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Abstract: Blasting technology is widely applied in various engineering applications due to its
cost-effectiveness and high efficiency, such as in mining, transport infrastructure construction, and
building demolition. However, the occurrence of cracking in the rear row has always been a major
problem that disrupts mining bench blasting. To address this issue, a three-hole simultaneous blasting
technology is proposed in this study. Both numerical simulations and onsite blasting experimental
testing were conducted. To aid this endeavor, the three-hole simultaneous blasting and the hole-by-
hole blasting methods were adopted to comparatively analyze the severity of the damage caused to
the original rock and the effect of rock fragmentation in the rear row. The obtained results highlighted
that the outcome of the blast produced by the three-hole simultaneous blasting method is satisfactory,
with fewer flying stones and concentrated blasting piles required. Additionally, the original rock
in the rear row showed no obvious sign of tensile damage and had uniform fragmentation. It was
also found that a block size of less than 60 cm accounts for 100%, while a block size of less than
50 em accounts for 98.7% of the whole blocks, with no large blocks reported. Moreover, a penetrating
horizontal crack occurred in the direction of the connection of the blast hole center when the three-
hole simultaneous blasting method was adopted. This resulted in a smooth and flat rear part of the
rocks at the interface. Compared to the hole-by-hole blasting method, the three-hole simultaneous
blasting method improved the effective stress and displacement at each measurement point. At
the measurement point directly at the front of the borehole, the maximum effective stress attained
67.9 GPa, and the maximum displacement reported was 31.9 cm. Overall, it was shown that the
three-hole simultaneous blasting technology is applicable in similar applications of mine bench
blasting, which is conducive to addressing the rear row original rock strain for onsite bench blasting.

Keywords: bench blasting; three-hole simultaneous blasting; digital electronic detonator;

hole-by-hole blasting; numerical simulation

1. Introduction

Due to its relatively low cost and high efficiency [1,2], blasting technology is widely
adopted in various engineering applications across a wide range of domains, such as
mining, transport infrastructure construction, and building demolition [3-5]. In recent
years, a large number of new blasting equipment has entered the blasting industry, among
which the digital electronic detonator has been highly recognized by many researchers and
users due to its simple operation, high delay accuracy, and detectable blasting network [6,7].

In order to investigate the influence of delay time on rock fragmentation, Tang et al. [8]
conducted eight experiments employing bench blasting models with double holes. The
results reported a significant difference and great improvement in fragmentation when the
delay times were in the range of a no shock wave interaction compared to other interactions.
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When determining the optimum delay time in multihole blasting, except for the stress wave
interaction, key factors such as crack propagation should be considered. Zhang et al. [9]
examined the open-cut bench blasting at the Barun Eboxi Mine of the Baotou Iron and
Steel Group by conducting a theoretical analysis of the shock wave, performing numerical
simulations, and carrying out field tests. The study found that under the condition of a
24 m high bench, the use of intermediate air intervals is beneficial to rock fragmentation.
In another work, Hosseini et al. [10] examined the effect of several blasting parameters on
bench blasting. A total of 32 experiments have been designed and conducted, and numerical
simulations were also carried out using the LS DYNA (R14.0) software to evaluate the blast
results. As a result, it was reported that the blast hole diameter is the most important factor
influencing blasting outcomes. Dzimunya et al. [11] used the random forest algorithm to
develop a model for predicting the blast-induced ground vibrations from bench blasting
using 48 dataset records. The model was trained and tested by employing the WEKA
data-mining software (3.9.5). The study results demonstrated that the random forest model
can effectively predict the peak particle velocity (PPV). Additionally, it was noted that the
equivalent-path-based equation is a suitable empirical method for predicting the PPV. In
their study, Lv et al. [12] used digital electronic detonators in large-scale iron ore mining.
The implementation not only improved the outcome of blasting but also reduced the
damage caused by blasting vibrations. As a result, a higher shovel efficiency was reported.
In a connected study, Cheng et al. [13] used a digital electronic detonator for the excavation
of high-side slopes. It was shown that this approach is effective in reducing blasting
vibrations and high block rates and lowering the workload of secondary crushing. Also,
He et al. [14] applied the digital electronic detonator to achieve large-scale delayed blasting
using reasonable blasting parameters and an explosion network. The application yielded
a satisfactory blasting outcome. Chen et al. [15] calculated the blast hole charge amount
based on a three-dimensional solid model of the blasting rock mass, aiming to make full use
of drilling data and improve the blasting efficiency. Considering the application example
of No. 918 Bench Blasting of the Shengli Open-pit Coal Mine in Xilinhot, Inner Mongolia,
the blast hole charge amount in the blasting area was calculated and compared against the
results of a single hole rock property calculation. The results showed that the blast hole
charge calculated by the three-dimensional rock mass model can be effectively reduced.
In their study, Hosseini et al. [16] focused on predicting the PPV in surface mines using
machine learning ensemble technologies. The results indicated that ensemble models
are capable of increasing the accuracy of the PPV predictions in comparison to the most
accurate individual models. However, the sensitivity analysis carried out indicated that
the spacing (r = 0.917) and the number of blast holes (r = 0.839) had the highest and lowest
impacts on the PPV intensity, respectively.

Nevertheless, in onsite practice and applications, it is often reported that the outcome
of bench blasting in the last row of holes is unsatisfactory. Also, there is even a risk of
rear row cracking or protrusions in some cases. To address this, a three-hole simultaneous
blasting technology is proposed in this study by adopting the principle of stepwise blasting
and the theory of smooth blasting in combination. By means of numerical simulations,
a comparative analysis is conducted on the severity of damage caused by three-hole
simultaneous blasting and hole-by-hole blasting. Finally, the rationality of the three-hole
simultaneous blasting technology is verified using data from onsite experiments.

2. Three-Hole Simultaneous Blasting Technology
2.1. Principle of the Three-Hole Simultaneous Blasting

Based on the hole-by-hole blasting, three adjacent holes in the same row were com-
bined into one group to accommodate the current engineering practice. The blast holes
within the same group were simultaneously detonated, and the detonation was performed
with a millisecond delay between different groups. This is referred to as the three-hole
simultaneous blasting, as shown in Figure 1.
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Figure 1. Schematic diagram of the three-hole simultaneous blasting.

As shown in the figure, three blast holes were combined into one section. The first
blast hole tilted towards the free surface, separating the rock around the blast hole from the
original rock. In addition, the first blast hole provided a free surface for the subsequent
blasting of the other holes. This improved the outcome of the rock mass fragmentation.
Before the disappearance of the stress field generated by the blasting of the first set of
blast holes in the rock mass, the second set of blast holes was immediately detonated.
In this regard, the stress waves created by the two sets of blast holes overlapped. This
overlapping enhanced the stress waves, extended their effects, and improved the crushing
effect. At the same time, the three holes formed a section in the last row of blast holes
for bench blasting, which is similar to “smooth blasting”. As a result, a neat fracture
surface developed between the blast holes, reducing the vibration induced by blasting.
This prevented the blast holes in the rear row from overturning or backlashing, in addition
to facilitating shovel loading, excavation, and subsequent blasting.

2.2. Characteristics of the Three-Hole Simultaneous Blasting Technology

In general, the three-hole simultaneous blasting technology has the following
advantages:

(1) Increasing the energy of rock mass interaction

The three-hole simultaneous blasting technology was applied to detonate three blast
holes simultaneously. In this process, the amount of explosives used in one section is
three times that required for hole-by-hole blasting. This increased the blasting energy in
the same section while improving the outcome of the rock mass fragmentation. Com-
pared to hole-by-hole blasting, the vibration induced by blasting fell within a controllable
range [17,18].

(2) Reducing the ratio of large blocks

As mentioned above, the three holes within the same section were detonated simulta-
neously. In this case, the distribution of charge was relatively extensive, and the explosive
load borne by the rock mass was relatively uniform [2,19]. This enabled sufficient frag-
mentation of the rock mass. After the detonation of the previous blast hole, a new free
surface developed for the blasting of the subsequent blast hole. The free surface became
more abundant, reducing the rate of large blasting blocks.

(8) Reducing the susceptibility of rear-hole blasting to overturning and backlashing

Considering the bench blasting, the large resistance line of the rear hole chassis caused
a significant clamping effect and insufficient blasting energy. This phenomenon hindered
the rock mass from moving horizontally. As a result, the rock mass tended to overturn or
recoil in the rear holes [20]. On this basis, combining three holes into one can increase the
blasting energy in the rear holes. Furthermore, detonating the three holes at the same time
was beneficial to the formation of a neat fracture surface in the rear holes, thereby avoiding
the risk of upward blasting and backlash in the rear holes.
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3. Onsite Bench Blasting Test of Three-Hole Simultaneous Blasting
3.1. Case Study

In this section, the considered experimental testing site is described. The Xinguang
Open-pit Mine is located in the middle east part of the Baiyun Wusu I exploration area,
which falls within the jurisdiction of Qipanjing Town, Otog Banner, Ordos. Depending on
the degree of geological exposure and borehole exposure, the order of strata from old to
new is as follows: the Taiyuan Formation of the Upper Carboniferous System (C2t), the
Shanxi Formation of the Lower Permian System (P1s), the Lower Shihezi Formation (P1x),
and the Quaternary System (Q).

In terms of structure, the minefield is a monocline that inclines to the southwest, with
a dip angle of 5~10° along the coal seam. The blasting area, considered a case study in this
investigation, is shown in Figure 2.

Figure 2. The blasting area considered in this study.

3.2. Blasting Plan and Parameter Design

Due to the favorable environment in the surrounding areas, which is dominated by
sandstone, a digital electronic detonator was employed in the design of tests in this work,
with a precise delay and a three-hole simultaneous blasting scheme.

The main parameters of the open-pit deep hole bench blasting included the aperture,
hole depth, ultra depth, chassis resistance line, hole spacing, row spacing, packing length,
and explosive consumption per unit [21].

(1) Apertured.

The aperture of the open-pit deep hole blasting is largely related to the type of drilling
rig. In the blasting area considered in this study, the aperture was 90 mm.
(2) Hole depth L and super depth

The depth of the hole is determined by the height and super depth of the step. In this
blasting area, the 1270 flat plate step height was 12 m, with a vertical drilling rig operation.

Additionally, the ultra depth value is affected by the properties and structure of the
rock mass, exhibiting a certain degree of proportionality with the diameter of the blast hole,

as shown in Equation (1).
h=(5~10)d (@)

By Equation (1), the calculated super depth was 450~900 mm. In this blasting area, the
super depth was set to 0.8 m. As a result, the depth of the hole was given by:

L=H+h @)

By Equation (2), the depth of the hole was 12.8 m.
(3) Chassis resistance line Wy
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The chassis resistance line was calculated considering the safety conditions of drilling
operations as follows:
Wi > Hcota + B 3

where Wi: Toe burden, in m;

«: The slope angle of the step, generally between 70° and 85°. In this design, it was
taken as &« = 80°;

H: Step height, in m;

B: The safe distance from the center of the borehole to the top line of the slope. In this
design, it was taken as B = 1.0 m.

By calculation:

Wi >31m 4)

In this design, the toe burden was considered as Wy = 3 m.
(4) Hole spacing a and row spacing b
The hole spacing a was calculated using Equation (5).

a=mW (5)

where m represents the density coefficient of the blast holes. In this design, m was taken as
m = 1.2. As a result, the hole spacing was given as:

a=236m (6)

In this design, the hole spacing was taken as a = 4 m.
When an equilateral triangle (Quincunx) is used to characterize the hole layout, the
relationship between the row spacing and hole spacing was expressed as:

b=asin60 ?)

By calculation, the row spacing was 3.46 m. In the present design, the hole spacing
was taken as b = 3 m.
(5) Filling length I,

The filling length I, was determined by Equation (8).

I, = (0.7 ~ 1.0)W; 8)

By calculation, the filling length was 2.1 m~3.0 m. In this design, the filling length was
takenas l, = 3.0 m.

(6) Unit explosive consumption q

Based on the rock solidity coefficient (f = 4~6) of sandstone in the blasting area, the
sand shale (f = 3~5), and the prior experience in blasting, the unit explosive consumption
was given by:

g =04kg/m> )

(7) Charge per hole Q

The charge per hole for the first row of holes was calculated using Equation (10).
Q =qaW H (10)

where g: Unit explosive consumption, in kg/m?;

a: Hole spacing, in m;

H: Step height, in m;

Wi: Toe burden, in m.

On this basis, the charge per hole in the first row was calculated as: Q = 57.6 kg. In
the present design, it was taken as Q = 60 kg.
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Starting from the second row of holes, the charge per hole for each subsequent row of
holes was calculated using Equation (11).

Q = kqabH 11

where k denotes the increasing coefficient, which takes into account the effect of ore and
rock resistance from the previous rows of holes, and k = 1.1 ~ 1.2. In this design, k was set
to 1.1. b is the row spacing, in m.

From the second row of holes, the charge per hole was calculated with Equation (11).
By calculation, the charge per hole was 63.36 kg. In this design, it was taken as Q = 60 kg.

3.3. Design of the Detonation Network

In this study, three adjacent holes along the same row were taken as one segment.
The delay between adjacent sections within the same row was 25 ms, while that between
different rows was 65 ms. Figure 3 presents a schematic diagram of the detonation network.

Free surface
T Detonator >

o O D696 D66 o0 O

ms 25 ms 50 ms 75 ms 100 ms

D B0 o660 o6 -0

65 ms 90 ms 115 ms 140 ms 165 ms

B0 060 o610 -0 O

130 ms 155 ms 180 ms 205 ms 230 ms

=D

Figure 3. Schematic diagram of the detonation network.

3.4. Analysis of the Blasting Outcome
(1) Shape of the blasting pile

Before the detonation network was detonated, all operators were evacuated from the
site. Overall, it was found that there were no rocks blasted too far away after detonation,

and the blasting piles were relatively concentrated and of uniform size. Figure 4 shows the
blasting piles with their corresponding shapes.

(2) Blasting outcome for the rear row rock mass

Figure 4. Shapes of the blasting piles.

After detonation, a waiting period was set for 15 min. When the smoke was fully gone,
the blasting technician entered the blasting area to check the outcome of the blasting. It was
found that strain barely occurred in the rear row. In this case, the outcome of separation
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from the original rock was reported to be excellent, with a relatively smooth interface
observed, as shown in Figure 5.

(3) Blasting block size

Figure 5. Blasting outcome in the rear row.

In the engineering applications of rock mass blasting, fragmentation was considered
the most effective measure of the blasting-induced fragmentation outcome. In this experi-
ment, the digital image fragmentation analysis software as Split-Desktop 4.0 was used to
analyze the images of the blasting pile [22]. In this regard, the images of the pile should be
taken immediately after the explosion. A standard-sized sphere was used as a reference
for capturing the images. During the analysis process, it was necessary to set all relevant
parameters. Additionally, non-rock block areas were covered with color blocks in the figure,
and the position of the sphere was marked with color blocks. The size of a standard-sized
sphere was inputted. Subsequently, the software can automatically analyze the blasting
block size in the figures, obtaining the distribution of the blasting block size under experi-
mental conditions [23]. Figure 6 presents a selected shooting image of the explosive pile in
a certain area, with the red spherical object considered as a reference.

Figure 6. An image of the explosive pile in a certain area.
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Then, the image to be processed was introduced into the Split-Desktop 4.0 software.
With the size of the reference object marked, an appropriate density of division was set. The
initial size and step size were set manually. Figure 7 shows the diagram of initial processing
in the Split-Desktop 4.0 software.

Figure 7. Initial processing diagram from Split-Desktop 4.0 software.

Table 1 lists the data obtained from the image processing using the Split Desktop 4.0
software. The data in the table were further processed, and a curve graph was generated,
as shown in Figure 8.

Table 1. Degree distribution data of the crushed blocks.

Size 5 1.0 10 15 20 25 30 35 40 45 50 55 60
(cm)
Pf‘ojs)mg 1.6 32 290 425 562 695 802 881 934 969 987 996 100

assing

60 74

Percent Passing(100%)

0 10 20 30 40 50 60
Size( cm)

Figure 8. Degree distribution of the blasting blocks.
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According to the practical experience gained from blasting engineering applications,
a rock block with a size of over 65 cm was classified as a large-sized block. As shown in
Table 1 and Figure 8, all the blocks had a size of less than 60 cm, and 98.7% of the blocks
had a size of less than 50 cm. There was no generation of large blocks. Therefore, the onsite
outcome of blasting in this study was deemed satisfactory.

4. Numerical Simulation Analysis of the Hole-by-Hole Blasting and Three-Hole
Simultaneous Blasting

To further evaluate and analyze the effectiveness of the three-hole simultaneous
blasting technology, a step blasting model was established employing the ANSYS/LS-
DYNA (R14.0) numerical simulation software [24,25]. The evolution range and severity
of rock damage in the rear row were comparatively analyzed considering the three-hole
simultaneous blasting and the hole-by-hole blasting cases. By selecting the units at typical
locations in the model and analyzing the effective stress and the changes in displacement
in the observation point units, the characteristics of the hole-by-hole blasting and the
three-hole simultaneous blasting methods were determined and evaluated.

4.1. Methodology for Numerical Simulation
4.1.1. Numerical Integration Procedure

Numerical studies of the hole-by-hole blasting and three-hole simultaneous blast-
ing were carried out using the finite element method (FEM) with an explicit integration
procedure. Massively parallel processing (MPP) LS-Dyna code, which uses explicit cen-
tral difference time integration, was adopted. The dynamic equation solved during the
calculations had the following form [26]:

Mi, = F&¥ — Fint _ Cx, (12)

where M is the diagonal mass matrix; Fﬁ” is the external and body forces; F,iqnt is the stress
divergence vector; C is the damping matrix; and x, x, x are the nodal displacement, velocity,
and acceleration vectors.
Assuming that x ~ x,,_1/,, Equation (12) was solved with a numerical integration of
acceleration X,;:
fn = MTH(EY = City1ja — BV (13)

Implementation of the central difference equations for velocity and displacement
yielded the following relations:

1

Xy = F(xn-&-l/Z — Xp_1/2) = Xpy1/2 = Xp_1/2 + DtpXy (14)
n
. 1 )
Xn4+1/2 = 7(xn+1 - xn) = Xpq1 = Xn + Aty12X041/2 (15)
Athrl/Z

The main disadvantage of this method is that it is conditionally stable and requires a
time step to be limited according to the Courant-Friedrichs-Lewy (CFL) stability condition:

L
At=—"F (16)

Q+VQr+e

where Q is a function of the viscous coefficients. Cy and C; is formulated as follows:

Lg| for ¢
0= {C1C+C0 E|£kk| or g <0 (17)

0 for ékk >0

where Lr = Vg / AErmax is the characteristic length of the element; Vr is the volume of the
element; Agmay is the largest side of the element area; and c is the adiabatic speed of sound.
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4.1.2. ALE Method

The ALE algorithm combines the advantages of the Lagrangian algorithm and the
Euler algorithm. The grid is not completely fixed on the medium like the Lagrangian
algorithm, nor is it completely fixed in space like the Euler algorithm. The mesh of the
ALE algorithm can move freely. The ALE algorithm allows explosives, rocks, and air to
freely shuttle between each other. The process of the explosion can be analyzed through
the flow of substances. It can directly simulate the detonation process of explosives. It
can effectively avoid the problem of calculation interruption caused by excessive mesh
deformation in calculations [27].

The core algorithm of the ALE calculation process is the convection algorithm. It
is a mapping relationship that controls the material transfer between the new and old
grids. When the mesh unit reaches a certain amount of deformation, it needs to be self-
repurchased using a certain smoothing algorithm. This article adopts a half index shift
algorithm and donor—cell algorithm. Assuming the name of the substance to be transferred
in the convection algorithm is f, the amount of transportation required can be calculated
using the donor-cell algorithm

.
fl=2 el )+ (@, e ) (18)

1
2
where j is the number of points in which section (j = 1,2,3 - - - ); n is the number of iterations
of the algorithm; a; is the speed of two discontinuous contacts; (P7+1 and goj’f , are the values

2 2
on both sides of node j at the beginning of the n transportation. It can be expressed as:

At

n+l _ n s A4
Vi = 9y T ) 19)

where At is the time step size and Ax is the unit feature length. If it is necessary to solve
the three-dimensional flow rate, then it is necessary to use a first-order accuracy half index

shift algorithm.
fa | [“ b] l 4 ] (20)
YRR I
of 1 1 a4 —b]| fi ’1
¢f . |  ad—bc|—c a - (21)
j+1 2j+3

where a4, b, ¢, and d are matrix constants; f is the name of the substance that needs to be
transported; ¢ is the initial quantity of a certain node; and j is the number of nodes.

4.2. Numerical Simulation Model
4.2.1. Numerical Model

When carrying out numerical simulations, according to the scale and size of on-site
bench blasting, a numerical model is established and appropriately simplified to shorten
the calculation time. The simplified model is presented in Figure 9. The length, width,
and height of the block were 700 cm, 300 cm, and 400 cm, respectively. The blast hole was
100 mm in diameter. Also, nonreflective boundary conditions were adopted at the left, right,
bottom, and rear edges of the model, with free boundary conditions (reflective boundaries)
considered for the remaining boundaries. The model was then meshed, considering all
these inputs and specifications. For rock materials, the Lagrangian mesh method was used,
while the Eulerian mesh method was used for explosives and the air. The model mesh
grid is shown in Figure 10. The total number of unit divisions in the mesh was 770520,
including the rock, explosive, and air units, with nodes shared by the air and explosive
units. By defining the keyword *CONSTRAINED_ LAGRANGE_ IN_ SOLID [28], fluid-
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solid coupling was achieved for the explosives, air, and rocks. The cm—g-us unit system
was adopted in the whole modeling process.

400cm 200cm
v N

<
Q(a
13 %/

| | N
I 700cm

Figure 9. Schematic diagram of the numerical model.

Vibration measuring points

Figure 10. Model grid division.

4.2.2. Material Model
Rock Material Model

The Riedel-Heirmaier—-Thomas (RHT) model is a tension compression damage con-
stitutive model proposed by Riedel, Thomas, and Hiermaier based on the traditional
Holmquist-Johnson-Cook constitutive model [29]. The model introduces three limit sur-
faces: the elastic limit surface, the failure surface, and the residual strength surface. On
this basis, it can better reflect the dynamic mechanical behavior, strain rate sensitivity,
strain hardening, and damage softening characteristics of rocks under different stress states.
Overall, the RHT constitutive model is widely used in numerical simulations of explosive
shocks and other related fields. In this paper, the numerical simulation of the rock material
models employed the * MAT_ RHT model. The material parameters of the rock model
were obtained through physical and mechanical tests, references, and SHPB shock tests.

A series of physical and mechanical tests were conducted on sandstone from the Xin-
guang Open-pit Mine. The density of sandstone is 2440 kg/m?>. The uniaxial compressive
strength was 104 MPa. The elastic shear modulus was 16.94 GPa. The uniaxial tensile
strength was 10.0 MPa. According to reference [30], the strain rate, failure surface, and
damage parameters in the constitutive model have been determined.

Through parameter sensitivity analysis, it was found that the tensile yield surface
parameters g7 and g7, failure surface parameters Ay and 1, and shear compression strength
ratio f; have a significant impact on the numerical results. Based on the simulation results,
these parameters have been adjusted and optimized. The parameters that are not sensitive
to simulation results were taken from the values given by Borrvall et al. [31].
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Air chamber Bullet

The remaining parameters that were difficult to determine were calibrated using SHPB
shock tests. The sandstone samples were taken from the Xinguang Open-pit Mine. After
polishing, the diameter of the sample was 50 mm, and the height was 25 mm. The SHPB
test apparatus is shown in Figure 11. Among them, the length of the bullet was 30 cm. The
length of the incident rod was 240 cm. The length of the transmission rod was 140 cm. The
bullets and all rods were made of high-strength alloy steel. Its density is 7900 kg/m?. The
wave speed was 5172 m/s. The elastic modulus was 210 GPa. The reasonable range of
projectile velocity was determined by the pre-impact velocity, and the final test projectile
velocity was 15.61 m/s.

Incident bar Sample Transmission bar  Absorb bar

| | | o

I T
Strain gauge Strain gauge Energy-absorber

Figure 11. SHPB testing device.

Based on the actual dimensions of the incident rod, transmission rod, and specimen of
the SHPB testing system, the model was established in a 1:1 ratio. The rigid rod adopted
the elastic constitutive law, and the specimen adopted the RHT constitutive law. After
repeated trial and error, we selected a set of parameters that highly matched the simulation
results with the experimental data, as shown in Table 2.

Table 2. The parameters of the RHT constitutive model.

Parameter Value Parameter Value Parameter Value Parameter Value

00 2.44 x 1076 kg/mm? B; 0.9 Qo 0.6805 g 0.75
P, 0.035 GPa T 225 GPa B 0.0105 ¢ 0.5

Peomp 0.6 GPa T, 0 GPa Be 0.012 Dy 0.04
N 3.0 fe 0.104 GPa Bt 0.016 D, 1
a 1.164 i 0.1 & 30 - /150_8 e 0.01
A 22.5GPa fi 0.2 & 0 x /150_9 Y 16
Ay 20.25 GPa G 16.94 GPa & 3 x 102 m/s ng 0.61
As 2.1GPa A 1.92 ¢t 3 x 102 m/s
By 0.9 n 0.76 g 0.53

The comparison between the stress—strain curve obtained from the numerical simula-
tion and experimental results is shown in Figure 12. From the graph, it can be seen that
the peak stress and strain of both were almost the same. Under dynamic impact loads, the
specimen fractures into numerous fragments. It was relatively close to the results of the
experiment, as shown in Figure 13.
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Figure 13. Comparison of failure mode of sample.

Explosive Material Model

One of the main advantages of the high-energy explosive materials found in the
LS-DYNA material library is that the physical and chemical properties of the explosives
can be accurately described. Regarding the pressure arising in the unit of high explosives
after initiation, it was obtained using the Jones-Wilkins-Lee (JWL) equation of state [32].
Since the equation of state is a semi-empirical equation with no chemical reaction, utilizing
parameters determined using empirical methods, the expansion-driven work process of
the detonation products can be described more accurately, as shown in Equation (22).

wE

P=A(1— L )RV 1 g1 — £ )eReV -

22
RV RV @2)

where A, B, R1, Ry, w: Undetermined constants

E: Internal energy of detonation products per unit volume;
V: The relative volume of detonation products, i.e., the ratio of detonation product volume
to the initial volume.

Regarding the explosive material model, the material model 008 in LS-DYNA was
adopted, namely the * MAT_ HIGH_ EXPLOSIVE_ BURN model. In addition, the equation
of the state of the explosives was defined as * EOS_JWL. The 2# rock emulsion explosives
were used to conduct numerical simulations. The parameters of the explosives were ob-
tained through experiments. The density of the explosives was 1.08 g/cm3. The detonation
speed was 3800 m/s, and the detonation pressure was 9.9 GPa. For other parameters, refer
to reference [33]. The parameters are listed in Table 3.
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Table 3. The parameters of the explosive material model.

Den51t_y Detonation Velocity/cm-us~1 Explosion Pressure Pcj/GPa  A/GPa B/GPa R; R, w E/GPa
) /g, cm 3 Yy p )
1.08 0.380 9.9 2144 182 42 0.9 015 4.19
Air Material Model
In this paper, an empty material constitutive model was used for air simulation, namely
the * MAT_ NULL model. Meanwhile, the state equation adopts a Linear_ Polynomial as
follows:
p= C0+C1]/I+C2]42+C3}13 + (C4+C5;M+C6]/l2)E (23)
1
= = —1Ey 24
H=v oVo (24)
where Cy, Cq, Cp, C3, C4, Cs, Cg is a user-defined constant, p is pressure, and E is the initial
internal energy per unit.
The density of air is considered as 1.29 kg/m? in the calculation, and the parameters
of the state equation are from reference [34] as shown in Table 4.
Table 4. Air state equation parameters.
Co C Cy Cs Cs Cs Cs Eo Vo
0.0 0.0 0.0 0.0 04 0.4 0.0 25%107° -

4.3. Ways of Blasting

To better analyze the blasting effect of the three-hole simultaneous blasting method,
this study divided the numerical simulation process into two scenarios: one scenario
represented the three-hole simultaneous blasting method, and the other represented the
hole-by-hole blasting method.

The three-hole simultaneous blasting method had no delay time between the holes.
On the other hand, the hole-by-hole blasting method detonated three holes sequentially
from left to right, with a delay time of 25 ms between holes. This set time was consistent
with the delay time adopted between the onsite test sections. The delay time setting of the
numerical simulation borehole is shown in Figure 14.

Blast hole 1  Blast hole 2 Blast hole 3 Blast hole 1  Blast hole 2 Blast hole 3
Oms Oms Oms Oms 25ms 50ms

(a) Three-hole simultaneous blasting (b) Hole-by-hole blasting

Figure 14. Delay time setting for numerical simulations.

4.4. Simulation Calculation and Analysis
4.4.1. Reliability Analysis of Numerical Simulation Results

To verify the reliability of the numerical simulation results, a unit of the numerical
model was selected for investigation. The considered unit was located at a certain distance
directly behind the borehole, as depicted in Figure 10. In this investigation, the value of the
vibration velocity of this unit is extracted. By comparing the vibration data monitored at
similar locations to the onsite blasting test results, as shown in Figure 15, the reliability of
numerical simulations was analyzed.
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Figure 15. Comparison of the vibration velocity between numerical simulations and onsite test data.

As shown in Figure 15, it was noted that there were multiple peak values of surface
vibration velocity caused by the onsite blasting tests. These were related to the blasting
method of the onsite blast holes. During the onsite blasting, multiple segments of blast
holes were sequentially initiated. Considering the numerical simulation results, it was
noted that there was only one vibration velocity peak of 10.51 cm/s for the three-hole
simultaneous blasting, whereas the peak surface vibration velocity caused by the onsite
blasting tests was 15.63 cm/s. On this basis, it was shown that the peak vibration velocities
generated by the onsite blasting tests and numerical simulations were of the same order of
magnitude. At the same time, the blasting vibration velocities generated by both the onsite
blasting tests and numerical simulations ultimately decayed to 0 cm/s over time. Based
on these findings, it was highlighted that the different material models and parameters
selected in the numerical simulation process were feasible. As a result, it can be claimed that
the simulation results of the three-hole simultaneous blasting method and the hole-by-hole
blasting were reliable, considering the established model.

4.4.2. Numerical Simulation Results

During the blasting process, the stress waves propagated outward. In the process of
numerical simulation, the severity of the damage caused by the explosion can be observed
through a dynamic blasting process simulated by the model. Figure 16 shows the damage
caused by the hole-by-hole blasting and the three-hole simultaneous blasting.
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(a) Model damage by the hole-by-hole blasting method (b) Model damage by three-hole simultaneous blasting method

Figure 16. Numerical model damage.

As shown in Figure 16a, the severity level of the damage caused at the front of the
blast hole was relatively high when the hole-by-hole blasting method was adopted, with a
spider-like crack observed around each blast hole. In addition, the damage severity level
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at the bottom of the blast hole was relatively high, resulting in a local unevenness at the
bottom of the model and establishing a root. Meanwhile, there was also a certain degree of
damage caused to the model at the front and rear sides, resulting in a non-smooth interface
throughout the latter half of the model.

Furthermore, Figure 16b highlights that a transverse crack developed in the direction
of the connection line at the center of the blast hole when the three-hole simultaneous
blasting method was adopted. On the other hand, the severity level of the damage caused
to the model at the bottom of the blast hole was relatively low.

4.4.3. Stress Analysis at Typical Locations

To better analyze the outcomes of the fragmentation as produced by the model when
the hole-by-hole blasting method and the three-hole simultaneous blasting method were
used, a total of 10 measurement points were placed at typical positions along the model. In
addition, five testing points were placed in front of the two holes and on the front side of
the blast hole, as shown in Figure 17.

Figure 17. Typical measurement points of the model.

Employing the Ls-PrePost (4.3) post-processing software, the maximum effective stress
applied at these 10 typical measurement points in the model was determined and recorded.
The results are summarized in Table 5.

Table 5. Maximum effective stress at the typical locations of the model (Unit: GPa).

Measurement In Front of the Middle Part of the Two Blast Holes Front Side of the Blast Hole
Point A B C D E F G H I J
Hole-by-hole 419 47.0 354 485 435 452 13.1 18.1 5.35 15.5
blasting
Three-hole
simultaneous 43.5 42.1 449 54.3 19.8 41.7 38.4 53.5 67.9 26.9
blasting

The data presented in Table 4 was processed using the Origin (8.0) which is professional
data processing software. As a result, Figure 18 shows the maximum effective stress
histogram at each measurement point when the hole-by-hole blasting method and the
three-hole simultaneous blasting method were applied, respectively.
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Figure 18. Histogram of maximum effective stress at the measurement points of the model.

It was noted from the results presented in Figure 18 that when the hole-by-hole
blasting method was used, the effective stress at the measurement points B, C, and F was
relatively high, reaching 47 GPa, 48.5 GPa, and 45.2 GPa, respectively. On the other hand,
when the three-hole simultaneous blasting method was adopted, the effective stress at
the measurement points D and I was found to be relatively high, attaining 54.3 GPa and
67.9 GPa, respectively. Overall, the effective stress was highlighted as being relatively high
at the measurement point deployed in the front side of the blast hole when the three-hole
simultaneous blasting method was employed.

4.4.4. Characteristics of Displacement Changes at Typical Locations

In this section, the Ls-PrePost (4.3) post-processing software was applied to determine
and record the maximum displacement at the ten typical measurement points selected in
the model. The results are presented in Table 6.

Table 6. The maximum displacement at typical locations of the model (unit: cm).

Measurement In Front of the Middle Part of the Two Blast Holes Directly ahead of the Blast Hole
Point A B C D E F G H I J
Hole-by-hole 3.88 5.02 6.47 9.49 5.05 7.28 8.66 15.8 212 9.01
blasting
Three-hole
simultaneous 5.06 10.7 18.3 24.1 10.8 5.94 10.6 17.8 31.9 10.8
blasting

Furthermore, the data shown in Table 5 was processed using the Origin professional
data processing software. On this basis, Figure 19 presents the histogram of the maximum
displacement at each measurement point as drawn when the hole-by-hole blasting and
three-hole simultaneous blasting methods were adopted.
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Figure 19. Histogram of maximum displacement at the measurement points of the model.

According to the results presented in Figure 19, the displacement at the measurement
points D, H, and I was relatively significant when the hole-by-hole blasting method was
used, reaching 9.48 cm, 15.8 cm, and 21.2 cm, respectively. On the other hand, when
implementing the three-hole simultaneous blasting method, the displacement at the mea-
surement points C, D, and I was found to be relatively significant, attaining 18.3 cm, 24.1 cm,
and 31.9 cm, respectively. Overall, the displacement at each measurement point was much
more significant when the three-hole simultaneous blasting method was applied compared
to the case when the hole-by-hole blasting method was adopted.

5. Results and Discussion

Based on actual engineering practice and theoretical analysis, this study proposed a
method of three-hole simultaneous blasting for open-pit mine bench blasting and conducted
onsite blasting experiments. The onsite blasting tests highlighted that the three-hole
simultaneous blasting approach could effectively overcome the problem of rear row strain in
the blasting area. At the same time, the obtained blasting piles were relatively concentrated,
with a uniform size and no large blocks generated. To further analyze the advantages
of the three-hole simultaneous blasting method and to examine the evolution process
of rock fractures, a comparative analysis was conducted for the three-hole simultaneous
blasting and the hole-by-hole blasting, employing numerical simulations. It was found
that under the three-hole simultaneous blasting method, obvious damage was reported
in the form of macroscopic cracks, formed in the direction of the connection line at the
center of the blast hole. This was because the shock wave generated by the explosion met
between two blast holes. In addition, the rock on the connection line was subjected to
compressive stress, resulting in vertical tensile stress. Generally, the tensile strength of
rocks was much smaller than the compressive strength, and cracks occurred along the
connection between the two holes. This finding was consistent with the principle of smooth
blasting studied by many researchers in the literature [35]. At the same time, compared to
the hole-by-hole blasting method, the effective stress and displacement generated in front
of the blast hole were relatively large under the three-hole simultaneous blasting method.
In this case, a maximum effective stress of 67.9 GPa and a maximum displacement of
31.9 cm were reported. This was because the single-stage charge amount of the three-hole
simultaneous blasting was three times that of the hole-by-hole blasting, improving the
blasting power significantly.

This paper presented a three-hole simultaneous blasting technology that combined
the stepwise blasting technology and the smooth blasting theory. The proposed approach
yielded more advantages in terms of the blasting effect [19,36]. To the best of the authors’
knowledge, this is the first time this technology has been proposed, and there have been
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no similar reports in the relevant literature. In this regard, this technology is of great
significance and provides a reference for similar mine bench blasting.

However, the mechanism of rock fragmentation by blasting is complex. Next, it is
necessary to further strengthen the on-site testing and numerical simulation research of the
three-hole step-by-step detonation technology in different mines.

6. Conclusions

Aiming to address the actual problem of the rear row original rock strain, this paper
proposed a three-hole simultaneous blasting technology. The feasibility of the technology
was verified through onsite blasting experiments and numerical simulations. Based on the
obtained results, the following conclusions are drawn:

(1) Through onsite blasting tests, it was found that the three-hole simultaneous blast-
ing technology yielded a good blasting effect, with fewer flying stones and more
concentrated blasting piles. Additionally, the original rock in the rear row had no
obvious tensile damage, and the block size was relatively uniform, with no large
blocks produced.

(2) Numerical simulations concluded that compared to the hole-by-hole blasting method,
the three-hole simultaneous blasting method provided more advantages. A transverse
crack formed in the direction of the connection line at the center of the blast hole. This
was consistent with the findings of the onsite blasting experiments.

(38) The three-hole simultaneous blasting technology proposed in this paper combined
the stepwise blasting technology and the smooth blasting theory. It could effectively
avoid the problem of rear row strain in the blasting area. Based on the preliminary
results reported in this work, the proposed technology could be promoted and applied
to similar mining bench blasting.

(4) In the future, it is necessary to further strengthen the on-site testing and numer-
ical simulation research of the three-hole step-by-step detonation technology in
different mines.
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