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Highlights:

e The peak particle velocity (PPV) and principal frequencies of different structures of
single-story brick-concrete buildings are different. The PPV amplification factor does
not change much when the principal frequency ratio is larger than 0.75.

e The measuring points of different heights have different sensitivities to blasting
vibration waves of different principal frequencies.

e PPV can be reduced by waveform interference.

Abstract. Vibration waves generated by blasting can cause shock to buildings.
Different responses occur in different parts of the building. Therefore, a single
standard is inaccurate. At the same time, methods to reduce vibration are needed.
In this paper, the variation of peak particle velocity (PPV) and principal frequency
was analyzed. The energy variation of blast vibration waves was analyzed by
wavelet packet decomposition. A numerical model was established to verify the
new vibration reduction measure. The results showed that the PPV on the walls
increases with their height. The PPV and principal frequency of different
structures of single-story brick-concrete buildings are different. The amplification
factor of PPV does not change much when the principal frequency ratio is larger
than 0.75. Measuring points at different heights have different sensitivities to
blasting vibration waves of different principal frequencies. Therefore, different
structures will respond differently to the same blasting operation. The PPV can be
reduced by waveform interference. However, the cycle of blasting vibration waves
decreases with increasing distance. Therefore, it is necessary to determine a
reasonable interval to reduce the PPV. This requires further research.

Keywords: blasting vibration response; single-story brick-concrete buildings; PPV;
principal frequency; vibration reduction measure.

1 Introduction

Ore mining in open pits adversely affects the surrounding environment.
Especially, vibration waves generated from blasting can cause shock to buildings
around mines. If the vibration velocity exceeds a certain threshold, it will cause
different degrees of damage to buildings around a mine [1-3]. This has a direct
impact on the safety of people living around the mine [4-7]. Therefore, it is
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necessary to systematically study the vibration effect produced by blasting and
take effective vibration reduction measures. Many villages and towns are situated
in the vicinity of mines. The buildings are mostly single-story brick-concrete
buildings. At present, relatively few studies have been conducted on this topic. It
is necessary to conduct corresponding research.

Blasting vibration waves are affected by many factors [8-10]. Li, et al. [11]
analyzed the PPV and stress on a tunnel surface, after which they assessed the
tunnel’s safety. Xia, ef al. [12] found that the damage degree to rock on the tunnel
surface increased with the increase of PPV. Kahriman [13] predicted the PPV in
a limestone quarry and eliminated environmental problems around the quarry.
Abiodun Ismail Lawal proposed an artificial neural network-based mathematical
model for the prediction of blast-induced ground vibrations [ 14-18]. Singh, ef al.
[19,20] analyzed blast signatures and proposed an effective charge weight for the
prediction of ground vibrations. Smerzini, et al. [21] proposed a method for
describing ground vibrations generated by P, S or R seismic waves. Xu Jingui
[22] found that blasting vibrations decreased with the increase of horizontal
distance. The blasting vibration velocity at the top of the slope was obviously
higher than that in the other positions. Qiu Xianyang [23] revealed the time-
frequency characteristics of vibration signals. The most important ones among
these factors are PPV and frequency. Blast vibration standards have been
proposed to protect buildings and limit blasting vibration. Frequency and PPV
are considered in these standards. The United States Bureau of Mines (USBM)
published RI 8507 [24] and recommended blasting level criteria that set a peak
particle limit based on the predominant frequency of the seismic wave. Other
countries have proposed corresponding standards [25,26]. These standards are
similar; all of them limit the PPV in different frequency ranges. As an example,
one of them is shown in Table 1.

Table 1 Permissible peak particle velocity (PPV) in mm/s at the foundation
level of structures in mining areas (DGMS circular 7 of 1997).

Dominant excitation frequency/ Hz

<8Hz 8-25Hz >25Hz

(A) Buildings/structures not belonging to the mine owner
1. Domestic houses/structures (Mud/

Kuchcha, brick and cement) 3 10 15
2. Industrial buildings 10 20 25
3. Objects of historical importance and 5 5 10

sensitive structures

(B) Buildings belonging to the mine owner with limited life span

1. Domestic houses/structures 10 15 25
2. Industrial buildings 15 25 50
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The PPV and frequency in these standards are definite values. However, the PPV
and frequency of different structures of the buildings respond differently to the
same blasting. At the same time, the PPV and frequency at different heights are
also different. Building types are mentioned in these standards. However,
structures of buildings are not mentioned. The damage to structures of buildings
by PPV and frequency is different; people also respond to them differently. This
needs to be further clarified. Since blasting vibration can damage houses, it must
be investigated how we can reduce its impact. Various methods and techniques
have been developed to reduce blasting vibrations [27,28]. The water jet
technique has been frequently applied in many different fields [29-32]. It was
developed by Jung-Gyu Kim [33] to block the propagation of vibrations from
tunnel blasting. At the same time, many different vibration control methods have
been developed [34,35]. These methods can be classified into four major
categories: passive control [36,37], semi-active control [38,39], active control
[40], and hybrid control [41]. However, these methods require additional
facilities, or the structure of the building must be changed. This increases the
investment capital required. Blasting vibration waves respond differently to
different structures of the building. Different vibration control methods should be
adopted for different structures of a building, or the vibration of the building
should be reduced by reducing the blasting vibration waves. However, the effect
of blasting excavation cannot be reduced. Therefore, new vibration reduction
measures should be considered.

In this paper, blast vibration monitoring was conducted for different structures of
single-story brick-concrete buildings. The variation of PPV and principal
frequency was analyzed. The energy variation of blast vibration waves was
analyzed by wavelet packet decomposition. A numerical model was established
to verify the new vibration reduction measure that can be used to protect buildings
near mines.

2 Experimental Site and Experimental Details

Single-story brick-concrete buildings are situated near an opencast mine in the
east of Hebei Province, China, as shown in Figure 1. The mine produces millions
of tons of iron ore every year. Ground vibrations from blasting have been a
continuous problem for the mine and the surrounding buildings. Hole-by-hole
detonation technology has been adopted in the mine. The explosive weight in
each hole is between 100 kg and 480 kg. Different explosive weights are adopted
in different locations according to work requirements.

The monitoring equipment was a TC-4850 blasting vibration intelligent monitor
produced by the Chinese Academy of Sciences. It can accurately monitor the
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waveform, the principal frequency and the PPV of the blasting vibration waves.
The monitoring points are shown in Figure 2.

Figure 1 Monitoring location.

Single-storey brick-concrete building Single-storey brick-concrete building

Point T
Point
0.6m
Window 2m | Window Point
0.6m Point 7
Point § Wall 0.8m
0.6m
i Point 8
Point 2 (& Baint oin
0.8m
14m Point 9
0.8m
Point 10
(a) Monitoring points on external wall (b) Monitoring points on inner wall

Figure 2 Monitoring points of single-story brick-concrete building.

3 Vibration Monitoring on the Structures

In total, six tests were conducted. The principal frequency and PPV of the blasting
vibration waves are shown in Table 2. The X direction is perpendicular to the Y
and Z directions. The Y direction points toward the blasting site. The Z direction
is perpendicular to the ground.

The PPV of monitoring points 3, 4, 5, 6 in the X direction are presented in Figure
3. The PPV of monitoring points 3, 4, 5, 6 in the Y direction are shown in Figure
4. The PPV of monitoring points 3, 4, 5, 6 in the Z direction are shown in Figure
5. The PPV near the corner of a wall increases with height. However, this is not
obvious in the Z direction.

171



Xi Yang, ef al.

Table 2 PPV and principal frequency.

X Y Y4
Number  Points PPV Principle PPV Principle PPV Principle
/mm-s™ frequency/ /mm-s™ frequency /mm-s™ frequency
Hz /Hz /Hz
1 1.059 11.6822 4.693 9.8039 1.65 12.4378
2 0.97 7.4850 435 9.3633 1.401 13.1579
3 1.119 8.4459 4.598 9.8425 1.373 11.7925
4 1.035 8.3333 4.296 9.7276 1.423 12.0773
1 5 0.857 7.6340 4.123 9.7320 1.359 11.7650
6 0.927 7.5988 3.466 9.5057 1.373 11.9048
7 0311 5.3050 0.479 10.7820 0.333 6.8850
8 0.295 6.6450 0.419 7.4630 0.293 9.5240
9 0.247 5.8060 0.382 7.1170 0.312 6.6010
10 0.344 5.4790 0.387 7.3390 0.436 6.7230
1 3.249 8.3612 6.899 12.3762 3.477 11.6279
2 2.395 8.3893 4.809 11.3122 2.889 10.9170
3 3.488 7.9872 6.325 12.3762 3.149 12.0773
4 3.116 8.1169 5.727 12.1359 3.396 11.4679
) 5 2.571 8.3860 5.434 11.7650 3.206 11.5940
6 2373 8.5074 4.192 11.1607 3.03 11.6279
7 3.012 9.8770 5.737 11.9760 3.458 14.9250
8 2.518 9.5690 4.762 11.4940 3.263 14.9810
9 2.129 6.7230 3.191 16.6670 2.151 28.7170
10 3.682 13.6050 6.173 30.7690 5.214 20.2020
1 0.824 14.1243 1.185 14.1243 0.685 15.5280
2 0.492 9.1575 0.964 10.4603 0.6 12.5000
3 0.782 13.9665 1.132 14.3678 0.621 15.5280
4 0.666 13.8889 1.05 13.9665 0.602 11.1111
3 5 0.518 9.7090 1.014 10.4710 0.55 10.9590
6 0.507 8.6505 0.867 10.8695 0.58 11.2613
7 0.697 14.2350 1.016 10.4440 0.655 12.2700
8 0.59 12.9870 0.836 10.5540 0.575 13.0290
9 0.472 14.5450 0.813 10.3630 0.502 12.1950
10 0.73 14.7600 0.607 8.6960 0.993 17.7780
1 1.389 10.2881 1.314 17.6056 0.723 18.3824
2 0.844 8.8339 1.011 24.0385 1.3 13.2979
3 1.395 10.9649 1.109 17.4825 0.688 18.2482
4 1.189 10.2881 1.062 17.9856 0.679 17.7305
4 5 091 9.9260 1.058 16.4610 0.571 17.0990
6 0.853 9.1575 0.89 16.0256 0.544 18.2482
7 0.836 8.8500 1.115 17.0210 0.891 12.9030
8 0.748 9.0910 0.894 15.6250 0.824 13.6050
9 0.665 8.9690 0.789 14.7060 0.846 13.5590
10 1.363 35.0880 2.142 28.1690 1.724 17.4670
1 2.095 12.1359 6.054 9.8039 2.259 10.5932
2 1.538 8.0645 5.161 9.6525 2.164 9.0909
3 2.574 10.5932 5.847 9.8039 1.917 10.0000
4 2.355 9.6154 5.274 9.8039 1.948 9.2937
5 5 1.703 8.2990 517 9.5690 1.971 10.2040
6 1.423 10.7759 4.731 10.5485 1.885 17.4825
7 1.833 9.2810 5.223 9.5690 1.761 9.8520
8 1.496 8.0970 4.592 9.2810 1.518 13.6050
9 1.395 7.8740 4.052 10.1320 1.7 12.5000
10 2.34 9.6620 4.23 10.5540 2.291 18.3490
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PPV(mm/s)

Figure 3 PPV of monitoring points 3, 4, 5, 6 in the X direction.

PPV(mm/s)

Figure 4 PPV of monitoring points 3, 4, 5, 6 in the Y direction.
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Figure 5 PPV of monitoring points 3, 4, 5, 6 in the Z direction.
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The PPV of monitoring points 7, 8, 9, 10 in the X, Y, Z directions are presented
in Figures 6, 7, and 8 respectively. The PPV decreases first and then increases
with height. The PPV on the ground is larger than the PPV on the walls near it,
while the PPV on the walls increases with height.
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Figure 6 PPV of monitoring points 7, 8, 9, 10 in the X direction.
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Figure 7 PPV of monitoring points 7, 8, 9, 10 in the Y direction.
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Figure 8 PPV of monitoring points 7, 8, 9, 10 in the Z direction.
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The PPV on a high wall is larger than the PPV on the ground. As shown in Table
3, the PPV on the roof is larger than the PPV on the ground. The PPV on the roof
is also larger than the PPV on the windows. This is a PPV amplification
phenomenon related to height. The PPV on a window is larger than on a corner
when the height is the same. Because blasting vibration waves cause different
responses in different structures, the PPV and principal frequency of different
structures of single-story brick-concrete buildings are different. The vibration
resistance of different structures is also different. Therefore, a single standard is
inaccurate.

Table 3 PPV on different structures.

X Y Y4
Number Point PPV/mm-s’! PPV/mm-s’ PPV/mm-s’
1 (Roof) 1.059 4.693 1.65
| 2 (Window) 0.97 435 1.401
6 (Corner) 0.927 3.466 1.373
10 (Ground) 0.344 0.387 0.436
1 (Roof) 3.249 6.899 3.477
2 2 (Window) 2.395 4.809 2.889
6 (Corner) 2.373 4.192 3.03
10 (Ground) 3.682 6.173 5.214
1 (Roof) 0.824 1.185 0.685
3 2 (Window) 0.492 0.964 0.6
6 (Corner) 0.507 0.867 0.58
10 (Ground) 0.73 0.607 0.993
1 (Roof) 1.389 1.314 0.723
4 2 (Window) 0.844 1.011 1.3
6 (Corner) 0.853 0.89 0.544
10 (Ground) 1.363 2.142 1.724
1 (Roof) 2.095 6.054 2.259
5 2 (Window) 1.538 5.161 2.164
6 (Corner) 1.423 4.731 1.885
10 (Ground) 2.34 4.23 2.291

Principal frequency ratio 4 is shown in Eq. (1).

st
S

where £, is the vibration principal frequency of the ground, f is the vibration
principal frequency of different structures.

(M

The amplification factor is shown in Eq. (2).

175



Xi Yang, ef al.

p=pomes =l @)
o Vg
X h
g
max

g
where £ is the amplification factor, v, is the PPV at different points,”’ is the
PPV on the ground.

The amplification factor and principal frequency ratio in the X, Y, Z directions
are shown in Figures 9, 10, and 11 respectively. The amplification factor
increases rapidly when the principal frequency ratio is less than 0.75. The
amplification factor does not change much when the principal frequency ratio is
larger than 0.75. The principal frequency may be close to the natural frequency
of different structures.
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Figure 9 Amplification factor and principal frequency ratio in the X direction.
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Figure 10 Amplification factor and principal frequency ratio in the Y direction.
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Figure 11 Amplification factor and principal frequency ratio in the Z direction.

As shown in Figure 12, the energy ratio of the measuring points was obtained by
wavelet packet decomposition. The size of each frequency band was 7.81 Hz
(frequency band 1 was from 0 Hz to 7.81 Hz, frequency band 2 was from 7.81
Hz to 15.62Hz). In the low frequency band (frequency bands 2, 3, 4), the energy
ratio at a low point was large. In the high frequency bands (frequency bands 7
and 8), the energy ratio at a high point was large. This shows that the measuring
points at different heights have different sensitivities to blasting vibration waves
of different principal frequencies. Therefore, different structures respond
differently to the same blasting operation.

30

Il Point 10
I Point 9
Bl Foint 8
I Point 7

Energy ratio(%)

1 2 3 4 5 6 7 8 9 10 11 12 13
Frequency band

Figure 12 Energy ratio of the measuring points.
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4 Vibration Reduction Measures

Previous vibration reduction methods require additional facilities, or the structure
of the building must be changed. This increases the investment capital required.
Waveform interference does not require more investment capital. As shown in
Figure 13, the two waveforms will be reduced after superposition. How do we
implement this method? First, Ls-dyna is used to establish a model, as shown in
Figure 14. The model width is 100 m. The height is 24 m. Second,
MAT HIGH _EXPLOSIVE BURN material is used for the explosive. The JWL
equation for describing explosions is shown as Equation 3. The parameters of the
explosive are shown in Table 4. MAT PLASTIC KINEMATIC material is used
for rock. The parameters of rock are shown in Table 5.

P A(—- e 4 B1-—2 e 1“0 3)
RV RV %

where P is detonation pressure, V is the relative volume, Ey the initial specific
internal energy, and 4, B, Ri, R, and w are independent constants describing the

JWL equation.

Thirdly, the meshing is shown in Figure 15. The bottom of the model is a non-
reflective boundary. Lastly, the simulation time is 50,000 ps.

The velocity time history at point A in the model of one 500-kg explosive package
is shown in Figure 16. The PPV of point A is 100cm/s.

Y Before superposition

Y

/

Figure 13 Waveform interference.

Y

After superposition

Figure 14 The model of one 500-kg explosive package.

178



Blasting Vibration Monitoring and a New Vibration Reduction

Measure

Table 4 Parameters of explosive.

Density (g/cm®) Detonation speed (m/s) A4 (GPa) B(GPa) R, R, [0}
1.0 5000 214 0.18 42 08 0.15
Table 5 Rock parameters.
Density Young’s Poisson’s Yield Tangent Hardening
modulus ratio stress modulus arameter
_(g/em?) (GPa) (MPa) (GPa) P
2.54 57 0.27 106 5.5 0.5

Figure 15 Meshing.
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Figure 16 Velocity time history at point A in the model of one 500-kg explosive

package.

Firstly, Ls-dyna is used to establish another model, as shown in Figure 17. The
model width is 100 m. The height is 24 m. The 500-kg explosive is divided into
two 250-kg explosives. The two 250-kg explosive packages detonate at the same
time. Two explosives are separated by air. Secondly, the Gruneisen equation for
describing air under high pressure is shown in Equation 4. The air parameters are
shown in Table 6. The material parameters of rock and explosive are the same as
in the previous model. Thirdly, the meshing is shown in Figure 18. The bottom
of the model is a non-reflective boundary. Lastly, the simulation time is 50,000

us.
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The velocity time history at point B in the model with two 250-kg explosive
packages is shown in Figure 19. The PPV at point B is 90 cm/s. It is less than that
at point A, because the waveforms of the two 250-kg explosive packages interfere
with each other, as can be seen from Figure 21. The waveform interference is
affected by the initial phase of the blasting vibration wave if the initial phases of
the two blasting vibration waves are opposite, as shown in Figure 21. The two
explosive packages should be detonated at the same time. If the initial phases of
the two blasting vibration waves are the same, the initiation detonation time of
the two explosive packages should be half a cycle apart. However, the cycle of
blasting vibration waves decreases with increasing distance. The PPV can be
reduced by taking different intervals between two explosive packages according
to the cycle of different locations, so the cycle is changed in a blasting vibration
wave. Therefore, it is necessary to determine a reasonable interval to reduce the
PPV. This requires further research.

PoC il (=T~ ) @
P: ,UZ lu} +(7/0+a;u)E0

1-(S, - Du-8,~—-8 2

[1-(S, —Du 2,u+1 3(,u+1)2]

where po is initial density, yo is the Gruneisen parameter, Ey is initial internal
energy, C is the curve intercept, S1, S, S3 are curve slope coefficients, x is the
dynamic viscosity coefficient, a is a first-order volume correction of y and p.

Figure 17 The model of two 250kg explosive packages.

Table 6 Air parameters.

Density (g/cm?) C S 85 8 U n Ep
1.239x1073 0344 0 0 0 89x10* 14 0

Figure 18 Meshing.
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Figure 19 Velocity time history at point B in the model with two 250-kg
explosive packages.

Figure 20 Points C and D.
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Figure 21 The waveform interference of the model with two 250-kg explosive
packages.

5 Conclusion

The PPV on a wall increases with its height. The PPV and principal frequencies
of different structures of single-story brick-concrete buildings are different. The
vibration resistance of different structures is also different. Therefore, a single
standard is inaccurate.
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The amplification factor of the PPV does not change much when the principal
frequency ratio is larger than 0.75. This is maybe because the principal frequency
is close to the natural frequency of different structures. Measuring points at
different heights have different sensitivities to blasting vibration waves of
different principal frequencies. Therefore, different structures will respond
differently to the same blasting operation. It is necessary to propose a PPV limit
standard for different structures of single-story brick-concrete buildings or other
buildings. This can better balance mine production and building safety. This
requires further research.

PPV can be reduced by waveform interference. Waveform interference is
affected by the initial phase of the blasting vibration wave. If the initial phases of
the two blasting vibration waves are opposite, the two explosive packages should
be detonated at the same time. If the initial phases of the two blasting vibration
waves are the same, the initiation detonation time of the two explosive packages
should be half a cycle apart. However, the cycle of blasting vibration waves
decreases with increasing distance. It also changes in the blasting vibration wave.
Therefore, it is necessary to determine a reasonable interval to reduce PPV. This
requires further research.
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