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Abstract. High ground vibrations not only adversely affect the integrity of the
structures in a mine area but also create inconvenience for the nearby population.
In order to protect the Sanyou Mine slope in Tangshan, China from blasting
vibration, the peak particle velocity in step topography must be accurately
calculated. At present, the reflection coefficient of the stress wave at free
interface is not considered in the equation for calculating the peak particle
velocity in step topography. Therefore the accuracy of the peak particle velocity
calculation is decreased in the side direction when the reflection coefficient
changes. In this study, a 3D finite element analysis was employed for modeling
of the blasting vibration. A series of field-testing experiments was conducted to
measure the peak particle velocity. Then the reflection coefficient of the stress
wave was calculated. Based on this, the principle of the peak particle velocity in
step topography was explained. In addition, the application range of the equation
in step topography was determined and a new equation for peak particle velocity
calculation in step topography is proposed based on the numerical simulation
analysis and field-testing experiment.

Keywords: blasting vibration; fitting analysis;, peak particle velocity; reflection
coefficient; step topography.

1 Introduction

In recent years, ground vibration has become a popular research topic due to the
growing construction close to vibration sources and the attentiveness of people
to their living conditions. For example, vibrations caused by the passage of a
train near buildings play an important role [1]. In addition, ground vibration in
urban areas due to tunnel excavations seriously affects the structures built on the
ground [2]. The ground consumes explosive energy that is applied for rock
fracturing. The intensity of the vibration plays a critical role in all kinds of
adverse effects. High ground vibrations not only adversely affect the integrity of
structures in the mining area but also create inconvenience to the nearby
population. In some cases they provoke the population, which can lead to the
closure of a mine. High intensity vibration also damages the groundwater and
harms the ecology of nearby areas. Blast-induced ground vibration has a
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detrimental effect on structures such as buildings, dams, roads, railroads, natural
slopes, etc. If ground vibration is not controlled or minimized, it may cause
deforestation in the future because of changing the groundwater level, creating
landslides, soil loss, etc. [3]. Ground vibration may damage the free face and
generate back breaks [4]. Back breaks can create problems while drilling the
next blast round and generate over-sized boulders [5]. This adversely affects the
economics of the mine, hampers production and endangers the economic
development of the surrounding area. Hence, it is important to measure and
control blasting vibration with great accuracy [6].

The study of blasting vibration propagation in step topography is an important
basis for engineering blasting design and peak particle velocity calculation. In
this field, the Sadaovsk equation is widely used. Using stress wave theory,
Wenbo Lu improved the peak particle velocity attenuation equation [7].
Yunzhang Rao calculated and analyzed the peak particle velocity attenuation
law by SPSS software [8]. Tao Lu used a nonlinear fitting method to analyze
the parameters of the peak particle velocity attenuation equation [9]. Jianhua Hu
studied the law of blasting vibration attenuation under single-hole blasting
based on a multiple linear regression method [10]. Many experts and scholars
have used genetic algorithms [11-15], artificial neural networks [16-20] and
other analytical methods to fit the peak particle velocity attenuation equation
with high precision. Based on the dimensional analysis method, Hai Tang and
other experts arrived at the peak particle velocity calculation equation for step
topography [21]. It is as follows:

_ {/5[3. Hﬁz
V=kk( ) (1)

where k; denotes the field coefficient, k, denotes the influence coefficient of the
convex geomorphology such as the slope, f; denotes the attenuation coefficient,
QO denotes the charge of the explosive, R denotes the blasting distance, H
denotes the elevation, and V denotes the peak particle velocity.

At present, the equation for calculating the peak particle velocity in step
topography is mainly based on Eq. (1). However, the reflection coefficient of
the stress wave at the free interface is not considered in this equation. Thus, it is
more accurate when using it to calculate the peak particle velocity in the
positive direction of the explosion zone, when the reflection coefficient does not
change. The accuracy of the peak particle velocity calculation is decreased in
the side direction when the reflection coefficient changes. The reflection
coefficient of the stress wave at the free interface is calculated according to the
propagation law of the stress wave. The principle of the above phenomena was
analyzed in this study. The application range of Eq. (1) is proposed in this
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paper, as well as a new method for calculating the peak particle velocity in step
topography.

2 Reflection of Plane Waves on Free Interface

Create a coordinate system as shown in Figure 1. The free interface is
represented by X3 = 0. The elastic properties of the rock mass in the half-space
are known and the longitudinal and shear wave velocities are known, which are
denoted by a and . The influence of the atmospheric pressure above the free
interface is ignored.

Figure 1 Reflection principle.

Without loss of generality, it is assumed that the incident wave is a simple
harmonic plane P wave, which incidents at an angle ip to the free interface
[22,23]:

Up, = V(Pl Q= Alei(xlkpl sinip—x3kp; COSip)—i®pt (2)
ou_ M +wV(Veu)+uviu
or 3)
P, =0
32|X3:0

A;, Wp,, ip are known as constants. The total displacement field u(r,t) that

meets the following equation will be calculated. According to the previous
analysis, the potential function can be used to convert the problem of the
solution of two scalar functions (¢ and ;). Using the semi-inverse method,
according to the physical properties of the problem, a number of unknowns can
be theorized so that the problem is greatly simplified and then the remaining
unknowns can be set by the equation and edge conditions. First, it can be
theorized that there is a reflection of the simple harmonic plane wave. At the
same time, according to the principle of symmetry, nothing happens to the X,.
So we get the following form solution:

U=Up +Upy Filg, =V +VO, +V Xy, Vey, =0 4)

¢ = Alei(xlkplsinip—x3kpl coSip)—iwpt (5)
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@, = Azei(xlkpz Sinip—x3kp, COSip)—i®pot (6)

Y, = Bzei(xlksz sin rg —x3kg, COS rg ) —imwg ot (7)
The subscript 1 corresponds to the incident wave while the subscript 2
corresponds to the reflected wave. If we substitute u(r,¢)into the wave equation

validation, we get the solution of the wave equation. The form solution, which
is structured by d’Alembert’s solution, naturally satisfies the wave equation.
Substituting the edge conditions  {X 0) into the wave equation validation, the
following results are obtained:
sinip cosi sinrp cosr, sin r. COS T
) P P(P]+2 p p 2+( S)2W2_( S
o o o o B B

2 2
" —p7 1 2
(—7 )@ +9) +( )7 +(

2B o

)2\V2 =0
cosip CoS7p )2% N sinrg CoOS7yg v,=0 (8
BB

ixkpy sinip —iop1t ixjkpo sinrp —iopot + ixjkg 7 sinrg —iog ot
e

Oe = Pe

O, P, Q are all functions that contain A;, A,, B>, kp;, kpz, ks, wp;, wps, s, A and
4, which are all constants. Only x; and r are variables. Because the edge
conditions for any x; and t are established, we have:

Wp) =Wpy = Wg) ©)

sini, _sinr, _sinr

(10)

o o B

ip=rp, Wp; = Wpy = Wgy, s = arcsin(f sin ip/a;) are known, the form solution is
further simplified as:

¢ = Alei(xlkpl sinip—x3kp; cosip)—impt (11)
®s :Azei(xlkplsinip—x3kpl COS 1p )—i®pt (12)
VW, = Bzei(xlkSIsian—x3kSICoer)—imP1t (13)

Only A, and B, are unknown. The relationship between A,, B, and A; can be
solved by substituting the form solution into the edge conditions again. The
reflection coefficient can be calculated as follows:
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_ A B sin 2ip sin 2rg — a? cos? 2rg

PP - A~
A B%sin2ipsin2rg + o’ cos® 2rg

P B, —2p%sin 2ip cos2ry
PS — T a2 A 2 2
A; B sin2ip sin2rg + 0" cos” 2ryg

(14)

According to the relationship between the displacement and the displacement
function, the displacement reflection coefficient can also be given:

Vo,
fep =—| | =Fpp
Vo]
(15)
foo = V| o
PS = g | @p [ PS
Vol B
_ B? sin 2ip sin 2rg —a” cos® 2rg
i B2 sin 2ip sin 2rg + a* cos? 2rg (16)
Fro = —2aBsin 2ip cos 2ry
r B2 sin 2ip sin 2rg + a* cos? 2rg

With the same mathematical method it is possible to solve the problem of the
plane SV wave and the plane SH wave travel to the free surface. In particular
when the plane SH wave incidents to the free surface, whose displacement
reflection coefficient always satisfies fyy=1. Similarly, the reflection coefficient
of the SV wave to the free surface is as follows:

B B2 sin 2ip sin 2rg —a” cos? 2rg

fog =
5 B2 sin 2ip sin 2rg + o cos? 2rg (17)
20Bsin 2rg cos 27y
fsp= 2 . A, . 2 2
7 sin2ip sin2rg + o cos” 2rg
3 Numerical Simulation Analysis

3.1 Model Establishment

Based on the actual slope of the Sanyou Mine in Tangshan, China, the
calculation model is structured as shown in Figure 2. The model contains three
steps and each with 24 m height, a slope angle of 70°, a step platform width of 6
m, while the model width is 50 m and the simulation time is 600 ps. The
dividing grid is as shown in Figure 2.
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explosive

Figure 2 Calculation model.

The propagation velocity of the blasting stress wave can be affected by the
initial stress, but the propagation direction cannot be affected by the initial
stress. In this paper, the peak particle velocity under different incidence angles
is discussed. The incidence angle is mainly affected by the propagation
direction, so there is no need to consider the initial stress. In the geological
survey no large-scale stratification was found in the study area and the rock
slope integrity is better than others. Hence it was assumed that the model
material is a continuous, homogeneous, non-initial stress and isotropic elasto-
plastic material in the simulation process. The specific mechanical parameters
of the material are shown in Table 1. The corresponding longitudinal wave
velocity and shear wave velocity are 4297 m/s and 2281 m/s. The remaining
surfaces of the model are non-reflective boundaries except for the step surfaces.

Table 1 Mechanical parameters of rock.

. . Modulus of . Yield
Material V?cl:lg;le Qu(aglty l()ezllsl:t%' elasticity P;):lsggn strength
& & (GPa) (GPa)
Rock 397.70  1021.02 2.6 40 0.25 0.1

3.2 Analysis of Data

3.2.1 Calculation of Reflection Coefficient

The whole slope surface is a reflecting surface. The reflection coefficient of the
P wave at the free interface can be calculated by Eq. (16). The relationship
between the incident angle and the reflection coefficient of the P-wave
reflecting P-wave is shown in the Figure 3. The relationship between the
incident angle and the reflection coefficient of the P-wave reflecting SV-wave is
shown in Figure 4. Figure 5 is a superposition of Figure 3 and Figure 4. The
negative sign indicates the direction.
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Figure 5 Reflection coefficient of the P-wave.
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The reflection coefficient of the SV wave at the free interface can be calculated
by Eq. (17). The relationship between the incident angle and the reflection
coefficient of the SV-wave reflecting SV-wave is shown in the Figure 6. The
relationship between the incident angle and the reflection coefficient of the SV-
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wave reflecting P-wave is shown in Figure 7. Figure 8 is a superposition of
Figures 6 and 7. The negative sign indicates the direction.
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Figure 7 Reflection coefficient of the incident SV-wave and the reflecting
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Figure 8 Reflection coefficient of the SV-wave.
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Figure 9 Reflection superposition coefficient of the P-wave.
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Figure 9 shows the reflection superposition coefficient of the P-wave and Figure
10 shows the reflection superposition coefficient of the SV-wave. According to
the measuring point arrangement in Figure 14, the velocity diagram of each step

is shown as Figure 11. The response points of the measure points in Figure 14
are shown in Figures 9 and 10.
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Figure 11 Velocity diagram.
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When the stress wave propagates at the free interface there will be reflections
on the free surface. Moreover, the reflection coefficient is directly related to the
peak particle velocity.

Figures 5 and 8 show that the reflection coefficient first increases and then
decreases with the incident angle decreasing within a certain range (the negative
sign of the reflection coefficient indicates the direction). The incident angle of
the stress waves of the measuring points of each step in Figure 11 is shown in
Table 2.

Table 2 Incident angle.

Measure Incidence degree  Incidence degree Incidence degree

point of step 1 (°) of step 2 (°) of step 3 (°)

1 70 70 70

2 69.33 69.82 69.91
3 67.49 69.33 69.69
4 64.85 68.54 69.33
5 61.74 67.49 68.83
6 58.46 66.25 68.21
7 55.17 64.85 67.49
8 51.98 63.33 66.68
9 48.96 61.74 65.80
10 46.14 60.11 64.85
11 43.52 58.46 63.85
12 41.10 56.81 62.81
13 38.87 55.17 61.74

The reflection coefficients corresponding to the angles in Table 2 gradually
increase or increase first and then decrease. As a result, the PPV of the
measuring points in Figure 11 gradually increases or increases first and then
decreases. However, increasing the distance results in a decrease in the PPV.
When the increase of the PPV caused by the change reflection coefficient is
larger than the decrease of the PPV caused by the increase of the distance, the
phenomenon of the PPV increasing as shown in Figure 11 will appear. In the
opposite case, the phenomenon that the PPV decreases in Figure 11 will appear.

3.2.2 Calculation of Peak Particle Velocity
1. Fitting calculation of peak particle velocity in step topography

The measuring points are shown in Figure 12. The test point number follows 1-
18 from bottom to top. The corresponding blasting data for each measuring
point are shown in Table 3. The blasting data of the numerical simulation were
fitted with Eq. (18). The fitting scatter plot of Eq. (18) is shown in Figure 13.
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Table 3 Records of blasting data.

Measure Charge Height Distance  Actual PPV  Calculated PPV error

point (kg) (m) (m) (cm/s) (cm/s)
1 4320 4 7.45 338.29 260.18 23.09%
2 4320 8 8.90 130.81 164.55 25.79%
3 4320 12 10.35 111.14 123.96 11.54%
4 4320 16 11.80 92.54 100.61 8.72%
5 4320 20 13.25 79.87 85.18 6.64%
6 4320 24 14.70 84.71 74.12 12.50%
7 4320 28 22.15 52.96 59.36 12.09%
8 4320 32 23.60 42.67 53.84 26.17%
9 4320 36 25.05 44.68 49.33 10.41%
10 4320 40 26.50 57.69 45.58 21.00%
11 4320 44 27.95 60.86 42.40 30.34%
12 4320 48 29.40 57.51 39.66 31.03%
13 4320 52 36.85 33.82 35.19 4.07%
14 4320 56 38.30 28.95 33.30 15.03%
15 4320 60 39.75 25.05 31.62 26.21%
16 4320 64 41.20 27.26 30.11 10.44%
17 4320 68 42.65 29.29 28.75 1.86%
18 4320 72 44.10 29.19 27.51 5.75%

Figure 12 Measuring point arrangement.

1BQO/R)

: lge? =

Figure 13 Data fitting results of Eq.(18).
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V= 89.7(%)0%21 (%)—0,5778 (rz =0.9164) (18)

The average error of the calculated result is 15.70%. The error is calculated by:

_ |ActualPPV — CalculatedPPV|
ActualPPV

error

The average error is calculated by:

(error, +error, +...+error,)

average error=
n

The measuring points are shown in Figure 14. The measuring point number
follow 1-13 from right to left. The blasting data at the measuring points are
shown in Table 4.

Figure 14 Measuring point arrangement.

Table 4 Records of blasting data.

Actual PPV Actual PPV Actual PPV

Measure Distance Distance Distance
point ot('cs;](;g 1 (m) 0?:;352 (m) of(csl:lcz))S (m)
1 90.11 14.74 57.51 29.48 29.19 44.22
2 96.40 15.27 71.39 29.75 39.30 44.40
3 123.99 16.77 79.43 30.55 55.34 44.94
4 176.49 19.01 100.53 31.83 46.08 45.82
5 189.36 21.75 128.10 33.54 74.81 47.03
6 206.01 24.84 147.04 35.62 63.97 48.53
7 219.49 28.17 159.08 38.01 67.43 50.31
8 221.52 31.64 180.33 40.66 67.44 52.34
9 199.11 35.23 169.64 43.51 71.82 54.58
10 164.44 38.90 170.27 46.53 85.83 57.02
11 138.54 42.63 131.00 49.69 94.10 59.63
12 106.35 46.40 107.21 52.96 84.35 62.38
13 99.42 50.21 73.75 56.33 41.49 65.26
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The above data were fitted and analyzed, and the equation for calculating the
peak particle velocity is shown in Eq. (19). The fitting scatter plot of Eq. (19) is
shown in Figure 15.

V =201.65(

Figure 15

o

o8

Data fitting results of Eq. (19).

X Q 0.6731 -0.9207 2
N yoa Hy oo 12 _ 4938
R ) (R) ( )

= lg(H | R)

12(,/0/R)

(19)

The calculation result of the Eq. (19) and the error are shown in Table 5. The
average error of the calculated result was 32.12%. Comparing Eq. (18) with the
Eq. (19), the fitting accuracy is high in the positive direction of the explosion

area. However, it is greatly reduced in the side direction.

Table 5 Records of blasting data.

Measure Calculated Calculated Calculated
. PPV ofstepl  error PPVofstep2  error PPV of step error
potnt (emis) (cms) 3 (cmls)
1 137.67 52.79% 86.34 50.13% 65.72 125.17%
2 138.89 44.07% 86.54 21.21% 65.79 67.40%
3 142.14 14.64% 87.10 9.66% 65.98 19.22%
4 146.61 16.93% 88.00 12.47% 66.30 43.88%
5 151.60 19.94% 89.14 30.41% 66.73 10.81%
6 156.67 23.95% 90.48 38.46% 67.25 5.13%
7 161.61 26.37% 91.95 42.20% 67.85 0.62%
8 166.34 24.91% 93.49 48.15% 68.52 1.61%
9 170.82 14.21% 95.08 43.95% 69.24 3.60%
10 175.06 6.46% 96.67 43.23% 69.99 18.45%
11 179.08 29.26% 98.26 25.00% 70.77 24.79%
12 182.88 71.96% 99.82 6.89% 71.56 15.16%
13 186.48 87.58% 101.35 37.43% 72.37 74.44%
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The average error increased from 15.70% to 32.12%. This is because during the
process of the stress waves propagating to the side direction of the step, the
incident angle constantly changes, which causes changes of the stress wave
reflection coefficient. Therefore, Eq. (1) is more accurate in the positive
direction of the explosion zone.

2. Gaussian fitting calculation

The Gaussian function (Gi(x)=Asexp[(x-B))*2/Ci*2)]) is applied to fit the data.
There are many similarities between Gaussian fitting and polynomial fitting, but
there are also some significant differences. Polynomial fitting uses a power
function system, while Gaussian fitting uses a Gaussian function system. The
Gaussian method makes the calculation of the integral process easy and quick,
which is its biggest advantage. We can get the fitting Gaussian function related
to the measured data [24-29]. The data in Table 3 were fitted by the Gaussian
function and the results are shown as Table 6.

Table 6 Records of blasting data.

Calculated Calculated Calculated
Measure PPV of PPV of PPV of
. error error error
point step 1 step 2 step 3
(cm/s) (cm/s) (cm/s)
1 67.31 25.30% 36.02 37.37% 2498 14.40%
2 89.39 7.27% 47.83 33.00% 33.18 15.58%
3 113.65 8.33% 60.81 23.44% 42.18 23.78%
4 138.35 21.61% 74.03 26.36% 51.35 11.44%
5 161.25 14.84% 86.28 32.65% 59.85 20.00%
6 179.94 12.65% 96.28 34.52% 66.78 4.40%
7 192.24 12.42% 102.86 35.34% 71.35 5.81%
8 196.64 11.23% 105.22 41.65% 72.98 8.23%
9 192.57 3.28% 103.04 39.26% 71.48 0.48%
10 180.57 9.81% 96.62 43.26% 67.02 21.91%
11 162.10 17.00% 86.73 33.79% 60.16 36.06%
12 139.32 31.00% 74.55 30.46% 51.71 38.69%
13 114.65 15.32% 61.35 16.82% 42.55 2.57%

The above data were fitted and analyzed, and the equation for calculating the
peak particle velocity is shown in Eq. (20).

3 2
V= 89.7(%)0'9021 (%)‘0'5778 74,120 1028082712 (12 _ ) 6714) (20)
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The fitting scatter plot of Eq. (20) is shown in Figure 16.
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rfm

Figure 16 Data fitting results of Eq. (20).

The average error of Gaussian fitting was 21.06%.

32 00021 H o578
n V/[89.7(R) (R) ]
and the other measured points. Comparing Eq. (19) with Eq. (20), the accuracy
of the calculated result with Eq. (19) was low and the average error was 32.12%
while the accuracy of the calculated result with Eq. (20) is high and the average
error was 21.06%.

, 1 is the horizontal distance between point 1

4 Experiment Analysis

As shown in Figure 17, three steps in the open pit were selected. There were
five measuring points. The height of each of the steps was 24 m, the step width
was about 8 m, and the slope angle was about 70°. The blasting data records for
each measuring point are shown in Table 7.
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Figure 17 Measuring point arrangement.
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Table 7 Records of blasting data.

Measure Charge Height Distance Actual Calculated
. PPV PPV error
point (kg) (m) (m) (cnvs) (cnvs)
1 200 24 37 8 8.06 0.81%
2 200 24 48 5.47 4.96 9.40%
3 200 48 58 4.63 3.60 22.35%
4 200 48 66 4.1 2.82 31.14%
5 200 72 84 1.76 1.83 4.15%
1 180 24 37 5.95 7.56 27.14%
2 180 24 48 3.66 4.65 27.01%
3 180 48 58 3.27 3.37 3.12%
4 180 48 78 1.88 1.94 3.05%
5 180 72 84 1.35 1.72 27.36%
1 150 24 79 2.07 1.64 20.85%
2 150 24 95 0.96 1.16 20.87%
3 150 48 105 1.14 0.99 12.77%
4 150 48 117 0.67 0.81 21.23%
5 150 72 129 0.83 0.69 16.89%
1 160 24 74 2.27 1.93 15.17%
2 160 24 85 1.52 1.49 2.25%
3 160 48 94 1.33 1.27 4.35%
4 160 48 108 0.83 0.98 18.21%
5 160 72 120 0.72 0.82 14.07%

The data were fitted and analyzed, and the equation for calculating the peak
particle velocity is Eq. (21). The fitting scatter plot of Eq. (21) is shown in
Figure 18.

< gV s Ef

Figure 18 Data fitting results of Eq. (21).
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V= 237.79(%)1'8231 (%)O‘O‘m’ (r* =0.9416) (21)

The average error of the calculated peak particle velocity was 15.11%. As
shown in Figure 19, there were six measuring points on the step. The distance
between two points was 35 m. Point 1 was in the positive direction of explosion
area. The height of the step was 24 m and its width was about 8 m, while the
slope angle was about 70°. The blasting data records for each measuring point
are shown in Table 8. The data were fitted and analyzed, and the equation for
calculating the peak particle velocity is Eq. (22). The fitting scatter plot of Eq.
(22) is shown in Figure 20.

AT

Figure 19 Measuring point arrangement.

Table 8 Records of blasting data.

Measure  Charge Height Distance Actual PPV Calculated
point (kg) (m) (m) (cm/s) PPV error
(cm/s)

1 200 24 37 8 8.06 0.81%
2 200 24 48 5.47 4.96 9.40%
3 200 48 58 4.63 3.60 22.35%
4 200 48 66 4.1 2.82 31.14%
5 200 72 84 1.76 1.83 4.15%
1 180 24 37 5.95 7.56 27.14%
2 180 24 48 3.66 4.65 27.01%
3 180 48 58 3.27 3.37 3.12%
4 180 48 78 1.88 1.94 3.05%
5 180 72 84 1.35 1.72 27.36%
1 150 24 79 2.07 1.64 20.85%
2 150 24 95 0.96 1.16 20.87%
3 150 48 105 1.14 0.99 12.77%
4 150 48 117 0.67 0.81 21.23%
5 150 72 129 0.83 0.69 16.89%
1 160 24 74 2.27 1.93 15.17%
2 160 24 85 1.52 1.49 2.25%
3 160 48 94 1.33 1.27 4.35%
4 160 48 108 0.83 0.98 18.21%
5 160 72 120 0.72 0.82 14.07%
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Figure 20 Data fitting results of Eq. (22).

3
V= 6.01(%)0'2006 ( Z )03 (12 = 0.5091)

(22)

The average error of the calculated peak particle velocity was 34.3%.
Comparing Eq. (21) with Eq. (22), the fitting accuracy was of Eq. (21) was high
in the positive direction of the explosion area. However, the accuracy of the
fitting was significantly reduced and the average error increased from 15.11% to
34.3% in the side direction. The above data were fitted and analyzed by the
Gaussian function, and the equation for calculating the peak particle velocity

was Eq. (23). The fitting scatter plot of Eq. (23) is shown in Figure 21.

3
n=V/ [237.79(%)1'823] (%)0'0476] , r is the horizontal distance between point

1 and the other measured points.

31

T 1
0 100 200

Figure 21 Data fitting results of Eq. (23).
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3 2
V= 237.79(%)18231(%)00476 %2004 10T2DB0 (12 _ () 7445 (23)

The average error of the calculated peak particle velocity was 24.43%.
Comparing Eq.(22) with Eq.(23), the average error of Eq.(22) was high, and the
average error was 34.3%. However, the average error of Eq.(23) was low and
the average error was 24.43%. The experimental results were the same as the
simulation results, and the accuracy of the analysis was verified. The peak
particle velocity is affected by many factors. This still requires further research.
Although there were still some large errors (larger than 20%), the accuracy of
calculating the peak particle velocity with the new method is greatly improved.

5 Conclusion

In this study, a 3D finite element analysis and a series of field-testing
experiments was done to determine the effect of the reflection coefficient on the
peak particle velocity. Based on the calculation of the reflection coefficient of
the plane wave at the free interface, the variation law of the reflection
coefficient under the changing incident angle was obtained. Based on this, the
principle of the changing peak particle velocity in step topography was
explained. There are different trends in the peak particle velocity because of the
varying reflection coefficient. At present, the reflection coefficient of the stress
wave at the free interface is not considered by the equation for calculating the
peak particle velocity in step topography. Therefore it is more accurate when
using it to calculate the peak particle velocity in the positive direction of the
explosion zone when the reflection coefficient does not change, but the
accuracy of the peak particle velocity calculation decreases in the side direction
when the reflection coefficient changes. Therefore, under the premise of
considering the varying reflection coefficient, a new equation for calculating the
peak particle velocity in step topography was proposed based on the numerical
simulation analysis and field-testing experiments. It can be used to get an
accurate peak particle velocity in different directions in step topography, so the
slopes of the Sanyou Mine in Tangshan, China and the surrounding structures
can be better protected in the future. It also can be applied to other mines in a
similar situation.
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