysis. (a) Decomposition results of EMD. (b) IMF marginal spectrum.

marginal spectrum, it can be clearly concluded that
the 120 Hz sinusoidal steady-state signal energy of
the original signal is mainly contained in
IMF1~IMF4.

The processed results of the simulation signal with noise
obtained by the abovementioned time-frequency analysis
models are compared. It can be found that the IMF mode
confusion obtained by EMD is serious; compared with
EMD, the mode confusion of CEEMD in high frequency has
been greatly improved, but there is still a mode splitting
phenomenon in low frequency; the IMF obtained by
CEEMD-MPE has good stability in both high frequency and
low frequency. At the same time, it can be found that the
CEEMD-MPE-HT model can reflect the real energy and

frequency information of the signal and is more suitable for
time-frequency analysis of noisy signals.

4. Engineering Application

4.1. Engineering Application. The Loushan tunnel is part of
the first construction section of the highway project from
Jiaojiang to the east of Wenling City. It is a separate tunnel.
In order to meet the traffic demand, the original two-way
four-lane tunnel was expanded into a two-way eight-lane
tunnel in situ. During the closed construction of the right
tunnel, the left tunnel shall remain open to traffic normally.
Relevant design parameters are shown in Table 1. Therefore,
dynamic monitoring must be carried out for the existing left



6 Shock and Vibration
x10~
1 1.0
i a
55}
= 0 R 05
-1 0.0
1 %1073
[\l
n>S
55}
2 ol 2
-1 0
%1072
0.5
“ 1.0
a
5 00 2 05
-0.5 0.0
02 , X107
<+
= 21
= " /\/\/\/\/ 2
-0.2 0
x10~
0.05 4
R 0.00 /_\/ z2
-0.05 0
0 0.2 0.4 0.6 0.8 1 0 100 200 300 400 500
Time (s) Frequency (Hz)
(a) (b)
FIGURE 5: Results of CEEMD-MPE-HT time-frequency analysis. (a) Decomposition results of EMD. (b) IMF marginal spectrum.
TaBLE 1: Basic design parameters of expanded excavation of the Loushan tunnel (unit: m).
Project Loushan tunnel after expansion Loushan tunnel before expansion

Section form

Width of carriageway (m)

Lateral dimension (m)

Width of maintaining roadway (m)
Total width (m)

Tunnel clearance (m)

Two-way eight-lane
2x3.50+2x%x3.75
0.50
0.75
17.25
5.00

Two-way four-lane
2x3.75
0.50
0.75
10.25
5.00

tunnels to ensure normal traffic during the right tunnel
expansion blasting construction. Besides, the influence of
the right tunnel expansion blasting on the left tunnel must be
strictly controlled.

4.2. Blasting Monitoring Program. The purpose of blasting
vibration monitoring is to ascertain the impact of blasting
vibration on surrounding structures, timely feedback of the
dynamic monitoring information, and to provide a reliable
basis for improving the blasting design, controlling the
blasting scale, and guiding the blasting construction. The
Ubox-5016 intelligent blasting vibration monitor is adopted
for blasting vibration monitoring, and the layout of mea-
suring points is shown in Figure 6.

4.3. Analysis of the Measured Blasting Vibration Signal Based
on CEEMD-MPE-HT. In order to analyze the time-fre-
quency characteristics and energy characteristics of blasting
seismic wave signals in tunnel expansion and excavation, a
typical blasting vibration signal is selected as the analysis
object in combination with the on-site blasting vibration
monitoring scheme, as shown in Figure 7.
Time-frequency analysis based on CEEMD-MPE-HT
was performed for radial seismic wave signals in Figure 7(a),
and the result is shown in Figure 8. From Figure 8(a), it can
be seen that the IMFs decomposed by radial seismic wave
signal CEEMD-MPE rank from high to low frequencies.
Each IMF component is relatively stable, and the result is
consistent with the simulation signal CEEMD-MPE de-
composition result. Combined with the IMF marginal
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FIGURE 7: Measured typical seismic wave signal map. (a) Radial seismic wave signals. (b) Longitudinal seismic wave signals. (c) Verticle

seismic wave signals.

spectrum of the radial seismic wave signal in Figure 8(b), it
can be seen that the IMF1 and IMF2 are high-frequency
components distributed in the frequency range above
100 Hz and carry the main energy of the radial seismic wave
signal. IMF3 ~ IMF5 are middle- and low-frequency com-
ponents, and the energy contained in them is relatively small
compared with IMF1 and IMF2. R is both the residual term
and the trend term. In Hilbert transformation, the residual
component is generally not considered.

According to the marginal spectrum of each IMF of
Figure 8(b) and the marginal spectrum of radial seismic
wave signals in Figure 9, the energy distribution of each
frequency band can be obtained. For the convenience of
analyzing the energy carried by each frequency band, the
whole frequency domain is divided into four frequency
bands of 500-800Hz, 300-500Hz, 100-300Hz, and
0-100 Hz. After squaring the H(w, ) in equation (2) and
then integrating the frequency, the Hilbert instantaneous
energy can be obtained:

IE () = sz H? (w0, t)dw. (3)

@y

According to equation (3), the instantaneous energy
proportion of each frequency band of the radial seismic wave
signal can be calculated. Similarly, the instantaneous energy
proportion of each frequency band of the longitudinal and
vertical seismic wave signals in Figure 7 can also be obtained
by the same method, and the calculation results are shown in
Table 2.

It can be seen from Table 2 that the signal energy of the
seismic wave of tunnel expansion blasting is mainly con-
centrated in the frequency band above 100 Hz. The fre-
quency band of 500-800 Hz occupies the largest proportion
of energy, accounting for 51.560% of the total energy. The
energy of 100-300 Hz frequency band accounts for 31.016%
of the total energy. The energy proportion of 0-100 Hz is
very small, only accounting for 2.850% of the total energy,
which is consistent with the research results in [25].
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TaBLE 2: Energy values of typical seismic wave signals in each frequency band.
The frequency distribution 0-100Hz 100-300 Hz 300-500 Hz 500-800 Hz
Radial seismic wave signal 1.686 x107° 1.764x107° 0.887x107° 2.847x107°
Size of the energy (m?/s*) Longitudinal seismic wave signal 1.334x10°° 1.421x107° 0.654x107° 2.365x107°
Vertical seismic wave signal 1.027 x10°° 1.243x107° 0.542x107° 2.149x107
Summary of the energy of each frequency band 4.047 x107° 4.428x107° 2.083x107° 7.361 x107°
Energy ratio of each frequency band to the total energy 2.850% 31.016% 14.590% 51.560%
According to [26], the natural frequency of the highway ~ Data Availability

tunnel is about 50 Hz. Therefore, it can be preliminarily
judged that the seismic wave signal generated by the ex-
pansion blasting of the tunnel on the right side of Loushan
will not cause resonance of the existing tunnel on the left
side, and the normal operation of the existing tunnel on the
left side can be ensured during the blasting construction of
the right-side tunnel.

5. Conclusions

In tunnel blasting engineering, the hazard effect of blasting
vibration can be evaluated by analyzing the time-frequency
characteristic parameters contained in seismic wave mon-
itoring signals. To extract the time-frequency information
and energy characteristic distribution law contained in
blasting signals more truly, the CEEMD-MPE-HT time-
frequency analysis model is proposed. Conclusions can be
drawn as follows:

(1) CEEMD-MPE algorithm combines the self-adapt-
ability of CEEMD and the ability of MPE to detect
the randomness of time series, so that the decom-
position results not only retain the original signal
characteristic parameters but also suppress the
modal confusion phenomenon.

(2) Based on the time-frequency analysis model of the
CEEMD-MPE-HT blasting seismic wave signal, the
corresponding relationship between frequency and
energy contained in the blasting seismic wave signal
can be clearly displayed, which is helpful for the
identification =~ of  blasting  vibration  signal
characteristics.

(3) In the tunnel expansion blasting seismic wave signal,
the radial signal has the highest energy, followed by
the vertical signal and the longitudinal signal having
the lowest energy.

(4) The energy of seismic wave of tunnel expansion
blasting is relatively dispersed with frequency dis-
tribution, mainly concentrated in a frequency band
above 100 Hz, which is much higher than the natural
vibration frequency of the adjacent existing tunnel.
The energy proportion of 0-100 Hz is very small,
only accounting for 2.850% of the total energy. The
excavation blasting of the tunnel will not cause the
resonance of the adjacent existing tunnel.

All data included in this study are available upon request by
contacting the corresponding author.
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