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Abstract: In order to study the impact of the blasting vibration of subway tunnels on adjacent
buildings, taking the tunnel mining method construction of the section between Zhifang Street
Station and Metro Town Station of Wuhan Metro Line 27 as the engineering background, the blasting
scheme is optimized by reducing the maximum single section charge, multi-section and densifying
the surrounding holes. The HHT method and wavelet analysis are used to evaluate the advantages
and disadvantages of the optimization scheme from the perspective of energy. The results show that
the peak velocity of the blasting vibration is significantly reduced and the frequency is significantly
increased after the blasting scheme is optimized. After the blasting scheme is optimized, when the
working face is directly below the external wall of the building, the peak vibration velocity is the
largest; from the back of the working face to the front of the working face, the peak velocity of the
surface particle vibration first increases and then decreases. The frequency band of the optimized
blasting vibration signal energy distribution is wider and the energy is more dispersed. This study
can provide some practical experience for the design and construction of similar projects.

Keywords: subway tunnel; blasting vibration; energy distribution; Hilbert-Huang Transform model;
wavelet transform

1. Introduction

With the continuous advancement of China’s urbanization level, the urban population
is growing rapidly, and the city size is also growing. The limited space on the ground
is difficult to meet people’s living needs. In order to expand people’s living space, it is
necessary to develop urban underground space, so as to transform urban construction from
original planarization to three-dimensional [1-3]. The three-dimensional development
of urban space plays a very important role in mitigating the development of cities with
limited resources [4]. Development and effective use of underground space enables the city
to achieve sustainable development [5,6].

At present, urban rail transit has ushered in a period of great development in China.
Due to the unreasonable urban planning in China in the early stage, the subway lines are
subject to many restrictions. Many subway lines have to pass through many buildings
when passing through prosperous sections, and the impact on them needs to be strictly
controlled when building the subway. The impact of flood and waterlogging shall be
considered in design and construction [7,8]. At this stage, shield tunneling has become the
mainstream method for subway construction due to its high degree of automation and fast
tunnel construction speed [9-11]. However, in many cases, such as hard rock strata, there
is still a place for mining law. When the subway tunnel blasting construction is carried out
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in an area with many buildings, the damage of the vibration generated by blasting to the
buildings needs to be paid enough attention [12-14].

The research on building vibration in tunnel blasting mainly focuses on the research
on peak velocity, main vibration frequency, and energy distribution of blasting vibration
signals. In terms of research on vibration peak velocity, Liu et al. [15], Xia et al. [16], and
Abedi et al. [17], respectively, studied the impact of blasting vibration on the vibration
peak velocity of existing pipelines, concrete pipelines, and water supply pipelines; Qin
et al. [18], Qian et al. [19], Zhong et al. [20], and Liu et al. [21], respectively, studied the
impact of blasting vibration on the peak velocity of existing tunnel vibration based on
field measurement and numerical simulation; Wang et al. [22] and Wang et al. [23] studied
the impact of blasting vibration on the peak vibration velocity of 28 story frame shear
wall structure and masonry structure respectively; Bayndr et al. [24] studied the influence
of groundwater depth and ground tilt angle on ground vibration based on the random
vibration model; Ouakka et al. [25] systematically studied the applicability and effectiveness
of various measures to reduce ground vibration; Hunt et al. [26] proposed a method to
calculate the vibration transmitted from railway to buildings in a two-dimensional model
based on the random process theory. In terms of research on the main frequency, Meng
and Guo [27] studied the characteristics of the main frequency of blasting vibration and
its influencing factors by using field test methods, and obtained the prediction formula
of the main frequency under specific blasting conditions; Zhou et al. [28] analyzed the
attenuation mechanism and law of main frequency and average frequency of spherical
charge blasting vibration through numerical simulation, and Liu et al. [29] deduced the
attenuation formula of main frequency of tunnel drilling and blasting excavation blasting
vibration based on dimensional analysis. In the research on the energy distribution of
blasting vibration signals, mainly including the HHT method and wavelet analysis method,
they are mostly used in the mining field, and the research on the impact of subway tunnel
blasting vibration on surface buildings is still less. Zong et al. [30] and Qiu et al. [31] used
the HHT method to study the frequency spectrum characteristics and energy distribution
of blasting seismic wave signal during coal mine roadway excavation and copper mining
respectively; Forrest et al. [32,33] studied the vibration response of tunnel and soil caused
by vehicle load based on the Fourier-transform method, and evaluated the effectiveness
of different track configurations; He et al. [34] and Zhong et al. [35] used wavelet packet
energy spectrum to evaluate the impact of blasting seismic wave on building safety. At
present, there are few studies on the impact of the blasting vibration of subway tunnels on
surface buildings from the perspective of energy distribution.

Based on the field-measured vibration signals, this paper studies the propagation law
of blasting vibration in surface buildings before and after optimization, and expands the
blasting vibration signals in a time domain and frequency domain simultaneously based
on the HHT method and wavelet transform, so as to evaluate the damage of subway tunnel
blasting vibration to surface buildings, and avoid using the single evaluation standard of
vibration peak velocity.

2. Blasting Scheme and Parameters
2.1. Project Overview

For the section from Zhifang Street Station to Metro Town Station of Wuhan Rail
Transit Line 27, the subway tunnel is constructed by mining method, and the starting
mileage of the section is DK44+155.54. The tunnel goes through a three-story kindergarten,
which is a brick concrete structure building. The satellite map around the kindergarten
is shown in Figure 1. The tunnel is designed to be 7.962 m high and 7.074 m wide. The
surface environment is complex. The tunnel passes through a three-story brick concrete
building. The plan is shown in Figure 2. The height from the building structure floor to the
tunnel roof is 25 m.
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Figure 1. Satellite map around kindergarten.
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Figure 2. Plan sketch.

2.2. Blasting Scheme and Parameters
2.2.1. Blasting Scheme and Parameters before Optimization

YT-28 air-leg rock drill is used as the drilling tool. The length of the drill rod is 2.0 m
and the diameter of the drill bit is 42 mm. No. 2 rock emulsion explosive is used to blast
the rock in the tunnel. The diameter of the explosive roll is 32 mm, and the weight of a
single explosive roll is 200 g. The millisecond delay detonators of ms 2, ms 5, ms 7, ms 9,
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ms 11, and other segments are used for blasting construction. The subway tunnel is full
section rock, and the excavation is divided into two steps, the upper and lower steps are
connected for one blasting. The upper bench shall be excavated 3-5 m in advance, and the
maximum single section charge shall be 7-10 kg.

2.2.2. Blasting Scheme and Parameters after Optimization

The blasting scheme is optimized mainly through the following aspects: reducing
the maximum single section charge to 3.2 kg, during millisecond blasting, increasing the
segment of millisecond delay detonator, using the ms 13 segment detonator, and increasing
the distance between the upper step and the lower step to reach 6-10 m.

The tunnel blasting construction adopts straight hole cutting, and the cutting hole
is arranged at the lower center of the upper step, which is composed of two rounds of
charging holes and empty holes in the inner ring and outer ring. The five empty holes
are arranged in the center of the cutting area to increase the free surface. The depth of the
cutting hole is 1.5 m, the center spacing of the empty hole is 400 mm, and the row spacing
is 200 mm. The spacing of the inner ring cutting holes is 200 mm, and the spacing of the
outer ring cutting holes is 400 mm. The specific cut-hole layout, detonator delay time, and
network are shown in Figure 3.
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Figure 3. Manhole blasting hole layout.

Shallow hole loose blasting is adopted. The depth of the peripheral holes used as
shock absorption holes is 1.6 m, and the depth of other holes is 1.2 m. The spacing between
caving holes is 600 mm, the row spacing is 600 mm, and the single hole charge is 0.4 kg.
The holes around the upper bench shall be detonated at last. Dense blastholes shall be
arranged around the upper bench and middle bench as shock absorption holes. The
distance between blastholes shall be 100mm, and the charge per hole shall be 0.1 kg. The
distance between holes around the lower step is 500 mm, and the single-hole charge is
0.4 kg. The dense shock absorption holes around the upper step and middle step shall
be charged in separate holes. Detonation shall be carried out in a row-by-row sequence.
Each row shall be detonated with detonators of the same section. After 4-6 blasting holes
in the surrounding holes and the same row of caving holes are connected in parallel, two
detonators shall be used to detonate, so as to control the maximum detonating charge
of a single section and ensure that the blasting vibration speed is within the specified
range. The tunnel shall be blasted from top to bottom, with the row spacing of each row
of blastholes being 600 mm. See Table 1 for specific blasting parameters and Figure 4 for
blasthole layout.
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Table 1. Blasting parameter.

Charge Quantit Charge
Blasthole Number of Blasthole ge y & Detonator
Steps Blasthole Name Spacing (mm) Blasthole Depth (m) Bla(s)f-%:)llgel?kg) tha(;lty Segmentation
Slotting holes 200, 400 12 15 0.8 3.2 5,7,9
Upper 1st circle of caving holes 600 6 1.2 04 24 2,9
& 2nd circle of caving holes 600 11 12 0.4 24 2,11
P Top holes 100 80 1.6 0.1 2.0 2,15
Bottom holes 600 11 1.2 04 24 2,13
Peripheral holes 100 36 1.6 0.1 0.8 57,911
Middle 1st row of caving holes 600 11 1.2 0.4 2.4 2,5
ste 2nd row of caving holes 600 11 1.2 0.4 2.4 2,7
p 3d row of caving holes 600 11 1.2 0.4 2.4 2,9
4th row of caving holes 600 11 1.2 0.4 24 2,11
5th row of caving holes 600 9 1.2 0.4 2.4 2,5
Lower 6th row of caving holes 600 9 1.2 0.4 2.4 2,7
ste 7th row of caving holes 600 7 1.2 0.4 2.4 2,9
p 8th row of caving holes 600 3 1.2 0.4 1.2 2,11
Lower peripheral holes 300, 500 25 1.2 0.4 2.4 5,7,9,13
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Figure 4. Blasthole layout.

2.3. Blasting Vibration Monitoring Scheme

Four NUBOX-6016 monitors are used to monitor the blasting vibration. The subway
tunnel goes through a three-story kindergarten, which is a brick concrete structure build-
ing. The monitoring instruments are arranged along the footage direction to monitor the
propagation law of blasting seismic wave in brick concrete structure buildings. The first of
the four instruments is arranged right above the working face, the second measuring point
is arranged 5 m ahead of the working face, the third measuring point is arranged 10 m
ahead of the working face, and the fourth measuring point is arranged 15 m ahead of the
working face. The vibration speed and frequency of the tunnel that is going through below
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are monitored, and the distance between the tunnel top and the ground surface is about
25 m. Figure 5 shows the layout of measuring points, and the layout of on-site measuring
points is shown in Figure 6.

45.92

1234
vV REEEA

%mi} |y

K Measuring point

Figure 5. Survey points layout.

Figure 6. Layout of outdoor survey points.

3. Analysis of Blasting Vibration Monitoring Results
3.1. Monitoring Results

At present, blasting vibration is commonly used to use peak vibration velocity to
assess structural safety [36], to carry out blasting vibration monitoring in the subway
tunnel mileage section DK44+192.54~DK44+224.04, and to optimize the blasting scheme
for DK44+214.044 in the subway tunnel mileage section. The monitored vibration velocity
and frequency results are shown in Table 2. Groups 1 to 7 are the monitored data before
the optimization of the blasting scheme, and groups 8 to 13 are the monitored data after
the optimization of the blasting scheme. The typical vibration velocity time history before
and after the optimization is shown in Figure 7. It can be seen from Figure 7 that the peak
speed of radial vibration after scheme optimization does not decrease significantly, the
peak velocity of tangential vibration decreases obviously, and the peak velocity of vertical
vibration decreases significantly.



Appl. Sci. 2022, 12, 10960 7 of 19
Table 2. The results of blasting vibration monitoring.
Ord Vibration Peak Velocity (cm—s™1) Vibration Frequency (Hz) Mileage of Charge
rder 3 2
Scheme Number Measuring Measuring Measuring Measuring Measuring Measuring Measuring Measuring \lr:Vork(mg Qltim)lty
Point 1 Point 2 Point 3 Point 4 Point 1 Point 2 Point 3 Point 4 ace (m) 8
1 1.697 4.264 1.904 0.95 1.53 1.53 1.53 1.53 DK44+192.54 9
2 1431 2512 1.417 0.806 1.53 1.53 1.53 1.53 DK44+195.04 7
3 2.532 3.228 3.21 0.764 3.66 1.53 1.53 1.83 DK44+197.04 8
Before op- 4 2.255 4.302 1.997 1.81 1.53 1.53 1.53 1.53 DK44+199.04 10
timization 5 3.203 4.603 1.106 0.921 2.44 2.75 3.66 3.66 DK44+205.04 10
6 3.842 3.852 1.408 1.115 2.14 2.14 1.53 1.53 DK44+206.54 10
7 1.861 2.251 1.532 1.043 3.36 3.36 3.36 3.36 DK44+208.54 10
8 1.096 1.567 1.347 0.873 1.83 2.14 2.14 6.1 DK44+214.04 32
9 1.109 1.27 1.093 0.856 1.53 3.36 1.53 1.53 DK44+215.54 32
After opti- 10 1.183 1.244 1.303 0.885 244 3.97 3.66 244 DK44+217.04 32
mization 11 1.277 1.835 1.533 0.926 1.83 1.83 1.83 1.83 DK44+219.04 3.2
12 0.607 1.398 0.818 0.636 2.14 2.14 4.27 2.14 DK44+222.04 32
13 0.994 0.969 0.78 0.693 6.1 6.41 6.41 6.41 DK44+224.04 32
10 T T - ..
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Figure 7. The typical blasting vibration time-distance graph before and after optimization.

3.2. Propagation Law of Blasting Vibration

According to the stipulations in the blasting safety regulations GB6722-2014 [37], due
to the low vibration frequency of brick concrete structure buildings, the allowable safe vibra-
tion velocity is 1.5-2.0 cm/s. Before the optimization of the blasting scheme, the measured
peak vibration velocity is in the range of 0.764-4.603 cm/s. After the blasting scheme is opti-
mized, the measured vibration peak velocity is within the range of 0.607-1.835 cm/s, which
is less than 2.0 cm/s. The vibration peak velocity after the blasting scheme is optimized
meets the safety requirements specified in the blasting safety regulations.

According to Table 2, the relationship between the vibration peak speed and the
position of the working face is drawn, as shown in Figure 8.

In the forward direction of the subway tunnel work, the peak vibration velocity before
the optimization of the blasting scheme is significantly greater than the peak vibration
velocity after the optimization of the blasting scheme, which shows that the effect of the
optimization of the blasting scheme is very significant.

After the optimization of the blasting scheme, the peak vibration speed is relatively
high when the working face mileage is DK44+219.04. This is the exterior wall of the
brick concrete structure kindergarten. When the working face mileage is greater than
DK44+219.04, it enters the kindergarten. When the working face mileage is less than
DK44+219.04, it enters the road surface. When blasting seismic wave propagates in rock
and soil, the denser the rock and soil, the higher the wave velocity, the looser the rock
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and soil, the lower the wave velocity [38]. During the blasting operation in the subway
tunnel, the blasting seismic wave propagates from the blasting source to the buildings
on the ground. Because the materials at the foundation are relatively dense, the wave
velocity of the blasting seismic wave propagating to the buildings through the foundation
will be higher, and the blasting vibration effect caused by it will be greater. When the
working face mileage is DK44+219.04, the foundation is below, and the bearing wall is
above the foundation. The density of materials is very good, which is far greater than the
density on both sides of the wall. When the blasting seismic wave propagates upward from
the blasting source, because the density of the working face mileage at DK44+219.04 is
greater than that on both sides, according to the theory mentioned above, the wave speed
transmitted here during blasting is greater than that on both sides, and the vibration speed
of the ground surface is also greater than that on both sides.

Sr Before Optimization After Optimization
°
° o B Measuring point 1

Sk ® Measuring point 2
‘é’ . A Measuring point 3
S v Measuring point 4
> a |
"5 3L
o
S o =
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c : v u ¢]
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|
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Figure 8. The situation of the blasting vibration velocity changing with working face location.

According to the data in Table 2, the relationship between the vibration peak speed
and the location of the measuring point is drawn, as shown in Figure 9. Digital Group1-13
in the figure represents 13 field tests.

According to Figure 9, for the monitored measuring points, the peak vibration velocity
increases first and then decreases from near to far from the working face, and the peak
vibration velocity of the surface particle is the largest at 5 m in front of the working face.

The reasons for this conclusion can be explained by the following two points. First is
the void effect. The peak velocity of surface particle vibration increases from the surface
particle above the working face to 5 m in front of the working face because the working face
is free and part of the energy will be lost to the air during blasting. The decrease in the peak
velocity of vibration when passing 5 m in front of the working face is due to the growth
of the propagation path and the attenuation of the energy. Yu et al. [39] and Shi et al. [40]
studied the blasting vibration cavity effect using the method based on experiment and
numerical simulation and obtained so that the vibration velocity amplification coefficient
first increased and then decreased with the increase of the horizontal distance from the
blasting source. The second is the diffraction of stress waves [41]. The reflection and
superposition of the stress wave between the surface and the upper surface of the channel
is obvious, which makes the attenuation of the peak velocity of the surface particle vibration
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slow. The peak vibration velocity at the second measuring point reached the maximum,
and the particle vibration velocity on the ground in front of the working face showed a
trend of first increasing and then decreasing.

50

. —=—Group 1
—e— Group 2
—4&— Group 3

»
5
T

“w 40
% —v— Group 4
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Measuring point

Figure 9. The situation of the blasting vibration velocity changes with measuring point location.

3.3. Distribution Law of Blasting Vibration Frequency

According to the data in Table 2, the law of blasting vibration frequency changing
with the position of the working face is drawn, as shown in Figure 10.

r Before optimization After optimization
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Figure 10. The situation of the frequency changing with working face location.
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Before the optimization of the blasting scheme, during the blasting construction, the
working face mileage is located at DK44+192.54.200-DK44+214.04, and the maximum
single section charge is 7-10 kg. During the blasting construction, 7 sets of data were
monitored, 28 blasting vibration signals were measured, and the blasting vibration fre-
quency measured at the measuring point was within the range of 1.53-3.66 Hz. After the
optimization of the blasting scheme, during the blasting construction, the working face
mileage is located at DK44+214.04-DK44+224.04, and the maximum single section charge
is 2.4-3.2 kg. During the blasting construction, six times of monitoring were conducted and
six groups of measured data were obtained, with a total of 24 blasting vibration signals. The
measuring points were arranged in the brick concrete structure building, and the measured
blasting vibration frequency was 1.53—-6.41 Hz, mainly concentrated in 1.53-5.00 Hz. By
comparing the monitored blasting vibration frequencies before and after the optimization
of the blasting scheme in Table 2 and the distribution of blasting vibration before and
after the optimization of the blasting scheme in Figure 8, the optimization of the blasting
scheme can be obtained, which significantly increases the blasting vibration frequency. The
reference [37] stipulates that the allowable safety standards for blasting vibration in China
consider both blasting vibration frequency and blasting vibration speed. For the same
object, when the blasting vibration frequency is low, the safety allowable vibration speed is
small. Since the natural vibration frequency of the brick concrete structure building is low,
the blasting vibration frequency of the brick concrete structure building after the blasting
scheme optimization becomes larger, which makes it more difficult to form resonance
phenomenon, and the building is safer.

4. Spectrum and Energy Analysis of Blasting Vibration Signal
4.1. Signal Decomposition and Analysis
4.1.1. EMD Decomposition and Analysis of Signals

The original signals measured in the field before and after the scheme optimization
are relatively complex, so it is very difficult to analyze them directly. The primary task
to obtain the signal is to decompose it, and then analyze the components obtained after
decomposition. The EMD method does not require preset basis functions and has the
advantages of adaptability and efficiency [42]. The original signals can be decomposed into
components by the EMD method. These components are different in time scale, and these
IMF components contain the original signal’s own characteristics. These IMF components
have specific and practical physical meanings, and they can express the most outstanding
information of the original signal.

The blasting vibration signal is decomposed by EMD in multiple layers, and IMF
components and power spectral density (PSD) will be obtained from the decomposition.
They are shown in Figure 11. Figure 11a shows the IMF component of the original signal
before scheme optimization, Figure 11b shows the power spectral density (PSD) of the
original signal before scheme optimization, Figure 11c shows the IMF component of the
original signal after scheme optimization, and Figure 11d shows the power spectral density
(PSD) of the original signal after scheme optimization.

It can be seen from Figure 11a,b that twelve components of c1-c11 and R are obtained
after EMD decomposition of the signal before scheme optimization. The amplitude and
frequency of different IMF components are different. Most of the IMF components obtained
by EMD are of physical significance; c1 represents the white noise contained in the signal,
and c2 and 3 represent the high frequency of the signal. The most important part of the
vibration signal is composed of c4—c6. Their vibration amplitude is relatively large. The
dominant range of the frequency corresponding to c4 is 20-40 Hz, the dominant range of
the frequency corresponding to c5 is 40-50 Hz, and the dominant range of the frequency
corresponding to c6 is 0-20 Hz. The secondary part of the signal is composed of components
c7—c11 with small amplitude and frequency of vibration velocity, whose frequency is within
20 Hz, and component R is the residual quantity of blasting vibration signal.



Appl. Sci. 2022, 12, 10960

11 0f 19

0.5 0.4 0.2 0.4 -

5 o 502 i ey T O Toz
-0.5 0 0.2 0

05° 0.5 1 40 2500 5000 50 0.5 1 40 2500 5000

8 g « Yos Ak | Qo 32'{ N\ "

0.5 0 -2 0
02° 0.5 1 40 1000 2000 3000 o0 0.5 1 400® 500 1000
& OM 305 /\‘\-v‘m_,_“ B o4 g 0 _4_/\-'\,4
0.2 : : 0 -10 : ! 0 -
20° 0.5 1 400° 500 1000 1500 50 0.5 LN 100 200
20 0 -5 0 _:-._A,
20° 0.5 T o00® 50 100 50 0.5 1 6 50 100
w0 WM\'—— 2 500 N\ ) Pﬁp—{p—{«— ' 50 _//\(__
20 0 5 0
. 1 R 1
20° 0.5 400 50 100 20 05 _ 100° 50 100
E -20 : 0 - E -2 : : 0
s 50 0.5 1:. 100° 50 100: 50 0.5 1l=| 40° 50 100
-] \/\\N\/\fu\/«-ﬂ_u_‘ r~ T va—wb—«!\nnmﬁ——c ]
3 : D 53 k g : o' zg L~
= P = = ==
g- ° 9 0.5 1 0 25 50 g- ©p 0.5 1 0 50 100
< <
200 - 2 100 :
-5 ‘ -2 0
40 0 0.5 1 0 50 100
1 2 4
e \/\/\w *-\\‘ 2o W\ BN
-1 2 0
40 0 0.5 1 0 50 100
0‘5 2 . . . 4

= (=] (=]

° ; \/\/\ \ S 0 —J\A/\/\/\/\'— S 2 M
03, % 20 o 0.5 1% 50 100
o.us 4 0.5 : 4

E 0 /\/ E 21 N E 0 J\A/\/\/ % 2 /¥
005, : % 2 % 05 i % 20 40
o] __,_r—-/"’__ 05 . 20
- o™
e -0.05 1 b7 0 \/\/—\ S 10 '¥
M, 05 1 05 05 1% 20 40
) 0.5
e o
0.5
0 0.5 1
Time(s) Frequency(Hz) Timeis) Frequency(Hz)
(a) (b) (c) (d)

Figure 11. The result of EMD resolution before and after optimization (a) the IMF component of the
original signal before scheme optimization (b) the power spectral density (PSD) of the original signal
before scheme optimization (c) the IMF component of the original signal after scheme optimization
and (d) the power spectral density (PSD) of the original signal after scheme optimization.

It can be seen from Figure 11c,d that thirteen components of c1-c12 and R are obtained
after EMD decomposition of the optimized signal; c1 is the white noise contained in the
signal, and c2 is the high-frequency component of the signal. The most important part of
the vibration signal is composed of c3—c7. Their vibration amplitude is relatively large. The
dominant range of the frequency corresponding to ¢3 is 100-150 Hz, the dominant range
of the frequency corresponding to c4 is 50-100 Hz, the dominant range of the frequency
corresponding to ¢5 is 20-50 Hz, the dominant range of the frequency corresponding to c6
is 0-50 Hz, and the dominant range of the frequency corresponding to c7 is 0-50 Hz. The
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secondary part of the signal is composed of components ¢8—c12 with small amplitude and
frequency of vibration velocity, whose frequency is within 30Hz, and component R is the
residual quantity of blasting vibration signal.

The EMD method is used to decompose the original signal, and the IMF component
is obtained. The IMF component contains white noise and high-frequency of the signal
with a small amount of energy. The white noise and high frequency should be filtered out
to avoid their interference, so as to obtain a higher signal-to-noise ratio and more useful
information. Low pass filtering is used to filter out the white noise and high frequency of
the signal, leaving the required IMF component and reconstructing it to obtain the filtered
signal. After the interference signal is eliminated, the signal analysis can be more accurate
and effective.

By comparing Figure 11a,c, it can be concluded that the maximum amplitude of IMF
component vibration before the scheme optimization is about 20mm, and the maximum
amplitude of IMF component vibration after the scheme optimization is about 10mm,
which is very significant. By comparing Figure 11b,d, it can be concluded that the dominant
range of the frequency before the optimization of the scheme is 0-50 Hz, and the dominant
range of the frequency after the optimization of the scheme is 0-150 Hz, and the dominant
frequency increases significantly; the maximum power spectral density before scheme
optimization is about 1000 W/Hz, and the maximum power spectral density after scheme
optimization is about 100 W/Hz. The power spectral density decreases significantly. For
this building, the greater the blasting frequency is, the safer it will be. After the scheme is
optimized, the blasting construction process will be safer.

4.1.2. Wavelet Decomposition and Analysis of Signals

The wavelet transform needs to select the wavelet base first, and then transform. The
signal reconstruction and error of the original signal based on the db3, db5, db8, and coif3
wavelet bases are very close to the original signal after reconstruction based on the four
wavelet bases, but the reconstruction error of the original signal based on the db8 wavelet
base is the smallest, about 2 x 1011 mm, so db8 is selected as the wavelet basis for wavelet
decomposition of the original signal.

Figure 12 shows the wavelet decomposition of the original signal before and after
the blasting scheme optimization. Figure 12a shows the wavelet decomposition of the
original signal before blasting scheme optimization, and Figure 12b shows the wavelet
decomposition of the original signal after blasting scheme optimization. D1-D8 and A8 in
Figure 12a,b are wavelet components, where the high-frequency components are D1-D8
and the low-frequency components are A8. It can be seen from Figure 12 that the maximum
component of the wavelet component before the blasting scheme optimization is greater
than the maximum component of the wavelet component before the blasting scheme
optimization, which also proves that the blasting construction effect after the blasting
scheme optimization is better than before.

4.2. Spectrum and Energy Analysis
4.2.1. Energy Analysis Based on HHT Method

Before and after the optimization of the blasting scheme, the frequency and PSD
distribution of monitored blasting vibration signals are shown in Figure 13. It can be seen
from Figure 13 that the low-frequency range is the place where the signal energy is most
concentrated before optimization, and this range is below 100 Hz. The energy is evenly
distributed in the range of 60-100 Hz frequency band. The energy is obviously increased in
the range of 0-60 Hz frequency band, and the energy is maximum in the range of 2040 Hz
frequency band, and a maximum value is shown. Compared with the PSD diagram shown
in Figure 11b, the dominant range of the frequency corresponding to ¢3 is 20-40 Hz, and
the amplitude is also the largest. The dominant range of frequencies corresponds to c4 and
c5 is 40-50 Hz and 0-20 Hz, and there is also a relatively large amplitude.
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Figure 12. The result of Wavelet resolution (a) before optimization and (b) after optimization.

The low-frequency range is also the place where the signal energy is most concentrated
after optimization, which is below 300 Hz. The energy is evenly distributed in the range
of 150-250 Hz frequency band. When the energy is obviously increased in the range of
the 0-150 Hz frequency band, and the energy is at maximum in the range of the 0-20 Hz
frequency band, a maximum value appears. Compared with the PSD diagram shown in
Figure 11d, the dominant range of the frequency corresponding to cl is 100-150 Hz, and
the amplitude is also the largest. The dominant range of frequencies corresponding to
components c2, c3, c4, and c5 is 50-100 Hz, 20-50 Hz, 0-50 Hz, and 0-50 Hz, they also have
relatively large amplitudes.

The relationship between the amplitude and time of the energy contained in the
blasting vibration signal monitored before and after optimization is shown in Figure 14. It
can be seen from Figure 14 that the energy of signal vibration before optimization is mainly
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concentrated in three periods: 0s-0.16 s, 0.19 s-0.50 s, 0.51 s-0.58 s. It can be seen from the
time history chart of vibration speed in Figure 7 that the change of instantaneous energy in
time is consistent with the change of energy contained in the monitored vibration signal in
size. The order of occurrence of the larger points in the peak value is 0.08 s, 0.21 s, 0.49 s,
0.53s.
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Figure 13. The spectrum of blasting vibration signal (a) before optimization and (b) after optimization.
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Figure 14. The energy amplitude of blasting vibration signal (a) before optimization and (b) after

optimization.

The vibration energy is mainly concentrated in three periods: 0 s-0.19 s, 0.20 s-0.40 s,
and 0.41 s—0.55 s. It can be seen from the time history chart of vibration speed in Figure 7
that the change of instantaneous energy in time is consistent with the change of energy
contained in the monitored vibration signal in size. The order of occurrence of the larger
points in the peak value is 0.03s,0.11s,0.30 s, 0.48 s.

Before and after the optimization of the blasting scheme, the Hilbert energy spectrum
of the monitored blasting vibration signal is shown in Figures 15 and 16. It reflects the
relationships between time, frequency, and instantaneous energy. Different colors in
Figure 15 indicate different energies. The redder the color, the greater the energy. For the
signal before optimization, when the time sampling point is in the range of 100-1800 and
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the frequency is in the range of 0-30 Hz, there are many red points gathered in the range,
indicating that the vibration energy is mainly concentrated in this area. Divide the time
sampling point by the sampling frequency to calculate the time of energy concentration
as 0.01 s-0.18 s, which is basically consistent with the time period in Figure 14. For
the optimized signal, when the time sampling point is in the range of 200-1100 and the
frequency is in the range of 0-50 Hz, there are many red points gathered in the range,
indicating that the vibration energy is mainly concentrated in this area. Divide the time
sampling point by the sampling frequency to calculate the time of energy concentration
as 0.02 s—0.11 s, which is basically consistent with the time period in Figure 14. The three-
dimensional energy spectrum can be obtained by applying the Hilbert transform, as shown
in Figure 16. When frequency and time change, the distribution of energy also changes,
which can be seen more directly from Figure 16.
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Figure 15. The Hilbert energy spectrum of blasting vibration signal (a) before optimization and after
(b) optimization.
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Figure 16. The Hilbert’s three-dimensional energy spectrum of blasting vibration signal (a) before
optimization and (b) after optimization.
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4.2.2. Energy Analysis Based on Wavelet Transform

Firstly, db8 is selected as the wavelet base. Then, the blasting vibration signals before
and after blasting scheme optimization are transformed by the wavelet transform. Finally,
the frequency band energy distribution diagram of the blasting vibration signal is obtained,
as shown in Figure 17.
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Figure 17. Band energy distribution diagram of blasting vibration signal (a) before optimization and
(b) after optimization.

For the signal before optimization, only the first three frequency bands have energy.
The energy in the first frequency band accounts for about 95% of the total energy, the energy
in the second frequency band accounts for about 5% of the total energy, and the energy
in the third frequency band is negligible. The energy contained in the monitored blasting
vibration signal before the optimization of the blasting scheme is mainly concentrated in the
0-62.5 Hz frequency band; For the optimized signal, there is energy in the 1st, 2nd, 3rd, 4th,
6, and 8th frequency bands, of which the energy in the 1st frequency band accounts for
about 70% of the total energy, the energy in the 2nd frequency band accounts for about 20%
of the total energy, the energy in the 4th frequency band accounts for about 10% of the total
energy, and the energy in the 3rd, 6th, and 8th frequency bands is relatively small, which
can be ignored. The energy contained in the blasting vibration signal monitored before the
blasting scheme optimization is mainly concentrated in the 0-125 Hz frequency band. It
can be seen from Figure 17 that after the optimization of the blasting scheme, the energy
contained in the blasting vibration signal is more widely distributed in the frequency band
and less distributed in the low frequency. The less energy distributed in the low frequency
is more conducive to the safety of brick concrete structure buildings, which shows that the
optimized scheme has achieved a good blasting construction effect.

The blasting vibration signals before and after the blasting scheme optimization are
wavelet transformed to obtain the three-dimensional energy spectrum of the blasting
vibration signal. The yellow part indicates the higher relative energy, as shown in Figure 18.
The maximum relative energy amplitude before the optimization is about 4, and the
maximum relative energy amplitude after optimization is about 0.6. Compared with
the Hilbert three-dimensional energy spectrum of blasting vibration signals before and
after optimization in Figure 16, the maximum relative energy amplitude is about 5 and
0.5, respectively. The difference between the two results is small, and the results are in
good agreement.
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Figure 18. The three-dimensional energy spectrum of blasting vibration signal (a) before optimization
and (b) after optimization.

5. Conclusions

This paper is based on the underground excavation of the tunnel between Zhifang
Street Station and Metro Town Station of Wuhan Metro Line 27. In order to make the
subway tunnel pass through the brick concrete structure buildings safely, the blasting
scheme is optimized by reducing the maximum single-section and multi-section charges,
increasing the distance between the upper and lower steps, and densifying the surrounding
holes. Based on the field experiment results, the HHT method and wavelet analysis are
used to evaluate the advantages and disadvantages of the optimization scheme from
the perspective of energy. The HHT method first decomposes the signal by EMD, then
obtains the MF component and power spectral density (PSD), and finally, the distribution
of frequency and PSD, the relationship between energy amplitude and time, and the
Hilbert energy spectrum of vibration signal are further obtained. In the wavelet transform,
db8 is selected as the wavelet base, then the wavelet components are obtained through
transformation, and finally, the frequency band energy distribution and three-dimensional
energy spectrum are obtained. The following conclusions are obtained:

1. The peak velocity and frequency of vibration at monitoring points before and after
the optimization of blasting schemes were monitored. The peak velocity of blasting
vibration after the optimization of the blasting scheme was significantly lower than
that after the optimization of the blasting scheme, and both were less than 2.0 cm/s;
The blasting vibration frequency after the optimization of the blasting scheme is
significantly higher than that before the optimization of the blasting scheme, which is
more difficult to form resonance, and the building is safer.

2. After the blasting scheme is optimized, the peak vibration velocity is at maximum
when the blasting construction is directly under the exterior wall of the brick
concrete structure. When blasting to such parts, the maximum single-section charge
shall be kept as small as possible, and millisecond blasting shall be used for
multi-section blasting.

3. Within the monitoring range, from the back of the working face to the front of the
working face, the peak velocity of surface particle vibration increases first and then
decreases. The peak velocity of surface particle vibration is the largest at 5 m in front of
the working face, and the cavity effect and diffraction of the stress wave are obvious.

4. From the perspective of energy, the optimized blasting scheme has a wider frequency
band of measured vibration signal energy distribution, a more decentralized energy,
and a safer optimized scheme than before.
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