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'e stability of surrounding rock near the tunnel face is very important to the safety of constructors and the tunnel itself. 'e
vibration law of surrounding rock obtained from the vibration data in the far-field of tunnel blasting is not suitable for the near-
field. 'erefore, in order to guarantee the safety of tunnel drilling and blasting, it is important to study the vibration law of
surrounding rock near the tunnel face. Taking Zhaitang Tunnel, the New Line Expressway of China National Highway 109, as the
engineering background, acceleration sensors were installed in the surrounding rock near the tunnel face to test the blasting
vibration acceleration of the surrounding rock at the arch waist of the tunnel, to study the blasting vibration attenuation law near
the large section tunnel, to modify traditional blasting vibration formula, and to improve the vibration prediction accuracy. 'e
research will bring some guidance for the construction of similar projects.

1. Introduction

Toomuch attention has been paid to the influence of blasting
seismic waves on distant buildings. However, the safety of
blasting near the blasting source is also very important in
blasting construction. For example, in the process of tunnel
blasting construction, the blasting source is close to the
tunnel support structure or the protected target, sometimes
only a few meters away, which will cause more serious
blasting vibration problems. At present, there has been
relatively mature research on the dynamic response in far-
field. However, based on the effective information obtained
far from the blasting source, it is impossible to correctly
describe the impact of explosion load on buildings (struc-
tures) and materials in the near-field of blasting source only
with the experience obtained by analysis and prediction of
the action in the near-field of tunnel, and it can even produce
large errors [1]. 'erefore, figuring out the attenuation law
and vibration characteristics of explosion waves near the
blasting source is of great significance to further reveal the
blasting failure mechanism and ensure the safety con-
struction of tunnel blasting [2–4].

Yang et al. monitored the vibration attenuation in the
rock mass 2–15m near the blasting holes and concluded that
the vibration amplitude predicted by the traditional pre-
diction formula was significantly lower than the measured
value [1]. Holmberg and Persson put forward an improved
integral formula of particle vibration velocity in the near-
field of open-pit blasting [5]. Fleetwood studied the vibration
attenuation law of single-hole waveform of open-pit and
established a bivariate polynomial vibration prediction
model based on a large number of test data [6]. Zhang et al.
also found that the particle vibration velocity in the near-
field of blasting does not conform to the law obtained from
the vibration data in the far-field of blasting [7]. Zhang took
the bedrock excavation blasting of the 'ree Gorges Dam as
the background and obtained the blasting vibration law in
the near-field of blasting. He also used the neural network
theory to establish the blasting vibration prediction model
and determine the boundary of the rock blasting loose crack
area and the critical particle vibration velocity range of the
bedrock [8, 9]. Based on the concrete model test, Ye et al.
took a preliminary study of the energy distribution and
attenuation characteristics of the near-field and far-field of
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the concrete under blasting [10]. Fu et al. used customized
large-scale velocity sensors in the surrounding rock of the
arch crown installed during the excavation of the pilot
tunnel to monitor the vibration and studied the vibration
law in the near-field [11–13]. Zhang proposed applying
proportional distance to tunnel zoning and using BP wavelet
neural network to predict near-field vibration blasting [14].
Xie et al. used Anderson linear superposition model to
simulate vibration in the process of cut blasting according to
single-hole waveform in the near-field of a tunnel, estab-
lished a prediction model of near-field vibration velocity,
and also verified its feasibility through engineering practice
[15, 16]. Han studied the vibration characteristics near the
blasting area of an open-pit mine and made a prediction of it
with Anderson linear superposition model [17, 18]. In recent
years, due to the excessive damage of surrounding rock near
the working face, the falling of arch crown rock blocks or the
collapse of primary lining concrete blocks occur from time
to time, damaging the on-site equipment and seriously
threatening the life safety of constructors [19–22].

In view of this, Zhaitang Tunnel, the New Line Ex-
pressway of China National Highway 109, is selected for
blasting vibration monitoring to study the characteristics
and laws of near-field vibration of tunnel. In addition, in
order to solve the safety problem of tunnel near-field vi-
bration, the vibration prediction formula suitable for tunnel
blasting near-field is revised and verified.

2. Experimental Details

2.1. Site Background. National Highway 109 is located in
Mentougou District, Beijing, with a length of 65.455 km and
a designed speed limit of 80 km/h. 'e entire expressway is
divided into 11 work areas; among them, the 9th work area is
located in Zhaitang Town and Qingshui Town (both in
Mentougou District, Beijing). 'e main construction proj-
ects of the 9th work area are two tunnels of Zhaitang 1# and
Zhaitang 2#. 'e construction layout of the 9th work area is
presented in Figure 1.

'e mileage of the left line of Zhaitang 1# tunnel ranges
from AK51 + 750 to AK 54 + 381, with a length of 2631m.
'e tunnel is a separate double-track four-lane tunnel, and
one lane is reserved for the two lanes of the main tunnel (the
pavement width is 12.75m). At the small mileage ends of the
left and right lines of Zhaitang 1# tunnel, the longitudinal
gradient of 700m is 1.28%; the remaining of 1925 m is 2.00%
and the transverse gradient is 3%.

2.2. Geological Conditions. 'e surrounding rocks of Zhai-
tang 1# tunnel aremainly andesite and andesitic breccia lava. In
which sandstone, silty sand, and shale are distributed, and coal
seams are exposed. 'e surrounding rock is mainly graded V
and IV and locally grade III. 'e state of surrounding rock is
relatively broken to broken, and the stability of it is poor.

2.3. Blasting Patterns. AK52∼AK53 section of Zhaitang 1#
tunnel is selected for the test in this paper. 'e test section is
grade III surrounding rock with good rock conditions. 'e

cutting hole adopts compound-wedge cutting mode, the
hole bottom is ultradeep by 0.2m; 8 pairs of cutting holes are
arranged, and advance per round of 3.5–4.0m was set up.
'e electronic detonator is used for sectional initiation, and
the interval time is set as 50ms or 70ms. 'e blasting se-
quence is as follows: the cutting hole is detonated first; and
then the caving hole is detonated from the inner ring hole to
the outer ring hole, followed by the peripheral hole; and the
bottom plate hole is detonated finally.'e blast hole layout is
illustrated in Figure 2.

In order to ensure the construction progress, the two-
step method was adopted for the excavation. Because the
working faces’ spacing of the upper and lower steps is about
60m; the upper step has the characteristics of full-face
blasting. According to the actual blasting effect on-site, the
blasting scheme was timely and flexibly adjusted (Table 1).

'e cutting hole, caving hole, and bottom hole shall be
charged with explosive continuously and detonated sec-
tionally, while interval charging was adopted for peripheral
holes. 'e diameter of all the holes is φ42mm. 'e selected
cartridge is 2# rock emulsion explosive with diameter of
φ32mm and density of 1.0 g/cm3. All holes were detonated
at the bottom of the hole.

2.4. Vibration Monitoring. Blasting vibration near-field
monitoring brings great challenges due to the limited
construction space and complex near-field environment in
the tunnel. Flying rocks and smoke from blasting may
damage monitoring instruments and affect subsequent
work. In view of the problems existing in the test process, a
new monitoring method is adopted in this field test: the
sensor is embedded in the surrounding rock and installed in
the boreholes 0.5m and 1.0m deep at the arch waist.
Furthermore, to avoid the interference of construction of
vibration test and establish the tunnel excavation face near-
field blasting vibration monitoring system for tunnel sta-
bility and real-time monitoring of blasting vibration signals,
the wiring, inspection, recycling, and a lot of work have been
to reduce a lot, and lots of protection measures are adopted
such as vibration isolation vibration; wire PVC pipe is used
to protect the transmission lines; special protection box is
used to protect the acquisition instrument, and so on. 'e
instrument installation scheme and details are shown in
Figures 3 to 5.

According to Wang et al.’s research, the properties of
epoxy resin mortar as filling material are close to natural
rock, which can reduce the error caused by dynamic
matching [23].When arranging the measuring points, theX-
axis of the sensor points to the tunnel face (horizontal
tangential), the Y-axis points to the tunnel radial (horizontal
radial), and the Z-axis points to the tunnel tangential
(vertical) (Figures 6 and 7).

Compared with the speed sensor, the acceleration sensor
has the advantages of small volume, light weight, convenient
installation, and high sensitivity. Especially when moni-
toring large-scale blasting activities, the acceleration sensor
is more suitable for selection because of its large range and
wide-frequency response range. 'e ULT2010-500 IEPE
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Figure 2: Layout of blast holes on the upper steps of the right line tunnel (unit: mm).
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Figure 1: Schematic diagram of Zhaitang 1# tunnel.
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piezoelectric acceleration sensor of LANCETEC company is
selected for this test, with a range of 0–500 g, a frequency
response range of 0.5–5000Hz, and a sensitivity of 10mV/g.
IEPE acceleration sensor needs to be used together with the

signal conditioner to provide constant current supply. 'e
output signal of the sensor is directly isolated and trans-
formed into a standard voltage signal for signal acquisition
and analysis by the later-stage data collector. CM3503™

3 m

Heading direction

Heading face

Acquisition
instrument

Signal
conditioner

Protection box

Sensor1#

Sensor2#

0.5 m
1.0 m

Figure 3: Blasting vibration monitoring scheme.

Table 1: Blasting parameters of upper bench of tunnel.

Type of blasting hole Delay time (ms) Numbers Depth (m) Charge per hole (kg) Charge (kg)

Cut hole 10 6 3 1 6
60 16 4.7 3.3 52.8

Caving hole

110 8 4.5 3 24
160 8 4.3 2.4 19.2
210 8 4 2.4 19.2
260 13 4 2.4 52
310 16 4 2.4 38.4
360 8 4 2.4 19.2

13 4 1.8 23.4

Peripheral hole 410 25 1 0.4 10
50 4 1 50

Bottom hole 260 5 4 3.6 18
410 12 4 3.6 43.2

Total 188 375.4

(1) Waterproof treatment (2) Pouring and cutting (3) Field installation (4) Shotcreting

Figure 4: Sensor installation process.
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three-channel conditioner is selected, which can output
±10V voltage, provides 4mA constant current source to
supply the sensor, and has 1 or 10 times gain amplification
instrumentation. TC-4850 blasting vibration instrument
developed by Chengdu Zhongke Measuring and Controlling
Co., Ltd., is used in the test. 'e A/D resolution of the

equipment is 16 bits, the maximum analog input is 10V, and
Figure 8 the sampling frequency is 1–50 kHz.

3. Blasting Vibration Characteristics

3.1. Typical Waveform Analysis. For the test data of section
AK52 + 257, two representative typical waveforms are se-
lected for analysis.'e near-field waveform is 3m away from
the tunnel face, with a total charge of 367 kg. 'e far-field
waveform is 132.5m away from the tunnel face, and the total
charge is 370 kg.

It can be seen from Figures 9 and 10 that the near-field
waveform has the characteristics of obvious segmentation,
short duration, high frequency, and large peak value, while
the far-field vibration has the characteristics of waveform
superposition, long duration, low frequency, and small peak
value. When the blast holes at different positions are det-
onated successively, multiple vibration signals with certain
time difference are generated in the near blasting area,
showing obvious waveform separation. With the increase of
the propagation distance, the vibration duration becomes
longer, and the waveforms of different segments, ampli-
tudes, frequencies, and phases are superimposed to form a
composite wave.

'e tunnel excavation adopts multisegments and
millisecond-level blasting. In this project, the delay time
is divided into eight segments: the cutting holes are the
first segment, the caving holes are the second to seventh
segments, and the peripheral holes and some bottom
holes are the eighth segments. However, during the actual
construction, the blasting scheme will need to be properly
adjusted according to the specific situation, such as
adding small cutting holes (primary cutting) or caving
holes.

During tunnel blasting excavation, in order to obtain the
blasting vibrationwaveformof each section as independently as
possible, the initial interval of 50ms is adjusted to 70ms.'ere
is basically no superposition of blasting vibration waveforms in
the near and middle field. But with the increase of distance,
when it reaches about 100m, the blasting waveform begins to
be partially superimposed.'erefore, in blasting vibration tests,

Steel wire PVC pipe

Protection box

Before shotcreting

Sensor location

After shotcreting

Figure 5: Site layout scheme of vibration measuring instrument.

Figure 6: ULT2010-500 triaxial acceleration sensor.

Figure 7: TC-4850 vibration acquisition instrument.
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appropriate monitoring distance shall be selected according to
the blasting scheme so as to obtain the separated waveform for
analysis.

3.2. Division of Tunnel Blasting Area. Before selecting the
components of the blasting vibration monitoring system, it
is necessary to define the distance range of blasting

Figure 8: CM3503™ three-channel signal conditioner.
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Figure 9: Acceleration waveform at 3m near tunnel face. (a) 'ree-direction waveform of blasting vibration acceleration. (b) Total
acceleration waveform.
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monitoring.'e explosion parameters and the distance from
the blasting source will affect the amplitude and frequency
characteristics of the vibration field so as to further select the
appropriate specification of monitoring equipment. Usually,
the blasting distance range is defined by two factors: near-
field and far-field vibration behaviors.

According to waveform observation results collected in
blasting vibration monitoring and the dependence of am-
plitude on distance and source energy, this paper proposed
four different monitoring fields. 'e proposed areas are
defined by the multiple of the integral value of the maximum
single section charge and distance, which is called scaled
distance (SD). In the near-middle field of blasting, the
correlation of the square root is better than cubic root
[24, 25]. SD is calculated by dividing the distance from the
blasting source by the square root of the maximum single
section charge. For the near-field, due to the influence of
group hole effect, it is impossible to determine the

appropriate distance between the blasting source and the
measuring point. 'erefore, in order to facilitate subsequent
analysis, it is recommended to take the horizontal distance
from the measuring point to the tunnel face as the distance
from the blasting source. Table 2 lists the expected peak
amplitude characteristics within the specified range.

3.3. Vibration Attenuation. As can be seen from Figure 11,
the blasting vibration acceleration decreases with the in-
crease of distance, and the blasting vibration attenuation is
fast in the near-field and slow in the far-field. 'e accel-
eration attenuation rate also decreases with the increase of
distance. 'e attenuation amplitude in the near-field, es-
pecially in the extremely near-field, is much larger than that
in the middle- and far-field. 'e rapid attenuation near the
blasting area is due to the continuous expansion of the
wavefront on the one hand and the absorption of medium
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Figure 10: Acceleration waveform at 132.5m near tunnel blasting area. (a) 'ree-direction waveform of blasting vibration acceleration. (b)
Total acceleration waveform.
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damping on the other hand. Rock mass medium has natural
low-pass filtering. For high-frequency vibration, medium
damping is large, and high-frequency components will be
significantly attenuated, resulting in relatively large low-
frequency components far away from the blasting source.

According to Figure 12, the vibration acceleration at-
tenuation trend of cutting holes, caving holes, and peripheral
holes is basically the same. According to the above regional
division, the maximum PPA of measuring points in the
extremely near-field and near-field is generated by the
blasting of peripheral holes. In the far-field, the maximum
PPA of themeasuring point is generated by the cutting holes.
'e maximum PPA of the measuring point in the middle-
field transits from the peripheral holes to the cutting holes.

In the near-field, due to the small distance, the energy
attenuation generated by the blast holes closest to the
measuring point is less than that of other blast holes, so the
maximum blasting vibration acceleration is generated by the
nearest peripheral holes. In the middle and far-field, because
there is only one free surface on the tunnel face when cutting
holes is detonated, the energy generated by the cutting hole
blasting can fully spread to the rock mass, and the energy
attenuation is slow, while there are two free surfaces when
other blast holes are detonated, the rock clamping force is
reduced, and the energy attenuation is fast. After equal-
distance propagation, the residual energy carried by the
cutting hole blasting is greater than that after the attenuation
of other holes, which shows that in the far area of blasting,
the maximum blasting vibration velocity in the surrounding
rock is generated by the cutting hole blasting.

'ere are differences in the vibration characteristics
generated in the surrounding rock by the explosion of
cutting holes and peripheral holes. 'e attenuation rate of
PPA generated by peripheral holes is faster. 'ere are at
least two reasons for this difference: firstly, there are more
free surfaces when the peripheral holes are detonated, and
the energy tends to be released to the nearest free surface,
resulting in faster attenuation; secondly, the blasting of
cutting holes and caving holes has caused a certain degree
of damage to the internal rock, the expansion of micro-
cracks in the rock, the decrease of strength, and the in-
crease of discontinuities, all of which can lead to the
increase of PPA attenuation rate of peripheral holes after
blasting.

In the near-field, the distance is the main influencing
factor, and the vibration amplitude is mainly affected by the
surrounding hole blasting closest to the measuring point. In
the far-field of blasting, the distance difference can be ig-
nored, the clamping of surrounding rock plays a great role,

and the vibration amplitude is mainly produced by the
cutting holes with a large charge.

In the near-middle field of tunnel, the blasting vibration
generated by peripheral holes is dominant, so the three-
directional vibration data of peripheral holes are mainly
analyzed. It can be seen from Figure 13 that the overall
magnitude of three-directional vibration intensity in the
near-middle region is X>Y>Z. 'e three-directional vi-
bration intensity tends to be the same with the increase of
distance. In the near-field, the main blasting vibration is
body wave, which mainly affects the horizontal vibration.
With the increase of distance, the influence of S wave is
significantly weakened. Surface wave is generated on the free
surface or medium interface and gradually increases, af-
fecting the vibration in the vertical direction.

Table 2: Suggested definitions of tunnel blast monitoring regions.

Distance region Maximum expected PPA (g) Scaled distance
(m/kg0.5)

Extreme near-field >100 SD≤ 0.5
Near-field 10–100 0.5< SD≤ 2.5
Intermediate-field 3–10 2.5< SD≤ 7.0
Far-field <3 SD> 7.0
Note. PPA is short for peak particle acceleration.
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Figure 11: Vibration attenuation in different areas.
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4. Modification of Vibration
Prediction Formula

'e acceleration is also recorded in three directions. 'e
maximum value of acceleration component may not appear
at the same time, but if the vibration level in any direction
exceeds the specified safety limit, the structure may be
damaged [26–28]. 'erefore, this paper selected the longi-
tudinal vibration with the largest vibration in three direc-
tions for analysis.

Like the velocity, the attenuation of vibration accelera-
tion has the same form [29, 30],

PPA � k(SD)
−b

, (1)

where SD � R/Q1/2; k and b are site coefficient and atten-
uation coefficient, respectively; R is the distance between the
blasting source and the monitoring point, m; and Q is the
maximum single-period charge, kg.

Shan et al. give the calculation method of the same
section charge initiation [31–33]. It is assumed that when the
group charge is detonated at the same time and the distance
between each charge and the measuring point is no more
than 10%, the equivalent distance R and equivalent charge Q
must be calculated first. 'e explosive quantity is the total
charge of the group charge, which is then substituted into the
particle vibration velocity formula to determine the particle
vibration velocity caused by the group charge. 'e actual
situation of on-site construction is possible that the tunnel
face is 16.5mwide and 7.5m high, but the nearest horizontal
distance from the measuring point to the face is only 3m.
Taking the blasting peripheral holes in the same section as an
example, the blasting holes are distributed along the tunnel
contour, and the distance between blasting holes is several
times that from the measuring point to the face. 'e blasting
hole depth and the distribution position of each section of
blasting holes on the tunnel face greatly affect the blasting
center distance. 'e blasting holes in the same section are

too scattered, which makes it impossible to treat the tunnel
face explosion as a centralized blasting source.'erefore, it is
recommended to take the horizontal distance from the
measuring point to the tunnel face as the distance from the
explosion source.

'rough the analysis of a typical waveform, two tem-
porary caving holes are added between the fourth section
and the fifth section of caving holes in the right half of the
tunnel face. 'e single period charge is only 4.8 kg, but the
actual vibration intensity is higher than the cutting holes
with a single section charge of 52.8 kg. 'is shows that the
vibration intensity in the near blasting field is more sensitive
to distance. In the near blasting area, using Sadovsky’s
formula to predict will overestimate the effect of charge and
weaken the influence of distance. 'erefore, in order to
reflect the actual situation in the near area of tunnel blasting,
it is necessary to modify the traditional formula, increase the
correction index and correlation coefficient in the near-field,
and put forward the regression and prediction formula of
vibration in the near-field of blasting with reference to
Ghosh’s formula [34], which is as follows:

PPA � k(SD)
− α

e
β(

���
HD

√
/Rl/R)

, (2)

where Q is the maximum single-stage dosage, kg; R is the
vertical distance between themeasuring point and the tunnel
face, m;H is the tunnel height, m;D is the tunnel width, m; L
is the depth of cyclic footage, m; l is the coefficient and
attenuation coefficient related to the topography and geol-
ogy of the blasting area; and β is the coefficient related to the
blasting holes distribution and blasting holes depth in the
tunnel face.

A total of 31 blasting tests were conducted in the first
stage of this test. Due to the difference of rock conditions in
each construction cycle, the parameters such as the total
charge used in actual blasting or the total charge of blasting
holes in each section are different. A large number of data
results were measured under the conditions of different
charge quantities and different blasting center distances. Due
to space limitations, some vibration monitoring data are
listed in Table 3.

'e multiple regression fitting of (1) and (2) was carried
out by using the vibration data to obtain the empirical
formula characterizing the propagation and attenuation law
of blasting vibration, as shown in equations (3) and (4).

PPA � 696
Q1/2

R
 

−1.55

, R
2

� 0.82 . (3)

It can be seen from (3) and (4) that the correlation
coefficient of the correction formula is the largest; that is, the
fitting correlation is the best, which shows that the formula
can accurately reflect the change law of the near-field of the
tunnel by introducing the correction index and correlation
coefficient in the tunnel near-field. 'e predicted vibration
velocity is calculated by using the fitting results of the above
two formulas. Comparing the velocity with five groups of
field measured data, the relative error and average relative
error between the predicted value and the measured value
can be obtained, as shown in Table 4.
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Figure 13:'ree-directional acceleration curves of peripheral hole.
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PPA � 315
Q1/2

R
 

−0.19

e
− 0.26(

�����
7.5∗16.5

√
/R∗3.5/R)

, R
2

� 0.88 .

(4)

It can be seen from Table 4 that the relative error between
the predicted value and the measured value of the modified
formula is less than 10%, and its prediction accuracy is high,
which indicates that it is more accurate to predict the blasting
vibration velocity for near-field blasting in the tunnel. Also,
using (2) to calculate the blasting vibration velocity, the group
hole effect of blasting holes on the tunnel face and influencing
factors of blasting hole length can be considered.

5. Conclusions

'rough the vibration test of the acceleration sensor in-
stalled in the surrounding rock near the tunnel face of
Zhaitang Tunnel, the New Line Expressway of China Na-
tional Highway 109, the following conclusions can be drawn:

(1) By observing the typical waveform of blasting vi-
bration, it is found that the vibration waveform in the
near-field has the characteristics of obvious seg-
mentation, short duration, high frequency, and large
amplitude; the far-field vibration waveform overlaps
with long duration, low frequency, and small
amplitude.

(2) 'e attenuation of tunnel blasting vibration is fast in
the near-field and slow in the far-field, and the at-
tenuation rate decreases with the increase of distance.
In the extremely near-field and near-field of blasting,

themaximumPPA ofmeasuring points is generated by
peripheral hole blasting; in the far-field of blasting, the
maximum PPA of the measuring point is generated by
the cutting hole. In the near-middle field, the overall
magnitude of three-directions vibration intensity is X
direction>Y direction>Z direction. With the increase
of distance, the three-dimensional vibration intensity
tends to be the same.

(3) 'e prediction formula of blasting vibration suitable
for the near-field of the tunnel is modified, and its
engineering application feasibility is verified. 'e
next step is to study its applicability in the near
blasting area of open-pit mine.
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