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Abstract: Previously conducted studies have established that the rationality of the parameters of
medium-deep hole blasting is one of the main factors affecting the blasting effect. To solve the problem
of the parameter design and optimization design of medium-deep hole blasting in underground
mines, a method of parameter design and the optimization of medium-deep hole blasting based on
the blasting crater tests and numerical simulation analyses has been proposed in this study. Based on
the background of deep underground mining in Gaofeng Mine, a two-hole blasting model has been
established, and the blasting parameters are simulated and analyzed by the damage stress variation
of the two-hole model. During the study, the initial values of blasting parameters were first obtained
from the field blasting crater test, then the blasting parameters were optimized and analyzed by
LS-DYNA software, and finally, the optimization scheme was demonstrated by the corresponding
blasting test. The results of the field test showed that the design method of integrated blast crater test
and numerical simulation analysis can effectively optimize the design of medium-deep hole blasting
parameters and improve the blasting effect to a large extent. This study also provides an effective
design system for the design of deep hole blasting parameters in similar mines.

Keywords: medium-deep hole blasting parameters; parameter design and optimization; blast crater
test; LS-DYNA numerical simulation optimization; analysis of rock breaking by blasting

MSC: 74-10; 74G15

1. Introduction

In mining engineering, medium-deep hole blasting has been widely used in mining.
Compared with shallow hole blasting, medium-deep hole blasting has a larger one-time
blasting amount, more ore caving, low explosive consumption, and high production
efficiency. Moreover, the mining cycle is reduced and the production auxiliary system
is simplified [1,2].

It has been proved that reasonable blasting parameters are core to ensuring the quality
of medium-deep hole blasting, and the design and optimization of blasting parameters
are of great significance to mining [3,4]. In recent years, a lot of work has been carried
out to determine the parameters of blasting and the impact of disturbances on the rock
mass. Stankovi¢ et al. [5] have studied the effect of vibration monitoring instruments
positioning on burst vibration, and give recommendations for vibration monitoring in-
struments positioning during test blasts on any new site, to optimize charge weight per
delay for future blasting works without increasing the possibility of damaging surrounding
structures. Sottys [6] has used a matching pursuit algorithm to assess the impact of blasting
in open-pit mines on the surrounding area and has proved that by taking into account
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frequency changes over time, vibration analysis can help make much more profound and
reliable predictions in this field.

In traditional blasting parameter optimization and design, mines mainly design blast-
ing parameters based on empirical formulas and adjust blasting parameters according
to geological conditions and other conditions. Himanshu et al. [7] have designed the
blasting parameters for Ring holes on underground slopes based on empirical formulas
and projected the rock fragmentation effect using the Kuz-Ram model, which has also
achieved some success. However, the empirical formula method is simple to operate, but
the method is subjective to human influence, lacks the corresponding theoretical support,
and the effect of optimization also has certain limitations [8]. Nowadays, blasting projects
have higher requirements in terms of fragmentation, explosive energy control, blasting
efficiency, and safety and environmental protection, and traditional methods can no longer
achieve the requirements, so a fine blasting theory has gradually been developed that is
more compatible with modern blasting requirements [9].

Up to now, the refined blasting design and optimization system have been applied to
more and more blasting fields. Pal et al. [10] have conducted a systematic study on drilling,
blasting parameters, gas hazards, strata behavior, and ground vibration to solve the design
problem of underground-induced blasting, providing a research idea for a similar blast
design. Widodo et al. [11] have analyzed the overbreak and underbreak of each scheme dur-
ing field blasting, and obtained the optimal scheme under different explosives and blasting
parameters, which effectively improved the blasting effect. These methods have achieved
good results, but there are some shortcomings that do not reflect the optimization work
of blasting parameters. Instead, the common method used in field blasting test research
is to design and optimize blasting parameters based on blast crater tests. Jeon et al. [12]
have conducted a blasting crater test in underground mines and calculated the minimum
explosive quantity of rocks according to the characteristics of rock blasting damage. This
method effectively improved the blasting charge. Zhang et al. [13] have conducted blast
crater tests under different stress load conditions and proposed a design method for blast
parameters considering field stresses based on the test results. The design method based
on field blasting tests makes the blasting parameters closer to the actual conditions of the
mine, but the method is also subjectively influenced by humans and may produce some
errors. Thus, based on the blasting crater test, an intelligent algorithm-based parameter
optimization method is proposed. Monjezi et al. [14] have used a genetic algorithm to
optimize blasting parameters, which effectively reduced blasting fly rock generation. De-
hghani et al. [15] have optimized blasting parameters by a cuckoo optimization algorithm,
which effectively reduced blasting fly rock. Saghatforoush et al. [16] have used artificial
neural networks for the prediction of blasting fly rock and achieved optimization of blast-
ing parameters by the ant colony optimization algorithm. Bastami et al. [17] have used
gene expression programming and particle swarm optimization to predict and optimize
blasting costs and obtained optimized blasting parameter designs through blasting cost
optimization analysis, which effectively improved blasting fragmentation and reduced
the adverse consequences of the blasting process. Sirjani [18] has used the artificial neural
network (ANN) model and statistical models to study the anti-rupture in the blasting
process. According to the prediction and analysis of the model, the optimal blast pattern
design parameters are determined.

These algorithms have greatly improved the rationality of blasting parameters, but the
optimization scheme based on intelligent algorithm still has problems such as incomplete
analysis and evaluation of the influence factors of blasting parameters, and the intelligent
algorithm only focuses on the data itself without linking the relationship between the data,
Therefore, the analysis system of blasting parameter optimization based on numerical
simulation was gradually formed in the subsequent research [19]. Huang et al. [20] have
used PFC2D to optimize blasting parameters and obtained the optimal blasting parameters
by analyzing the simulated blasting effects and stress values at monitoring points under
different parameters. Jiang et al. [21] have analyzed the damage characteristics of VCR
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blasting surrounding rocks using FLAC3D and derived the relationship between explosive
quantity and damage radius of surrounding rocks, which provides a theoretical basis for
optimizing blasting parameters. Mejia et al. [22] have simulated the blasting of different
shaped explosive charges using CFD and ANSYS, and obtained Characterization of Blast
Wave Parameters of Shaped Charges through the analysis of shock wave stresses to provide
support for the design of charging parameters of poly energy charges. The blasting can be
simulated by FLAC3D, PFC2D, and other software, but LS-DYNA is the most widely used
software in research and practical application. LS-DYNA can clearly show the formation
process of fracture area and the development of damage fracture in rock during blasting
and can also monitor the stress at key points during the simulation process [23-25]. Huo
et al. [26] have analyzed the rock damage of lateral blasting using LS-DYNA and improved
the blasting parameters based on the simulation results. Sun et al. [27] have used LS-DYNA
software to carry out numerical simulation analysis on the influence of different factors
on the blasting presplitting process and have determined the best parameters for blasting
drilling. The practice has proven that LS-DYNA software can easily and accurately simulate
the process of blasting and rock breaking, and now it has become a common analysis tool
in blasting research. However, the optimization of blasting parameters based on numerical
simulation greatly improves the rationality of the parameters, but the simulation requires
certain initial parameter data, and most of the initial parameter data in the study come from
empirical design, lacking the corresponding experimental basis, and to a certain extent, it is
also detached from the actual situation of the mine site.

Analyzing the above, it can be noted that the design of medium-deep hole blasting
parameters is a very topical issue. Therefore, the purpose of this study is to obtain reason-
able parameters for medium-deep hole blasting underground in the Gaofeng Mine, and
to achieve this, it is necessary to solve the following tasks: (1) carry out field engineering
geological investigation and field blasting crater test; (2) carry out a numerical simulation
to optimize blasting parameters; (3) and carry out field blasting tests and analyze blasting
results. The specific blasting parameter optimization design process is demonstrated in
Figure 1.

Fine design and optimization of medium-deep hole
blasting parameters
\

Inversion of blasting parameters Optimization of blasting parameters

based on field tests based on numerical simulation

}

Field engmeermg |:> Field blastlng crater |:> Fine design scheme of medium-deep
geological survey test hole blasting parameters

I

Single hole blasting crater test Optimal comparison scheme of

Variable hole distance porous simultaneous
initiation blasting crater test

blasting parameters

Blasting crater test of inclined plane step

Field blasting test

Figure 1. Fine design and optimization flow chart of medium-deep hole blasting parameters (done
by the authors).
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2. Inversion of Medium-Deep Hole Blasting Parameters Based on Blasting Crater Test

This blasting crater test includes a single-hole blasting crater test, variable hole distance
porous simultaneous initiation blasting crater test, and blasting crater test of the inclined
plane step. The blasting crater test is based on the Livingston blasting crater theory, also
known as the energy balance theory. According to Livingston, when a spherical charge
explodes inside the rock, the degree of deformation and destruction of the rock depends
largely on the amount of energy that passes through it. Livingston studied the effect of
changing the embedment depth of the charge on rock failure with the weight of the charge
unchanged and proposed that the relationship between the critical embedment depth of
the charge L, and the charge quantity Q can be expressed by the following formula [28]:

L.=Ex Q3 1)

where L, is the critical burial depth, E is the strain energy coefficient, and E is constant for
specific rocks and explosives. Q is the weight of the globular package.

Livingston’s blasting crater theory is based on the ball charge test. The charge quantity
for the blasting of spherical charge is calculated according to the law of cubic root similarity.
That is, when the same explosive explodes in the same kind of rock, each parameter of the
blasting crater with a certain effect is exploded when the amount of explosive is Qp, and
each parameter of the other blasting crater when the amount of explosive is changed to Q;
and meets the cubic formula [28]:

L)’ @)’ R’ v

o)  (Qo)° (Ro)® Y Qi

where subscriptions 0 and 1 represent the original blasting model and derived model,
respectively. L; is the best burying depth of explosives for blasting crater tests. Q; is the
best charge quantity for the blasting crater test. R; is the best radius of the blasting crater.
V; is the optimum volume of the blasting crater.

According to the basic principle that the shape of the blasting crater is similar under
different charge amounts and the optimum consumption per unit is unchanged, the param-
eter relation of different blasting craters under different cylindrical charge conditions can
be obtained by replacing the buried depth of spherical charge with the depth of blasting
hole. Finally, according to the blasting similarity principle, the blasting parameters of
medium-deep holes under the same geological conditions can be derived from the blasting
parameters of spherical charge [29].

3

@

2.1. Engineering Background

The average thickness of the ore body at the test mining site of the medium-deep
hole blasting drop at the Guangxi Summit Mine is about 10 m. The ore body elevation is
—110 m~—134 m, the length of the ore body is about 21 m, the middle thickness is thin at
both ends, and it is an independent small orebody. Minerals and surrounding rocks are
more moderately stable than those affected by historical excavation. Depending on the
shape distribution of the ore body and mining equipment, mining is divided into upper
and lower parts, and a blasting network is used for ore falling. In the design, the depth of
the deep hole is 12 m and the diameter of the hole is 65 mm. The details of the ore body are
demonstrated in Figure 2.
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Figure 2. Three-dimensional model of orebody (done by the authors).

The deposit type of the Gao Feng mine is a cassiterite-sulfide type deposit, with a
clear boundary between the ore body and the surrounding rocks. The underground ore
is mainly cassiterite, with a saturated compressive strength of 80~100 MPa, and the ore
is dense and massive with good solidity. The rock quality is above medium, and most of
the rock body is above medium integrity. The enclosing rocks are mainly biogenic reef
tuffs with a saturated compressive strength of 58 to 90.1 MPa. For hard rocks, the rock
quality is above medium, and the enclosing rocks are mostly of good integrity and high
compressive strength.

Medium-deep hole blasting has been attempted in the Gaofeng Mine. Due to various
factors, it results in a high block rate and an unsatisfactory blasting effect. Because of the
above problems, this test carries out a fine design of medium-deep hole blasting parameters
through field tests and numerical simulation methods to improve the blasting effect

2.2. Blasting Crater Test Scheme

Firstly, through the single-hole blasting crater tests, the optimum buried depth of the
charge center, the volume, and the radius of the blasting crater are determined under the
condition of the single hole. Secondly, based on the parameters of single-hole series blasting
crater tests, the variable-spacing multi-hole and same-stage blasting crater tests are carried
out, and the optimum hole spacing and explosive consumption under this test condition
are deduced. Finally, the minimum resistance line parameters of blasting are determined
by the crater test of inclined step blasting. According to the blasting similarity theory, the
optimum range of medium-deep hole blasting parameters can be calculated. There are
20 holes with 40 mm diameters in this series of hole crater tests. The specific arrangement
of the test holes is demonstrated in Figure 3.
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(b) Multi hole simultaneous blasting crater test with variable hole spacing
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Figure 3. Blasthole arrangement for series blasting crater tests.

2.3. Analysis of Experimental Results

As demonstrated in Figure 4, the field test data collected are processed by CAD, 3D
MINE, and MATLAB. The final series of test results are yielded in Table 1.

(a) Multi hole simultaneous blasting crater test with variable hole spacing

5 (b) Single-blasthole blasting crater test

- Resistancelinme
920mny

2022/01/11 13:42

Figure 4. Field effect of series blasting crater tests.
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Table 1. Series blasting crater test results.

Parameter Unit Value Parameter Unit Value
Optimum depth of explosive Li/m 0.5 Optimum crater radius Rj/m 0.58
Critical burial depth of explosives L./m 0.67 Optimal crater volume V] /m 0.32
Optimum depth ratio A 0.74 Strain energy coefficient E 1.01
Optimum hole base spacing a;/m 1.0 Optimum resistance line W;/m 0.9

According to the blasting similarity theory, the average charge required to break a rock
per cubic meter is a fixed value for a given rock. In cylindrical charge, when the charge
parameter is changed to the charge quantity per unit length, the proportional relation
changes from cubic relation to square relation. That is, the blasting similarity relationship
can be expressed by the following formula [30]:

L, g 1/2
L=(r) ¥
Y Y
where Ly and Ly are the linear parameters of the bore corresponding to the cylindrical
charge blasting model and the blasting test model, such as resistance line, hole bottom
distance, etc. g, and g, are the charge quantities of the cylindrical charge blasting model
and the blasting test model, respectively.
Therefore, based on the above analysis, when the hole diameter is 65 mm, the parame-

ters of medium-deep hole blasting are calculated as follows:
(1)  Unitloading g = 1.58 kg/m.
(2) Hole distancea =1.6 m.
(3) Resistance line b =1.4 m.

3. Blasting Parameter Optimization Based on Numerical Simulation
3.1. Model Building

LS-DYNA nonlinear finite element software was used to optimize the parameters
obtained from the blasting test. At present, the blasting method of row by row is mainly
adopted for medium-deep holes under the Gaofeng Mine, and there are only two free
planes in each row, and there is a certain stage difference between front and back blasting.
Therefore, in order to facilitate more convenient simulation analysis and be more suitable
for the actual mine production, the model is simplified to analyze the first-row blasting
problem, and a double-hole blasting model is established. At the same time, since the hole
depth was much larger than the aperture in the test, the numerical model was simplified into
a two-dimensional calculation model without affecting the accuracy of the simulation [31].
In the simulation, the fluid-structure coupling calculation method was used for modeling,
the Lagrange algorithm model was set for rock, the Euler algorithm model for explosive,
and the 1/2 symmetric grid model was adopted. Since the blasting model was based on
the plane stress problem of the infinite body, in addition to the free plane of the cutting
groove, no reflection boundary conditions are set in the other three directions, and normal
constraints are set in the Z direction [32]. The middle part of the model is the ore area,
and the two sides are the surrounding rock area to simulate the blasting and crushing
environment of the ore under the surrounding rock clip production. The front area of the
model is the free surface area, which is used to simulate the free surface formed by the
blasting and cutting groove. The specific model settings are yielded in Figure 5.
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Figure 5. Numerical calculation model.

3.2. Material Parameter
3.2.1. Rock Material Model

RHT (Riedel-Hiermaier-Thoma) constitutive model was selected for rock materials,
which was proposed by Riedel, Hiermaier, and Thoma on the basis of the HJC (Holmquist-
Johnson-Cook) model. The influence of the third invariant of the deviatoric stress tensor J3
on the shape of the failure surface was introduced to determine the strain type and stress
state of the material, and the strength of the material was elucidated by the yield surface,
failure surface, and residual strength surface [33,34]. This model is also used to simulate
damage constitutive models of rock impact and blasting.

There are many parameters of the RHT model, including default parameters, physical
and mechanical property parameters, calculation and derivation parameters, equation-
of-state parameters, damage parameters, and strength-related parameters. In the early
stage of this test, relevant indoor rock mechanics tests have been completed, and specific
mechanical property parameters have been obtained. By referring to relevant literature
and similar model parameter design experience [35-37] and determining the values of all
parameters of the model, as yielded in Table 2.

3.2.2. Explosive Material Model

During simulation, the HIGH-EXPLOSIVE model in the LS-DYNA material library
is used to describe the constitutive relation of explosive, and the Jones-Wilkins-Lee (JWL)
equation of state (EOS) is used to describe the relationship between explosive volume
expansion and explosive pressure. This equation can fully reflect the stress variation
process of explosives in the process of the explosion and is widely used in simulated
blasting models [38—40].
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Table 2. RHT material parameters input in LS-DYNA.

Parameter Value Parameter Value
Mass density (kg/m®) 4530 IB“%IJI?AI; strain rate dependence exponent 0.0189
Elastic shear modulus (GPa) 17.39 nger sure influence on plastic flow in tension 0.001
Eroding plastic strain EPSF 2.0 Compressive yield surface parameter GC’ 0.53
Parameter for polynomial EOS By 1.2 Tensile yield surface parameter GT" 0.7
Parameter for polynomial EOS By 1.2 Shear modulus reduction factor XI 0.5
Parameter for polynomial EOS T; (GPa) 39.15 Damage parameter Dy 0.04
Failure surface parameter A 2.1 Damage parameter D, 1
Failure surface parameter N 0.125 Minimum damaged residual strain EPM 0.015
Compressive strength FC (GPa) 85.62 Residual surface parameter AF 1.6
Relative shear strength FS’ 0.2311 Residual surface parameter NF 0.61
Relative tensile strength FT" 0.048 Gruneisen gamma GAMMA 0
Lode angle dependence factor Qg 0.68 Hugoniot polynomial coefficient A; (GPa) 39.15
Lode angle dependence factor B 0.05 Hugoniot polynomial coefficient A, (GPa) 46.98
Parameter for polynomial EOS T, 0 Hugoniot polynomial coefficient A3 (GPa) 9.004
Reference compressive strain rate EOC 3x107° Crush pressure PEL (MPa) 57.08
Reference tensile strain rate EOT 3x10°° Compaction pressure PCO (GPa) 6.0
Break compressive strain rate EC 3 x 10%° Porosity exponent NP 3.0
Break tensile strain rate ET 3 x 105 Initial porosity ALPHA 1.1
Compressive strain rate dependence 0.0144

exponent BETAC

3.3. Modeling Scheme

The corresponding simulation scheme is set up according to the initial blasting pa-
rameters obtained from the field blasting crater test. During the simulation, the blasting
schemes with different resistance lines are first compared and analyzed, and the parameters
of the best resistance lines are determined. Then, the blasting schemes with different hole
distances are simulated and analyzed, so as to attain the best blasting hole network pa-
rameter scheme. In addition, according to the related research, increasing the hole density
coefficient can effectively improve in medium-deep hole blasting effect and decrease the
rate of large blocks, but the first row of the blast hole density coefficient should not be too
big, the first row of the best hole density coefficient of between 0.9 and 1.1 [41]. Therefore,
in order to avoid invalid pore mesh parameter schemes and simplify the workload of
numerical simulation, when setting relevant pore mesh parameter schemes, the shot hole
density coefficient of the simulation scheme should be kept within the range of the best

shot hole density coefficient.

3.4. Analysis of Numerical Simulation Results
3.4.1. Blasting Rock-Breaking Analysis

In numerical simulation blasting, the rock is generally considered to be broken if
the damage coefficient of the rock is above 0.6 [26]. Therefore, the rock breakage in the
blasting process can be demonstrated in a more comprehensive way according to the cloud
map of rock damage fissure changes. According to modern blasting rock-breaking theory,
rock destruction is mainly formed by the combined action of explosion shock wave and
detonation gas [42]. According to the blasting rock-breaking theory, taking the initial
blasting parameter model of 1.6m x1.4m as the research object, the blasting rock-breaking
process is divided into 4 stages, as yielded in Figure 6.
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Figure 6. Simulated blasting rock-breaking process.

The first stage is the compression stage, as yielded in Figure 6a. Under the action
of a high-pressure shock wave, the surrounding rock near the gun hole is compacted to
form a compressible crushing zone. Since the crushing zone absorbs most of the energy of
the blasting shock wave, the explosion shock wave rapidly attenuates into stress waves.
Although the strength of the stress wave is not enough to compress the rock, the outer rock
of the crushing zone is still subjected to strong radial compression, and radial cracks are
generated to form the cracked zone.

The second stage is the damage stage, as yielded in Figure 6b. This stage is the main
rock-breaking stage. The stress waves between the two holes begin to superposition, and
the cracks are connected, resulting in rock failure. Moreover, when the stress waves are
transmitted to the free surface, reflections are generated, and the compressive stress waves
become tensile stress waves, resulting in large area tensile failure of the free surface rock
under the action of reflected tensile force.

The third stage is the expansion stage, as yielded in Figure 6c. At this stage, with the
continuous action of stress waves and blasting gas, the cracks continue to expand, resulting
in further rock damage.

The fourth stage is the end stage, as yielded in Figure 6d. At this stage, the stress wave
and blasting gas have attenuated to the point that the rock cannot be damaged and the
crack cannot continue to expand.

Through the simulation of the rock-breaking process of blasting, it can be seen that the
position of the free surface during blasting is mainly caused by the tensile failure caused by
the reflection of the tensile stress wave. The damage distribution area of this part of the rock
is large, and the rock-breaking condition is relatively good. However, the rock between the
holes is mainly caused by the mutual penetration of radial cracks caused by the blasting
shock wave. This part of the damage mainly depends on the combined action of radial
compression stress and detonation gas. The damaged area is small, and the crushing effect
is worse than that of the free surface.
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3.4.2. Influence of Resistance Line on Blasting Effect

According to the above-simulated rock-breaking analysis process, the effect of the
damage fracture program and stress monitoring curve on different resistance lines is
simulated and analyzed. The hole spacing was set at 1.6 m, and the resistance lines were
setat 1.5 m, 1.4 m, and 1.3 m, respectively. The simulated damage results of each scheme
are yielded in Figure 7.
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Figure 7. Simulation results of rock damage fracture.

It can be seen from Figure 7 that as the resistance line decreases, the crushing effect
of the free surface rock body is also better, but the analysis from Figure 7c demonstrated
that when the free surface resistance line is smallest, the rock crushing degree between the
gun holes is poorer, which indicates that not the smaller the resistance line, the better the
overall crushing effect. This may be due to the resistance line being small or the free-face
reverse tensile stress wave having prematurely destroyed the free-face rock, resulting
in the premature release of blast gas from the free face, thus affecting the effect of rock
fragmentation between the shell holes. Therefore, from the perspective of the development
of damage crushing, when the resistance line is 1.3 m, the simulation obtained the best
damage-crushing effect of the free face, and when the resistance line is 1.4 m, the overall
damage-crushing effect of blasting is the best.

In order to compare and analyze the damage effects of each scheme more accurately,
corresponding stress monitoring points (history one and history two) are set in the middle
of the hole and in the middle of the free surface during the simulation process. The blasting
damage of rock mass between the free surface and the hole can be judged by the stress of
the blasting shock wave. The shock wave monitored by each scheme is yielded in Figure 8.
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Figure 8. The results of the blast wave monitoring.

Figure 8 demonstrated that around 0.4 ms after blasting, the blasting shock wave is
transmitted to the free surface and rapidly increases to the maximum value. Then, the
reflection begins to decrease to form a tensile stress wave, which gradually decays to 0. The
tensile stress wave also fluctuates up and down due to the interaction between the blast
wave in the gun hole. By comparing and analyzing the stress monitored by the free surface,
it can be seen that when the hole distance is fixed at 1.6 m, the smaller the resistance line,
the longer the action time of the free surface tensile stress wave, and the more uniform
the change. According to the blasting mechanism, the damage to the free surface rock is
mainly caused by reflecting the tensile stress wave. Therefore, from the perspective of the
tensile stress wave, the smaller the resistance line is. The damage and crushing effect of
free-face rock are also better.

According to the stress distribution monitoring at the intermediate point of the hole, it
can be seen that at about 0.3 ms, the blasting shock wave is transmitted to the intermediate
point of the hole and quickly reaches the maximum value, about 70 MPa. Although the
stress value of the shock wave at this time is less than the compressive strength of the rock,
which is not enough to damage the rock, according to the analysis of blasting rock breakage,
blasting rock breakage is not a single impact failure but rather the combined action of shock
waves and detonation gas. Therefore, it can be seen from the damage fracture diagram
that, although a shock wave is not enough to damage rock, the rock still suffers damage
and failure under comprehensive action conditions. It can be seen from the analysis of the
graph that the cracks between the two holes are free planes of each other to a certain extent,
s0 a certain reflected tensile stress also appears in the monitoring stress. However, the free
plane conditions formed by the holes are limited, and the tensile stress generated between
the holes is small.
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3.4.3. Analysis of Hole Distance Simulation Results

According to the above simulation results, under the condition that the optimal
resistance line is 1.4 m, the hole spacing is set at 1.6 m, 1.5 m, and 1.4 m, respectively, to
conduct the simulation test. In order to fully verify the influence of the resistance line,
another 3 models with 1.6 m, 1.5 m, and 1.4 m hole spacing were set under the condition
of the 1.3 m resistance line. The simulated damage results of each scheme are yielded in
Figure 9.
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Figure 9. Simulation results of rock damage fracture.

As can be seen from Figure 9, when the resistance line is 1.4 m, the damaging effect
of free-face rock in Scheme 2 is slightly worse than that in Scheme 4 and Scheme 5, but
the damage condition is also in a good state. According to the damaging effect of the rock
between the holes, the damaging effect of Scheme 4 is better than that of Scheme 2 and
Scheme 5. It is analyzed that the interaction between the holes may be weakened when the
hole distance is too large. However, when the hole distance is small, the shock wave forms
the penetrating fissure on the line between holes too early, resulting in the explosion of
energy escaping in advance. Therefore, when the resistance line is 1.4 m, the rock blasting
damage effect is the best when the hole distance in Scheme 4 is set at 1.5 m.

Compared with the analysis of each scheme in Figure 9, it can be seen that when the
resistance line is 1.3 m, the free surface blasting damage effect of each scheme is better than
that of the scheme with the resistance line being 1.4 m. Meanwhile, the rock damage and
breakage effect between the free surface and the hole is better as the hole distance is smaller.
To a certain extent, it promotes the damage and crushing effect of rock between holes and
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free face. Therefore, when the resistance line is 1.3 m, the rock damage effect is the best
when the hole spacing in Scheme 7 is 1.4 m.

Comprehensive comparative analysis of Scheme 4 and Scheme 7, although the
2 schemes are the best schemes at the resistance line of 1.4 m and 1.3 m, respectively,
there are still some differences, as can be seen from Figure 9bf, there is a certain weak
damage zone between the gun hole and the free surface damage for both schemes (red
circled part in the figure), and obviously, the comparison can be seen that compared with
Scheme 4, the weak damage zone area of Scheme 7 is smaller, so the overall blast damage
effect of Scheme 7 is better from the blast damage point of view.

In order to determine the blasting effect of the two schemes in the weak damage area
more accurately, the corresponding blasting shock wave monitoring point (history 3) is
established in the weak fracture area in the simulation, and the blasting damage situation
is judged by analyzing the shock wave stress there. The specific distribution of the shock
wave is yielded in Figure 10.

704
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Figure 10. The results of the blast wave monitoring.

It can be seen from Figure 10, the pressure of the blasting shock wave rapidly increases
to the maximum value of about 60 MPa at 0.4 ms after detonation, and the maximum
pressure value of Scheme 7 is slightly larger than Scheme 4, and then decreases rapidly.
Affected by the free surface reflected tensile stress wave, it fluctuates up and down to a
certain extent. Some tensile stress even appears in Scheme 7 at 1.8 m. The reason may
be that Scheme 7 is more strongly influenced by the free surface reflection tensile stress,
which leads to the rapid reduction of compressive stress. From this aspect, it can also be
demonstrated that, under the condition that the total blasting energy remains unchanged,
the reverse tensile effect generated by Scheme 7 is stronger, and the tensile force transmitted
to the weak crushing zone is also larger. Therefore, it can be said that the damage-crushing
effect of Scheme 7 in the weak crushing zone is better than that of Scheme 4.

Based on the above analysis, it can be seen from the blasting damage and stress
distribution of Scheme 4 and Scheme 7 that the optimal hole mesh parameter scheme
should be Scheme 7: 1.4 m x 1.3 m.

4. Field Blasting Test

To further verify the reliability of the theoretical analysis and numerical simulation
test results, the optimal Scheme 7 obtained by numerical simulation and the initial Scheme
2 obtained by blasting crater test are selected for the field blasting test. Two rows of
holes were arranged in each scheme, and parallel medium-deep holes were arranged in
the middle of the rear plate. To better control the footplate boundary, fan-shaped holes
were set near the footplate boundary. To avoid excessive concentration of explosives, a
cross-charging structure was adopted in the fan-shaped holes. The hole layout is yielded in
Figure 11.
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(a) Scheme 2: 1.6m>1.4m
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Figure 11. Field blasting hole layout.

The site blasting situation is yielded in Figure 12. According to the analysis of the field
blasting effect, most of the blasting fragmentation of Option 2 obtained by the blast crater
test are more uniform, but local blasting chunks are still generated, as yielded in Figure 12a.
However, in Scheme 7, which is obtained by numerical simulation optimization, there are
almost no blasting chunks after blasting. The blasting fragmentation is more uniform on
the whole, and the blasting effect is better than Scheme 2, as yielded in Figure 12b.

(b) Scheme 7: 1.4m>1.3m

Even blasting fragmentation

Figure 12. Field blasting test results.

Comparing the blasting results of the two schemes, Scheme 2 obtained by the blast
crater test produced some blast chunks, while the optimized hole network parameters
achieved a better crushing result. According to the numerical simulation results, the reasons
for the large blast chunks are largely due to the weakening of the reverse tensile stress wave
caused by the large resistance line, and the large hole network parameters also mean that
more rock volume needs to be crushed per unit of explosive, thus leading to insufficient
crushing. The numerical simulation results also show that the blast fragmentation in the
hole spacing direction is the same for Scheme 2 and Scheme 7, while there is a large differ-
ence in the weak fragmentation zone in the resistance line direction, so it can be indicated
that the blasting chunks at the site may originate from the weak fragmentation zone.

Through the field blasting test, it is proved that the parameters of medium-deep hole
blasting based on the blasting crater test cannot accurately represent the optimal parameter
scheme, and it is also proved that the combination of the blasting crater test and numerical
simulation method can effectively carry out fine design and optimization of medium-deep
hole blasting parameters.
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5. Discussion

The design and optimization of blasting parameters are still the key issues limiting the
application and development of medium-deep blasting. Some studies use the blast crater
test to design the parameters of medium-deep hole blasting, the test results of this method
can better reflect the actual situation of the mine site, but it is easily be affected by human
subjective factors during data collection, and the integrity of the test site surrounding rock
is required by the blast crater test, so this method does not accurately obtain the optimal
parameter scheme. Some studies have also used numerical simulations to optimize blasting
parameters, and this method has greatly improved the rationality of the blasting parameter
design. The analysis of blasting damage by numerical simulation is also more accurate,
but numerical simulation requires a certain amount of simulation data, which is generally
obtained by empirical design, and these data lack the corresponding experimental basis.
Therefore, only using numerical simulation can neither reflect the actual situation of the
mine nor accurately calculate the optimal parameter scheme.

In a similar study on the design and optimization of blasting parameters, Wang
et al. [43] used numerical simulation and blast crater tests to optimize the blasting pa-
rameters of deep holes in the bottomless column segmental collapse method. He used a
combination of a series of blast crater tests and LS-DYNA numerical simulation, but unlike
this paper, he first analyzed the blasting parameters by numerical simulation analysis and
then optimized the parameters based on the blast crater tests to verify them. The research
idea of this method is clear in principle, and its biggest advantage is that the numerical
simulation results can be verified by blast crater tests. However, the method faces the
same problem as described above, which requires a reasonable source of simulation data to
ensure the validity of the simulation. Secondly, the optimization of the parameters through
blast crater tests requires strict requirements for blast crater tests and certain measures in
the quarry to reduce the errors generated by human subjective factors. In this study, rea-
sonable data sources were obtained through blast crater tests, numerical simulations were
used to optimize the test data to eliminate errors in blast crater tests, and the optimized
data were verified through field blast tests, which overall solved the related problems
more reasonably.

6. Conclusions

This article discusses the design and optimization of medium-deep hole blasting
parameters in underground mines. The article proposes a method of parameter design and
optimization of medium-deep hole blasting based on the blasting crater test and numerical
simulation analysis. This study effectively addresses the parameter issues in medium-
deep hole blasting in the Gaofeng mines, improving blasting efficiency. The following
conclusions have been drawn:

(1) It is obtained that the optimum hole network parameter of the medium-deep hole
in the Gaofeng Mine is 1.4 m x 1.3 m, and the reliability of this parameter has been verified
through on-site blasting tests. The blasting parameters are applicable to medium-deep hole
blasting under similar test conditions in the Gaofeng mines.

(2) It has been demonstrated that the blasting parameter design method based on the
blast crater test has some errors and does not accurately represent the optimal blasting
solution. It is necessary to optimize the obtained parameters.

(3) The study provides a comprehensive and systematic method for the design and
optimization of medium-deep hole blasting parameters and offers valuable insights into the
design of deep hole blasting parameters in similar mines. By using the proposed method,
the rationality and reliability of the blasting parameters can be improved immensely, which
can help to ensure the safety and efficiency of underground mining operations.
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