
Numerical Simulation Study on Dust
Suppression Mechanism of Burning
Rock Blasting in Open-Pit Mine
ZhengZhao Jia1, ZiLing Song2, JunFu Fan3*, JuYu Jiang1 and ShuPeng Guo1

1College of Mining, Liaoning Technical University, Fuxin, China, 2College of Environment, Liaoning Technical University, Fuxin,
China, 3College of Mining, Inner Mongolia University of Technology, Hohhot, China

In an open-pit mine in Xinjiang, part of the stripped area is covered by burnt rock. Due to the
low strength and fragility of burnt rock, dust is more easily generated during blasting.
Taking the mining area as the research background, the mechanical property parameters
of burnt rock were tested, and the blasting parameter design of on-site operation was
understood. The blasting numerical simulation of burnt rock step was carried out by using
a numerical simulation software (LS-DYNA). From the angle of stress on rock, the stress
cloud and stress curve of numerical simulation are analyzed, and it is concluded that the
fundamental reason for the large dust production in blasting operation is that the burnt rock
is crushed excessively after the action of explosion wave, and the explosive energy is too
large, which is converted into kinetic energy to drive the dust to escape. In order to improve
the utilization rate of explosives and reduce the output of blasting dust, the original blasting
parameters were optimized as 8-m hole spacing, 6.5-m row spacing, 0.21-kg/m³ unit
explosive consumption, 1-m interval charge, and 55-ms short-delay blasting through
numerical simulation and orthogonal experiment. In the mining area, the measures of
dustproof and dust reduction by blasting protection blanket and dust absorption cotton
are adopted. Combined with the optimized blasting parameters, the field test proves that
the dust removal efficiency is up to 82.4%.

Keywords: open-pit mine, blasting dust, blasting parameter optimization, short-delay blasting, charge constitution,
dust suppression measures

1 INTRODUCTION

In recent years, open-pit mines have developed rapidly with advantages such as high production
efficiency, low input cost, and good safety. However, with the development of open-pit mines toward
green, elaborate, and intelligentization, environmental pollution has become the biggest
disadvantage of open-pit mines (Gao and Liu, 2010; Xie, 2014; Song et al., 2016; Song, 2020). In
an open-pit mine, the dust in the pit is not easy to disperse due to the influence of natural conditions
and geographical environment, which negatively impacts the operation efficiency, health, and safety
of the workers (Gen, 2010; Bai et al., 2013; Gao, 2013).

Continuous and semi-continuous mining technologies are often used in the development of an
open-pit mine. From drilling, blasting, mining, and loading, transportation to discharge, constitute
an orderly and interrelated production overall. Dust is produced in all links during operation, but the
link with the largest dust production is the blasting operation before mining (Yan and Xue, 2004).
According to the field measurements performed in this study, the instantaneous dust concentration

Edited by:
Faming Huang,

Nanchang University, China

Reviewed by:
Mohamed Mussa,

University of Warith Al-Anbiyaa, Iraq
Arunachalam Vasanthanathan,

Mepco Schlenk Engineering College,
India

*Correspondence:
JunFu Fan

junfufan@163.com

Specialty section:
This article was submitted to

Environmental Informatics and Remote
Sensing,

a section of the journal
Frontiers in Earth Science

Received: 10 December 2021
Accepted: 18 January 2022
Published: 02 March 2022

Citation:
Jia Z, Song Z, Fan J, Jiang J and Guo S
(2022) Numerical Simulation Study on

Dust Suppression Mechanism of
Burning Rock Blasting in Open-

Pit Mine.
Front. Earth Sci. 10:832650.

doi: 10.3389/feart.2022.832650

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8326501

ORIGINAL RESEARCH
published: 02 March 2022

doi: 10.3389/feart.2022.832650

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.832650&domain=pdf&date_stamp=2022-03-02
https://www.frontiersin.org/articles/10.3389/feart.2022.832650/full
https://www.frontiersin.org/articles/10.3389/feart.2022.832650/full
https://www.frontiersin.org/articles/10.3389/feart.2022.832650/full
http://creativecommons.org/licenses/by/4.0/
mailto:junfufan@163.com
https://doi.org/10.3389/feart.2022.832650
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.832650


during blasting must be as high as 4,000 mg/m3, exceeding the
maximum allowable concentration of mine dust (10 mg/m3)
(Kissell., 2003; Barnewold and Lottermoser, 2020). The stress
that explosion imposes on rock is far greater than the ultimate
tensile strength of rock due to the low hardness and poor stability
of burnt rock, resulting in excessive crushing of rock, which in
turn produces a large amount of dust in the blasting process.

Numerical simulation is a method that can effectively replace
field and laboratory blasting experiments. Numerical simulation
has high accuracy, lower costs, covers a wide experimental range,
and poses no risks compared with field experiments. Many
studies investigated the application of numerical simulation in
blasting engineering and achieved excellent results. Minchinton
and Nagarajan developed MBM (mechanistic blasting model)
simulation software combining finite element and block discrete
element in ICI, which is applied to the analysis of blasting-
induced rock damage, fracture and crushing process, blasting
fragmentation, and throwing process (Minchinton and Lynch,
1997; Nagarajan et al., 2015). Taylor and Preece developed the
DMC (Distinct Motion Code) as well as the analysis of the
formation process of the explosion heap, which is a discrete
element simulation software for modeling the open-pit mine
blasting effect (Preece, 1990; Preece and Knudsen, 1991; Esen
and Nagarajan, 2015; Preece et al., 2015). The main functions of
this software include simulating the throwing and stacking
process, predicting the shape of the blasting heap and the
effect of pre-rock separation blasting, among others (Battison
et al., 2015; Goswami et al., 2015). The most simple and direct
method to evaluate and optimize blasting effect is to measure the
size of rock fragmentation after blasting. Majid evaluated and
measured all influential parameters in blast fragmentation. For
this purpose, experimenting upon intact rock samples and
measuring P-wave velocity (Vp) in 1,771 m of seismic profiles
in Choghart, Chadormalu, and Sechahun mines are done. Finally,
the influence of mentioned parameters on blast fragmentation
was investigated (Akbari et al., 2015; Leng et al., 2020; Sobolev
et al., 2020).

Currently, the backpropagation (BP) neural network is the
most commonly used method for blasting parameter
optimization (Xie and Lu, 2008; Han et al., 2019; Liang,
2019; Zhou et al., 2021). Most of the studies on the current
blasting technologies take the degree of rock fragmentation as
the evaluation index of the blasting effect. The degree of rock
fragmentation can be controlled by changing blasting
parameters. Rock blasting is mainly studied by numerical
simulation (Huang et al., 2017a; Huang et al., 2017b; Huang
et al., 2021a; Huang et al., 2021b). Paramonov discusses the
influence of explosive charge diameter and type of explosive
substance on the generation of fine dust. Sample calculation of
dust and gas pollution according to the proposed procedure is
given with consideration of gas dynamic processes in blasthole
charging pocket, blasting and drilling parameters, properties of
explosive substances and rock massif, including results of
commercial approbation in open-pit mines of building
materials (Paramonov and Kovalevskyi, 2017; Zhou et al.,
2021). Huang used the gas–solid two-phase flow theory and
explosion mechanics theory to conduct real-time simulation of

blasting dust pollution in an open-pit mine through numerical
simulation and field test of the Fluent software. Based on the law
of dust pollution, this paper provides a basis for the design of
reasonable parameters of dustproof net and related parameters
of remote mist emitter (Huang et al., 2019a; Zhang et al., 2021a).
Based on the blasting theory and empirical formula, the
parameters of presplitting blasting such as the hole diameter,
hole spacing, charge decoupling coefficient, and line charge
density were determined, and field tests of conventional pre-
splitting blasting and presplitting blasting with precise delay and
hole-by-hole initiation were carried out on the west slope of
Buzhaoba (Mussa et al., 2017; Mussa et al., 2018; Ma et al.,
2021).

In addition, in terms of rock fragmentation modeling of bench
blasting, many experts have also done corresponding research.
Alireza developed the ANFIS and RBF methods for modeling of
sizing of rock fragmentation due to bench blasting by estimation
of 80% passing size (K80) of Golgohar iron mine of Sirjan, Iran
(Karami and Afiuni-Zadeh, 2012; Karami and Afiuni-Zadeh,
2013, Wang et al, 2021a; Zhang et al., 2021b). Some experts
and scholars use numerical simulation or laboratory experiments
to analyze and summarize dust migration rules and provide
theoretical basis for dust control (Bhandari et al., 2004; Huang
et al., 2019b; Jia et al., 2021). Santosh turbulent kinetic energy
(TKE) and velocity vector path of dust–air mixture and dust-free
air were simulated to understand their effects on coal dust
dispersion (Ray et al., 2020; Sobolev et al., 2020). For the dust
control methods in the blasting process of open-pit mines, many
experts have put forward novel and efficient dust suppression
methods. Wang proposes a new dust reduction method based on
water infusion blasting in open-pit mines, such as water seal
blasting method, blasting water fog method and so on
(Welideniya, 2005; Wang et al., 2021b). Wang raising blasting
dust is often controlled by using certain physical and chemical
methods, but the study of blasting dust control by means of
numerical simulation is lacking (Raj, 2015; Abdollahisharif et al.,
2016; Shaocheng et al., 2017).

Therefore, this study uses LS-DYNA numerical simulation
software to simulate the rock blasting with rock crushing degree
as the evaluation index of producing dust capacity, degree of rock
crushing, and the indicator of producing dust capacity, based on
the blasting parameters (drill space, row spacing, explosive
consumption, charge constitution, short-delay blasting). The
results are used to optimize and control the degree of rock
crushing, and reduce the amount of producing dust.

2 MECHANISM AND LITHOLOGY TEST OF
BLASTING DUST
2.1 Analysis of Dust Generation Mechanism
in Blasting Process
There are many hypotheses on the mechanism of rock
breakage in blasting, such as the theory of explosion gas
expansion pressure destruction, the theory of reflected
tension stress wave destruction, and the theory of reflection
tension stress wave and explosion gas pressure interaction.
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Bench blasting in an open-pit mine is an internal blasting
mechanism.

2.1.1 The Internal Blasting Action of an Explosive
The use of explosives in mining engineering results in coal rock
destruction, loosening, vibration, compression, or throwing
phenomena (Hagan, 1980; Kononenko and Khomenko, 2021).
When the cartridge explodes in an infinite medium, the explosive
is transformed into the explosive product of gas state through a
chemical reaction instantly. Due to the expansion effect, the
volume increases 100 or even thousands of times, and the
static pressure does not decline below 15,000 MPa. At the
same time, shock waves with temperatures as high as 1,500°C
–4,500°C and speed as high as thousands of meters per second are
generated. In this short time, stress waves formed by detonation
spread from the center of the charge package, namely, the
explosion center, to the surrounding areas, including the
crushing zone, fracture zone, and vibration zone, formed
around the explosion source.

2.1.2 Mechanism of Blasting Rock Breaking and Dust
Producing
When the charge explodes, it produces a high peak pulse pressure
on the surrounding rock and a strong shock wave in the area
immediately adjacent to the charge. Under the action of ultra-
high pressure of shock wave, the rock structure is seriously
damaged and crushed into fine particles, thus, forming the
crushing circle, which is the main source of the dust in
blasting operations. Although the radius of the action circle is
very small, plastic deformation or shear failure occurs because the
medium is strongly crushed, and the energy consumption is very
large (Fourney, 2016).

2.1.3 Dust Produced by Blasting Action
In mine blasting, the enormous explosive forces generated by the
sudden expansion of high-temperature and high-pressure gas
formed after explosive detonation imposes pressure and shear
force on the borehole wall and the ore rock within its action
radius (Bhandari,2013; Murr et al., 2015). The rock in the
compression ring, is crushed, compressed, and broken in an
instant due to the action of the largest forces in this area,
where the highest degree of powdering is observed. Although
the explosive force is absorbed and weakened in the center of
destruction or throwing zone of the rocks, there still remains
enough force to destroy the hard ore-bearing rock as well as the
relay in the ore-bearing rock and throw it out. The pulverized
rock fills the blast zone with high velocity and escapes to nearby
areas as a result of the blast wave.

2.2 Special Rock—Fire Rock
2.2.1 Lithology Introduction
Fire rock is a special type of rock mass formed by spontaneous
combustion of coal seam and the “metamorphism” of
surrounding rock. Fire rock is typically developed in Jurassic
coal measure strata. The intense solar radiation, high sunshine
intensity, low rainfall, dry climate, and other natural phenomena,
loosen the surrounding rock structure, increase the permeability,

decrease the strength, and increase the dust content in the rock
stratum. The dust concentration in the blasting process is higher
than that in the conventional rock bench blasting. The properties
of rock strata change after being affected by the fire. The fire rock
can be divided into a lava-like zone, burnt rock zone, and baked
rock zone.

(1) Lava-like (Figure 1A) zone: The combustion of
thick–extra thick coal seam releases huge heat, which
changes the structure of surrounding rock, forming a
slag like “lava.” The molten rock mixes with the
collapsed rock, creating a hybrid type of rock known as
“migmatite.” The color is purple-gray, manganese-gray,
purple, and also observed in other colors. The rock
structure is not clear, cracks and pores are particularly
developed, the surface is rough, the texture is firm and
brittle with sharp edges and corners.

(2) Burnt rock (Figure 1B) zone: Spontaneous combustion of
coal seam changes the structure of surrounding rock slightly.
The degree of rock combustion is inferior in comparison with
the “lava-like” zone. Generally, the color is light red, brick
red, manganese gray, and gray (iron-free rock) mudstone.
Siltstone bedding is clear and sandstone bedding is not clear.
The structure changes slightly, and the texture is firm brittle
with cracks. Mudstone and siltstone are similar to clay, and
claystone is generally like a porcelain plate.

(3) Baked rock (Figure 1C) zone: The surrounding rock is far
from the spontaneous combustion coal seam, and the rock is
only baked, generally colored as light red and light brick red.
The rock bedding is clear, the structure does not change, and
hardness increases slightly with relatively more cracks found.
The rock mass is rarely collapsed, and normal surrounding
rocks undergo a phase transition.

2.2.2 Lithology Test
The rock mass fissures of burnt rock are well developed, and their
physical and mechanical properties are significantly different
from the original rock. These rocks have high water
absorption, poor frost resistance, and disintegration resistance.
Under the action of the atmospheric environment with large
temperature differences, freezing–thawing alternation, and
groundwater, the burnt rocks rapidly disintegrate and flake,
leading to the destruction of the rock mass. Therefore, the
physical and mechanical properties of lava sample rock, burnt
rock, and burnt rock in burnt zone were investigated in the
laboratory. For each parameter shown in Table 1, the average
values of three types of rocks are taken as material parameters or
blasting simulation.

3 NUMERICAL SIMULATION STUDY

Because of the special lithology of burnt rock, the effect of
conventional blasting parameters is weak, so it is necessary to
optimize the blasting operation. According to Griffith’s
strength theory, rock breaks when the stress is greater than
the ultimate tensile strength of rock. Thus, the stress cloud and
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stress curve are used to assess the failure of the bench rock
(Welideniya, 2005).

3.1 LS-DYNA Numerical Simulation
Software
The Altair HyperMesh (14.0) software has a good interface
with the LS-DYNA (R11.1) software, so it was used to

conduct modeling, mesh division, and keyword definition,
and LS-DYNA solver was used to complete the modeling,
meshing, and running the numerical simulation. LS-Prepost
(R11.1) and HyperView (14.0) are used for post-processing
the results and to obtain the stress cloud map and stress
curve in d3plot file after the completion of the simulation.
The modeling and simulation workflows are shown in
Figure 2.

FIGURE 1 | Rock types. (A) Lava-like rock. (B) Burnt rock. (C) Baking rock.

TABLE 1 | Summary of rock property tests.

Mechanical
properties

Unit Burnt rock Baked rock Lava like Average value

Moisture ratios under natural conditions % 6.19 5.33 7.09 6.20
Density gˑcm−3 2.03 2.29 2.16 2.16
Porosity % 6.4 6.2 6.9 6.5
Compressive strength MPa 58.69 46.31 48.78 51.26
Strength of extension MPa 5.69 6.72 7.28 6.56
Poisson’s ratio 0.2996 0.1835 0.2472 0.2434
Elasticity MPa 5.098 10.274 5.96 7.11
Cohesion MPa 57.48 31.89 56.83 48.73
Internal friction angle — 18.26 16.72 15.11 16.70

FIGURE 2 | Procedure of blasting simulation.
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3.2 Build the Model
3.2.1 Modeling and Grid Partitioning
3Dmodeling of burnt rock was carried out (Figure 3A) according
to geological data of an open-pit mine in Xinjiang. The model is
42 m long, 13.5 m wide at the top, and 17.1 m wide at the bottom,
10.5 m height (H) of the bench (including 0.5 m super depth), and
the slope angle (α) of the bench is 70°.

The section drawing of the blasting model contains two rows
of holes; each row has six holes, chassis resistance line (Wd) is
6.1 m, hole spacing 1) is 6 m, row spacing 2) is 5 m, hole diameter
4) is 150 mm, hole depth (L) is 10.5 m, and charge height (H1) is
6.5 m. The bench blasting model has a filling length (H2) of 4 m
and explosive unit consumption (q) of 0.23 kg/m3. The firing
method is simultaneous detonating.

The geometry was cut at the middle of the model (plane of
symmetry) and symmetry constraint was applied on the plane.
The remaining half of the geometry was used for simulation; in
this way, the accuracy of the simulation is improved, and the
computation efficiency increases. Figure 3B shows the
symmetric constraints of the blasting model and the grid
patterns divided.

Mesh division has a great influence on the calculation process.
Too large mesh is easy to reduce the calculation accuracy. Too
small mesh leads to too much mesh to make the calculation time
too long and greatly reduce the calculation efficiency. Since the
blast hole diameter is small, and the rock model is relatively large,
if the mesh is divided according to the mesh at the blast hole to
ensure uniformity, the number of mesh may be more. However, if
all the grids are divided according to the mesh at the rock, it may
be difficult to divide the blast hole. Therefore, we use a part of the
transition region of the mesh at the blast hole to slowly expand
the mesh to the mesh size of the rock, which ensures the accuracy
and makes the mesh number appropriate. The mesh size at the
hole is 2.5 cm × 2.5 cm × 10 cm, and the mesh size at the rock is
25 cm × 25 cm × 10 cm. The mesh size at the intermediate
transition is larger than that at the hole and smaller than that
at the final rock.

3.2.2 Materials for the Numerical Simulation Model
(1) Rock material

According to the physical and mechanical tests of fire rock, the
tensile strength limit, compressive strength limit, and shear modulus
of burnt rock are small, so the conglomerate is a plastic follow-up
model in the simulation process (*MAT_PLSETIC_KINEMATIC).
The rock parameters set include density of 2,169 kg/m³, elasticity of
7.11 × 106 Pa, Poisson’s ratio of 0.2434, strength of extension of
6.56 × 106 Pa, and compressive strength of 5.126 × 107 Pa.

(2) Explosive material

The high-performance explosive material model (* MAT _
HIGH _ EXPLOSIVE _ BURN) in LS-DYNAmaterial library was
used to describe the physical and chemical properties of
explosives. After the initiation of high-performance explosives,
the transfer behavior of detonation products will lead to changes
in the internal pressure and volume of the explosive unit. The
JWL state equation was introduced to measure the relationship
between the internal physical quantities of the system after
detonation. This equation can accurately describe the process
of the expansion drive of detonation products.

P � A[1 − ω

R1V
]e−R1V + B[1 − ω

R2V
]e−R2V + ωE0

V
(1)

where P is the detonation pressure (GPa), A, B, R1, R2, and ω are
the characteristic parameters of explosives, V is the volume
change, and E0 is the initial internal energy (Gpa). The
explosive density is 1,100 kg/m³, velocity is 4,500 m/s, and
pressure is 5.6 GPa.

(3) Spacer material

Air was used as spacer material and is described by the
Gruneisen equation of state:

FIGURE 3 | Model design. (A) 3D modeling. (B) Hole location.
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P � (C0 + C1μ + C2μ
2 + C3μ

3) + (C4 + C5μ + C6μ
2)E (2)

where P is the gas pressure, C0~C6 are the material characteristic
parameters, and μ is the dynamic viscosity coefficient; μ � 1

V − 1,
where V is the volume change, and E is the internal energy per
unit volume of the medium. Air was defined as an ideal gas
model, and its corresponding specific parameters are shown in
Table 2.

(4) Tamping plug materials

The hole is filled with mortar, and the keyword is
MAT_SOIL_AND_FOAM. The specific parameters of mortar
are shown in Table 3.

3.3 Initial Blasting Scheme Simulation
Excessive crushing of rock in blasting operation is one of the
sources of blasting dust, so the purpose of this study is to avoid
excessive crushing of rock and reduce the amount of blasting dust
while ensuring reasonable destruction of bench rock is achieved.

In order to analyze the stress state of rock bench in blasting
simulation, three representative monitoring points were selected
from the model. A measuring point −H2451369, is located at the
bottom of the bench slope; B measuring point H1469530 is
located at the midpoint of two adjacent gun holes; and C
Measuring point −H1426887 is at the outermost edge of the
bench upper panel (see Figure 4).

3.3.1 Blasting Stress Propagation of Rock Bench
It can be seen in Figure 5 that at 0.0035 s after the explosion, the
stress wave was first transmitted to some rocks on the bench slope.
When the time reaches 0.005 s, the stress wave continues
transmission and affects the rock in the upper wall of the bench.
At this point, the stress of some rocks on the bench slope is much
greater than the ultimate tensile strength of rock, while the stress of
rocks on the upper wall of the bench is less than the ultimate tensile
strength of rock, indicating that the rock on the bench slope first
begins to be destroyed, resulting in a rapid increase in the
concentration of blasting dust. When the time reaches 0.01 s, the
stress of the rock on the whole bench surface exceeds the ultimate
tensile strength of the rock, and the rock is seriously damaged. From
0.01 to 0.055 s, the stress wave continues the destruction. From 0.055
to 0.1 s, the stress on the rock gradually decreases. When the stress is
less than the ultimate tensile strength of the rock, the rock on the
bench surface is no longer damaged.

3.3.2 Analysis of Simulation Results
Post-processing software LS-PREPOST was used for analysis, by
which the stress curves of monitoring points A, B, and C were
obtained (Figure 6). In the stress graph, a positive stress curve
indicates a state of tensile stress, and a negative stress curve
indicates a state of compressive stress.

The explosion can be transmitted from the gun hole to the
monitoring point A (red curve) for a period, which causes the
rock at the monitoring point to be subjected to stress. The stress
soon exceeds the limit of the tensile strength of the rock and
continues to increase to the peak value, resulting in excessive
crushing of the rock. Since the bench slope is set with no
reflection boundary in the simulation, the stress is transmitted
to measurement point A without reflection. In addition, there are
multiple free surfaces because there are multiple holes in the
bench, causing the stress curve to oscillate repeatedly. The
conclusion is consistent with that obtained from the stress
cloud map.

3.4 Numerical Simulation of Short-Delay
Blasting
3.4.1 Blasting Stress Propagation of Rock Bench
The stress cloud map shows that the explosion process in the first
0.0055 s is similar to the conventional blasting process, where the
stress on the rock at the bench slope is far greater than the
ultimate tensile strength of the rock (Figure 7). At 0.056 s, the
blast energy of the first row of holes gradually spreads to the
surface of the bench, where the back half of the rock bench is
broken. At 0.065 s, the explosion can spread to the bench slope,
and the crushing degree of bench rock is more significant through
the superposition of blasting stresses. Compared with the
simultaneous initiation, the micro-differential initiation

TABLE 2 | Air material parameters.

Density/kgˑm−3 C0 C1 C2 C3 C4 C5 C6 E V0

1.29 0 0 0 0 0.4 0.4 0 0 0

TABLE 3 | Tamping plug material parameters.

Rho/kgˑm−3 G/Pa Bulk A0 A1 A2 PC VCR REF

2,000 1.6 × 107 0.025 0.0033 1.31 × 10−7 0.1232 0 0 0

FIGURE 4 | Layout of monitoring points.
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triggers secondary damage to the rock, improves the blasting
quality, improves the blasting effect, and reduces dust production.

3.4.2 Analysis of Simulation Results
As can be seen from the stress curve illustrated in Figure 8, when
the short-delay blasting is adopted, the stress peaks at two
monitoring points A and C are both higher than the tensile
strength of rock, and the degree of rock crushing increases after
two explosions. The stress at B monitoring site is small, but the
stress action time is long. Although this situation is beneficial to
rock crushing, it is still necessary to adjust the single explosive
consumption and pore network parameters, otherwise, the rock

crushing degree will remain high, which will directly affect the
amount of blasting dust.

3.5 Numerical Simulation of Spaced
Loading
3.5.1 Blasting Tress Propagation of Rock Bench
It can be seen from Figure 9 that at 0.0035 s, stress wave is
transmitted to some rocks on the bench slope and the upper wall
of the bench, such that the rocks in that zone are subjected to stress at
the same time, and the stress is near the tensile strength limit of the
rock. At 0.01 s after the explosion, the whole surface of the bench is
affected by the detonation wave, and the stress of all the rocks on the
surface of the bench reaches the ultimate tensile strength of the rock.
During the period of 0.01– 0.039 s, the rock on the surface of the
whole bench is continuously damaged by stress waves, resulting in
excessive rock crushing. From 0.039 s to the end of blasting, the
stress on the rock surface is less than the ultimate tensile strength of
the rock, and the rock on the bench surface is no longer damaged.
When the continuous charging structure is adopted, the stress wave
is transmitted to the segment of the rock on the bench slope first, and
then to the rock segment on the bench upper wall. However, when
the spacing charging structure is changed, the explosion energy will
be transmitted to the rock on the bench slope and the rock on the
bench upper wall at the same time, leading to the evident change in
stress distribution. The simulation proves that the interval charging
structure can reduce the duration at which thewhole bench surface is
subjected to stress levels exceeding the ultimate tensile strength
of rock.

3.5.2 Analysis of Simulation Results
It can be seen from the stress curves depicted in Figure 10 that
the stress received by the three monitoring points is
significantly reduced compared with that in the continuous

FIGURE 5 | Cloud diagram of initial stress distribution at the specified time steps.

FIGURE 6 | Stress diagram of the monitoring points.
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charging structure. However, in the case of the original
blasting parameters, the stress peaks are far greater than the
tensile strength of the rock, resulting in the increase in dust
production after the excessive crushing of the rock. Therefore,
it is still necessary to optimize the blasting hole network
parameters. Due to the simple air spacing, the second strain
wave is formed and the action time of the stress wave is
prolonged, so the rock stress changes drastically, especially
between two rows of holes. It shows that by prolonging the
action time of stress wave, interval charge can reduce the peak
stress of explosion shock wave, improve the blasting effect, and
reduce the excessive crushing of rock.

The abovementioned discussions imply that it is not
reasonable to adopt conventional blasting parameters and
methods in burning rock areas. In order to improve the
blasting effect, the amount of explosive dust in the burning
area should be reduced and the dust production from the
source should be controlled, the hole network parameters
should be optimized, and the method of detonation and
charge constitution should be modified.

4 OPTIMIZATION OF BLASTING
PARAMETERS
4.1 Orthogonal Experiment to Optimize
Blasting Parameters
4.1.1 Experimental Purpose
Through numerical simulation analysis, it is concluded that the
charging structure and initiation mode strongly affect dust
production. In addition, the parameters of the blasting hole
network and the unit consumption of explosives significantly
influence the blasting operation. Thus, the influencing factors
should be considered comprehensively. Therefore, the optimal
combination of various factors was obtained by orthogonal

experiment, and the goal of reducing dust production was
ultimately achieved in this way.

4.1.2 Calculate the Factor Level Table
(1) Hole spacing

After a large number of mine blasting tests, the concept of hole
density coefficient m is put forward, and the hole distance can be
calculated according to the following formula:

a � mwd (3)
where Wd is the bottom burden.

FIGURE 7 | Cloud diagram of short-delay blasting stress distribution.

FIGURE 8 | Stress diagram of the monitoring points.
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Generally, increasing m value will improve the blasting effect.
The value of m ranges from 0.9 to 1.3, the selection range of hole
spacing is 5.9–8.6 m. Therefore, three levels are selected, namely,
6, 7, and 8 m.

(2) Row spacing

The row spacing formula is as follows:

b � (0.6 ~ 1.0)wd (4)
The selection range of row spacing B is 3.9–6.6 m, so three

levels are selected, namely, 6, 6.5, and 7 m, respectively.

(3) Short-delay blasting

The time needed to form a new free surface is used to
determine the micro-difference interval between rows, which
can be calculated by the following formula:

Δt � kb (5)
In the bench blasting operation of open pit mine, K is

generally within the value range of 8–15 ms/m. When the rock
hardness is high, K takes a large value, and when the rock
hardness is low, K takes a small value. According to the
calculation, the selection range of the micro-difference time
between rows is 40–75 ms. Due to the large number of
designed experiments, the appropriate value of this variable
is directly set as 55 ms, no longer at the design level.

(4) Explosive consumption

The current unit explosive consumption of the open-pit
mine is 0.23 kg/m3. On the basis of known data, three levels
were selected for optimization, which were 0.21, 0.23, and
0.25 kg/m3.

(5) Spaced loading

In the blasting operation of open-pit mine, when the blasting
structure of the hole adopts two stages of charging, the distance
between charging is generally 1–2 m, and the amount of explosive
used under the hole is 17%–35% of the total charging amount.
When the rock’s Pratt coefficient is large, the maximum charge
value is taken. When the general coefficient value of burnt rock is
small, the small value of charge quantity under the hole is 25%.
Due to the restriction relationship between the spacing distance
of charging and the packing length, when the spacing charging

FIGURE 9 | Cloud diagram of spaced loading blasting stress distribution.

FIGURE 10 | Stress diagram at the monitoring points.
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structure is adopted, the maximum spacing length is 1 m. Now,
the spacing distance is set at three levels of 0, 0.5, and 1 m. The
factor level table is set as shown in Table 4.

According to orthogonal table L27 (313), the design results of
the blasting experiment scheme are shown in Table 5.

According to Table 5, a 3D model was established, and
numerical simulation was carried out. In the numerical
simulation results, the stress peaks of rock at three monitoring

points were calculated for each scheme. The statistical results are
shown in Table 6.

4.1.3 Scheme and Results
The tensile stress at each measuring point of each scheme was
subtracted from the tensile strength of rock, and the calculation
results were calculated and summed in absolute value. The values
obtained by each scheme are summarized in Table 7.

4.1.4 Determination of the Optimal Scheme
The smaller the stress that exceeds the ultimate tensile strength of
the rock, the smaller is the dust concentration during the blasting
operation. Therefore, the optimal scheme is the one combined
with the minimum K value of each factor. Therefore, the
minimum combination scheme of K is A3B3C2D1.

An optimal scheme A3B3C3D1 and A3B3C2D1 are selected
from the scheme table for comparison. By comparing their
numerical simulation results (Table 8), it is concluded that the
force of A3B3C3D1 over the tensile strength of rock is small on
the slope of the bench, and the force over the limit of the tensile
strength of rock is large on the wall of the bench. Finally, the
optimal scheme is determined as A3B3C3D1, and the optimized
blasting parameters are shown in Table 9.

4.2 Analysis of Blasting Effect After
Optimization
Numerical simulation was performed using the optimized
blasting parameters. A group of representative stress
distribution clouds with significant stress changes are captured.

4.2.1 Blasting Stress Propagation of Rock Bench
It can be seen from Figure 11 that the explosion process is the
same as in previous cases. However, the time of the explosion
stress acting on the rock is different. After adopting the optimized
scheme, it is found that the limit stress time of bench rock is
0.0255 s, which is far less than the limit stress time of 0.039 s

TABLE 4 | Factor level table.

Level Factor

A B C D

1 6 6 0 0.21
2 7 6.5 0.5 0.23
3 8 7 1 0.25

TABLE 5 | Experimental scheme design.

Number Experimental
conditions

Number Experimental
conditions

A B C D A B C D

1 6 6 0 0.21 15 7 6.5 1 0.23
2 6 6 0.5 0.23 16 7 7 0 0.21
3 6 6 1 0.25 17 7 7 0.5 0.23
4 6 6.5 0 0.23 18 7 7 1 0.25
5 6 6.5 0.5 0.25 19 8 6 0 0.25
6 6 6.5 1 0.21 20 8 6 0.5 0.21
7 6 6.7 0 0.25 21 8 6 1 0.23
8 6 7 0.5 0.21 22 8 6.5 0 0.21
9 6 7 1 0.23 23 8 6.5 0.5 0.23
10 7 6 0 0.23 24 8 6.5 1 0.25
11 7 6 0.5 0.25 25 8 7 0 0.23
12 7 6 1 0.21 26 8 7 0.5 0.25
13 7 6.5 0 0.25 27 8 7 1 0.21
14 7 6.5 0.5 0.21

TABLE 6 | Rock stress value.

Number Monitoring point stress value/MPa Number Monitoring point stress value/MPa

A B C A B C

1 2.20 0.64 0.59 15 0.79 1.21 1.01
2 1.09 1.03 0.83 16 2.14 0.59 0.57
3 0.79 1.80 1.26 17 1.06 0.88 0.80
4 2.45 0.73 0.67 18 0.75 1.46 1.27
5 1.03 1.29 1.07 19 2.29 1.05 0.82
6 0.80 0.89 0.79 20 1.08 0.74 0.63
7 2.35 0.92 0.83 21 0.78 1.35 1.02
8 1.15 0.67 0.64 22 2.13 0.62 0.58
9 0.81 1.12 1.03 23 1.06 0.95 0.81
10 2.40 0.78 0.65 24 0.75 1.61 1.28
11 1.00 1.41 1.07 25 2.40 0.68 0.67
12 0.80 0.96 0.77 26 1.00 1.18 1.07
13 2.30 1.00 0.82 27 0.77 0.83 0.77
14 1.08 0.69 0.63
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before optimization. Therefore, the optimized scheme can
significantly improve the stress distribution of rock.

4.2.2 Analysis of Simulation Results
From Figure 12, it can be seen that the stress values of the
three monitoring points decreased significantly after the
optimization of blasting parameters. The stress wave acts in

rock for a long time. Under the repeated action of stress, the
fracture of the outermost rock can be guaranteed, the
utilization rate of explosives is improved, and the single
consumption of explosives is reduced as well. In other
words, the degree of pulverization of burnt rock is
controlled, the output of dust is reduced, and the cost of
blasting operation is also minimized.

5 BLASTING DUST SUPPRESSION
MEASURES

The dust suppression method during blasting is one of the
important means of controlling the dust quantity. Commonly
used dust control measures include water injection in advance,
water sealing blasting, and blasting dust protection layer

TABLE 7 | Rock stress value.

Number 1 2 3 4 5 6 7 8 9 10 Exceedance
sum

A B (A × B)
1

(A × B)
2

C (A × C)
1

(A × C)
2

(B × C)
1

D (B × C)
2

Zi

1 1 1 1 1 1 1 1 1 1 1 1.62
2 1 1 1 1 2 2 2 2 2 2 1
3 1 1 1 1 3 3 3 3 3 3 1.9
4 1 2 2 2 1 1 1 2 2 3 1.9
5 1 2 2 2 2 2 2 3 3 1 1.44
6 1 2 2 2 3 3 3 1 1 2 0.53
7 1 3 3 3 1 1 1 3 3 2 2.15
8 1 3 3 3 2 2 2 1 1 3 0.53
9 1 3 3 3 3 3 3 2 2 1 1.01
10 2 1 2 3 1 2 3 1 2 1 1.88
11 2 1 2 3 2 3 1 2 3 2 1.53
12 2 1 2 3 3 1 2 3 1 3 0.58
13 2 2 3 1 1 2 3 2 3 3 2.17
14 2 2 3 1 2 3 1 3 1 1 0.49
15 2 2 3 1 3 1 2 1 2 2 1.06
16 2 3 1 2 1 2 3 3 1 2 1.63
17 2 3 1 2 2 3 1 1 2 3 0.79
18 2 3 1 2 3 1 2 2 3 1 1.53
19 3 1 3 2 1 3 2 1 3 1 2.21
20 3 1 3 2 2 1 3 2 1 2 0.54
21 3 1 3 2 3 2 1 3 2 3 1.2
22 3 2 1 3 1 3 2 2 1 3 1.58
23 3 2 1 3 2 1 3 3 2 1 0.87
24 3 2 1 3 3 2 1 1 3 2 1.69
25 3 3 2 1 1 3 2 3 2 2 1.8
26 3 3 2 1 2 1 3 1 3 3 1.3
27 3 3 2 1 3 2 1 2 1 1 0.42

K1j 12.08 12.46 12.61 11.76 16.94 11.55 11.79 11.65 7.92 11.47
K2j 11.66 11.73 11.38 11.77 8.49 11.96 11.73 11.68 11.51 11.93
K3j 11.61 11.16 11.36 11.82 9.92 11.84 11.83 12.06 15.92 11.95

TABLE 8 | Contrast of tensile strength.

Scheme Monitoring point stress
value/MPa

Exceedance sum

A B C

A3B3C2D1 1.08 0.66 0.63 0.46
A3B3C3D1 0.77 0.83 0.77 0.42

TABLE 9 | After optimization, blasting parameters.

Hole network parameters Spaced loading Detonation way

Hole spacing (m) Row spacing (m) Explosive
consumption

Stem length (m) Top Haft (m) Second
half section (m)

Interval (m) Short-delay
blasting (ms)

8 6.5 0.21 kgˑm−3 3.5 4.5 1.5 1 55
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technology in the blasting area. Most of the dust-suppression
measures are difficult in the implementation process due to the
unique lithology of fire rock. Therefore, the method of covering
the blast area with dust absorbent cotton and a protective blanket
was selected to control and reduce the dust production.

5.1 Dust Prevention and Reduction
Measures
The essence of covering dust suppression measure is “filtering”
dust particles. Blasting protection blanket + vacuuming cotton
(Figure 13) is laid above the blast area, through which explosive
gas flows out of the gap of the protective blanket. Dust absorbent
cotton filters the dust in the gas, reduces the concentration of dust
escape, and inhibits the generation of dust at the source of
blasting.

The protective blanket can fix the dust-absorbing cotton and
resist the flying stone, which can reduce the dust and improve the
blasting safety factor. The material comes from waste tires, waste
transport belts, etc., and is made of several warp strips and weft
strips. In order to facilitate laying, a lifting ring or hook can be
added to the edge of the protective blanket. Protective blankets
can be recycled to reduce blasting costs and protect the
environment. Vacuuming cotton is a filter material, mainly
composed of PET (polyester fiber) and PP (polypropylene
fiber), belonging to disposable items.

5.2 Field Industrial Test
5.2.1 Field Blasting Test
In order to verify the rationality of the optimized blasting
parameters and the actual effect of the blasting dust
suppression scheme, an industrial blasting test was carried out
in a burning area of an open-pit coal mine in Xinjiang. The test
area and the test comparison area are arranged on the same
bench. The direct reading dust sampler is placed 30 m upwind of
the blasting area to test the blasting concentration (see Figure 14
for the layout position).

The original blasting scheme was adopted in the comparison
area, the optimized blasting parameters were adopted in the test
area, and the dust absorbent cotton and protective blanket were
added in the test area. The hole was covered with a layer of
vacuum-absorbing cotton and the blasting protection blanket
(See Figure 15 for the material layout).

5.2.2 Effect Analysis
The diffusion of dust can be observed clearly from the viewing
spots shown in Figures 16, 17. By comparison of the blasting dust
diffusion depicted in these figures, it is found that there is no dust
escaping from the bench hanging plate in the test area, and only a
small amount of dust escapes from the bench slope with a low
concentration. In addition, the rock fragmentation of the bench is
more uniform, which meets the requirements of loose blasting.

FIGURE 11 | Stress diagram.

FIGURE 12 | Stress curve after optimization at monitoring points.
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Therefore, the reliability and accuracy of the blasting parameters
are verified by the field test.

The dust concentration measured by the dust sampler in the
blasting site is 727.6 mg/m3 in the test area and 3,017 mg/m3 in
the comparison area. The dust concentration in the test area is far
less than the measured dust concentration of 4,221 mg/m3 before
optimization, and the dust removal efficiency can reach 82.4%.

After blasting, the positions of the protective blanket and the
vacuuming cotton did not change (Figure 18) and are relatively
intact. The interspaces of the vacuuming cotton are filled with dust. It

can be seen that vacuuming cotton plays a significant role in
suppressing the blasting dust. Vacuuming cotton loses its
refiltration function, while intact protective blankets can be reused.

After the field test, according to the test results, the laying
technology of protective blanket and dustproof cotton is improved.
The gap of the protective blanket is increased to 3 cm× 3 cm, the
width of the woven tape is 3–4 cm, and the weight is about 10 kg after
improvement. Vacuuming cotton covers the whole blasting area, and
protective blankets are laid over the hole. In this way, not only does it
reduce the overflow of the disc dust in the blasting process but also

FIGURE 13 | Blasting dust suppression material. (A) Protective blanket. (B) Vacuuming cotton.

FIGURE 14 | Layout of test area and comparison area.

FIGURE 15 | Site test layout diagram.
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decreases the weight and quantity of the protective blanket, making it
easier for operators to lay out the protective blanket.

6 CONCLUSION

(1) The key factors affecting the bench blasting effect in the
burning area are explosive consumption, charge
constitution, detonation way, and hole mesh parameters.
The rock bench in the burning area of open-pit mine has

special rock properties and low mechanical strength. In the
process of blasting, the rock is seriously damaged by the
explosion energy, and the crushing degree is too high. The
excess explosive energy drives the fine dust particles to
move outward, resulting in a large amount of dust
production.

(2) The optimal blasting scheme is determined as 8-m drill space,
6.5-m row spacing, 0.21-kg/m³ explosive consumption, 1-m
interval length, and 55-ms short-delay blasting after
orthogonal experiment optimization.

FIGURE 16 | Contrast area blasting dust diffusion diagram. (A) t = 5 s. (B) t = 15 s. (C) t = 30 s.

FIGURE 17 | Dustproof and dust reduction effect of blasting in the test area. (A) t = 5 s. (B) t = 15 s. (C) t = 30 s.

FIGURE 18 | Site map of test area after blasting. (A) Aspiration cotton. (B) Protective blanket.
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(3) Field test verification in the mining area adopt the optimized
blasting scheme and adopt the dust suppressionmode wherein
the upper layer of the explosion area is covered with vacuum
cotton and blasting blanket. The test results show that this
method has an obvious dust suppression effect, where the dust
removal efficiency reaches 82.4% (Welideniya, 2005; Xie and
Lu, 2008; Zhou et al., 2021; Huang et al., 2021b).
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