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ABSTRACT The size distribution characteristics of fragments formed after loose blasting in open-pit mine
will directly affect the economic benefits of the mining enterprise. The impact load test of coal samples
with pressure ranging from 0.13MPa to 2.0MPa was carried out by using the split Hope Pressure Bar
Test System (SHPB). Based on the theory of stress wave attenuation, the relationship between blasting
load and coal samples impact test in the laboratory is established. It is concluded that with the increase
of impact pressure, the degree of coal samples breakage increases gradually. According to the requirement
of blasting quality in open-pit mine, it is concluded that the impact pressure rangewith good crushing effect is
0.30MPa≤ P≤ 0.90MPa. Based on image recognition method, the fragmentation distribution characteristics
of loose deposits of coal seam blasting in open-pit mine are obtained. Combining the impact load test
in the laboratory and the fragmentation distribution of coal seam blasting, the influence area of blasting
impact fragmentation is divided. According to the research results, two optimization schemes of blasting
parameters are put forward and the blasting effect of the two schemes is verified by numerical simulation
using ANSYS/LSDYNA. Through field blasting optimization test in open-pit mine, it is concluded that
increasing blasting hole spacing and row spacing can effectively control dust pollution and increase massive
coal rate.

INDEX TERMS Open-pit mine, fragments size distribution, impact load, numerical simulation, blasting
optimization.

I. INTRODUCTION
The mining industry, especially the open-pit mining, are
encountering many challenges, such as the proper waste dis-
posal and improvement in efficiency [1]–[4]. Loose blasting
to break coal and rock is one of the important ways of
efficient mining in open pit coal mine [5]. In the mining
process, fragmentation of coal and rock is an important index
for evaluating blasting effect. It directly affects the blasting
scheme, excavation and transportation equipment selection
and economic effect of mining, and even seriously threatens
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the continuous safe production of mines [6]. Blasting frag-
mentation refers to the size of coal and rock fragments formed
by blasting, and the specific evaluation indexes include frag-
ments size distribution function, average size of fragments,
the number of fragments in each size range [7]. The size
distribution of blasting fragments is directly related to the pro-
duction quality of mining engineering. A moderate degree of
blasting fragmentation and the avoidance of producing huge
blocks and excessive powdery particles are the basic require-
ments of mine blasting, which guarantees the best technical
and economic results [8], [9]. Because of the complexity of
blasting process and physical and mechanical properties of
blasted rock mass, it is difficult to accurately predict the size
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FIGURE 1. Coal seam blasting site in Ha’erwusu Coal Mine, China.

and distribution of rock mass fragmentation under blasting
impact [10]. There are many factors affecting the quality of
blasting fragmentation, which can be summarized into three
aspects: rock physical and mechanical properties, blasting
mode and blasting parameters [11], [12].

Due to a large number of cracks inside the coal seam,
the size of the coal block after blasting is uneven. If the
volume of the fragments is too large or too small after blast-
ing, it will directly affect the cost of the coal mine. Using
the Ha’erwusu Open-pit coal mine as an example, when
the blasting intensity is low, the lump coal generated after
blasting is too large, the secondary crushing cost increases,
and the handling difficulty increases, as shown in Fig.1(a);
at high altitude, the lump coal produced is too small, and the
number of dust increases, as shown in Fig.1(b). This seriously
affects the mine operating environment and corporate image,
and limits the sustainable development capability of coal
mines. These two aspects significantly restrict the environ-
mental and economic benefits of open-pit mines. Therefore,
the selection of appropriate blasting parameters and blasting
methods can effectively solve the problems of high cost of
secondary crushing in open-pit mines, difficulty in handling,
and dust pollution generated from mine blasting and other
major problems due to inefficient blasting.

The analysis of the block distribution characteristics is
based on the statistics of the coal mine volume under each
blasting process after the coal seam blasting. Based on
the characteristics of the coal seam blasting block distri-
bution, the blasting parameters are adjusted to effectively
control the blasting block degree. Thus, the optimum size
of coal block can be increased, the cost of secondary han-
dling and crushing can be reduced, and the proportion of
dust particles can be effectively controlled so as to achieve
the goal of effective control of dust pollution in blasting.
Focusing on the characteristics of coal seam blasting under
existing blasting parameters, combined with the mechanical
test of coal and rock under indoor impact load, the rela-
tionship between blasting parameters and block distribution

is established. Based on the evaluation of blasting frag-
mentation characteristics, an optimization scheme of blast-
ing parameters for controlling fragmentation distribution is
proposed.

II. LABORATORY IMPACT TEST OF COAL SAMPLES
Split Hopkinson Pressure Bar (SHPB) is the most widely
used method for testing the physical and mechanical prop-
erties of materials at high strain rates [13]. SPHB test is an
important part of impact dynamics experiment. It can not
only realize simple loads with high strain rate, but also form
dynamic loads composed of various loads, such as active
and passive confinement pressure [14]. SHPB experimen-
tal device can be applied to the field of blasting [15]. The
experimental method is to indirectly promote the stress-strain
relationship of sample material by measuring the strain on
the impact prop. This is an indirect and simple experimental
method [16]. Dai et al. conducted a quantitative study on the
effect of protective materials for blasting damage of tunnel
surrounding rock through SHPB test device [17]. Shi et al.
used SHPB device to study the damaging effect of direc-
tional shock absorption blasting on rock [18]. Guo et al.made
dynamic impact experiments on rock samples by means of
Hopkinson pressure bar, and obtained the effective energy
consumption needed for rock fragmentation [19]. It can be
seen that SHPB experimental technology has been relatively
mature in the study of dynamic mechanical characteristics of
coal, and has been widely used in the field of blasting. The
focus of the existing research results is to study the dynamic
mechanical characteristics and failure characteristics of coal
at different speeds, but little research has been done on the
size of coal fragmentation under different impact loads, and
the fragmentation of coal blasting will directly affect the eco-
nomic benefits of mining enterprises. Therefore, the SHPB
experimental technology is used to carry out dynamic impact
tests of coal samples at different atmospheric pressures
to study the relationship between impact load and coal
fragmentation.
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FIGURE 2. Test equipment and sample loading method.

FIGURE 3. Processed coal sample.

Using the SHPB test system of China University of Mining
and Technology, the dynamic impact test of coal samples
taken at different strain rates was carried out to study the
relationship between impact load and the size of broken coal.
The blasting scheme is the basis for this test.

A. TEST EQUIPMENT AND SAMPLE PREPARATION
The experiment adopts the ϕ 50mm SHPB test system of
the State Key Laboratory of Geotechnical Mechanics and
Underground Engineering of China University of Mining
and Technology. The whole system includes five parts:
load drive system(Fig.2 A), pressure bar system(Fig.2 B),
energy absorption system(Fig.2 C), signal acquisition sys-
tem(Fig.2 D) and signal processing system(Fig.2 E). The
sample is placed between the entrance rod and the transmis-
sion rod.

The coal samples collected in this test were taken from the
Ha’erwusu Open-pit coal mine in Erdos City, Inner Mongolia
Autonomous Region, in China. The sample preparation was
completed at the Mechanics Test Center of China University
of Mining and Technology. The three processes of coring,
cutting and grinding were used to complete the test coal
samples. The sample size is 50mm high and 50mm diameter
cylinder. The finished sample is shown in Fig.3.

B. TEST IMPACT LOAD DETERMINATION
The design and implementation of rock mechanics test
under indoor impact load are mainly divided into three
processes. Firstly, the minimum load value of coal sample
damage is obtained by multiple impact load test. Secondly,
the load is increased sequentially based on theminimum load.

The impact load test is carried out. Finally, the failure charac-
teristics of the sample after coal rock failure under different
loads are analyzed, and the block distribution characteristics
are determined. The results were compared with the distribu-
tion characteristics of coal seam blasting in an open-pit mine,
and the degree of fragmentation in different blasting area was
determined.

Through repeated tests, the minimum loading pressure that
can cause the failure of the coal sample is 0.13MPa. The
SHPB test system used in this test has a maximum loading
pressure of 2.0MPa, therefore, 0.13MPa and 2.0MPa are used
as the vertical load reference to design the impact load. Ten
sets of impact tests were designed, and the impact loads were
0.13MPa, 0.17MPa, 0.25MPa, 0.30MPa, 0.50MPa, 0.70MPa,
0.90MPa, 1.20MPa, 1.50MPa, 2.0MPa, respectively. The
sample was subjected to a dynamic compression test. Five
samples of each group were tested under pressure and their
mean values were taken as the impact crushing test results
under this pressure.

C. COAL SAMPLE IMPACT FAILURE CHARACTERISTICS
In order to quantitatively study the influence of the impact
load on the fracture characteristics of coal samples, the distri-
bution law of fracture degree of coal samples under different
impact loads is compared and analyzed. The average particle
size δ of the test piece is used as the parameter to evaluate
the failure characteristics. The coal samples are sieved and
weighed by the grading sieve and the electronic balance. The
block analysis method is used to calculate the average of the
different test pieces. The particle size δ is used to investigate
the influence of different impact loads on the average particle
size δ of coal samples.

The pore size of the sieve selected from the test is
specifically 15.0 mm, 10.0 mm, 5.0 mm, 2.0 mm, and
1.0 mm. The sample was sieved by using a grading sieve to
obtain 6 sets of coal samples having particle diameters rang-
ing from 15.0 to 50.0 mm, 10.0-15.0 mm, 5.0 to 10.0 mm,
2.0 to 5.0 mm, 1.0 to 2.0 mm, and 0.0 to 1.0 mm. According
to the particle size, the number is i = 1,2,3...6 arrangement
from large to small.

Using the analysis method of the above-mentioned block
distribution characteristics, the crushed coal sample after
the Hopkinson pressure bar test is classified and sieved.
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FIGURE 4. Characteristics of coal-like fragments after screening at various pressures.

TABLE 1. Characteristics of block distribution after coal sample failure under different pressures.

As shown in Fig.4, with the loading impact pressure increas-
ing from 0.13MPa to 2.00MPa, the degree of coal sample
fragmentation is gradually intensified, and the proportion
of large-sized blocks in coal-like fragments is gradually
decreasing, while the proportion of small-sized fragments
and powdered coal particles is gradually increasing, that is,
the fragmentation of coal sample shows strong correlation of
impact pressure.

From the analysis of the coal sample after the above impact
damage, the mass percentage and average particle diameter
of the fragments under impact pressure were obtained. See
Table 1, where Mc is the total mass of the coal sample, and
miv is the particle size of the i-group after the sample is

destroyed. Based on the Quality as a percentage of total mass,
the particle size distribution characteristics of the coal-like
fragments and the variation of the average particle size with
the impact pressure are analyzed, as shown in Fig.5.

The average particle size of the broken coal sample gradu-
ally decreasedwith the increase of air pressure, indicating that
the degree of damage to the coal sample gradually increased.

D. COAL SAMPLE IMPACT DAMAGE BLOCK
DISTRIBUTION EVALUATION
In order to further combine the test results with coal seam
blasting in an open-pit mine, the particle size distribution of
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TABLE 2. Distribution characteristics of coal and rock scale under various impact pressures.

FIGURE 5. The variation of particle size distribution and average particle
size of coal sample with impact pressure.

coal and rock under the impact of indoor impact is further
divided.
According to the block distribution characteristics of coal
rock sample failure under impact load, combined with the
minimum cost control of coal seam blasting, the broken
pieces are divided into three groups according to the particle
size range: large diameter, medium diameter and powder.
The particle size ranges corresponding to the three groups of
fragments are:

1) Large diameter fragments: particle size d ≥ 15.0mm,
that is, i = 1 group of fragments. The size of this group of
fragments is relatively large. In the Ha’erwusu Open-pit coal
mine, the corresponding large-volume coal is required to be
blasted after the corresponding coal seam blasting, with a coal
diameter of 300 mm < d.

2) Medium diameter fragments: particle size 15.0mm ≥
d ≥ 2.0mm, that is, i = 2, 3, 4 pieces. The size of the
fragments in this group is moderate. If it corresponds to the
size of the fragments after the blasting of the coal seam,
then the fragments in the range do not need to be broken.
Corresponding to massive coal, the coal diameter is 50mm
≤ d ≤ 300mm.
3) Powder fragments: particle size 2.0mm ≥ d , i = 5,

6 groups of particle size range fragments. The size of the
group of fragments is relatively small, which corresponds to
the small volume of coal after the blasting of the coal seam,
even pulverized coal, which is the main source of blasting
dust in the mine pit. Corresponding to granular coal, the coal
diameter d ≤ 50mm.

FIGURE 6. Curve of mass fraction of different scales with pressure.

According to the above-defined method, the distribution
characteristics of the fragments at different scales under the
loading pressure of each group can be obtained, as shown
in Table 2. Fig.6 shows the variation of the mass percentage
of coal and rock fragments with the pressure at three sets of
scales.

It can be seen from Fig.6 that as the gas pressure increases,
the mass percentage of the fragments at each scale changes
significantly. Specifically: with the increase of air pressure,
the mass percentage of large-diameter fragments gradually
decreases; for medium-diameter fragments, themass percent-
age increases with air pressure, and the overall appearance
shows an increasing change characteristic. When the gas
pressure exceeds 0.90MPa, the mass percentage of the
medium-diameter fragments has a decreasing variation char-
acteristic, and the reduction amplitude is about 20%; com-
paredwith the variation characteristics of themass percentage
of the other two groups of scales, the mass percentage of
the powder fragments and the increase in air pressure is
approximately linear.

It can be seen from the analysis of Table 2 and Fig.6 that
increasing the impact gas pressure can effectively reduce the
mass percentage of the large diameter fragments, thereby
reducing the amount of secondary broken coal and control-
ling the secondary crushing input cost. However, as the air
pressure increases, the mass percentage of the powder frag-
ments gradually increases, which will greatly increase the
investment in coal mine dust suppression costs. According to
the requirement of coal fragmentation quality standard in the
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FIGURE 7. Blast block image picking scheme between holes.

open-pit coal mine, after coal seam blasting, the proportion
of massive coal should be increased as much as possible,
the proportion of granular coal should be reduced, and the
proportion of large volume coal that can be broken twice
should be controlled. From this, it can be concluded that
the range of good fragmentation effect in the test is: the
proportion of large diameter fragments is less than 40%; the
proportion of medium diameter fragments is more than 50%;
the proportion of powder fragments is less than 10%. Accord-
ing to the above quality control standards, compared with
the data in Table 2 , it is concluded that the impact pres-
sure of coal rock is the best in the range of 0.30Mpa ≤
P ≤ 0.90MPa.

III. MATHEVALUATION OF BLASTING EFFECT
OF HA’ERWUSU OPEN-PIT MINE
The coal seam blasting of a certain Ha’erwusu open-pit mine
was selected as the fragmentation distribution observation
area. The whole blasting area is 345m in length and 45m in
width. The blasting bench height is 8m, the blasting volume is
115200m3, the weight of explosive used is 24.3t, the blasthole
depth is 9m, the blasthole spacing is 8m, the row spacing
is 6m, and the number of blastholes is 300. In the direction
of the blasting area length, the holes are equally spaced.
Assuming that the coal quality in the whole blasting area
is uniform, the failure characteristics and fragmentation dis-
tribution characteristics of coal and rock between every two
holes in the long direction are the same. Therefore, the area
between any two groups of blastholes is selected for blasting
block analysis. According to the requirement of photographic
frame and image sharpness, it is divided into 12 equal spacing
image pickup regions within 8 m hole spacing, as shown
in Fig.7.

A. EXPLOSION BLOCK DEGREE CLASSIFICATION
IMAGE RECOGNITION
After the blasting of coal and rock, the block size and dis-
tribution range are large. The large-size grading screen and
the matching excavator are used, which has a large work-
load [20]–[22]. The development of an intelligent classifica-
tion system based on image recognition (such as the shape,

color, size, etc. of the material) can improve work efficiency
and has many advantages over manual screening, such as
uniform grading standards, reduction ofmechanical noise and
energy consumption, as well as providing statistical informa-
tion on various classification indicators [23]–[25].

The rock mass degree intelligent grading system is writ-
ten by MATLAB software [26], [27]. MATLAB’s image
processing toolbox contains many image processing related
functions that can be easily applied to digital image program-
ming [28]–[31]. The image processing program of coal and
rock block after blasting includes:

1) Image import: Use the imread function to import the live
image into matlab, as shown in Fig.8(a).

2) Image enhancement: imadjust is used to enhance the
gray level of the image. The histeq function equalizes the
image histogram, and uses medfilt2 to median the image
to remove noise and black spots in the image, as shown
in Fig.8(b).

3) Determining the rock mass interface: Using the gradi-
ent magnitude as the segmentation function, the Sobel edge
concealment, the Imfilter function, and some simple algo-
rithms are used to calculate the gradient magnitude, as shown
in Fig.8(c).

4) Image binarization: Separate the rock blocks in the
image by using the rock boundary line obtained above, then
transform the gray image into a binarized image by using
the im2bw function, and the bwareaopen function is used to
remove the small rocks and flaws in the graph, see Fig.8(d).

5) Setting of the reference object: A helmet with a diameter
of 0.2 m is placed in the image for calibrating the size of the
rock in the image, as shown in Fig.8(e).

6) Rock block identification: The connected area in
the image is identified by the bwconncomp function, and the
identified image is as shown below. The block marked by the
red hexagonal star is a helmet, see Fig.8(f).

7) Block grading: Firstly, the regionprops function is used
to calculate the properties of the connected regions, and then
the bar function is used to classify the coal briquettes.

Through the image recognition method, the coal blocks
in different blasting areas between the two blastholes are
divided into four groups of sizes of 0.0-50mm, 50-200mm,
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FIGURE 8. Coal rock block image processing program.

FIGURE 9. Variation of coal blasting block degree and the average size of
coal block.

200-300mm and more than 300mm, and they are numbered
i = 1 and 2 according to the size from large to small 3, 4.
Table 3 shows the variation of the mass percentage of the
coal mass (percentage of each particle size in the image) and
the average size in each area between the two blastholes. The
variation curve of coal seam blasting block size and average
coal block size in each area is shown in Fig.9.

According to the division method of each region in Fig.9,
the smaller the region number, the closer the region is to the
blasthole 1. As the region number increases, the observation
region gradually moves away from the blasthole 1, and gradu-
ally approaches the blasthole 2, and the observation region 6,
7 is the middle position of the two groups of blastholes, that
is, the farthest observation area from the blasthole.

It can be seen from Table 3 and Fig.9. As the distance from
the blasthole increases, the large-size fragments first increase
and then decrease, and the small-size fragments decrease first
and then increase. The particle size δ of the fragment first

increases and then decreases. It can be concluded that the
closer to the two blastholes, the more severe the damage of
the coal and the smaller the particle size, and the farther away
from the two blastholes, the greater the coal fragmentation.

B. EVALUATION OF BLASTING PROCESS PARAMETERS
BASED ON BLOCK DEGREE DISTRIBUTION
According to the classification standard of coal blocks on
section II, part D, the scale distribution characteristics of coal
blocks in different blasting areas between the two blastholes
after coal blasting can be obtained, as shown in Table 4.
Fig.10 shows the mass percentage of coal masses with dif-
ferent scales between the two blastholes as a function of the
observed area.

FIGURE 10. Characteristics of mass fraction of coal mass with different
scales.

As can be seen from Fig.10, the mass percentage of the
lump coal in each region is substantially above 40%, wherein
the mass percentage of lump coal between the regions 2
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TABLE 3. Block distribution and average size characteristics of coal after blasting in various areas between the blastholes.

TABLE 4. Distribution characteristics of coal blocks in each blasting area.

and 10 is close to or exceeds 50%. As the large-volume
coal moves away from the blasthole, the mass percent-
age increases slowly in a straight line. In numerical terms,
the mass percentage of the large-volume coal is basically
controlled within 30%. In the specific production, the amount
of secondary crushing coal is acceptable. However, unlike
the other two groups of coal mass variation characteris-
tics, the mass percentage of granular coal gradually decreases
with the distance from the blasthole, but even if it’s minimum
value is below 20%, the granular coal within 3m from the
blasthole has its mass percentage even exceeds 40%, which
will cause serious dust pollution to the pit.

On the whole, the existing coal seam blasting scheme can
achieve the purpose of controlling the secondary blasting cost
to a certain extent, but it cannot better control the number of
coal blocks at the small scale, that is, the direct blasting dust
pollution is more serious.

IV. BLASTING OPTIMIZATION TEST AND EFFECT
EVALUATION OF HA’ERWUSU OPEN-PIT MINE
A. BLASTING PARAMETER OPTIMIZATION SCHEME
According to the fragmentation distribution characteristics
of coal blasting in Ha’erusu open-pit mine, the optimization

objectives of blasting parameters mainly include two aspects
that reducing the mass percentage of granular coal and
increasing the mass percentage of massive coal.

In the current coal seam blasting scheme, there are three
main parameters that can be adjusted: the hole spacing d ,
the row spacing h, and the explosive quantity Q. Therefore,
the optimization scheme of the blasting parameters is mainly
carried out around these three parameters.

According to the Safety Regulations for Blasting [31] and
the Practical Manual for Engineering Blasting [32], the cal-
culation formula of the shock wave in blasting process of
open-pit mine is:

1P = ηK (Q
1
3 /R)α (1)

In the formula, α and K are empirical coefficients, respec-
tively 1.31, 0.67; η is the attenuation index through actual
measurement. Through actual tests, the value is 0.71;Q is the
charge, kg; R is the distance from a point in the coal seam to
the centre of the explosive, m.

According to the data in Section III, the 300 blastholes in
the coal seam blasting in the field observation area consume a
total of 24.3 tons of explosives. According to the principle of
average distribution, the explosive amount of each blasthole
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TABLE 5. Single hole blasting affected area division.

FIGURE 11. Curve of impact blasting load as a function of blasthole
distance.

is Q = 81kg, and the Q value is substituted into the for-
mula (1), which can be shown. The relationship between the
air pressure P and the blasting distance R:

P = 0.71× 0.67× (81
1
3 /R)1.31 (2)

According to formula (2), the impact load versus blasting
distance curve can be obtained, as shown in Fig.11.

It can be seen from Fig.11 that the stress wave generated by
the explosion of the explosive is rapidly decayed in logarith-
mic form as it is far away from the blasting core. When the
distance is greater than 8.8 m, the impact load is reduced to
less than 0.1MPa. According to the test of the indoor impact
load of the coal sample in the Ha’erwusu open-pit coal mine

in Section II, the minimum load of the coal rock sample is
0.13MPa, which can be substituted into the formula (2) to
obtain the distance between the rupture zone and the blasthole
isR3 = 8.78m;According to the evaluation of impact damage
of the coal samples, the loading pressure is 0.30MPa ≤ P ≤
0.90MPa, and the coal-rock sample is mainly broken by the
medium-diameter fragment, which can be solved to obtain
the influence range of 2.01m ≤ R ≤ 4.63m. Therefore, the
blasting single hole affected area can be divided:

According to Table 5, the distribution and intersection of
the blasting areas of the three blastholes in the triangle point
can be determined. As shown in Fig.12, when considering the
three blasthole explosion processes are independent of each
other, the blasting areas of the three blastholes can be seen.
The superposition relationship is very complicated, as shown
in Fig.12(a). According to the rock, the load in the rupture
zone is less than 0.3MPa. When the load in this zone is super-
imposed on the damage zone of another blasthole, the impact
is limited. Therefore, the rupture zones of the three blast-
holes are removed, mainly looking at the other two zones.
The superimposed features, as shown in Fig.12(b), under the
current hole spacing and row spacing design, the fractured
and damaged areas of the three blastholes have a large area
overlap, and even there is an influence superposition area of
three blastholes in a certain area. This has a significant impact
on the degree of coal seam blasting, which is also the reason
for the large mass percentage of granular coal.

Based on the theoretical calculation combined with the
coal samples impact failure test and the fragmentation dis-
tribution characteristics of coal seam blasting, the blasting
parameters optimization scheme is given for the coal seam
mining area of Ha’erwusu open-pit mine: In the first scheme,
the hole spacing is increased from 8m to 12m, the row spacing
is increased from 6m to 7m, and the remaining blasting
parameters are unchanged; In the second scheme, the amount
of single-hole explosives is reduced from 81kg to 48kg, and
the remaining blasting parameters are unchanged.

B. BLASTING AREA SUPERPOSITION RATIONALIZATION
VERIFICATION SECTION
The blasting area according to the theoretical formula and
experiment has been divided. This section will use the
numerical simulation method to verify the blasting area
optimization rationalization after the blasting parameters
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FIGURE 12. Crossing characteristics of the damage zone after the blasthole triangle is arranged.

FIGURE 13. Meshing of the computational model.

FIGURE 14. Computational Model of Blasthole Charge Structure and Mesh Generation.

are optimized. The main contents are verified in two aspects:
first, between the holes on whether the blasting area is uni-
formly affected by the stress wave; secondly, the crushing
areas between the two holes can be connected to each other.

1) TEST METHOD
In the numerical simulation, ANSYS/LS-DYNA software is
used to study the damage characteristics of adjacent bore-
holes after the explosion and the distribution characteristics
of cracks in the damage zone [33], [34]. The process of estab-
lishing themodel is extremely important and the quality of the
model will directly affect the calculation results [35], [36].
In order to simplify the process of modelling and reduce

the amount of repeated calculation, the number of simu-
lated blasting holes is simplified to three, the arrangement is
triangular, and the specific parameters such as the spacing
of blasting holes and row spacing are set according to the
actual blasting design of the mine. In the triangle range
formed by blasting holes, the stress in the blasting process
of small-scale blasting zone can be accurately simulated.
The model uses 3DSOLID164 units, and the results can be
extended to the whole boundary stress simulation results of
blasting zone. According to the given parameters, a three-
dimensional model is constructed and its meshes are divided
into 81408 units. Fig.13 and Fig.14respectively give the cal-
culation model and meshing of coal seam blasting analysis.
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TABLE 6. Physical and mechanical properties of coal.

TABLE 7. Ammonium fry material parameters.

FIGURE 15. Development process of blasting rock fissures.

RHT concrete constitutive model has been widely used in
numerical simulation of explosive impact. Based on the sim-
ilarity between concrete and rock, the dynamic constitutive
relationship of concrete can be used to describe the mechani-
cal behavior of rock materials under dynamic loading. On the
basis of fully considering the elastic limit surface, failure
surface and damage softening equation, RHT concrete consti-
tutive model is divided into three stages: elastic stage, linear
strengthening stage and damage softening stage [37], [38].
Table 6 and Table 7 give the physical and mechanical param-
eters of coal and the material parameters of ANFO explosive
during the numerical calculation.

The development process of rock fissures is simulated
by ANSYS/LS-DYNA software. As shown in Fig.15, by

observing the development process of rock fissures, it can be
found that rock fissures extend from the centre of the borehole
to the surrounding area. Because explosives are filled in the
middle and lower parts of the borehole, the detonator first det-
onates the explosives in the middle part of the borehole. From
Fig.15(a) and Fig.15(b), it can be concluded that the chemical
reaction of the explosive has been transmitted to the whole
hole for a very short time at the beginning of the explosion of
60ms. Fig.15(c) shows that fissures first develop in themiddle
of the borehole where the first explosive reaction occurs,
and gradually expand to the top and bottom of the borehole,
and finally the fissures cover the whole borehole. Due to
millisecond blasting, an is shown in Fig.15(d), Fig.15(e) and
Fig.15(f), the initiation of adjacent boreholes is delayed for a

VOLUME 7, 2019 137511



X. Ding et al.: Distribution Characteristics of Fragments Size and Optimization of Blasting Parameters

FIGURE 16. Damage characteristics of coal and rock in the blasting area around the blast
hole.

certain time (42ms). When the second borehole is detonated,
the rock crack damage along the diameter direction of the
first borehole has basically developed, and the ultimate crack
development range is the approximately cylindrical shape
with the borehole as the axis.

Fig.16 shows the damage characteristics of coal seams
within the influence range of the blasthole stress wave and
the damage characteristics of coal and rock between the two
blastholes under the current blasting scheme and two blasting
optimization schemes. As can be seen from the figure, Under
the current blasting scheme, the fracture and failure zones
between the three holes are superimposed on each other, and
the comminution zone is formed in the middle zone. Within
the influence range of the single hole, each damage zone
is basically funnel-shaped, and the two holes are broken.
The simulation results are consistent with the cross charac-
teristics of the damage zone in Section IV, part A, which
shows that the stress distribution of the simulation results is
consistent with the change curve of blasting impact load and
hole spacing shown in Fig.11. Under the two optimization
schemes, the coal damage characteristics in the surrounding
area of each blasthole and in the intersection area are basically

the same. The three-hole intersection area and the two-hole
intersection area crushing and destruction area are connected
to each other, and there is no crushing area formed by super-
imposing each other. Both optimization schemes can meet
the optimization requirements. From the perspective of the
utilization of the blasthole charge, the first scheme is superior
to the second scheme, and the first scheme is selected as the
final test scheme.

C. BLASTING OPTIMIZATION TEST AND BLOCK
DISTRIBUTION CHARACTERISTICS
According to the theoretical verification of the coal seam
blasting parameters optimization scheme, the coal seam blast-
ing test was carried out in the Ha’erwusu open-pit coal mine.
In this test, the spacing of the blastholes was increased from
8m to 12m in the original design, and the row spacing of the
blastholes was increased from 6m to 7m. The other perfora-
tion methods and the parameters of the pyrotechnics were the
same as the original blasting parameters.
Fig.17 shows the coal seam blasting site under optimized
conditions. Similarly, the coal seam blasting area between
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FIGURE 17. Coal seam blasting site under optimization scheme.

TABLE 8. Characteristics of block distribution after coal blasting in various areas between the blastholes under original scheme and optimized scheme.

the two blastholes is divided into 12 regions (the span of
each region under the optimized scheme is 1 m, and the span
of each region under the original scheme is 0.67 m), and
the digital image processing technology is used for the gun.
The block distribution characteristics between the holes were
analyzed.

Table 8 shows the distribution characteristics of coal seam
blasting in the blasting area between two blastholes under the
two conditions of the original scheme and the optimization
scheme. It can be seen from the table that compared with the
original scheme, the mass percentage of coal in the smallest
particle size range is smaller than the corresponding value
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TABLE 9. Distribution characteristics of coal blocks in each blasting area under optimization scheme.

under the original scheme in the same area under the opti-
mization scheme, and the expansion of the inter-row spacing
can effectively improve the overall block size of coal seam
damage.

According to the standard of coal block grading after coal
blasting given in section II, part D, the distribution char-
acteristics of coal blocks in each analysis area after opti-
mization scheme are given, as shown in Table 9, except
for the area within 2m from the blasthole, in other areas
the mass percentage of internal granular coal is basically
controlled within 35%, while the mass percentage of massive
coal is basically above 50% in the whole region, and even in
some areas, it can even approach 70%. Under the optimized
scheme, the granular coal after blasting has its percentage
of mass significantly reduced, while the mass percentage of
lump coal is significantly increased.

D. EVALUATION OF BLASTING EFFECT
In order to analyze the global distribution of blockiness char-
acteristics, the average mass percentage of each fragment
type in the whole area under the original scheme and the
optimization scheme is calculated, as shown in Table 10.

TABLE 10. Average size of coal mass in the whole region under original
and optimized scheme.

It can be seen from Table 10 that the percentage of granular
coal mass can be reduced from 44.50% to 29.87% and the
mass percentage of massive coal is increased from 46.57%
to 60.65%, the amplitude reached 14.98%, while the mass
percentage of large volume coal did not change much, and
it could basically be controlled within 10%. Therefore, the
blasting optimization scheme can effectively reduce the out-
put of small-diameter granular coal, increase the output of
lump coal in the range of 50-300mm, andmeet the production
needs of the Ha’erwusu open-pit coal mine.

V. CONCLUSION
According to the actual production of the Ha’erwusu open-
pit mine, the characteristics of the coal seam blasting under
the existing blasting parameters, combined with the mechan-
ical test of the coal under the impact load, the relationship
between the blasting parameters and the block distribution is
established. The evaluation of the distribution characteristics
and the optimization of the blasting parameters are proposed.
The conclusions are as follows:

(1) The blasting division of single-hole blasting in coal
seam is based on the theory of stress wave attenuation, and
the relationship between the blasting load and the applied
load of the indoor sample impact failure test is established.
The coal rock with pressure between 0.13MPa and 2.0MPa
is developed. The coal samples impact load test, through the
decomposition sieve, obtained the block distribution char-
acteristics of the coal rock sample under different impact
pressure conditions.

(2) The impact crushing sample is divided into three
groups according to the size of the fragments: large diameter,
medium diameter and powder. The proportion of the three
groups of fragments is determined according to the weight.
Combiningwith the requirements of open-pit coal seam blast-
ing on the proportion of lump coal, dust pollution control and
cost control, the pressure range with good impact effect is
determined as follows: 0.30MPa ≤ P ≤ 0.90MPa.
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(3) The image recognition system of coal seam blast-
ing block degree was established by using MATLAB soft-
ware. The distribution characteristics of coal and rock block
between two blastholes in the coal seam blast zone of
Ha’erwusu open-pit mine were analyzed.

(4) The existing coal seam blasting scheme was evaluated,
and two sets of coal seam blasting parameters optimization
schemes were proposed. The ANSYS/LS-DYNA numerical
simulation method was used to verify the blasting area opti-
mization rationalization after blasting parameters optimiza-
tion. Through the optimization test of coal seam blasting, it is
concluded that increasing the spacing of blasting holes and
row spacing can effectively control the dust pollution of mine
blasting and increase the lump coal rate.

(5) The research method can be used not only in the field of
open-pit coal seam blasting, but also in the field of open-pit
rock blasting. In addition, the specific methods of reducing
large size coal blocks and the optimization of blasting param-
eters need to be further studied.
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