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Abstract

The thickness of the overlying soil layer has a certain influence on the blasting vibration response of deep rock mass. The vibration 

wave velocity of the overlying soil layer during the construction of deep blasting is measured in this paper. Based on the measured 

data, parameters k and α of the Sadowski equation are used to characterize the influence of the comprehensive geological conditions 

of the site on the vibration wave propagation. The model of blasting vibration velocity of deep rock mass is established according to 

the existing blasting theory, and the calculation accuracy of the model is verified according to the field blasting parameters. The new 

model is used to simulate different overlying soil thicknesses, and the safe allowable distance under different soil thicknesses is 

calculated. The calculated results show that with the increase of the thickness of the overlying soil layer, the blasting vibration velocity 

decreases and the attenuation velocity decreases gradually. The research results reveal the reduction effect of overlying soil thickness 

on blasting vibration to some extent. In the area with overlying soil layer, the safe allowable distance of blasting vibration safety can 

be appropriately reduced to increase the land utilization rate, which has important reference value for the blasting design and safety 

prediction of deep rock mass.
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1 Introduction
With the rapid development of the global economy, 
people's demand for resources has increased dramati-
cally, and shallow mineral resources are seriously lack-
ing. Mineral resources are gradually moving towards 
deep development. According to statistics, the depth of 
some mines in China has exceeded 1 km [1, 2], and deep 
resource development will become a normal state  [3]. 
Attention has also been paid to the impact of deep rock 
blasting on the construction environment, especially the 
blasting vibration caused by the impact of blasting seis-
mic waves, which often has an impact on the surrounding 
environment [4–7]. According to China's Blasting Safety 
Regulations  [8], blasting construction operations should 
be carried out outside the safe allowable distance, which is 
determined by blasting vibration speed and stratum condi-
tions. With the acceleration of the modernization process, 
it is particularly important to improve the utilization rate 
of land. Determining the correct safety allowable distance 
is not only conducive to the safety of the surrounding 

environment, but also can increase the utilization rate of 
land and improve the development and utilization rate of 
mineral resources. Therefore, it is of practical significance 
to study the propagation of blasting vibration velocity in 
deep rock mass. 

During rock blasting construction, explosives release 
a large amount of energy to destroy rocks, and part of the 
energy propagates outward in the form of seismic waves, 
thus causing surface vibration [9, 10]. At present, a lot of 
research work has been carried out on blasting vibration. 
Crandle conducted a preliminary study on the propaga-
tion law of blasting seismic wave and the factors influenc-
ing its intensity  [11]. After analyzing a large amount of 
data, the former Soviet Union scholar Sadowski obtained 
the Sadowski formula according to the similarity prin-
ciple, which is widely used in blasting vibration analy-
sis [12]. Since then, in order to modify the formula, many 
scholars have fitted the blasting vibration prediction for-
mula suitable for the different sites by analyzing a large 
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number of field measured data  [13–17]. With the prog-
ress of computer level, many scholars have studied the 
impact of blasting vibration on the surrounding environ-
ment based on numerical simulation and achieved good 
results [18–20]. In rock blasting, drilling and blasting tech-
nology is widely used because of its low cost and simple 
operation [21]; Yi et al. [22] analyzed the blasting process 
of rock under original stress from a theoretical perspective. 
Finite element method and discrete element method were 
also widely used in rock blasting [23–26]. The above anal-
ysis shows that the current research on rock blasting has 
achieved fruitful results. However, the existing research 
mainly focuses on the field of blasting vibration and mech-
anism research. The blasting operation of deep rock mass 
often encounters the condition of overlying soil layer, but 
there are few studies on the influence of overlying soil layer 
thickness on blasting vibration of rock mass.

In this paper, the regression analysis of the measured 
blasting vibration velocity is carried out, and the model 
is calculated according to the existing blasting theory and 
field blasting parameters. The peak value of surface blast-
ing vibration under different soil thickness is calculated, 
and the safety allowable distance is calculated, respec-
tively. It is revealed that the rock mass blasting opera-
tion in the area with overlying soil layer can appropriately 
reduce the safety allowable distance of blasting vibration, 
which plays a guiding role in similar projects.

2 Field test
2.1 Test overview
Deep blasting is adopted in return air shaft and intake air 
shaft of a mining area in Xianyang. The shaft depth of the 
return air shaft is 738.45  m, the frozen section is 674  m 
(including 253.09 m of surface soil section and 420.91 m 
of bedrock section), and the ordinary section is 64.45 m; 
The depth of the intake shaft is 738.45 m, and the frozen 
section is excavated and built at 682 m (including 253 m of 
surface soil and 432 m bedrock section), while the ordinary 
section is 56.45 m. The thickness of the overlying soil layer 
in this area is 253 m and the maximum explosive initiation 
amount in a single event is 176 kg. During on-site moni-
toring, blasting operations were carried out on the intake 
shaft, with blasting depths ranging from 456 m to 470 m. 
According to the geological survey of the site, it is known 
that the site belongs to the loess plateau landform, and the 
blasting site is completely covered by Quaternary loess.

The blasthole adopts the single-stage straight hole cutting 
method, and the charge mode is coupled charge. The hole 

diameter is 45 mm, the hole depth is about 4.5 m and there 
are 181 blastholes. According to the construction experi-
ence and blasting design calculation, the specific blasting 
parameters are shown in Table  1. The charge structure 
adopts continuous coupling charge, and the detonation 
device is located at the center of the explosive. 

In order to study the attenuation law of blasting vibra-
tion velocity, TC-4850 blasting vibration meter was used in 
this field test to detect the vibration velocity of the surface. 
The instrument is convenient to carry, can adapt to vari-
ous complex environments, and can measure the vibration 
velocity in three directions in real time. In order to fully 
and truly reflect the surface dynamic response characteris-
tics during blasting excavation, eight measuring points at 
different locations around the mine were selected for mon-
itoring. The field test diagram is shown in Fig. 1. The field 
measured waveform is shown in Fig. 2.

Record duration: 2s
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Fig. 2 Measured waveform diagram
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Fig. 1 Field test diagram

Table 1 Blasting parameters

Name Unit Quantity

Borehole diameter m Φ 7.5

Shaft excavation section m2 86.546

Rock conditions f 3~4

Priming-bomb hair 181

Explosive m/reel, kg/reel 0.5, 0.8
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2.2 Vibration velocity regression analysis
The vibration velocity peak in each direction measured by 
the measuring point of civil house foundation is shown in 
Table 2.

From Table 2, it can be seen that the detonation distance 
of measuring points 4 and 5 is the same, and the data of 
the two measuring points are relatively consistent indicat-
ing that the data obtained by the monitoring method in this 
paper are highly reliable, and the average value of the data 
measured by the two points is taken as the vibration veloc-
ity at this distance. The expression of Sadowski equation 
is as follows:

v k Q
R

� ( )
/1 3

� .	 (1)

In Eq. (1) v represents the maximum vibration veloc-
ity in the tangential, radial and vertical directions, (cm/s), 
and the vertical vibration velocity is taken in this paper. 
Q denotes the maximum amount of explosive detonation, 
(kg), the maximum amount of explosive blasting in this 
paper is 176 kg; R indicates the explosive distance, (m); 
k and α represent the coefficient and attenuation indexes 
related to topographic and geological conditions from the 
blasting point to the blasting monitoring point.

There is an elevation amplification effect in the propaga-
tion of blasting seismic wave, that is, the vibration velocity 
of the measuring point caused by blasting increases with 
the increase of the elevation difference between the mea-
suring point and the blasting center. However, according 
to the research, the effect is only limited to a certain height 
difference range. When the amplification effect is not con-
sidered, the Sadowski equation can be used, which is sim-
ple in form. Only two parameters k and α are needed to 
characterize the influence of topography and geological 
conditions on vibration waves. According to the principle 
of least square method, linear regression analysis was con-
ducted on x and y, where x = 1/3lnQ – lnR, y = lnv. The fit-
ting results obtained were shown in Fig. 3.

The regression analysis shows that the linear regression 
coefficient r2 is 0.912, which is greater than 0.85. The reg- 
ression analysis results show that the fitting effect of the 
vibration velocity data in this paper is good, which can 
accurately reflect the vibration velocity data of the  civil 
building foundation., and it also indicates that the civil 
building foundation can better reflect the propagation 
of blasting vibration from underground to the surface. 
The values of k and α can be obtained by regression analy-
sis. According to the obtained k and α, the surface blasting 

vibration velocity in this area can be predicted in the 
future. From the fitting results, it can be seen that under 
the influence of the overlying soil layer, the k and α val-
ues obtained by deep rock mass blasting are smaller. This 
paper further discusses through numerical simulation.

3 Numerical model
3.1 Model parameters
(1) Rock: The explosive will produce detonation waves and 
high temperature, high pressure detonation products in the 
process of explosion, which will have a strong impact and 
compression on the rock near the hole, making it in a state 
of large strain, high strain rate and high pressure. 

According to this feature, the rock constitutive model 
uses the HJC model. The model was initially applied to 
concrete materials, and it has been shown that it has good 
applicability in the field of rock materials. It can be seen 
from the site geological survey that the site is basically 
complete and relatively complete limestone, and the rele-
vant model parameters [27] are shown in Table 3.
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Fig. 3 Regression analysis of vibration velocity of basic measuring points

Table 2 Vibration data of measuring points

Number Elevation 
(m)

Distance 
(m)

Velocity peak (mm/s)

Tangent Radial Vertical

1 456 480 0.035 0.071 0.085

2 456 485 0.025 0.052 0.066

3 460 483 0.029 0.068 0.079

4 460 496 0.013 0.014 0.021

5 464 496 0.012 0.014 0.022

6 464 505 0.010 0.010 0.016

7 470 472 0.066 0.079 0.108

8 470 470 0.067 0.075 0.105
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In Table 3 ρ denotes the density of rock; g represents 
the shear modulus of rock; fc means quasi-static uniax-
ial compressive strength; A, B, N and Smax show the limit 
surface parameters, where A represents the characteris-
tic viscous strength index, B represents the characteristic 
pressure hardening coefficient, N represents the pressure 
hardening index, and Smax represents the maximum char-
acteristic equivalent stress that the material can achieve. 
C represents the strain rate influence parameter; D1 and 
D2 indicate damage constants. T stands for rock tensile 
strength; pc and μc express the net water pressure and volu-
metric strain of the material during crushing, respectively. 
p1 and μ1 submit the hydrostatic pressure and volumetric 
strain of the material during compaction, respectively. 
K1, K2 and K3 denote the bulk modulus of the material; ε0 
represents the reference strain rate of the material; εf,min 
represents the minimum plastic strain of rock fracture.

(2) Explosives: According to the blasting parame-
ters provided in the table, the high-performance explo-
sive materials are selected. The volume, pressure and 
energy characteristics of the explosive products during 
the blasting process are described by the JWL equation 
of state [28]. The JWL equation of state is expressed as:

P A
RV

e B
R V

E
V

RV� � � � ��( ) ( )1 1
1 2

01
� � �

.	 (2)

In Eq. (2) P represents the pressure of detonation prod-
ucts; E0 denotes the initial internal energy density; V stands 
for the relative volume of detonation products, A and B indi-
cate the material parameters of the explosive; R1, R2 and ω 
represent JWL equation of state parameters. 2# emulsion 
explosive is selected for this model. The parameters are: 
density, ρ = 1.31 kg/m3, detonation velocity D = 5500 m/s, 
A = 214.4 GPa, B = 0.182 GPa, R1 = 4.2, R2 = 0.9, ω = 0.152, 
E0 = 4190 MJ/m3, V = 1.0.

(3) Air: Air is a model material of empty matter, and its 
equation of state is mostly expressed by linear polynomials. 
For ideal gas, it can be expressed as [29]:

P C CV C V CV C C C� � � � � � �0 1 2

2

3

3

4 5 6( ) .	 (3)

In Eq. (3) C0 ~ C6 represent the relevant parameters of 
the equation, where, C4 = C5 = 0.4. E0 denotes internal 
energy density, E0 = 2500 MJ/m3. V represents the relative 
volume of air, V = 1.0, and all remaining parameters are 0.

(4) Soil: Due to the complex variation law of soil, the 
elastic-plastic model based on D-P criterion is adopted, 
and the three-phase medium is equivalent to continuous 
porous medium by REV element to simplify the problem. 
According to the geological survey report, layered soil. 
The density and modulus parameters of the soil model 
used in this simulation were obtained by triaxial compres-
sion test and indoor compaction test. At the same time, 
the yield characteristics of soil under static or quasi-dy-
namic conditions are very different from those under blast-
ing dynamic load. It is difficult to obtain the dynamic yield 
constant of soil under dynamic load through the existing 
test equipment and experimental methods. Therefore, this 
paper follows the model parameters in references [30, 31] 
to calculate, and the specific material parameters are 
shown in Table 4.

3.2 Model establishment and correctness verification
According to the blasting parameters provided in Table 1, 
the existing blasting theory and the above model param-
eters, a three-dimensional model was first established in 

Table 3 Parameters of limestone HJC constitutive model

ρ (kg/m3)
1.72

G (MPa)
10093

fc (MPa)
60

A
0.55

B
1.23

C
0.0097

N
0.89

Smax
20

D1
0.04

D2
1

T (MPa)
4

pc (MPa)
20

μc
0.00125

μ1
0.174

ε0 (s
–1)

1E-6

εfmin
0.01

p1 (MPa)
2000

K1 (GPa)
39

K2 (GPa)
-223

K3 (GPa)
550

Table 4 Soil material parameters

Stratum code Soil material parameters

Q4 Density (kg/m3) 1.65

Shear modulus (MPa) 21.5

Poisson ratio 0.37

Bulk modulus (MPa) 64.1

Q3 Density (kg/m3) 1.68

Shear modulus (MPa) 22.2

Poisson ratio 0.34

Bulk modulus (MPa) 63.9

Q2 Density (kg/m3) 1.76

Shear modulus (MPa) 22.5

Poisson ratio 0.34

Bulk modulus (MPa) 63.5

Q1 Density (kg/m3) 1.73

Shear modulus (MPa) 23.6

Poisson ratio 0.41

Bulk modulus (MPa) 63.7

α0 (Pa2) α1 (Pa) α2 Dimensionless number

0.034 0.0007 0.3  1.5
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ANSYS for trial calculation, and the model units are all 
SOLID164 units. Then the LS-DYNA solver is used to 
display the solution. According to the blasting construc-
tion parameters, the site blasting conditions are simulated. 
According to the layout of the blasting monitoring points, 
the geometric size of the model is 520 m × 340 m × 510 m. 
The model is divided into units to simplify the calcula-
tion process of the model, the same material is used to fill 
the hole blockage section and rock, and the non-reflective 
boundary conditions are set outside the model and on the 
upper and lower bottom surfaces to simulate the finite field 
rock medium. The whole simultaneous detonation is set as 
the explosive detonation mode. At the same time, due to 
the large size of the model, the system adopts the cm-g-μs 
unit system, and the time step is set to 10 μs. The sche-
matic diagram of the model is shown in Fig. 4. The com-
parison between field test results and simulation results is 
shown in Fig. 5.

The reliability of the model is verified by simulating 
the three blasting conditions. The peak vibration veloc-
ity is taken, and the finite element simulation results are 
compared with the field measured results. The comparison 

diagram is shown in the Fig. 5. The experimental results 
are basically consistent with the simulation results. At the 
same time, the values of k and α calculated by regression 
analysis of simulation results are k = 0.0145 and α = 0.0027, 
respectively. The results of simulation regression analysis 
are not much different from those of field test regression 
analysis, so the model is basically accurate.

4 The influence of overlying soil thickness
In order to analyze the influence of different overlying soil 
thickness on the surface blasting vibration velocity, the 
working condition with the elevation difference of 456 m 
from the detonation core is calculated. Seven measuring 
points (1, 2, 3, 4, 6, 7 and 8) are selected as the research 
objects. Seven examples of overlying soil layers with 
thickness of 0 m, 50 m, 100 m, 150 m, 200 m, 250 m and 
300 m were taken for simulation calculation. The parame-
ters are consistent with the above simulation, and the cal-
culated results are shown in Fig. 6.

From Fig. 6, it can be seen that with the increase of the 
thickness of the overlying soil layer, the vertical, radial 
and tangential vibration velocity peaks of each measur-
ing point on the surface gradually decrease. At the same 
time, with the increase of the thickness of the soil layer, 
the attenuation rate of the vibration velocity peak of each 
measuring point becomes slower and slower, and the atten-
uation trend is roughly similar.

When blasting occurs in the rock layer, the gas pressure 
generated is very large, and it will exert a very violent com-
pression disturbance on the surrounding medium, result-
ing in the high- frequency shock waves spreading around. 
The impact force of the shock waves is much greater than 
the strength of the rock, and the rock around the explosive 
is quickly crushed by the shock waves to form a crushing 
zone. The shock waves are consumed a lot of energy in 
the crushing zone, and the frequency is attenuated to stress 
waves at the edge of the crushing zone. The circumferen-
tial tensile stress caused by the stress waves causes radial 
cracks in the rock outside the crushing zone. At the same 
time, the detonation gas penetrates into the crack to further 
expand. With the formation of the crushing zone and radial 
cracks, the strain energy accumulated in the rock layer by 
impact compression is rapidly released to produce circum-
ferential cracks. Under the combined action of radial and 
circumferential cracks, the rock layer is divided into frag-
ments of different sizes, that is, a broken zone is formed. 
The area outside the fracture zone is collectively referred 
to as the elastic vibration zone. The stress waves and 
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Fig. 6 Peak value of simulated vibration velocity at different soil thickness; (a) 1 measuring point, (b) 2 measuring point, (c) 3 measuring point, 
(d) 4 measuring point, (e) 6 measuring point, (f) 7 measuring point, (g) 8 measuring point
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detonation gas in this area no longer cause rock cracking 
and damage, only elastic deformation occurs, and only the 
propagation of the low-frequency blasting seismic waves 
exist. The blasting seismic waves are mainly surface waves 
and body waves. In the elastic vibration zone, the dominant 
blasting seismic wave is surface wave. The surface wave is 
divergent, which mainly propagates along the free surface, 
and its propagation intensity attenuates by R–1/2. (R is the 
distance from the explosion center). When it diffuses into 
the soil, with the increase of the blasting center distance, 
the blasting seismic wave continues to diffuse. Because the 
soil is loose material and the tensile performance is poor, 
radial cracks will be generated during the propagation 
of seismic waves, and the generation of cracks will form 
a  failure zone. Due to its isolation effect, the transmis-
sion of stress waves will be weakened. Outside the failure 
zone, there is friction between soil particles, and relative 
displacement between soil particles will occur under the 
influence of seismic waves, which further dissipates the 
energy of seismic waves. As the thickness of the soil layer 
increases, the peak value of the blasting vibration veloc-
ity gradually decreases. At the same time, as the vibration 
velocity decreases, the attenuation rate becomes slower 
and slower. The schematic diagram is shown in Fig. 7.

In order to further study the influence of the thickness 
of the overlying soil layer on the surface blasting vibra-
tion velocity, the regression analysis of the peak vibration 
velocity under different thickness of the overlying soil 
layer is carried out, and the simulation results are brought 
into Eq. (1). The calculation formula of the safe allowable 
distance of blasting vibration [7] is:

R k
v

Q� ( )
1 1

3� .	 (4)

In Eq. (4) v is the safe allowable vibration velocity of 
particle where the monitoring object is located, cm/s; for 
civil buildings, take 1.5 cm/s. R is the safe allowable dis-
tance of blasting vibration, m. The safe allowable distance 
of blasting vibration is obtained by substituting k and α 
calculated by different soil thickness into Eq. (4). The set-
tlement results are shown in Fig. 8.

It can be seen from Fig. 8 that when the thickness of the 
overlying soil layer changes from 0 m to 300 m, the safe 
allowable distance of blasting vibration is getting smaller 
and smaller. There may be errors in the numerical simu-
lation results, but the laws revealed are somewhat illustra-
tive. When the deep blasting operation is carried out in the 

area with overlying soil layer, the safe allowable distance of 
blasting vibration can be appropriately reduced to increase 
the utilization rate of land. The attenuation law of blasting 
vibration in soil layer and rock mass needs further study.

5 Conclusions
In this paper, through the regression analysis of the mea-
sured peak vibration velocity and the simulation of the 
field conditions, the thickness of different soil layers is 
selected for simulation calculation and regression analy-
sis. The following main conclusions are drawn: 

1.	 Regression analysis of measured data is carried out 
by Sadowski formula. Under the influence of overly-
ing soil layer, the values of k and α are small, and the 
blasting vibration velocity in this area can be pre-
dicted by the fitting formula. 

2.	The numerical model of deep rock mass blasting is 
established based on the existing blasting theory. 
Calculation is in good agreement with the field mea-
sured data, and the reliability of the model is high. 
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3.	 The thickness of the overlying soil layer is 0 m, 50 m, 
100 m, 150 m, 200 m, 250 m and 300 m, respectively. 
The calculation results show that with the increase 
of the thickness of the overlying soil layer, the peak 
value of the vibration velocity in each direction of 
the surface measuring point decreases gradually. 
With the increase of soil thickness, the attenuation 
of surface peak velocity becomes slower and slower. 

4.	 By calculating the allowable safety distance of blast-
ing vibration with the thickness of overlying soil 
layer of 0 m, 50 m, 100 m, 150 m, 200 m, 250 m and 
300 m, the safe allowable distance of blasting can 

be appropriately reduced in the area with overly-
ing soil layer to increase the utilization rate of land. 
The attenuation law of blasting vibration in soil layer 
and rock needs further study. The research results 
have important reference value for blasting design 
and safety prediction of deep rock mass.
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