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In order to optimize the arrangement of cutting holes in tunnel blast in Dahongshan Copper Mine, theoretical analysis and
numerical simulation were combined to preliminarily determine the diameter of the hollow hole and the distance between the
charge hole and the hollow hole during cut blast, which was verified through the field blast test. The research results show that
with the increase of the hole diameter, the peak compressive stress of rock surrounding the empty hole gradually decreases,
and the peak tensile stress gradually increases, which is consistent with the calculation results; when the hole diameter is
10 cm, the two first blast holes are arranged horizontally and 30 cm from the empty hole, two second blast holes are arranged
vertically and 40 cm away from the empty hole, and the four third blast holes are arranged at a horizontal distance of 45 cm
and a vertical distance of 45 cm from the empty hole; the contour area in numerical simulation is the maximum. The
difference in contour area, contour width, and contour and contour height between the measured value and the simulation
result is 5.3%, 3.3%, and 3.4%, respectively, indicating that the combination of theoretical calculation and numerical simulation
is suitable for prediction of cavity section after blast in tunnel excavation.

1. Introduction

Cutting blast is a widely used technology for tunnel excava-
tion, which creates a new free surface and more favorable
blast conditions for other blast holes. Compared to other
alternatives, for example, pulse fracturing [1] and hydraulic
fracturing [2], cutting blast is more suitable for hard rocks
and has low cost. During tunneling, there is only one free
surface, and the surrounding rocks show great blast contain-
ment, inducing challenging blast conditions. By arranging
large diameter holes in the cutting area, the stress concentra-
tion effect of the hollow holes, the free surface effect, and the
unloading pressure effect can be used to improve the blast
effect [3]. During the cutting blast, the hollow hole not only
provides the initial compensation space for the rock swelling

of the groove cavity but also changes the stress distribution
in the rock near the hollow hole and the blast effect of the
adjacent slot hole. This phenomenon is called the empty
hole effect of cutting blast. Because the hole effect plays an
important role in promoting rock breaking, throwing, and
cavity formation, it has been focused on by many scholars [4].

Mohanty [5] first proposed to set up empty holes
between the blast holes to control the propagation direction
of blast crack. Cho et al. [6] used a combination of numerical
simulation and experiment to study the directional fracture
effect of empty holes. Lai [7] established the calculation
model of cutting blast effect on the basis of theoretical anal-
ysis. Under certain conditions, the quantitative relationship
between the cutting efficiency and the hole diameter, the
depth of the cut hole, and the hole distance between the
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cut hole and the empty hole is obtained. Wu et al. [8] used
ANSYS to simulate the distribution and variation trend of
dynamic stress around blasting holes under different ground
stress conditions. Tian et al. [9] based on the action mecha-
nism of empty hole directional blasting, the influence of
charge hole spacing on crack propagation is studied,
deduced the calculation formula of charge hole spacing,
and carried out numerical simulate of tunnel blasting exca-
vation process. Li et al. [10] use ANSYS/LS-DYNA to simu-
late the process of rock fragmentation of double blast holes
blasting with one empty hole at the center position. The rock
fragmentation effect by blasting, the propagation of cracks
between adjacent blast holes, and the pressure state of the
element near the empty hole are analyzed. Zheng [11] used
ANSYS simulation software to realize the visualization of
the cavity formation and pressure propagation of cut blast
and concluded that the blast effect is related to the distance
between the charging hole to the empty hole. Zong et al.
[12] used the cavity formation mechanism to explain the
principle of adding holes in the deep hole vertical cutting.
Zhu et al. [13] used numerical simulation methods to con-
duct comparative analysis of the single-hole cutting schemes
under different diameter holes and found that the hole has
the effect of reflecting stress waves and accumulating explo-
sion energy, and its effect becomes more obvious as the
increase of the hole diameter. Yue et al. [14] used the caus-
tics test system to study the directional fracture failure under
different hole shapes, and it was concluded that the
diamond-shaped hole has the best effect on the directional
propagation of the crack. By establishing the basic mechan-
ical model of the straight hole cutting, Zhang Qi [15] quan-
titatively analyzed the influence of hole diameter on cutting
effect of straight hole by numerical calculation; Li et al. [16]
used explicit dynamic analysis software to simulate the crack
penetration between the cut hole and empty holes with dif-
ferent diameters. The results show that as the hole diameter
increased, the rock breaking extended failure area and com-
pression failure area became more obvious; through numer-
ical calculation, Wang et al. [17] found that the empty hole
has the advantages of increasing the peak value of the stress
wave and prolonging the action time. The stress wave in the
rock mass around the empty hole was 2.2 times that of the
traditional straight-hole cutting, which made the rock frag-
mentation more uniform and reduced the block rate. At
the same time, the phenomenon of stress superposition
and reflection of tensile explosion stress wave at the empty
hole and the guiding role of the empty hole are intuitively
displayed.

However, in terms of the cutting blast under the hollow
hole arrangement, there is little research about the arrange-
ment of the cutting holes. In this paper, the distance range
was obtained through theoretical calculation, and the calcu-
lation result was simulated with LS-DYNA simulation soft-
ware. Besides, different distances between the cutting holes
and the hollow holes of the segmented detonation were sim-
ulated. Thus, the rock crushing range was determined to
obtain the arrangement of the cutting hole and the distance
between the empty holes until the hole network parameters
of the cut holes are finally determined and used as a basis

for field tests. The test results show that the combination
of theoretical calculations and numerical simulations can
be used to predict the contour section after the blast of the
cutting hole in tunnel excavation.

2. Theoretical Calculation of Vertical Cutting

2.1. Calculation of the Radius of the Rock Crushing Zone and
the Fracture Zone under the Coupled Charge Condition.
According to the roadway excavation requirements of
Dahongshan Copper Mine of Yuxi Mining, the middle sec-
tion of 330m~400m was taken as a research subject, which
is located in the third rock section of the Lower Proterozoic
Manganghe Formation. This section is mainly composed of
marble, and the overall rock quality is medium. The integrity
of the rock mass is medium, and the surrounding rock of the
chamber is stable during mining or roadway excavation. The
geological type is the layered and quasilayered deposits dom-
inated by hard and semihard rock groups and medium engi-
neering geological conditions. There are locally wave-shaped
undulating monoclinal structures and four groups of faults.
The specific mechanical parameters [18, 19] are shown in
Table 1:

The explosive used in blast is No. 1 rock emulsion explo-
sive, and the parameters are shown in Table 2 below.

The radius of the rock crushing zone and the fracture
zone of the coupled charge conditions are, respectively [20],
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where Rc is the radius of the crushing zone (m), ρe is the
rock density (kg/m3), Cp is the velocity of the longitudinal
wave in the rock, ρ0 is the explosive density, D0 is the deto-
nation velocity of explosive, σcd is the uniaxial dynamic
compressive strength of the rock (MPa), σcd = σc _ε

1/3, σc is
the uniaxial static compressive strength of rock, and _ε is
the strain loading rate (s-1), which is between 100 and
105 s-1 in engineering blast. In the compression ring, the
loading rate is higher, which can be taken as _ε = 102 ~ 104
s−1; outside the compression ring, the loading rate is further
reduced and can be taken as _ε = 100 ~ 103 s−1; λ is the lateral
stress coefficient, λ = μd/ð1 − μdÞ; Rt is the radius of the crack
zone (m); α is the attenuation index of shock wave propaga-
tion; μd is the dynamic Poisson’s ratio of the rock,; r is the
blast hole radius; μ is the static Poisson’s ratio of the rock;
σtd is the dynamic tensile strength of the rock, due to the
dynamic tensile strength of the rock changes little with load-
ing strain rate. Within the range of strain loading rate of
rock engineering blast, σtd = σt ; σt is the uniaxial static
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tensile strength of the rock, and β is the stress attenuation
index, which is rewritten as β to distinguish from the crush-
ing zone, β = 2 − μd/ð1 − μdÞ.

Thus, the radius of the crushing zone Rc and the radius
of the crack zone Rt are determined to be 5.73 cm and
28.50 cm, respectively.

2.2. Diameter of Empty Hole. The surface of the empty hole
is equivalent to the free surface, which has a directional effect
on the broken rock. When the diameter of the empty hole
is equal to or smaller than the diameter of the charge hole,
the wave surface formed by the reflected stress wave is
more convex than the incident wave surface, the degree of
divergence is higher, so that the explosion energy is quickly
attenuated, and the free surface of the empty hole has less
effect. In order to improve the free effect of the empty holes
and make full use of explosive energy to break the rocks,
during the linear cutting, the diameter of the empty hole
should be increased as much as possible or setting multiple
small diameter holes. As the same time, the empty hole is
also arranged to the location where stress is concentrated,
and cracks are most likely to occur, because the empty hole
provides expansion space for broken rocks. Cutting blast
not only breaks the rock in the cavity but also pushes the
broken rock out of the cavity so as to provide a new free
surface for the rear blast hole [21]. Considering the con-
struction efficiency, a single large diameter hole was
selected and arranged in the middle of the cutting area.

According to the actual engineering situation, during
rock drilling, the pore-forming velocity often decreases
with the increase of the diameter of the empty hole. But
in a certain range, the pore-forming velocity of blast holes
does not need to decrease significantly with the increase of
the hole diameter. The charge hole diameter in Dahong-
shan Copper Mine is 50mm. When the diameter of the
empty hole is larger than the aperture of the slot and
the formula (2) is satisfied, not only the rock between
the hole and the slot can be broken but also a crushing
funnel can be formed [22]:

D
d
≥ 1 + sin δ/2ð Þ/ 1 − sin δ/2ð Þ = 1:7, ð2Þ

where D is the diameter of the empty hole, d is the diam-
eter of the charge hole, and δ is the rock blast fracture
angle. When vertical cutting is used, δ > 30° is required.

Through theoretical analysis and calculation, the diam-
eter of the hollow hole should be greater than the diame-
ter of the charge hole, and their ratio needs to be greater
than 1.7, that is, D ≥ 8:5 cm. In order to form sufficient
compensation space, a large diameter empty hole must
be selected while cutting free surface and parallel to the
blast hole.

2.3. Determination of Hole Distance. The layout of the blast-
ing hole is shown in Figure 1. In the middle, there is an
empty hole; the first blast hole is I-1 and I-2; the second blast
hole is II -1 and II -2; the third blast hole is III-1, III-2, III-3,
and III-4.

2.3.1. The Distance between the First Blast Hole and the
Empty Hole. The distance between the first blast hole and
the empty hole is mainly determined by the explosion
energy, the volume of the blast hole, the explosion action
index, and the blast hole deflection [23].

(1) The Influence of the Crushing Radius. Because the rock
mass blasted by the first blast hole should be located in the
fissure zone of the first blast hole, the center distance L1

Table 1: Statistics of physical and mechanical parameters of marble in Dahongshan Copper Mine.

Rock
type

Compressive
strength/MPa

Tensile
strength/MPa

Shear strength
Elastic

modulus/GPa
Poisson’s
ratio

Density/
kg·m-3

Longitudinal wave
speed/m·s-1Internal

cohesion/MPa
Internal

friction angle/°

Marble 69.31 8.34 3.662 47.35 73.83 0.268 2908 3341

Table 2: Basic parameters of explosives.

Cartridge
density/
g·cm-3

Detonation
transmission
distance/cm

Detonation
velocity/
m·s-1

Function
force/ml

Ferocity/
mm

0.95~1.30 ≥4 ≥4500 ≥320 ≥16.0

W1

B2

W
2

I-1

II-1
III-1

I-2

II-2

III-2

III-3 III-4

L 2

Lx

L
3

L y

L1

B
1

B 3

W
3

Figure 1: Schematic diagram of the layout position of the vertical
cut of the empty hole.
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between the first blast hole and the empty hole should be less
than the radius of the fissure zone, that is:

L1 ≤ Rt +D/2, ð3Þ

where L1 is the distance between the first blast hole and the
hollow hole, and the diameter of the hollow hole is 10 cm
according to the simulation result and L1 ≤ 33:50 cm.

(2) The Influence of the Expansion Margin. The distance
between the first blast hole and the empty hole should be
greater than the radius of the crushing ring and smaller than
the radius of the crack ring. When the hole spacing is less
than the radius of the crushing, the groove may be
“squeezed” due to excessive rock crushing or adjacent dam-
age, which leads to the occurrence of rejection. When the
blast hole spacing is greater than the radius of the fissure
zone, it may cause insufficient rock fragmentation and fail
to form a complete blast cavity. The volume of the empty
hole should be close to the volume increment induced by
the swelling of the rock under the impact of the first blast
hole; therefore, this distance can be obtained:

L1 ≤
π

2 R + rð Þ
2 hr2 + R2� �

K − 1
+ R2 + r2

" #
, ð4Þ

where R is the radius of the hole, r is the radius of the charge
hole, h is the charge coefficient, and K is the breaking expan-
sion coefficient of the rock, which was taken as K = 1:5 in
this paper. The diameter of the charge hole is 5 cm, and
the solution is L1 ≤ 31:68 cm.

(3) The Influence of the Type of Crushing. When the crushed
rock is completely thrown out, the distance between the first
blast hole and the center of the hollow hole is

L1 =
2π
ε

R2 + r2

R + r

� �
+ R + r, ð5Þ

where ε is the coefficient relating to the rock type, lithology,
and structure, and it is 2 in this research; after calculation,
L1 = 21:28 cm.

(4) The Influence of the Blast Hole Deflection. In order to pre-
vent the penetration between the blast holes, formula (6)
needs to be satisfied:

L1 >
D + d
2

+ 2H sin a, ð6Þ

where H is the depth of the blast hole, and a is the deflection
angle of the blast hole.

In Dahongshan Copper Mine, the rock drilling rig is a
Kaishan brand KJ311 full hydraulic tunneling drill ring.
The blast hole deflection angle can be controlled within 1°;
so, it was calculated that L1 > 18:67 cm.

After comprehensively analyzing the influencing factors
above, the distance range between the first blast hole and
the empty hole is determined to be in the range 18:67 cm
< L1 < 31:68 cm.

2.3.2. Distance from Blast Hole to the Empty Hole. The opti-
mal resistance line and the free surface width of the charge
can be determined according to the following empirical for-
mula (7) [24]:

W = d
1:95effiffiffiffiffi

ρe
p + 2:3 − 0:0027B

� �
0:1B + 2:16ð Þ, ð7Þ

where e is the correction coefficient of explosion force, which
is 0.89 in this project, B is the width of the free surface, and
W is the optimal resistance line of the segmented blast hole.

The hole layout diagram is shown in Figure 1. The dis-
tance between the first shot hole and the empty hole is L1
= 18:67 cm ~ 31:68 cm, the free surface width is B2 = L1 +
D/2 + d/2, B2 = 26:17 cm ~ 39:18 cm, the optimal resistance
line of the second shot hole is W2 by formula (7), W2 =
31:92 cm ~ 38:48 cm, and then the distance between the sec-
ond shot hole and the empty hole is L2 =W2 +D/2, L2 =
36:92 cm ~ 43:48 cm. The free surface width of the third shot
hole is B3 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L21 + L22

p
+D/2 + d/2, B3 = 48:87 cm ~ 61:29 cm.

The optimal resistance line of the third shot hole is W3
obtained by formula (7), W3 = 42:77 cm ~ 47:53 cm, and
then the distance between the third shot hole and the empty
hole is L3 =W3 + L1 ⋅ L2/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L21 + L22

p
, L3 = 59:43 cm ~ 73:13

cm. The optimal resistance line of each charge hole is related
to the width of the free surface, namely, the distance between
the blast hole and the empty hole.

3. Numerical Simulation of Cut Hole
Layout Parameters

3.1. Geometric Model. The ANSYS/LSDYNA was used to
establish a two-dimensional finite element model with the
size of 400 cm × 400 cm, in which the edge is defined as a
nonreflective boundary, the blast hole diameter is 5 cm, the
charge method is coupled charge, the charge diameter is
5 cm, and the holes with large diameter are located in the
center of the model. The blast hole layout is shown in
Figure 1.

Experimental scheme is as follows:

(1) After calculating the diameter of the hole, referring
to the commonly used drill bits in the mine, the hor-
izontal distance between the charging hole and the
hole was set to 20 cm. The diameter of large holes
used in China is 7.5 cm~ 10 cm [17]; so, D was
selected as 7 cm, 7.5 cm, 8 cm, 9 cm, 10 cm, and

Table 3: Explosive materials and state equation parameters.

ρ/(g/cm3) D0/(m/s) A/GPa B/GPa R1 R2 ω

1.3 4500 214.4 0.182 4.2 0.9 0.15
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12.5 cm, respectively, and the two charge holes I-1
and I-2 detonate at the same time

(2) After the scheme (1), the hole diameter was deter-
mined to be 10 cm, the blast hole and the empty hole
were arranged horizontally, the distance between the
first blast hole and the empty hole L1 was set as
20 cm, 25 cm, and 30 cm, respectively, and two blast
holes I-1 and I-2 were set to detonate at the same
time

(3) After determining the distance between the first blast
hole and the empty hole, through the empirical for-
mula, different hole spacings for the second blast
hole were, respectively, set as 35 cm, 40 cm, and
45 cm for simulation, and the second blast hole was
arranged along the longitudinal direction. The two
first blast holes I-1 and I-2 were detonated at the
same time. After the failure of the rock-free unit,
the two second blast holes II-1 and II-2 were deto-
nated again

(4) While calculating the distance 59:43 cm ≤ L3 ≤
73:13 cm between the third shot hole and the empty
hole through the empirical formula, the blast holes
were arranged symmetrically around the empty hole,
and their horizontal and vertical distances were
42:02 cm ≤ Lx ≤ 51:71 cm and 42:02 cm ≤ Ly ≤ 51:71
cm, respectively. In order to verify the accuracy of
this parameter, set the horizontal distances Lx and
vertical distances Ly spacing of the third blast hole
was set to be 40 cm, 45 cm, 50 cm, and four third
blast holes III-1, III-2, III-3, and III-4 detonated
simultaneously after the first and second blast holes
that were detonated, and the rock-free unit contin-
ued to fail

3.2. Material Model and Parameters. The explosive used in
the field is the No. 1 rock emulsion explosive [16], the model
∗MAT HIGH EXPLOSIVE BURN is selected, and the state
equation is defined by the keyword ∗EOS JWL, which is
used to describe the volume, pressure, and energy character-
istics of the explosion. The equation parameters of explosive
material and state used in this article are shown in Table 3.
Many constitutive models have been proposed to describe

the effect of brittle materials under blast impact. According
to the existing data of Dahongshan Copper Mine, various
parameters of the marble material model can be obtained,
as shown in Table 4 [25]. Using the ∗MAT ADD
EROSION to define the tensile strength of the rock, when
the effective stress of the element reaches the tensile
strength, it will automatically disappear; thus, the dynami-
cally displaying the broken process of the cut hole and the
hollow hole can be realized [26, 27].

The rock fragmentation area is judged based on the fail-
ure of the rock element or the unfailed rock element that is
separated from the surrounding rock mass, and the rock in
the area is considered to be completely broken. If there is a
slender area with a width of 1 unit, it is judged to be a crack,
and the rock in this area is not included in the statistics.

3.3. Selection of Empty Hole Diameter. After the explosion of
the charge hole, the shock wave decays into a stress wave
propagating in the rock, and when it reaches the wall of
the hole, it will be reflected. The stress of the rock near the
hole is larger than that of the condition without a hole.
Because this is a hollow hole, the stress is concentrated,
and the maximum tensile stress is generated at the connec-
tion line between the blast hole and the hollow hole. When
this stress is greater than the dynamic tensile strength of
the rock, radial cracks will appear at the hollow hole; as
the structure is continuously charged, the initial maximum
tensile stress around the blast hole can be expressed as fol-
lows [28–38]:

P = TCp =
2ρ0Cp

ρ0Cp + ρ0D
×
ρeD

2

γ + 1
, ð8Þ

σθθ max = 3λ + 1ð ÞP r1
L1 − r2

� �α

, ð9Þ

where σθθmax is the maximum peak value of tensile stress at
the hole wall after blast (MPa), r1 is the radius of the blast
hole (m), and r2 is the radius of the hole (m).

Under conditions of different hole diameters, the maxi-
mum tensile stress at the hole wall can be calculated, as
shown in Table 5. According to Scheme 1, while simulating
different hole diameters, the pressure history curves are
shown in Figure 2, and the maximum tensile stress at the

Table 4: Marble HJC constitutive model parameters.

ρ0/kg·m
-3 f c/MPa A B C Smax G T D1 D2

2908 69.31 0.52 1.17 0.016 3 4 22.27 8.34 0.036 1

Pcrush/MPa μcrush Plock/GPa μplock K1 K2 K3 EFmin N FS

23.65 0.000 76 0.159 0.012 13 23 60 0.01 0.79 0.085

Table 5: Peak tensile stress of the hole wall with different hole diameters.

Empty hole diameter/cm 7 7.5 8 9 10 12.5

Simulated peak tensile stress/MPa 176 189 191 199 219 235

Calculate peak tensile stress/MPa 219 227 234 247 263 307
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hole wall can be obtained. The calculation results and simu-
lation results are plotted in Figure 3, and it can be seen that
the calculation and simulation results are basically consistent
with each other; they both increase with the increase of the
hole diameter.

It can be seen from Figure 2 that with the hole diameter
increases from 7 cm to 12.5 cm, the distance between the
hole wall and the first blast hole gradually decreases; so,
the time of reaching the peak compressive stress of the rock
surrounding the hole wall decreases from 99.6μs to 89.9μs,
and the peak compressive stress is reduced from 96.7MPa
to 85.7MPa, indicating that when the shock wave is far away
from the center of the blast hole, the shock wave continues
to attenuate, and the stress value continues to drop. At the

same time, the time of reaching the peak tensile stress
decreases from 130μs to 110μs, and the peak tensile stress
increases from 176MPa to 235MPa, indicating when the
compression wave propagates to the cavity, it will be
reflected to form a tensile wave and has the same effect as
the initial stress wave propagated to the free surface. It can
also be known that the tensile stress of the rock around the
wall of the cavity increases with the increase of the diameter
of the cavity, and the larger the diameter of the cavity, the
easier it is for the surrounding rock to be damaged by ten-
sion, which is helpful to the formation of the cavity. Consid-
ering the existing rock drilling equipment and rock drilling
cost of Dahongshan Copper Mine, the diameter of the hole
is selected as 10 cm.
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Figure 2: Pressure time history curve of hole wall under different hole diameters.
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3.4. The Distance between the Empty Hole and the First Blast
Hole. According to Scheme 2, after simulating different dis-
tances between the first blast hole and the empty hole, the
damage range of the rock is shown in Table 6.

It can be seen that for the model of 20 cm hole spacing,
after the blast, the width of the rock fragmentation zone is
70.21 cm, and its cross-sectional area is 1651.7 cm2; when
the hole spacing is 25 cm, the width and the cross-sectional
area of the rock fragmentation zone is 76.61 cm and
2182.9 cm2, respectively; for the 30 cm hole spacing, the rock
fragmentation area is the largest, and the corresponding
width and area is 83.1 cm and 2320.5 cm2.

3.5. Spacing between the Empty Hole and the Second Blast
Hole. The simulation is carried out according to Scheme 3,
during which after the two first blast holes detonate for
25ms, and the second blast hole detonates. The damage
range of the rock is shown in Table 7. The pore wall pressure
time history curve at the hole wall is shown in Figure 4.

It can be seen that before detonation, as the hole distance
increases, the peak compressive stress of the blast hole wall is
221MPa, 140MPa, and 136MPa, respectively, indicating
that the smaller the distance between the second blast hole
and the empty hole the greater the impact of the stress wave
caused by the first blast hole. Besides, after the first blast hole
is detonated, a large number of rock units around the second
blast hole are destroyed, which is consistent with the actual
situation. In the actual project, the explosives and detonators
of the second hole may be “squeezed,” which will affect the
blast effect. When the spacing increases from 35 cm to
40 cm, the peak stress of the wall of the second blast hole
is reduced by 36.6%, but when the spacing increases from
40 cm to 45 cm, the peak pressure is only reduced by 2.8%,
indicating when the spacing is increased to a certain extent,
the decreased amplitude of the pressure of the hole wall will

be reduced. When the distance between the second blast
hole and the empty hole is 40 cm, the formed rock fragmen-
tation zone is 88.7 cm in wide and 118.1 cm in high, and the
cross-sectional area of the rock fragmentation zone is
6728 cm2; the cross-sectional area of the rock crushing area
formed is the largest. Therefore, the distance between the
second blast hole and the empty hole is 40 cm.

3.6. Spacing between the Empty Hole and the Third Blast
Hole. According to experimental Scheme 4, after the two
first blast holes detonate, the second blast hole detonates
for 25ms and when the third blast hole detonates and lasts
25ms. The rock damage range is shown in Table 8. The pore
wall pressure time history curve at the hole wall is shown in
Figure 5.

After the first and second blast holes are detonated, with
the increase of the hole spacing, the peak compressive stress
of rock units around the third blast hole reaches 190MPa,
70.5MPa, and 49.3MPa, respectively. When the horizontal
and vertical distance between the third blast hole and the
empty hole changes from 40 cm to 45 cm, the peak compres-
sive stress of the rock around the third blast hole drops by
62.8%, and the rock is broken. At the same time, the cross-
sectional area of the rock fragmentation zone is increased
by 16.8%. When the horizontal and vertical distance changes
from 45 cm to 50 cm, the peak compressive stress of the rock
drops by 30.1% after detonation, and the fissures around the
holes are more fully developed; however, due to the larger
blast hole spacing, the reflected tensile wave is weak, making
the third segment of the blast hole unable to completely pen-
etrate after the detonation, and the formation of the rock
fragmentation area is not good. Therefore, the horizontal
distance between the third blast hole and the empty hole is
45 cm, and the vertical distance is 45 cm.

4. Field Verification Test

4.1. Verification of Blast Hole Layout. The test site is in the
middle section 285 of Dahongshan Copper Mine, level
370m. According to the existing data, the primary rock is
marble, and the rock mechanic parameters are close to those
used in the numerical simulation. In the test, the charge hole
diameter is 5 cm, the hollow hole diameter is 10 cm, and the
blast hole depth is 320 cm. The section size of the blast test is
350 cm in wide and 330 cm in high. The cut area is located in
the middle of the section, and the position is shown in
Figure 1. The explosive used is the No. 1 rock emulsion
explosive. According to the actual situation of the site, the
charge coefficient is 0.8, and the coupled charge form is
adopted. Moreover, the hollow cutting scheme requires three
sets of detonators to be delayed at equal intervals of 25ms.
The sequence of initiation is as follows: the first blast holes
I-1 and I-2 use two section detonators to detonate; the sec-
ond blast holes II-1 and II-2 use four section detonators to
detonate; the third blast holes III-1, III-2, III-3, and III-4
use six-section detonators to detonate. All the 25ms equidis-
tant delayed detonators are uniformly detonated by a mag-
netoelectric detonator.
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Figure 3: Comparison of maximum tensile stress between
theoretical calculation and numerical simulation.
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4.2. Effect and Analysis of Cavity Formation by Blast. After
blast, the cavity is formed, as shown in Figure 6. The width
and height of the cross-section of the cavity are measured
and statistically calculated, as shown in Figure 7; In
Figure 8, the area of the cavity is calculated and compared
with the simulation results, and the statistics data are shown
in Table 9.

The cross-sectional area of the cavity in the field test of
the large-diameter hole vertical cutting scheme is 5.3%
smaller than that of the simulation results, the width of the
cavity in the field test is 3.3% larger than that of the simula-
tion results, and the height of the cavity in the field test is
3.4% smaller than that of the simulation results. It can be
seen that the difference between the cavity data obtained

Table 6: Rock failure range under the distance between the first blast hole and the empty hole.

L1/cm 20 25 30

Simulation result

Fractured area outline

Width Width Width

Width/cm 70.21 76.61 83.10

Area/cm2 1651.7 2182.9 2320.5

Table 7: Rock failure range at the distance between the second blast hole and the empty hole.

L2/cm 35 40 45

Simulation result

Fractured area outline

Width

H
ei

gh
t

Width

H
ei

gh
t

Width

H
ei

gh
t

Width/cm 87.9 88.7 85.9

Height/cm 107.4 118.1 127.1

Area/cm2 6194 6728 6009
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Figure 4: Pressure time history curve of hole wall.

Table 8: Rock failure range at the distance between the third blast hole and the empty hole.

Lx and Ly/cm Lx = Ly = 40 Lx = Ly = 45 Lx = Ly = 50

Simulation result

Fractured area outline

Width

H
ei

gh
t

Width

H
ei

gh
t

Width

H
ei

gh
t

Width/cm 108 117 125

Height/cm 106 116 129

Area/cm2 11380 13282 12965
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Figure 8: Effect comparison.

Table 9: Blast effect statistic table.

Cutting
method

Slot cavity
width/cm

Slot cavity
height/cm

Slot cavity cross-
sectional area/cm2

Test hollow
cut

121 112 12500

Simulated
hollow cut

117 116 13200
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from the field test and the numerical simulation results is
within 6%.

5. Discussion

In this paper, through combining theoretical calculation and
numerical simulation, taking the rock fracture area as the
evaluation basis, the diameter of the empty hole and the
position of the cutting hole are gradually determined, and
the reliability of the hole distribution parameters is verified
by the field test. However, in this method, the rock is
assumed to be completely homogeneous, without consider-
ing the influence of joints, cracks, and groundwater in the
rock on the blasting effect. At the same time, only the marble
lithology is selected to study, and the actual working condi-
tion is a composite rock mass dominated by marble; so,
there must be some errors in the numerical calculation
results. In addition, this study only analyzes the contour sec-
tion after blasting by two-dimensional model and cannot
obtain the influence of the hole depth on the cyclic footage
in the cutting blasting. After the field test, only the section
size of the cutting cavity is measured, and the cutting blast-
ing effect is verified.

6. Conclusion

In this paper, through theoretical calculation and ANSYS/
LS-DYNA numerical simulation method, the influence of
cutting hole arrangement on the size of cavity contour sur-
face after blasting is studied, and the following conclusions
are obtained:

(1) The maximum tensile stress will be generated at the
wall of the empty hole closest to the center of the
charge hole, and the tensile stress of the rock unit
at the empty hole wall increases with the increase
of the diameter of the empty hole diameter. Accord-
ing to the drilling cost and the actual mine equip-
ment, the empty hole diameter is finally selected as
10 cm

(2) Taking the empty hole with a diameter of 10 cm as
the center, two holes 30 cm away from the empty
hole are arranged horizontally symmetrically as the
first blast, two holes 40 cm away from the empty hole
are arranged vertically symmetrically as the second
blast, and four holes are arranged squarely as the
third blast. The contour area of the cavity after blast-
ing is the largest

(3) The field test shows the errors of the section area,
width, and height and numerical simulation results
of the cavity are within 6%, indicating that the com-
bination of theoretical calculation and numerical
simulation can be used to predict the contour section
area after blast of cutting holes in roadway excava-
tion. This numerical simulation method can be
further expanded from two-dimensional to three-
dimensional to study the cavity formation effect
under different cutting modes and selectively carry

out field test verification, so as to find a numerical
method to predict the cavity formation effect of
underground roadway cutting blasting
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