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This study aims to effectively control the effects of blast vibrations and improve the safety
factor for personnel and facilities in blasting engineering. Using high-precision digital
electronic detonators according to the propagation and superposition principle of
blasting vibration signals, a superposition prediction method based on single-hole
blasting vibration waveform is proposed to determine the group-hole blasting vibration
waveform. Experimental results show that the variation law of the predicted blasting
vibration wave is consistent with that of themeasured blasting vibration wave, and the error
rate is less than 16%. Based on the proposed superposition prediction method, the
variation law of particle vibration velocity peak with micro-differences in time is studied.
Consequently, an optimal differential time interval (delay time) is obtained with regard to the
blasting vibration reduction. The results are applied in a site leveling project, and the results
show that the slight time difference between zones has an evident effect on vibration
reduction. The maximum reduction achieved with the proposed method is superior
(69.7%) to that obtained via other controlled blasting delay methods. This result has
been successfully applied in a flat project in China.
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INTRODUCTION

Effective control of blasting vibration damage is one of the major problems in the field of engineering
blasting that needs in-depth exploration (Deng and Chen, 2021). Blasting vibrations tend to affect the
structural stability and construction environment (Liu et al., 2020). With a continuous increase in the
in-depth understanding of engineering construction, surrounding environment, resource mining,
national defense engineering, and reconstruction engineering, the impact of blasting vibrations on
the environment has been elucidated well (Qiang et al., 2016). In the blasting process of mines
containing goaf (Jiang et al., 2016; Fan et al., 2018b; Fan et al., 2019; Fan et al., 2020b), the energy
generated by the explosion in the blasting hole propagates to the rock mass medium in the form of
seismic waves and then accumulates and dissipates, thereby weakening its stability.

The main way to reduce the effect of blasting vibrations is to adopt an appropriate differential
time. Fish (Wang, 2007) was the first to determine that when the blasting vibration waves differ by
half a period, the vibration waves are superimposed and weakened, thus reducing the amplitude of
blasting vibrations (Iwano et al., 2020). Jimeno (1995) and Tripathy and Gupta (2002) indicated that
blasting vibration could generally be represented by an equation comprising the explosive quantity,
wave propagation distance, blasting parameters, and rock characteristics at each millisecond. Jiang
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et al. (2019) and Zheng and Amp (2018) used this equation to
transform the prediction model of blasting vibration velocity
based on the Sadovsky model by considering the elevation and
cumulative damage of rock mass, thereby revealing the
propagation and attenuation law of vibrations in the blasting
area. However, the differential time associated with vibration
reduction could not be predicted accurately.

Currently, the Sadovsky formula and empirical coefficient
method are the two main methods used in blasting engineering.

V � K(
��
Q3

√
R

)
α

(1)

where V is the particle vibration velocity, Q is the section charge,
R is the distance from the measuring point to the center of the
blast zone, K is the site condition coefficient, and α is the
attenuation index of blasting vibration.

However, the actual test results show that it is necessary to
perform multiple blasting vibration tests in the blasting site while
utilizing the maximum number of measuring points. It is
noteworthy that more accurate values of K and α can only be
obtained using the nonlinear regression method. Although the
correlation coefficient of regression analysis meets the
requirements, when K and α are used to guide the prediction
of an unknown blasting vibration velocity, the calculation error
associated with the peak value of blasting vibration in areas close
to the blast zone is large; that is, it exceeds 200%, and the error is
greater than 30% even in areas far from the blast zone. This is
because the formula is put forward according to the ketone
chamber blasting experiment, and deep-hole blasting uses
millisecond detonating tube detonators that comprise a delay
relay in both internal and external networks. Furthermore, a
small delay interval, continuous holes, and an insufficient study
period render this formula inapplicable for calculating the peak
value associated with small intervals of millisecond delay blasting
vibrations. Moreover, the traditional blasting system, regardless
of whether it is electric or nonelectric, uses a detonator that
depends on the delayed effects of chemical agents to form the
blasting network. The micro-delay time of this detonator is
limited to multiples of 25 ms, which does not allow it to
accurately set a micro-delay.

With the advent of digital electronic detonators, the micro-
differences in the time of high-precision digital electronic
detonators can be arbitrarily set at 1 ms, making it possible to
reduce the blasting vibration effect through an accurately
designed initiation network (Chi et al., 2015) and thus
gradually commencing the research on the use of delay time
to reduce blasting vibrations. Han et al. (2019) determined the
amplitude variation associated with the vibration velocity of the
superimposed signal that occurred due to distance changes using
the equal-interval two-segment superposition method and
established a probability model to quantitatively analyze the
influence of the delay error on the vibration reduction via
seismic wave interference. Liu and Chen (2019) analyzed the
time–frequency characteristics of the superposition signal of a
single row of holes using the single-stage blasting vibration signal
and proposed the variation rule of the millisecond blasting

superposition signal. Qiu et al. (2017) used MATLAB to
analyze the time–frequency characteristics of two stages of
superimposed signals with different intervals, defined the
energy reduction rate in combination with HHT energy and
analyzed the vibration reduction effect of different blasting
parameters on short superimposed blasting signals. However,
the majority of existing research has been performed at a
laboratory scale, and the results have not been corroborated
with parameters in actual blasting engineering.

Ye et al. (2014) used the approximate optimization test
method in the Jin Duicheng open-pit mine to compare the
selection range of the differential time associated with the
optimal vibration reduction rate. Combined with the
dimensional analysis theory, Zhong et al. (2016) discussed the
influencing factors of the blasting vibration duration and
deduced its prediction formula; the linear correlation of the
formula reached 89.7%. Based on the principle of linear
superposition of seismic waves, the delay interval of
millisecond blasting with different core distances was
calculated. Although these studies have determined the delay
associated with the vibration reduction differential time, they
have limited the test site and geological conditions. For example,
when mining soft rock with low stress (Fan et al., 2018a; Fan
et al., 2020a; Kang et al., 2021) in China, the geological
conditions are completely different from those of coal and
metal mines; therefore, numerous engineering tests must still
be performed after the site changes.

Accordingly, Anderson (1985) proposed the theory of using
linear superposition to simulate and predict multi-row blasting,
elaborated the basic assumptions of simulation and prediction,
and successfully predicted the porous shock wave associated with
the delayed initiation of high-precision detonators according to
the theoretical model. Based on the linear superposition proposed
by Hinzen (1988), a hybrid predictionmethod that combines field
and computed measurements is proposed. The predicted
waveform is obtained by a convolution operation between the
measured single-hole waveform and the pulse train of each hole.
However, the random deviations in actual blasting engineering
are not considered. Ma et al. (2021) analyzed the blasting failure
mechanism, failure mode, and real-time damage evolution laws of
homogeneous surrounding rock and horizontal layered
surrounding rock for single-hole porous blasting; this was
aimed at determining unstable conditions under blasting loads,
such as collapse and spalling of tunnels with the horizontal
layered surrounding rock.

In this study, blasting vibration waveforms have been
calculated with a high-precision digital electronic detonator. A
single-hole blasting vibration signal acquisition method has been
implemented using the MATLAB software (Lv and Lv, 2011), in
which single-hole blasting signals under different differential
times are stacked. Subsequently, the time–frequency
characteristics of blasting vibration signals, the peak value of
blasting vibrations, and the error rate associated with the blasting
vibration peak value are calculated. This study introduces the
concept of “vibration reduction rate” and determines the
variation rule of the high-precision blasting vibration signal
with micro-delay time, which is used to guide the selection of
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micro-delay time for reducing vibrations in subsequent blasting
construction; this rule was verified using experiments.

OVERLAY OF BLASTING VIBRATION
SIGNALS

Signal Superposition Principle
Under the same geological conditions, single-hole blasting
vibration signals travel from the blast zone to the measuring
point position. Meanwhile, group-hole blasting vibration signals
can be summed up in a single waveform for a selected delay time.
Combining superimposition results (Yang et al., 2011), the
waveform expression can be written as:

S(T) � ∑n
i�1
KiS(t − ti)δ(t − ti) (2)

where S(T) is the total blasting vibration velocity at the measured
point, T is a certain moment in the blasting vibration process, and
Ki is the charge coefficient of the I subsection. When blasting
parameters, such as the charge amount and explosive type, in
each subsection are the same and the topographic and geological
conditions from the detonation source to the measuring point
exhibit little difference, then 1; S (t-ti) is the particle vibration
velocity generated after the detonation of the i-sublevel explosive;
ti is the time taken by seismic waves to travel from the source to
the measuring point after the explosion in subsection i; n is the
number of segments; and δ(t) is the unit step signal (Farsangi,
2015), whose expression is:

δ(t) � { 0, t< 0
1, t> 0 (3)

In Eq. 1, S (t-ti) can be obtained through a single-hole blasting
test. Therefore, when the blasting parameters of each section are
the same along with the geological and topographic conditions of
rock mass within the blasting range, the single-hole vibration
signals of any measuring point can be superimposed.

Realization of Blasting Vibration Signal
Superposition in MATLAB
By using the data processing, calculation, programming, and
visualization functions of MATLAB, the blasting vibration
signals are superimposed based on the principle of signal
superposition via the following steps:

Step 1: Prediction of the maximum blasting vibration velocity of
the particle. Using the xlsread function of MATLAB, the
document is read under the specified path of the single-
hole blasting vibration signal. The selection of an optimal
single-hole blasting vibration signal involved the
measurement of the vertical, radial, and tangential
velocities of blasting vibrations, maximum number of
blasting holes (stack section), and delay time Δt to
determine the total waveform duration. In the FOR
cycle, the superimposed group-hole blasting waveform

with a set delay time is realized, and the maximum
blasting particle vibration velocity is predicted.

Step 2: Fitting the relationship curve between different delay
times and the maximum blasting particle vibration
velocity. Here, we determine the sampling frequency,
set the delay time associated with the vibration
instrument in the range of 1–100 ms, measure the
single-hole blasting vibration signal under different
delay times for each superposition cycle, and define the
maximum blasting vibration velocity to compute the
delay time and obtain its relationship curve with the
maximum blasting particle vibration velocity.

Step 3: Fitting the relationship curve between different delay
times and vibration reduction rate.

BLASTING TEST

The blasting seismic wave interference is used to reduce the peak
value of blasting vibration velocity and control secondary
disasters (Wang et al., 2020). From the viewpoint of the signal
superposition principle, the influence of a minor time difference
on the blasting vibration velocity peak is analyzed. The flexibility
and accuracy associated with the delay time of a high-precision
digital electronic detonator (Agrawal and Mishra, 2018) are
utilized to greatly improve the selectivity and stability of the
delay in the blasting network.

Test Steps
The implementation steps are as follows:

1) Select an appropriate hole in the blasting area to collect single-
hole blasting vibration data: To collect complete single-hole
blasting data and eliminate the influence of seismic waves in
the main blasting area on the vibration data of single-hole
blasting, the waveform of the final blasting hole is considered
the single-hole blasting vibration signal, and the delay interval
between the final blasting hole and the penultimate one should
exceed 500 ms.

2) Determine the radial distance of each measuring point from
the explosion point of single-hole blasting: A number of
vibrometers (not less than 3) are arranged. The
vibrometers are arranged in the bedrock, or the vibrometer
is wedged into the ground with the vibration oscillator.

3) Collect single-hole and group-hole blasting vibration data and
record on-site blasting parameters, including the hole
position, measuring point distance, hole depth, propagation
medium, single hole charge, hole row spacing, and blasting
network.

4) Select the appropriate single hole blasting vibration signal,
analyze the collected single hole blasting vibration data with
the MATLAB software, input the design delay time of group
hole blasting under n segments, and predict the complete
blasting vibration waveform at the measuring point as well as
the maximum group-hole blasting vibration velocity.

5) Fit the relationship curve between different delay times and
the maximum blasting particle vibration velocity, as well as
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the relationship curve between different micro-differences in
time and vibration reduction rate (using MATLAB).

6) Based on the predicted results of the program, perform
multiple on-site blasting vibration tests under the same
geological conditions and the same blasting parameters to
verify the optimal blasting network delay.

Obtaining Vibration Data of Single Hole
Blasting
According to the test implementation steps, the final hole
in group-hole blasting was selected for single-hole blasting,
and the delay interval between the penultimate holes of
single-hole blasting and group-hole blasting was set at 500 ms.
The positions of holes and measuring points are shown in
Figure 1.

Figure 2 shows the vibration data of single-hole blasting at
three measuring points. These monitoring points were arranged
in the near and far radial directions of each vibration
measurement area and denoted as M1, M2, and M3. Table 1
shows the parameters of single-hole blasting and the measured
peak value of vibration velocity associated with single-hole
blasting.

Prediction and Analysis of Blasting
Vibration Waveform
Before group-hole blasting, based on existing blasting design
parameters, the single-hole vibration waveform with the
highest vibration speed in the three channels is selected.
The prediction program in this study has been used to
perform numerical simulation of the group-hole blasting
vibration waveform for 10 cycles of superposition under a
delay time of 22 ms; the simulated waveform is compared with
the measured group-hole blasting vibration data. Waveform
distortion is observed at measuring point 3. Simulated and

measured vibration waveforms associated with group-hole
blasting at measuring points 1 and 2 are shown in Figures
3 and 4.

FIGURE 1 | Layout of boreholes and measuring points.

FIGURE 2 | Vibration waveform of single-hole blasting at three
measuring points.
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Figures 3 and 4 show that the predicted blasting vibration
waveforms at two different positions are basically consistent with
the measured blasting vibration waveforms, and the periods of
vibration enhancement and weakening last for similar durations.
The predicted blasting vibration waveforms in this study basically
reflect the variation trend of blasting vibration waveforms at each

measuring point. Table 2 shows that the measured peak vibration
velocity (VA) at the two vibrating measurement points is close to
the predicted peak vibration velocity (VP); the error rate is less
than 16%, which is significantly lower than that obtained with the
regression prediction analysis method based on the Sadovsky
formula (Lu et al., 2007). It can be proved that the prediction
method used for blasting vibration velocity peak is effective and
reliable.

Prediction of Time of Deviation
When the main vibration frequencies are similar, the intensity of
blasting vibration is mainly reflected by the maximum blasting
vibration velocity; consequently, the relationship curve between
different delay times and the maximum blasting particle vibration
velocity can be obtained (Figure 5).

The “vibration reduction rate” is used to describe the
weakening degree of the maximum vibration velocity after the
vibration signal of single-hole blasting is superimposed for n

TABLE 1 | Single hole blasting parameters and peak vibration velocity.

Measuring
point

L/m H/m Aperture/
mm

Single
dose/kg

Column
spacing/m

Row
spacing/m

Measured peak vibration
velocity of single hole/cm/s

Main frequency of
vibration/Hz

M1 65 10 120 49 5 4 1.242 19.53
M2 95 0.785 17.09
M3 125 0.341 12.2

FIGURE 3 | Simulation and measurement of group-hole blasting
vibration waveform at point M1.

FIGURE 4 | Simulation and measurement of group-hole blasting
vibration waveform at point M2.

TABLE 2 | Comparison of simulated and measured group-hole blasting
vibration data.

Measuring point L/m va vp |Δv| Error rate/%

M1 65 1.246 1.0536 0.1924 15.4
M2 95 0.747 0.6565 0.0905 12.1
M3 125 — — — —

FIGURE 5 | Relationship curve between different delay times and
maximum blasting particle vibration velocity.
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times. Subsequently, the difference in the maximum vibration
velocity is calculated after the superposition of the homogeneous
explosion (the delay time is 0 ms) and different delay times. Then,
the ratio of the differential value to the velocity of the
homogeneous explosion is used to measure the vibration
reduction rate:

ε � v0−vi
v0

× 100% (4)

where V0 is the maximum blasting particle vibration velocity
associated with the homogeneous explosion, and Vi is the
maximum blasting particle vibration velocity with different
delay times in N segments. Eq. 3 can be programmed to
obtain the change curve of the vibration reduction rate and
delay time (Figure 6).

During the entire period with micro-differences in time
(0–100 ms), the peak value of the stacking signal associated
with group-hole blasting increased and decreased to different
degrees with the micro-differences in time. At 18 ms, the
maximum vibration reduction rate was 92.5% when compared
with that of the full-blown blasting; this is not in accordance with
the interference damping theory of “Δt = T/2” (25 ms), with half
the main wave period (Chen et al., 2011). This is because the
blasting vibration signal is a typical nonstationary random signal
with the characteristics of short time and quick mutation (Yi
et al., 2011).

The variation rule of vibration signals of superimposed group-
hole blasting with micro-differences in time is as follows: the peak
value of the superimposed signal decreases rapidly with the
generation of micro-differences in time. The vibration
reduction rate of signals of group-hole blasting ranges from 16
to 20 ms, thereby exceeding 91.5%. The maximum rate of decline
reached up to 18 ms, reaching 92.5%. When the reduction rate
exceeds 60 ms, the delay time for blasting vibration signals
exhibits a straight line, which is close to the single-hole
blasting vibration signal peak. At this time, each vibration

signal interference between the main vibration superposition
effect is eliminated, and the group-hole vibration signal acts
independently as a single-hole blasting vibration signal.

TEST VERIFICATION AND ANALYSIS

Four group-hole blasting tests were performed in a limestone
stope in Hangzhou. The field experimental instruments included
the Sichuan Tuopu NUBOX-8016 blasting vibration monitor and
Zhonghaida GPS measuring instrument (Rao and Cai, 2016; Ling
et al., 2018). The Nubox-8016 Blasting Vibration Monitor has
three channels. It usually measures vibration components in three
directions at a certain point, among which the largest component
is selected; the largest component is generally found in the vertical
channel after the tests. The accuracy of the predicted blasting
vibration delay time was verified through the measured blasting
vibration velocity peak at different delay times in the blasting test.
The parameters of group-hole blasting and single-hole blasting
are consistent along with four geological conditions. The
diameter of blasting holes is 120 mm, hole depth is 10 m, hole
network parameters are 5 m × 4 m, the single-hole charge is 49 kg,
the number of holes is 10, and the total blasting charge is 490 kg.
There is no interval coupling charge, and one digital electronic
detonator is installed in each hole. Digital electronic detonators
have been selected among the four experimental rows to form a
micro-difference initiation network, with micro-differences in
time being 18, 22, 27, and 50 ms. The measured peak value of
group-hole blasting vibration velocity is shown in Table 3. The
attenuation law of the blasting vibration velocity at measuring
point M1 for the four monitoring times is shown in Figure 7.

Through the analysis of the vibration velocity peaks at 12
measuring points in four groups of test areas with different
micro-differences in time, it is found that the main frequency
associated with blasting vibration at each measuring point is
basically maintained within 9–20 Hz, and the effect of micro-
differences in time on the main vibration frequency is not evident.
At 65 m, when the delay time is 18 ms, the maximum value of
blasting vibration velocity measured at S1 is 0.701 cm/s. At 95 m,
when the delay time is 18 ms, the maximum value of the
minimum blasting vibration velocity measured at S1 is

TABLE 3 | Blasting vibration velocity data at each measuring point with different
delay times.

Delay
time/ms

Zero
distance/m

Peak vibration
velocity/cm/s

dominant frequency/
Hz

18 65 0.701 9.46
95 0.477 15.869
125 0.305 56.152

22 65 1.246 19.531
95 0.747 18.311
125 0.314 19.531

27 65 0.770 17.09
95 0.507 13.123
125 0.369 13.428

50 65 2.312 28.076
95 1.367 19.226
125 0.830 18.921

FIGURE 6 | Relationship curve between delay time and vibration
reduction rate.
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0.477 cm/s. At 125 m, the minimum blasting vibration velocity
peak is 0.305 cm/s at S1, and the delay time is 18 ms.

When the delay time is 18 ms, the blasting vibration velocity
peak value at each measuring point is lower than that at delay
times of 22, 27, and 50 ms; this proves that the proposed
superposition prediction method based on single-hole blasting
vibrations adopted is consistent with the practical results.

According to Figures 8 and 9, during blasting seismic wave
propagation, the peak value of blasting vibration velocity
decreases continuously with an increase in the distance from
the blast center. The main frequency of blasting vibration
basically continues to be in a fixed range, and only a few
measuring points exhibit abrupt changes in the main
frequency. With a change in the difference time at the same
measuring point, the peak value of blasting vibration velocity
decreases to different degrees, and the main vibration frequency
of blasting vibration does not change significantly. In areas close
to the blasting zone, the vibration can be reduced by 69.7% with a
change in the micro-differences in time. In areas at intermediate
and higher distances from the blasting zone, the vibration
reduction effect remains comparable with a change in the

FIGURE 7 | Blasting vibration waveform of M1 at different micro-differences in time.

FIGURE 8 | Peak vibration velocity at eachmeasuring point with different
delay times.
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micro-differences in time. For the optimal delay time of the
vibration reduction effect (18 ms), the vibration reduction effect
is not evident; however, the blasting vibration frequency is
significantly increased, which plays a certain protective role for
the structure (its own frequency is generally less than 10 Hz).

In a flat project in China, engineers and technicians performed
blasting operations according to this method and selected several
delay times to monitor vibrations in the project; they obtained the
vibration reduction effect observed in this study, which proved
that a delay time range of 16–20 ms is effective for vibration
reduction.

CONCLUSION

1) This study usesMATLAB for performing numerical simulations to
predict the group-hole blasting vibration waveform through
the single-hole blasting vibration waveform, which in turn
consistently follows the variation law of the measured blasting
vibration waveform. The error rate of the peak velocity associated
with group-hole blasting vibration is less than 16%, thereby
rendering the proposed method more effective and reliable than
the traditional prediction method.

2) From 0 to 100 ms, the reduction rate of blasting vibration
intensity is evident in the range of 16–20 ms. When it reaches

more than 60 ms, the group-hole vibration signal acts
independently as a single-hole blasting vibration signal.

3) The interference superposition of blasting vibration signals
can be realized using a high-precision digital electronic
detonator to change the micro-differences in time. In areas
close to the blasting zone, the micro-difference in time has
a significant effect on vibration reduction, which can be
reduced by up to 69.7%. In areas that are at intermediate
and greater distances from the blasting zone, the effect of
micro-differences in time on vibration reduction is similar.
Before blasting construction, vibration intensity can be
effectively controlled at different distances using a small
delay time.

4) This study analyzes the influence of delay time on the blasting
vibrations of an open-pit mine and achieves precise control of
delay time to reduce the harmful effect of seismic waves. The
proposed method can also be used for areas sensitive to
blasting vibrations, such as salt mines and the upper rock
mass of mined-out areas. However, it is also necessary to
control the maximum single response charge and realize a
reasonable charge structure to reduce the vibration hazard.
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