
Research Article
Propagation Laws of Blasting Seismic Waves in Weak Rock
Mass: A Case Study of Muzhailing Tunnel

Lijun Chen,1 Jianxun Chen ,1 Yanbin Luo,1 Yalong Guo ,2 Yongjun Mu,1

Daochuan Zhong,1 Weiwei Liu,1 Tielun Yang,3 and Weixiang Chen3

1School of Highway, Chang’an University, Xi’an 710064, Shaanxi, China
2Liaoning Transportation Planning and Design Institute Co., Ltd., Shenyang 117000, Liaoning, China
3Gansu Changda Highway Co., Ltd., Lanzhou 730030, Gansu, China

Correspondence should be addressed to Jianxun Chen; chenjx1969@chd.edu.cn

Received 10 April 2020; Accepted 4 May 2020; Published 25 May 2020

Academic Editor: Jiang Jin

Copyright © 2020 Lijun Chen et al. (is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In order to study the propagation laws of blasting vibration waves in weak rock tunnels, the longitudinal and circumferential
blasting vibration tests in Muzhailing Tunnel were carried out, and the measured data were analyzed and studied using the
methods of Sadov’s nonlinear regression, Fourier transform, and Hilbert–Huang transform (HHT) to provide a reference for the
optimization of blasting design of Muzhailing Tunnel or similar weak rock tunnels. (e results showed that the tangential main
frequency decreases rapidly and the radial main frequency decreases slowly with the increase of proportionate charge quantity.
Under a certain charge quantity, as the distance from the explosion source increases, the spectrum width of the blasting vibration
frequency becomes narrower, the overall energy is more concentrated, and the vibration frequency tends to be closer to the low
frequency. At a certain distance from the explosive source, the frequency of blasting vibration decreases gradually, and the
amplitude of low-frequency region increases with the increase of charge quantity. (e vibration velocity on the left side of the
tunnel is larger than that on the right side, and the vibration velocity at the vault and the arch foot of lower bench decreases rapidly,
while the vibration velocity at the arch feet of upper bench andmiddle bench decreases slowly.(e vibration frequencies of the left
arch foot of the middle bench and the right arch foot of the upper bench are higher than those of other positions, while the
frequencies of the left arch foot of the upper bench are the lowest. During tunnel blasting, the energy input to the strata media is
mainly concentrated in the stage of the blasting of the cut hole.(e blasting has more energy input to the left arch foot of the upper
bench and the tunnel vault, which is consistent with the conclusion of frequency analysis.

1. Introduction

(e propagation law of blasting vibration is not only the
theoretical basis of tunnel blasting design, but also the
premise of effectively controlling blasting vibration hazards
[1, 2]. However, due to the changeable construction con-
ditions and complex geological conditions, the propagation
law of blasting vibration has great complexity, randomness,
and uncertainty, and it is difficult to analyze the causes of
structural damage, which makes it a hot and difficult issue in
academic research and tunnel engineering field [3–6].

At present, a lot of research has been done on the
propagation law of tunnel blasting vibration. Many

researchers [7–13] have also improved the empirical formula
of blasting vibration attenuation, which provides a solid
theoretical basis for the study of blasting vibration propa-
gation law. On the basis of on-site monitoring, Yang et al.
[14], Jiang et al. [15], Jiang et al. [16], Rao [17], and Meng
[18] used Sadov’s empirical formula to regress the blasting
vibration velocity and then studied the vibration velocity
attenuation law caused by blasting vibration. Ozer [19] and
Nateghi [20] studied the relationship between vibration
velocity and vibration frequency by regression analysis and
gave the statistical probability of different frequency com-
ponents. Zhou [21] studied the internal separation distances
for underground explosives storage in hard rock, and the
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effect of loading density in a chamber on the required rock
separation distance between two adjacent chambers was
analyzed based on analytical studies, literature, and large-
scale tests. In addition, numerical simulation method is
widely used to study the stress wave propagation law,
foundation vibration characteristics, and structural vibra-
tion response of large-scale underground blasting [22–26].
Yang et al. [27] used wave theory and the numerical sim-
ulation method to study the characteristics and attenuation
law of blasting ground motion under complex site condi-
tions. Peng [28] analyzed the influence of blasting on sur-
rounding rock and initial support structure of highway
tunnel by field monitoring and numerical simulation, on the
basis of studying the attenuation law of blasting vibration
velocity. Deng [29] carried out the numerical modeling on
the damage of existing circular tunnel subject to blast-in-
duced shock wave with DEM-based code UDEC. (e effects
of joint spatial and mechanical properties, initial stress of
rock mass, and magnitude of shock wave amplitude on
damage of tunnel were evaluated in this study.

(e above work studied the propagation law of blasting
vibration in tunnels by adopting various research methods,
but most of them are carried out in tunnels with good
geological conditions. Although the blasting of weak rock
tunnels has also been studied, the research results are
limited. Deng [30] conducted the UDEC–AUTODYN hy-
brid modeling of a large-scale underground explosion test,
and the results showed that the UDEC–AUTODYNmethod
is appropriate in modeling a large-scale explosive detonation
in a closed space and the following wave propagation in
jointed rock masses. Xu et al. [31] carried out the vibration
monitoring measurement of blasting excavation of deep
weak rock tunnel, normalized the vibration data, and ob-
tained the Saeman’s empirical formula for deep weak rock
tunnel, which provided reference for blasting excavation
design optimization. Zhang [32] carried out the numerical
simulation of the blasting construction in weak rock tunnel
and the design of smooth blasting, which effectively solved
the tunnel stability, construction disturbance, and con-
struction period of the weak rock tunnel using the new
Austrian method. Shin et al. [33] studied the effects of
blasting effects on existing weak rock tunnels and investi-
gated the velocity, displacement, and stress of the particle in
the tunnel lining. (e above research on the blasting vi-
bration of weak rock tunnels has been carried out from
theoretical analysis, field measurement, and numerical
simulation, and the research results mainly focus on theo-
retical formulas, calculation, and optimization of blasting
construction parameters. Because the tunnel deformation
behavior in weak rockmass is complex, the propagation laws
are not well studied. And the changes of the wave velocity
and frequency of the blast stress wave are also complicated
during the propagation process. In particular, in the Muz-
hailing Highway Tunnel under construction, the tunnel
traverses 12 large fault fracture zones and carbonaceous
phyllite strata, and the action of geological structure is
strong. It is difficult to predict the variation law of sur-
rounding rock in design and construction using available
results. (e construction is extremely difficult, and the

deformationmagnitude is large [34, 35].(e weak rockmass
with interbed structure has high requirements for blasting
construction, which makes the blast propagation law more
complicated. (erefore, studying the blasting vibration
propagation law of weak rock tunnel is of great significance
for guiding tunnel blasting construction. In this paper, the
field blasting measurements in Muzhailing Tunnel were
carried out, and the methods of Sadov’s nonlinear regres-
sion, Fourier transform, and HHT were used to analyze the
propagation law of blasting vibration in weak rock mass.
(is study provides a reference for the optimization of
blasting design of similar weak rock mass tunnels in the
future.

2. Tunnel Overview and Blasting Parameters

2.1. Tunnel Overview

2.1.1. Project Overview. Muzhailing Tunnel is a key project
of Weiyuan-Wudu section of Lanzhou-Haikou National
Expressway (G75) in China. (e tunnel is designed with
separate two-way four lanes, with a net width of 10.25m and
a maximum buried depth of 638m. (e elevation of the
tunnel site is high, and the elevation ranges from 2416m to
3133m.(e atmospheric pressure is low, about 740 kPa. (e
geographical location is shown in Figure 1.

2.1.2. Geological Conditions. (e measurement section is
located in the right tunnel with the stake numbers from
K212 + 235 to K212 + 362. (e stratum lithology is the
interbedding of calc-siliceous sandy slate with gray medium-
thin layer and black carbonaceous phyllite with medium-
thin layers from lower Permian (P1). (e strength of sandy
slate is high, the uniaxial compressive strength (Rc) is greater
than 60MPa, the softening coefficient is greater than 0.75,
and the rock is not softened when immersed in water. (e
strength of carbonaceous phyllite is low, the uniaxial
compressive strength Rc is 3.6MPa to 4.6MPa, and it is easy
to soften and disintegrate when water is encountered. (e
disintegration index is 36.8%. It is a low-resistant disinte-
gration rock whose phyllitic foliation is well developed and
its surface is smooth. Due to the emergence of interbedded
carbonaceous phyllite and sandy slate, the overall strength of
surrounding rock is low.

(e geological structure is mainly monoclinic structure
with high dip. (e strata strike is 305° and dip is about 80°.
(e slate, phyllite, and structural joints are well developed so
that the rock mass is cut into medium-thin layered structure
and fragmented structure, which is relatively broken. (e
integrity of surrounding rock varies greatly from top to
bottom of the tunnel face and is asymmetrical. (e sur-
rounding rock of the measurement section is relatively dry,
and occasionally a small amount of water seepage is found.
In general, the strength of surrounding rock is low, and local
collapse is easy to occur, resulting in cavity formation.

2.2. Blasting Parameters. (e tunnel was constructed by
three-bench circular excavation with reserved core soil
method, and smooth blasting was used for excavation
(Figure 2).
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(e blastholes were mainly arranged on both sides of the
core soil of the upper bench, on both sides of the middle
bench, and on both sides of the lower bench. (e blastholes
were drilled with a pneumatic leg rock drill (pneumatic
drill). (e diameter of the borehole was 40mm, and the
depth of the blasthole was between 1.3m and 2.5m, which
depend on the lithology, water seepage conditions, and the
actual construction footage. After the drilling was com-
pleted, the high-pressure wind was used to wash the
blastholes, and the rock powder and sand in the blasthole
were cleaned to ensure the charge quantity and avoid
damage to the nonel. During the blasting operation, all
blastholes were uncoupled and continuously charged, and
the orifices were not filled. (e uncoupling coefficient of the
field charge was 1.25. (e blasthole arrangement is shown in
Figure 3.(e figure represents the numbers of the No. 2 rock
emulsion explosives, and the number of segments is the
detonator segment.

Considering the infiltration of water in the local section
of the tunnel, No. 2 rock emulsified explosive with good
explosive performance, good safety, strong water resistance,
and low environmental pollution is adopted; its specification
is 32mm× 300 g. In order tomake full use of blasting energy,
reduce charge consumption, improve the blasting perfor-
mance, and avoid the huge seismic effect caused by deto-
nation together; millisecond delay blasting technology is
adopted. Nonelectric millisecond delay detonators are used
in all detonators. In order to avoid the overlapping of wave
peaks which may occur in different stages of detonation,
only odd-numbered detonators in 1–15 are selected.

According to the actual situation of the site, the Muz-
hailing Tunnel is blasted on the upper bench and the lower
bench, or the upper, middle, and lower benches by stages.
Excavation blasting uses a parallel network, as shown in
Figure 4.

3. Measurement Schemes and Analysis Method

3.1. Measurement Schemes

3.1.1. Longitudinal Measurement Scheme. In order to
measure the vibration velocity at different distances from the
explosion source, the sensors (three-vector sensors, which

can acquire signals of blasting vibration and then transmit
them to the TC-4850 blasting vibrometer) were arranged
along the longitudinal direction of the left arch foot of the
upper bench in the tunnel, in which there exists largest
deformation on the whole section. In order to cover the near
and far areas of the explosion source as far as possible and to
ensure the safety of the sensors, the first measuring point was
located at K212 + 260 section, 18.3m from the tunnel face
and 6.4m from the middle bench. After that, a sensor was
laid every 3m, with a total of five measuring points. (e
nearest sensor number to the tunnel face is 1, followed by 2,
3, 4, and 5. (e layout of the measuring points is shown in
Figure 5.

3.1.2. Circumferential Measurement Scheme. When mea-
suring the vibration velocity at different locations in cir-
cumferential direction of the tunnel, the measurement
section should not be too close to the blast source to ensure
the safety of the sensors, and is finally selected at the section
of K212 + 335 which is 15m away from the tunnel face. (e
sensors are placed in the tunnel vault, the left arch foot of the
upper bench, the right arch foot of the upper bench, the left
arch foot of the middle bench, the right arch foot of the
middle bench, the left arch foot of the lower bench, and the
right arch foot of the lower bench.(ey are numbered as 1 to
7, respectively. (e layout of measuring points is shown in
Figure 6 (at this time, the lower bench has not been
excavated).

Figure 1: Geographical location of Muzhailing Tunnel.

Figure 2: (ree-bench circular excavation with reserved core soil
method.
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3.2. Regression Method. Sadov’s formula has a good fitting
degree and is often used as a typical peak velocity prediction
model [36–38]. Its formula is as follows:

V � K
Qm

R
􏼠 􏼡

α

, (1)

where V is peak vibration velocity of rock mass. K, α are the
attenuation coefficient and the attenuation index, respec-
tively, which are related to the topography and geological
conditions. Q is the maximum permissible dose per segment
(kg); the maximum charge of a single section is taken in
sectional blasting and the total charge is taken in concurrent

Core soil

Figure 4: Nonelectric detonator initiation network diagram of Muzhailing Tunnel.
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Figure 3: Arrangement diagram of blast hole.
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blasting. R is distance from explosive source (m), that is, the
distance between the explosion source and the measuring
point. m is charge index; 1/3 is usually adapted for
calculation.

Substituting the peak vibration velocity, the maximum
charge, and the distance from explosive source in a single
section into (1), the coefficient attenuation coefficient K and
attenuation index α can be obtained by regression calcu-
lation. (e previous results show that different regression
methods also affect the accuracy of regression, and the
accuracy of nonlinear regression is higher than that of linear
regression [1]. (erefore, the following calculations are
carried out by means of nonlinear regression. (e principles
are as follows.

(e ratio of the cube root of single period charge to the
distance from explosive source is defined as the proportional
charge; i.e.,

ρ �
Q1/3

R
. (2)

(en, the fitting degree of Sadov’s formula can be
expressed by the sum of squares of residual errors between
the fitting values and the measured values:

M
2

� 􏽘
n

i�1
Vi − Kραi( 􏼁

2
. (3)

According to the extreme value theorem of binary
function, the condition of minimum is

zM2
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(6)

Obviously, the above formula is a nonlinear equation
group. It is difficult to solve the problem directly. For the
convenience of calculation, iterative calculation is performed
using the Levenberg-Marquardt algorithm inOrigin software.

4. Measurement Results and Analysis

4.1. Longitudinal Propagation Laws of Blasting Vibration

4.1.1. Attenuation Laws of Maximum Vibration Velocity.
By the BVAnalysis analysis software (the TC-4850 blasting
vibrometer matching software produced by Sichuan
Zhongke Measurement & Control Co., Ltd., in August 2017;
the data can be previewed and analyzed simply and intui-
tively) and the on-site blasthole layout, the field data are
analyzed and calculated to obtain the maximum vibration
velocity and its corresponding segment, charge quantity, and
distance from explosive source.(en, using Sadov’s formula,
the radial, tangential, and vertical maximum vibration ve-
locities of the left arch foot of the tunnel are nonlinearly
fitted to obtain the regression equation curve and parameters
(Figure 7).

(e peak velocities and regression curves of horizontal
tangential, horizontal radial, and vertical directions are
plotted in Figure 8 for comparison.

(1) From Figure 7, we can see that the fitting degrees of
peak velocity are 0.872 in radial direction, 0.711 in
vertical direction, and 0.705 in tangential direction,
respectively. (e main reason is that the conditions
of each blasting cannot be completely consistent, and
there are many factors affecting the values of
coefficients K and α, such as the rock hardness, the
rock integrity, the strike direction of the stratum, and
the on-site terrain conditions, which results in large
dispersion of some points.

Figure 6: Measuring point arrangement diagram along circum-
ferential direction in the tunnel.Figure 5: Arrangement diagram of measuring point along lon-

gitudinal direction in the tunnel.
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(2) From Figure 8, it can be seen that the radial velocity
is slightly larger than the tangential and vertical
velocities. Under the same proportion of charge, the
radial velocity is the largest, while the tangential and
vertical velocities are relatively small, and the tan-
gential and vertical velocities are basically the same.

(3) Comparing the regression curves and regression
parameters of the three directions, the radial regres-
sion curve is the steepest, which means that although
the corresponding radial velocity is the largest under
the same proportion of the charge, the attenuation of
radial vibration velocity is also the fastest with the
increase of the proportion charge. Figure 8 indicates
that the radial regression curve is higher than the
vertical and tangential curves at the beginning, and
then the three curves coincide basically. It can be
predicted that the radial vibration velocity will be
lower than that in tangential and vertical directions
with the increase of the proportionate charge.

4.1.2. Blasting Vibration Frequency

(1) Attenuation Laws of the Main Frequency. In the existing
research results [39–44], the attenuation law of the main
frequency is different, the fitting effect is not ideal, and there

is no unified result. (erefore, a further study needs to be
conducted. (e mathematical expression between the main
frequency and the distance from explosive source, the
charge, the geological conditions of the explosion area, and
the coefficient of the medium property can be obtained
through the dimensional analysis method [45]:

fR � K

��
Q3

√

R
􏼠 􏼡

α

, (7)

where f is the vibration frequency and the other symbols are
the same as before.

Equation (7) is used to analyze the attenuation law of the
main frequency in the case of weak rock mass. When the
upper and middle benches are blasted together, 49 groups of
effective data of No. 1∼5 sensors are collected, and the data
are substituted into (7). (rough nonlinear fitting, the
correlation coefficient can be obtained, as shown in Figure 9.

From Figure 9, it can be concluded that the fitness R2 of
regression curves ranges from 0.6 to 0.75, which indicates
that the data has a large dispersion, and the relationship
between main frequency and proportionate charge is not
very close, but the overall trend is obvious; i.e., fR is posi-
tively correlated with proportionate charge.

(e magnitude of exponential power directly affects the
trend of regression curve. From the fitting attenuation
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exponential value α, it can be seen that the α in tangential
direction> α in vertical direction> α in radial direction.
(erefore, the tangential main frequency decreases more
rapidly, and the radial main frequency decreases relatively
slowly with the increase of the proportionate charge.

(2) <e Influence of Distance from Explosive Source on Vi-
bration Frequency. In order to study the influence of distance
from explosive source on the vibration frequency of tunnel,
the frequencies of different sensors in the same blasting (i.e.,
the same charge) were selected for comparative analysis. (e
distances of sensors No. 1 to 5 from explosive source are
19m, 22m, 25m, 28m, and 31m, respectively. (e fre-
quency spectrums of the radial component of the vibration
wave are shown in Figure 10.

As can be seen from Figure 10, with the increase of
distance from explosive source, the spectrum width becomes
narrower and the total energy is more concentrated. With the
increase of the distance from explosive source, the frequency
approaches the low frequency, and the high-frequency energy
is dissipated rapidly in the medium. As the distance from the
detonation source increases, the less high-frequency energy
remains. At this time, the low-frequency energy becomes
more prominent. (erefore, it is not true that the greater the
distance from the detonation source is, the safer the structure
will be. If the residual low frequency is close to the natural
frequency of the structure, it is easy to form resonance; even if
the amplitude is small, it also has a strong destructive effect.
With the increase of distance from the explosion source, the
amplitude of the frequency spectrum decreases gradually,
showing the remaining low-frequency energy.

(3) Effect of Charge Quantity on Vibration Frequency. In
order to further discuss the influence of charge quantity on
blasting vibration frequency, samples with the same distance
from the blasting center and different charge quantity were
selected for comparative analysis. Five groups of samples
were selected with the same distance of 40m from the tunnel

face, but the charge quantities were Q1 � 25 kg, Q2 � 67 kg,
Q3 � 78 kg, Q4 � 90 kg, and Q5 �140 kg, respectively. (e
frequency spectrums are drawn in turn (Figure 11).

As can be seen from Figure 11, when the charge quantity
is small, the frequency of blasting vibration is mainly dis-
tributed in the high-frequency band. Correspondingly, the
amplitude of blasting vibration is also small. When the
charge quantity is large, themain frequency distribution area
of blasting vibration is close to the low-frequency area and
the amplitude of blasting vibration is larger.

With the increase of charge quantity, the energy of
blasting vibration transfers to low frequency, and the energy
proportion of high frequency decreases. (e increased low
frequency caused by the increase of charge is gradually
approaching the natural frequency of the structure, which
may cause greater damage to the structure.

4.2. Propagation Laws of Blasting Vibration in Circular
Direction

4.2.1. Vibration Velocity Laws at Different Locations

(1) Comparative Analysis of Blasting Attenuation Parameters
at Different Locations. (e maximum vibration velocity can
be obtained by calculating and analyzing the field data
through BVAnalysis software and on-site blasthole layout.
(en, nonlinear fitting of maximum radial, tangential, and
vertical vibration velocities of tunnel vault; left arch foot of
upper, middle, and lower benches; and right arch foot is
carried out using Sadov’s formula. (rough analysis, it can
be found that the vibration velocity attenuation laws of
different positions of tunnel are different, and the param-
eters of the regression equation are listed in Table 1.

As can be seen from Table 1, the vibration velocity of
different positions of the tunnel varies in radial, tangential,
and vertical directions. Even if the layout of the blasthole is
symmetric about the axis of the tunnel, the vibration atten-
uation laws on both sides are quite different. On the one hand,
this asymmetry situation is caused by the fact that in order to
avoid the feet of steel frames suspending in midair at the same
time, the middle bench is excavated with left and right dis-
location, resulting in site differences; on the other hand, the
stratum inclination affects the propagation of the stress wave,
which has a great influence on the vibration velocity.

From the vault to the arch foot of the lower bench, the K
value of the regression equation for radial, tangential, and
vertical vibration velocities tends to decrease; in particular,
in the radial direction, K value decreases more obviously.
(e magnitude of the α value represents the speed of vi-
bration attenuation. (e α values of the vault and the arch
foot on the lower bench are generally larger, the vibration
speed is attenuated rapidly, the α values of the upper and
middle bench arch foot are relatively small, and the atten-
uation of vibration speed is relatively slow.

(2) Peak Vibration Velocity at Different Locations. (e
blasting vibration in circular direction of the tunnel was
monitored 18 times in total. (e first 12 times of monitoring
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only obtained the vibration velocity of the tunnel vault, the
left and right arch feet of the upper bench, and the left and
right arch feet of the middle bench. After the excavation of
the lower bench, the vibration velocities of the left and right
arch feet of the lower bench were also monitored for a total
of 6 times. (e radial, tangential, and vertical peak vibration
velocity at different positions in each blasting are shown in
Figures 12–14, respectively.

As shown in Figures 12–14, in general, for the radial
vibration velocity, the vibration velocity at the left arch foot
and the vault is larger than that at other positions, and the
vibration velocity of the right arch foot is relatively small. For
the tangential vibration velocity, the vibration velocity of the
left arch foot of the middle bench is basically the maximum,
and the vibration velocity at the left arch foot of the upper
bench is the second. For the vertical vibration velocity, the
left arch foot of the upper bench and the left arch foot of the
middle bench have a higher vibration velocity, and the vi-
bration velocity at vault is lower.

During tunnel excavation, the radial, tangential, or
vertical velocity is significantly greater on the left than those
on the right. In general, the vault, the left arch foot of the
upper bench, and the left arch foot of the middle bench have
a large vibration velocity in the tunnel circumferential di-
rection. (e reason is the same as the reason for the dif-
ference in the vibration velocity attenuation law. On the one

hand, the left and right dislocation excavations of the middle
bench result in site differences. On the other hand, the
stratum inclination affects the propagation of the stress
wave, which has a great influence on the vibration velocity.

4.2.2. Vibration Frequencies at Different Locations. A group
of vibration waves caused by the upper bench blasting in the
right tunnel are selected and analyzed based on the moni-
tored vertical vibration velocity. (e frequency distribution
of each part of the tunnel can be obtained by discrete Fourier
transform of the time-history curve of each part, as shown in
Figure 15.

As can be seen from Figure 15, the left arch foot of the
middle bench, vault, and right arch foot of the upper bench
have a wide frequency band. (e frequencies of the left
arch foot of the middle bench are distributed at 50–250Hz,
the frequencies of the right arch foot of the upper bench
are distributed at 50–200Hz, and the frequencies at the
vault are obviously low, mainly distributed at 20–150Hz.
(e frequency bands of the left and right arch feet on the
lower bench and right arch feet on the middle bench are
relatively narrow, mainly 60–150Hz. (e frequencies of
the left arch foot of the upper bench are relatively low,
mainly ranging from 30 to 70Hz, which is prone to result
in resonance and will have an adverse effect on the
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Figure 9: (e regression curve of (a) radial main frequency, (b) tangential main frequency, and (c) vertical main frequency.
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structure. However, the reasons for this situation are the
complicated situation of the site and the uneven cracking
of the surrounding rock joints. On the other hand, it is
closely related to the large charge near the left arch foot of
the upper bench. In addition, according to the observation
of tunnel settlement and convergence on the site, the
settlement and convergence at left arch foot of the upper
bench were relatively large (Figure 16), which is un-
doubtedly related to the adverse impact of the blasting
vibration.

4.2.3. Instantaneous Energy at Different Locations. Since the
spectrum obtained by the Fourier transform is the integral
over the entire time period and contains no time infor-
mation, we cannot know the specific time corresponding to a
certain frequency. In view of this limitation, this section uses
the method of HHT (Hilbert–Huang transform) to analyze
the change of instantaneous energy at different locations of
the tunnel with time. First, empirical mode decomposition is
performed on the time-history signals of vibration velocity at
different positions of the tunnel to obtain 9 IMF components

Table 1: Parameter value of vibration velocity regression equation at different positions of the tunnel.

Regression parameter
Radial Tangential Vertical

K A K α K α
Dome 258.04 2.01 210.09 1.93 175.20 1.81
Left arch foot on the upper bench 269.79 1.86 139.44 1.68 150.63 1.76
Right arch foot on the upper bench 210.01 1.79 175.46 1.70 146.34 1.57
Left arch foot on the middle bench 174.38 1.80 274.64 1.68 237.11 1.53
Right arch foot on the middle bench 173.07 1.81 103.63 1.62 91.39 1.33
Left arch foot on the lower bench 132.27 1.76 188.39 2.02 105.81 1.79
Right arch foot on the lower bench 130.76 2.06 90.52 1.84 123.54 2.03
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Figure 10: Vibration frequency distribution map at different blasting center distances.
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and 1 residual margin. (en, the residual is discarded, and
the Hilbert transform is carried out for each IMF component
to obtain the instantaneous energy. Finally, the instanta-
neous energy of different positions of the tunnel can be
obtained by superimposing the instantaneous energy of the
IMF components of each order.

(e same group of vibration waves as in Section 4.2.2 are
selected for analysis, and the instantaneous energy at dif-
ferent positions of the tunnel section was obtained as shown
in Figure 17. (e following conclusions can be drawn:

(1) (e energy of tunnel blasting input to the strata
media is mainly concentrated in the first peak of

vibration velocity, i.e., the energy generated by the
blasting of the cut hole, while the input energy of
other blastholes is relatively less.

(2) (e blasting has more energy input to the left arch
foot of the upper bench and the tunnel vault. In other
words, the blasting vibration has a greater influence
on the two locations. It also verifies the conclusion of
Section 4.2.2 from another aspect; i.e., the frequency
of the left arch foot of the upper bench is lower and
the damage to the structure is greater.

(3) (e instantaneous energy of the left and right arch feet
of the lower bench differs by nearly an order of
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Figure 13: Contrast diagram of tangential vibration velocity at different positions of the tunnel.

Pe
ak

 v
ib

ra
tio

n 
ve

lo
ci

ty
 (c

m
/s

)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Blasting times

9

8

7

6

5

4

3

2

1

0

Le� arch foot on the lower bench
Le� arch foot on the middle bench
Le� arch foot on the upper bench
Crown

Right arch foot on the upper bench
Right arch foot on the middle bench
Right arch foot on the lower bench

Figure 14: Contrast diagram of vertical vibration velocity at different positions of the tunnel.

Advances in Civil Engineering 11



2

1

0

Re
la

tiv
e

am
pl

itu
de

Re
la

tiv
e

am
pl

itu
de

Re
la

tiv
e

am
pl

itu
de

Re
la

tiv
e

am
pl

itu
de

Re
la

tiv
e

am
pl

itu
de

Re
la

tiv
e

am
pl

itu
de

Re
la

tiv
e

am
pl

itu
de 1

0.5

0

5

0

4

2

0

4

2

0
0 50 100 150 200 250 300 350 400

Right arch foot on the lower bench

Right arch foot on the middle bench

Right arch foot on the upper bench

Left arch foot on the upper bench

Left arch foot on the middle bench

Left arch foot on the lower bench

Crown2

1

0

2

1

0

Frequency (Hz)

0 50 100 150 200 250 300 350 400
Frequency (Hz)

0 50 100 150 200 250 300 350 400
Frequency (Hz)

0 50 100 150 200 250 300 350 400
Frequency (Hz)

0 50 100 150 200 250 300 350 400
Frequency (Hz)

0 50 100 150 200 250 300 350 400
Frequency (Hz)

0 50 100 150 200 250 300 350 400
Frequency (Hz)

Figure 15: Frequency spectrum of vertical vibration at different positions of tunnel.

Figure 16: Large settlement and convergence at left arch foot of the upper bench.
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magnitude.(is is because the staggered excavation of
the left and right arch feet of the lower bench,
resulting in a different site condition. (e support
above the middle step has been completed and the
differences of energy dispersion are relatively smaller.

5. Conclusions

A detailed field measurement of blasting vibration was
carried out in Muzhailing Tunnel with weak rock mass, and
the measured data were analyzed using the methods of
nonlinear regression analysis, Fourier transform analysis,
and HHT analysis. (e main conclusions are as follows:

(1) In the longitudinal measurement of the tunnel, in the
case of a certain amount of charge, as the blasting
distance increases, the spectral width of the blasting
vibration frequency becomes narrower, the overall
energy is more concentrated, and the frequency
tends to move closer to the low frequency.(erefore,
it is not true that the greater the distance from the
source of the explosion is, the safer the structure will
be. If the remaining low frequency is close to the
natural vibration frequency of the structure, even if
the amplitude is not large, it has a strong destructive
effect. In the case of a certain blasting distance, as the
amount of charge increases, the frequency of blasting
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vibration will gradually decrease, and the amplitude
of the low-frequency region will increase, which will
also adversely affect the structure.

(2) In the circumferential measurement of tunnel, the
peak vibration velocities at different locations of the
tunnel are regressed. From the vault to the arch foot
of lower bench, the K values of the regression
equation of the radial, tangential, and vertical vi-
bration velocities are continuously decreasing. In
particular, in the radial direction, the K value de-
creases significantly.(e α values of the vault and the
arch foot of lower bench are generally large, the
vibration velocity is attenuated quickly, the arching
feet of the upper bench and the middle bench are
relatively small, and the vibration velocity attenua-
tion is relatively slow. From the overall trend, as the
proportionate charge increases, the tangential fre-
quency decreases more rapidly. (e radial main
frequency attenuation is relatively slow.

(3) During tunnel blasting excavation, the radial, tan-
gential, and vertical vibration velocities of the sup-
porting structure on the left side of the tunnel are
greater than those of the right side of the tunnel. On the
one hand, this asymmetry situation is caused by the fact
that in order to avoid the feet of steel frames sus-
pending inmidair at the same time, themiddle bench is
excavated with left and right dislocation, resulting in
site differences. On the other hand, the stratum in-
clination affects the propagation of the stress wave,
which has a great influence on the vibration velocity.

(4) (e frequency distributions of blasting vibration at
different positions of the tunnel are different. (e left
arch foot of the middle bench and the right arch foot
of the upper bench have higher vibration frequencies,
mainly distributed at 50Hz–200Hz. (e frequencies
of the right arch foot of the middle bench and the arch
foot of the lower bench are mainly distributed be-
tween 60Hz and 150Hz. (e frequencies of the vault
are relatively low, mainly distributed at 20Hz–150Hz,
while the frequencies of the left arch foot of the upper
bench are the lowest, mainly concentrated at
30Hz–70Hz. It is easy to generate resonance and have
an adverse effect on surrounding rock and supporting
structures. Hence, it is important to pay attention to
the safety of the supporting structure at the left arch
foot of the upper bench.

(5) During tunnel blasting, the energy input to the strata
media is mainly concentrated in the stage of the
blasting of the cut hole, and the input energy of other
blastholes is relatively less. (e blasting has more
energy input to the left arch foot of the upper bench
and the tunnel vault, which is consistent with the
conclusion of frequency analysis.

Data Availability

Our data were measured and collected in the construction
site, and all the collective data are presented in the figures.
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