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Numerical study on the
fragmentation of rock under single
free face explosion of variable
diameter decoupled charge

Jiabing Lyu?, Tiejun Tao?™ & Caijin Xie3*

In the conventional radial uncoupled charge single free surface blasting, the bottom rock mass is
difficult to be fully broken, which affects the blasting effect and restricts the tunneling efficiency. This
difficulty adversely impacts the blasting outcome and limits the efficiency of excavation. To address
this issue, this paper proposes a solution that involves modifying the charge structure to implement
avariable diameter decoupled charge, and it analyzes the theoretical feasibility of this approach.
The variably diameter decoupled charge and radial decoupled charge single-hole blasting model was
established and compared using LS-DYNA. Furthermore, the effects of various parameters on the
rock-breaking efficiency of variable diameter decoupled charges were analyzed. The results show that,
in comparison to radially decoupled charges, variable diameter decoupled charges exhibit a greater
explosive mass at their base. This enhancement leads to an increase in the effective stress on the
surrounding rock, thereby effectively addressing the issue of inadequate fragmentation of the rock
mass at the base of radially decoupled charges. Simultaneously, the directional effect of stress wave
superposition and the balancing effect of the cavity on internal pressure contribute to an increase in
the effective stress and reflected tensile stress of the overlying rock mass. This phenomenon ensures
that effective fragmentation of the overlying rock mass can still be achieved, even with a relatively
small amount of explosive charge. Under the condition of maintaining the same charge weight

and borehole diameter, increasing the length and radius of the expanding section of the explosive
significantly impacts rock fragmentation, whereas reducing the radius of the contracting section has
a minimal effect. In engineering applications with a common borehole diameter of 4.2 cm, when the
length of the expanding section of the explosive charge is half of the total charge length and the radius
of the expanding section ranges from 1.65 cm to 1.70 cm, more effective rock fragmentation at the
bottom can be achieved, resulting in an overall favorable fragmentation outcome.

Keywords Variable diameter decoupled charge, Single free surface, Efficient rock breaking, Numerical
simulation

The drilling and blasting method is the most commonly used technique for underground excavation. The
focus of underground blasting excavation lies in the effective fragmentation of the rock mass, to enhancing the
efficiency of excavation. In terms of the explosion source, the main factors affecting the rock breaking effect are
the burden!, the length of the stemming?® and the charge structure®. In conventional blasting, specifically full-
coupling charge blasting, a substantial amount of energy generated during the explosion is utilized to form the
fragmentation zone, while only a small fraction of the energy is employed to create fractures for cutting the rock,
decoupled charging technology has become widely used. This is because it effectively reduces the impact of the
blasting gases immediate expansion.

Decoupled charge is mainly divided into axial decoupled charge and radial decoupled charge. The axial
decoupled charge air deck facilitates the generation of repeated shock waves, which interact with the rock for
an extended duration, thereby enhancing the efficacy of the fracture process’.The location of the air desk is a
key factor in its need to be determined®, when the air desk is located at the top’, the middle®, and the bottom?,
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different rock crushing effects can be obtained, which are applied in different blasting scenarios. In addition,
multi-segment air desk and water desk are also used!®!!. The filling medium in the radial uncoupling charge acts
as a buffer, it attenuates the transmission of blasting energy. This helps to prevent the formation and growth of the
crushing zone. The reasonable decoupling coefficient can make the energy carried by the bursting cracks more
concentrated, increase the range of the fracture zone, and improve the crushing effect'?, so the filling medium
and the uncoupling rate are the key factors affecting the effect of the uncoupling charge blasting!>~*°, and they
mainly cause the well-wall the peak pressure and loading rate of the pressure are different!¢18. Compared to fully
coupled charge blasting, decoupled charge blasting reduces the peak pressure in the borehole wall and prolongs
the duration of blast loading!. It can be seen that the factors affecting the effect of decoupled charging on rock
crushing can be attributed to the changes in cavity position, shape and material properties, and by adjusting the
charging position and cavity volume in the cavity charging structure, the temporal and spatial effects of the blast
stress wave and blast gas can be fully utilized to achieve controllable rock crushing®.

The above research has analyzed the mechanism and key parameters of radial and axial decoupled charge,
which contributes to the realization of efficient crushing of the rock mass. however, due to the existence of
a time difference in the column packet detonation, resulting in differences in the superposition of the stress
field at different locations in the rock mass. For the underground blasting project is often used to the bottom
of the detonation, the interval distance between the surface of the stress wave wavefront along the direction
of the detonation is relatively small, and the time difference is shorter, stress Superposition in the direction of
detonation of the blast wave is stronger?!. While the stress wave in the free surface of the reflection phenomenon
will occur, resulting in the side of the rock adjacent to the free surface of the other side of the greater stress,
as shown in Fig. 1. In addition, the rock at the bottom is more difficult to be broken due to the greater use of
clamping. Therefore, it often results in the rock at the free surface being broken more fully, while the rock at
the bottom cannot be effectively broken, forming the phenomenon of under excavation at the root. If the top
detonation method is used, it will lead to insufficient crushing of the rock in the hole, resulting in a large rock
mass, which is also not conducive to rock throwing and the formation of the slot cavity®2.

The simplest and most direct way to solve this problem is to strengthen the charge at the bottom of the
bag, at which time the charge structure becomes a variable diameter decoupled charge. However, in the actual
project, the amount of charge in the hole is strictly limited, and increasing the amount of charge will lead to
excessive vibration and increase the safety risk. Therefore, it is necessary to study in the same charge, the use
of variable diameter decoupled charge can be solved in the radial decoupled charge in the single free-face
blasting of the bottom of the rock is not broken sufficiently, as well as at the same time to ensure that the overall
effect of rock crushing. It is worth mentioning that there are few studies related to variable diameter decoupled
loads in the existing literature. Therefore, in this paper, firstly, the theoretical calculation of the stress field is
performed using the iterative method. This method involves an equivalent unit spherical drug charge. The aim
is to analyze the theoretical viability of a variable diameter decoupled charge. Then the parameters of the RHT
ontological model of the rock that has been verified are used to establish the single-hole blasting models, which
include radial uncoupling charge and variable diameter uncoupling charge under a single free surface. To verify
the high efficiency of the variable diameter uncoupling charge in breaking the rock, comparing the damage
distributions between the two. Further analyze the influence of the dimensional parameters of the variable
diameter uncoupling charge.

Variable diameter decoupled charge stress analysis

The variable diameter charging structure is shown in Fig. 2(b), by distributing part of the charge from the
upper part of the radially decoupled charge to the lower charge, and named them respectively as the reduced-
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Fig. 1. Stress wave propagation in a columnar drug charge.
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Fig. 2. Schematic diagram of the decoupling charge: (a) radially decoupled charge, (b) Variable diameter
decoupled charge.

segment and expanded-segment charges, in Fig. 2(a). The charge volume of the two charging structures should
be consistent,

nreHo = mr?Hy + mraHa (1)
which,
Hy = Hy + Hz (2)

where H,, is the charge length of radial decoupled charge; r, is the charge radius of radial decoupled charge; r, is
the charge radius of reduced section of variable diameter decoupled charge; H, is the charge length of reduced
section of variable diameter decoupled charge; r, is the charge radius of enlarged section of variable diameter
decoupled charge; and H, is the charge length of enlarged section of variable diameter decoupled charge.

For the columnar pill pack, its stress field distribution is often calculated by the equivalent unit ball pill pack
iteration method??, which is based on the principle of dividing the columnar pill pack into a finite number of
unit ball pill packs with equivalent radii, and obtaining the stress wave excited by the whole column based on
the iteration of the stress wave of each unit ball pill pack. Through the unit-column and unit-sphere equivalent
volume relationship, it can be obtained that

Tr29re; = 3Ter (3)
4
TT32T e = = TToy 4)

where Top e
respectively.

For the decoupled charge, it is assumed that the expansion process of the gas produced by detonation is an
isentropic expansion process, the hole-wall pressure generated during the bursting of a unitary spherical charge
packet? is:

, are the equivalent unit spherical packet radii of the reduced and expanded segment packets,

npeD2 (de)Qk
_ de 5
Pa= 501 G, ®)

where P, is the initial impact pressure on the wall of the borehole; p, is the density of explosives; D is the blast
velocity of explosives; k is the isentropic expansion index, generally take k= 3; n is the impact shock wave and the
borehole wall interaction with the impact multiplier, generally take n=8 ~11; d, is the diameter of the packet; d,
is the diameter of the borehole.
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During the propagation of the stress wave in the rock mass, it continuously decays with the increase of
propagation distance, and its decay law® is:

P(R) = Pd/Ta (6)

where P(R) for the distance from the explosive source of pressure at R; r for the relative distance, r=R/ r, Ris
the center of the blast distance, r, is the radius of the charge; « is the attenuation factor, a=2+pu, / (1-4,), The
positive and negative signs correspond to the shock wave region and stress wave region, respectively. y, is the
dynamic Poisson’s ratio of the rock mass, and in the loading range of engineering blasting, it can be assumed that
t4=0.84, and y is the static Poisson’s ratio of the rock mass.

Assuming that the propagation medium of the explosion stress wave is homogeneous and isotropic, the stress
wave of the unitary spherical packet is a spherical wave, and therefore the shape of its stress wave is a gradually
decaying sinusoidal wave?:

g(t) = e sin(wt) (7)

where t is the decay time; a, w are the attenuation coefficient and angular frequency, respectively.
Therefore, the rock stress field at a distance R from the center of the blast after detonation of a unitary
spherical charge charge? is:

f(R,t) = P(R)g(t — tr) (@)

where £, is the time for the stress wave to travel from the unit pack to the observation point.
It can be obtained that the rock stress field at the blasting center distance R after the initiation of the equivalent
unit spherical charge of the reduced section charge and the expanded section charge is:

2 2k
fr(R,t) = 212257_?1) (%) grlg(t —tgr) reduced section o
_ npD? (@)% V6 - :
fe(R,t) = 3+ \ds 3R rog(t —tr) expanded section

As can be seen from Fig. 1, when the bottom of the detonation, the stress wave at the bottom of the rock is not
easy to form a superposition of stress, so the bottom of the rock stress field is mainly determined by the bottom
of the charge, combined with the Eq. (9) can be seen, the variable diameter of the decoupled charge at the bottom
of the expansion of the radius of the charge can be effectively enhance the bottom of the rock by the stress, and
it is mainly by the expansion of the section of the radius of the charge r, decision.

Assuming that the reduced section of the packet equivalent unit number of spherical packets N, expanding
section of the packet equivalent unit number of spherical packets M. Due to the strong superposition of stress in
the direction of the blast wave propagation of the explosion. The stress state of the upper rock needs to consider
the superposition of all the packets here, the stress field is:

N M
F=Y fuilB0)+Y fei(R1) (10)

From Eq. (9), Eq. (10) can be seen, the reduced section of the drug charge formed by the weakening of the stress
field. But expanding the section of the drug charge to enhance the stress field will be compensated, while the
upper body of the rock due to the smaller burden, and by the reflection of the tensile stress, the upper body of
the rock fragmentation of the stress required to be easier to meet. The stress field of the upper part of the rock at
the same time by the reduced section of the drug charge radius ;, expanding section of the drug charge radius r,
and the reduced section of the drug charge and expanding section of the equivalent unit of spherical drug charge
number N and M, them can be determined by the expanding section of the drug charge length H,.

Numerical simulation
Material model and parameters
Material parameters of rock
The RHT constitutive model because of its full consideration of the elastic limit surface, failure surface and
damage softening segment equations, etc. on the basis of the model is divided into elasticity, linear reinforcement
and damage softening of the three phases?.

In the RHT model, the relationship between strength and strain rate is:

, (ep/26)% P > fo/3

. P . et Be P—fc . gec

Fi(ép) =8 TomidSs (en/8h)™ — 1gitss /315(% (ep/26)" — fo/3 < P < fe/3 (11)
(ep/e) " P < —f:/3

where £§ is the reference strain rate for compression. &% is the reference strain rate for tension. P is the pressure.
B. and B, are the material constants for compression and tension.
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Parameter Value | Parameter Value
Mass density R, (kg/m?) 2060 | Compressive yield surface parameter GC* 0.3
Hugoniot polynomial coefficient A |(GPa) | 15.84 | Tensile yield surface parameter GT* 0.7
Hugoniot polynomial coefficient A,(GPa) | 26.61 | Compressive strain rate-dependence exponent BETAC | 0.014
Hugoniot polynomial coefficient A,(GPa) | 16.26 | Tensile strain rate-dependence exponent BETAT 0.019
Parameter for polynomial EOS B 1.68 | Relative shear strength FS* 0.45
Parameter for polynomial EOS B, 1.68 | Relative tensile strength FT* 0.1
Parameter for polynomial EOS T, (GPa) 15.84 | Lode angle-dependence factor QO 0.54
Parameter for polynomial EOS T, 0 Lode angle-dependence factor B 0.0105
Crush pressure PEL (MPa) 28.7 | Shear modulus reduction factor XI 0.3
Compaction pressure PCO (GPa) 5.5 Residual surface parameter AF 1.63
Initial porosity ALPHA 1.12 | Residual surface parameter NF 0.59
Porosity exponent NP 5.8 Damage parameter D1 0.053
Failure surface parameter A 1.6 Damage parameter D2 1
Failure surface parameter N 0.56 | Minimum damaged residual strain EPM 0.01
Elastic shear modulus SHEAR (GPa) 10.5 Gruneisen gamma GAMMA 0
Compressive strength FC (MPa) 86

Table 1. RHT model parameters.

pe/(kgm'3) D/(ms™) | PCJ/(GPa) |R, |R, | E/(GPa) | A/(GPa) | B/(GPa)
1320 6690 16 5.81 | 1.77 | 0.282 | 7.38 586 21.6

Table 2. Explosive parameters.

The damage surface is expressed as:
of (P ) = A (P — /3 + (A/F) )" 3Py > Fy (12)

where o, is the normalized strength. A and N are the damage surface parameters.
In the RHT model, the accumulation of plastic strain ep is used to define the damage value D:

de
D=>)" E—g’ (13)

where ¢ fis the plastic strain at damage.
When a given stress state reaches the ultimate strength of the material at the damage surface, damage
accumulates in the form of further inelastic deformation or plastic strain. The plastic strain at damage is:

¢ | DiPs — (1= D)2 P > (1 - D)P + (e /Dy) Y7

Ey = D (14)
’ NPy < (1-D)Pf + (/D)™

where e," is the minimum damage residual strain, P," is the pressure at failure, and D and D, are damage
constants, taken as D, =0.04 and D, =1.0.

The RHT is widely used in the field of rock explosion impact and other areas of the numerical simulation?-3!,
therefore, the RHT parameters given by the literature? was selected as the material parameters of the rock in this
paper, the specific parameter value in Table 1.

Material parameters of explosive
The explosive material is selected as MAT_HIGH_EXPLOSIVE_MURN and combined with the equation of
state JWL_EOS to describe the blasting process of the explosive®?, that is:

v
rRV

w Je~R2V wky

—_— 15
rRV + (15)

P =401 =

Ye MV 4+ B(1 -

where V'is the volume relative to the undetonated state, E is initial specific internal energy, and A, B, R, R, and
w are explosive constants.

The parameters used in this paper refer to the existing literature®’, and the relevant parameters for the
explosives and the equation of state are shown in Table 2.
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plkgm?) [C [ C, [c |c, ¢, |c, [c |E/amd |V,

1.29 0O |0 |0 |0 |04 04 |0 |250,000 1.0

Table 3. The parameters of air.

p/lkgm?) | G (GPa) | K(GPa) | Y, |Y, Y, |P.(GPa
1800 0.016 | 1328 | 0.0033 | 1.31x107 |0.1232 | 0.0

Table 4. Main constitutive parameters of stemming. p_ is the density. G is the shear modulus. K is the bulk
modulus. Y -Y, are the yield parameters. P, is the cut-off pressure.

Charging structure Radial uncoupling | Variable diameter decoupled
Radius/cm | 1.60 1.49
Reduced paragraph
Lengths/cm | 30.00 30.00
Radius/cm | 1.60 1.70
Expanded paragraph
Lengths/cm | 30.00 30.00
Volumetric deviation (AV) 0.00 -0.19%

Table 5. The size of charge.

Material parameters of air
The air material is usually chosen to be described by the MAT_NULL material and the LINEAR_POLYNMIAL
equation of state*, which describes the air pressure P as:

P=Co+ Cipp+ Copz + Csuz + (Ca + Cs5 + Cop2) E (16)

where E is the internal energy per volume, y defines the compression of air by = (p/p,)-1 with p and p, being
the current and initial density of air, respectively. C,, C,, C,, C,, C,, C, and C are material constants of air, and
C, and C; can be calculated by C,=C, =y - 1 with y being the ratio of specific heats.

The air material and equation of state parameters are referred to existing literature®® and are shown in Table 3.

Material parameters of stemming
The stemming material is often chosen to describe the MAT_SOIL_AND_FORM, the parameter values refer to
the existing literature®, the specific parameters are shown in Table 4.

Modeling

The overall size of the model is 100 cm x 100 cm x 100 cm. For radial decoupled loading, the size of the borehole
and the packet is referred to the common parameters of the actual project. The radius of the borehole is 2.1 cm,
the radius of the packet is 1.6 cm, the length of the packet is 60 cm, the length of the gun mud is 20 cm. For
the variable diameter decoupled loading, the dimensions of the borehole and the gun mud are kept in the same
way as those of the radial decoupled loading, and the size of the packet is only changed. For the convenience of
the study, the length of the expanded section is half of the total packet length. Because the actual model size is
difficult to achieve the same charging volume of both models, so the radial decoupled charging packet volume as
a standard, through the control of the variable diameter decoupled packet volume deviation AV to approximate
to achieve the purpose of controlling the charging volume unchanged, the specific dimensions of the parameters
are shown in Table 5.

The unit system in the model is cm-g-ps, numerical calculations using fluid-solid coupling algorithm, the
rock is considered solid, using the Lagrangian grid, the air, explosives, and slurry as a fluid, using Eulerian grid.
In this paper, the boundary conditions of the simulation for the tunnel blasting and excavation of the common
single free surface situation, that is, the numerical model in addition to the interface belonging to the top of the
slurry for the free boundary, the rest of the boundaries for the non-reflective boundaries, the model schematic
shown in Fig. 3.

Material parameter and model verification
To verify the material parameters, using the material parameters in Section "Material model and parameters",
the mesh size is lcm, a quasi-two-dimensional model is established for single-hole blasting. The size of the
model is shown in Fig. 4(a). The blasting cracks are distributed radially. In this model, the radius of the cracking
zone measured is 33.57cm, which is 20.98 times. This result is similar to the conclusion of Siskind and Fumanti®’,
they concluded that the cracking zone will extend to 20 times the radius of the charge hole.

Then, the sensitivity analysis of mesh size is done. Three mesh sizes are selected in this model, namely, 4 cm, 2
cm, and 1 mm. Figure 4(b) ~ Fig. 4(d) are the blasting cracks with different mesh sizes. The mesh size has a great
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influence on the blasting crack. When the mesh size is 1 cm, the crack is radioactively distributed, and the radius
of the crack zone is ideal. With the increase of the mesh size, the cracks are concentrated near the borehole, and
the radius of the fracture zone decreases.

In summary, when the grid size is 1 cm, the rock blasting can be well restored by using the parameters and
numerical methods selected in this paper. This verifies the correctness of the parameters and numerical models
in this paper. All the models in the following paper will use these parameters and fix the mesh size to 1 cm.

Comparison with radial decoupled charge

In the numerical simulation of rock blasting, the damage distribution is often used to reflect the fragmentation
of the rock. The damage characteristics of the two charge structures to the rock are analyzed by extracting the
overall damage perspective shown in Fig. 5 in the model.

As shown in Fig. 5, the variable diameter decoupled charge and radial decoupled charge on the rock breakage
characteristics have the same consistency. Packet detonation after impacting the wall of the borehole continued
to expand the slot cavity, and then from the bottom of the borehole began to produce radial cracks, then the
radial cracks continue to develop and begin to appear ring cracks, and finally the radial cracks and ring cracks
further development of rock. The rock breaking process is consistent with the current The rock breaking process
is consistent with the widely recognized rock breaking theory>38-40.

The variable diameter decoupled charge breaks the rock to a greater extent than the radial decoupled charge.
In order to further reflect this difference in the degree of damage, according to the processing flow shown in
Fig. 6. First, cut the model into 100 parts in LS-Prepost, and approximately replace the volume within 1 cm of
the plane with the area of the plane. Then the cloud image of each plane is imported into Image J to obtain the
area of different damage ranges of each plane.

According to the relevant literatur?!, the rock mass with the damage value of 0.2 ~ 1.0 is defined as the damaged
rock. The damage value of 0.2~0.9 is further defined as the fractured rock, the damage value of 0.9~ 1.0 is the
crushed rock. The percentage of damaged, crushed, and fractured rock bodies in each model is calculated, and
the obtained data are shown in Fig. 7.

Comparing with radial decoupled loading, the use of variable diameter decoupled loading can break the rock
more effectively, in Fig. 7. The rock damage volume increased by 42.24%, and the overall damage percentage
reached 37.39%, which is an increase of 11.11% compared with that of 26.28% for radial decoupled loading.
Among which the percentage of crushed rock increased by 2.37%, and the percentage of fractured rock increased
by 8.73%. In order to further analyze the damage growth at different locations of the rock, the cumulative damage
share of the rock and the damage share of each plane are listed, as shown in Fig. 8, 9, 10. The rock is divided
into upper and lower parts by taking the place where the diameter of the drug charge changes as the boundary.
From Fig. 8, 9, 10, it can be seen that the percentage of damage in the lower part of the rock grows to 7.16%, of
which the percentage of crushed rock increases by 1.33%. The percentage of fractured rock increases by 5.83%,
the percentage of damage in the upper part of the rock grows to 3.95%, the percentage of crushed rock increases
by 1.05%, the percentage of fractured rock increases by 2.9%. Thus, employing the variable diameter decoupled

(a) Radially decoupled charge

(b) Variable diameter decoupled charge

Fig. 5. Rock damage ring-breaking evolution.
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Fig. 6. Schematic diagram of image processing.
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Fig. 7. The percentage of different damage conditions.

charge results in a more extensive crushing of the lower rock layer, which aligns with the expanding segment of
the packet, further enhanced by the expansion section itself. So, the use of variable diameter decoupled loading
can not only cause greater crushing of the lower half of the rock corresponding to the expanded section of the
drug charge, but also enhance the crushing degree of the upper half of the rock corresponding to the reduced
section of the drug charge.

From the above analysis, it can be seen that the variable diameter decoupled charge and radial decoupled
charge have the consistency of the breaking characteristics of the rock, and the distribution of the damage
produced by the two has similarity. The main difference is that the damage distribution of the range and degree
of different, so the damage can be used to characterize the degree of rock fragmentation. It can be obtained that,
compared with the radial decoupled charge, the variable diameter decoupled charge produces a greater damage
to the rock, rock fragmentation more. The result is that compared with the radial decoupled charge, the variable
diameter decoupled charge causes more damage to the rock and more rock fragmentation.
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Fig. 12. Effective stress.

In the numerical simulation analysis of rock blasting, the effective stress (Von Mises stress) is a commonly
used analysis index®>2, For this reason, the effective stress data were extracted from 9 measurement points on
path I and path II shown in Fig. 11 respectively by a step size of 5 cm, and the data are shown in Fig. 12.

As shown in Fig. 12, the effective stress of the variable diameter decoupled charge is generally greater than
that of the radial decoupled charge on Path I and Path II. For Path II, the reason that the variable diameter
decoupled charge has greater effective stress is that the diameter of the packet in this section is larger, and the
amount of the charge is larger, so a stronger shock wave and compressive stress wave are formed in the part,
which is in line with the previous analysis of the stress field of the variable diameter decoupled charge, and the
shock wave and the compressive stress wave are the main causes of the blast cavity (crushed area) and the original
radial fissure®’. For path I, variable diameter decoupled charge here, the diameter of the charge is smaller than
the radial decoupled charge, but still has a greater effective stress than the radial decoupled charge. Proving that
in the bottom of the detonation conditions, the bottom of the expanding section of the charge of the formation
of the superposition of the stress here, to compensate for the upper part of the reduced section of the charge of
the weakening of the stress. And even on the upper part of the rock of the stress there is an enhancement of the
role, which is in line with the previous analysis of the stress field of the variable diameter decoupled charge. At
the same time by the upper rock shown in Fig. 13, a measurement point (15, 0, -25) of the three-way stress state
can be seen, variable diameter decoupled charge will increase the upper rock by the tensile stress (tensile stress
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Fig. 13. Stress of point (15,0,-25).

is positive, compressive stress is negative), and reflective tensile stress will cause the formation of circumferential
fracture, while promoting the further extension of radial fracture.

Influence of size parameters on rock breaking effectiveness
Using variable diameter decoupled charging, can crush effectively the rock at the bottom and the whole rock. The
reason is changing the distribution of stress field by adjusting the distribution of the charge, so as to adapt it to the
resistance of rock crushing. Through Eq. (9) and Eq. (10), the stress field of variable diameter decoupled loading
is determined by the radius of the expanding section of the drug charge, the length of the expanding section of
the drug charge, and the radius of the shrinking section of the drug charge. Therefore, it is necessary to analyze
the effect of these parameters on the crushing of the rock. Because it is difficult to carry out univariate study on
it, it is chosen to cross-analyze the influence of these parameters on the rock breaking effect by controlling one
variable and the total loading amount, and the specific size of the charges for each working condition is shown
in Table 6.

The damage percentage data of each working condition model were obtained according to the method shown
in Fig. 6, as shown in Fig. 14, 15, 16.

Figure 14 shows a comparison of the cumulative damage and cross-section damage ratio under the three
working conditions with the same length of the expanded section of the drug charge. As can be seen from
the figure, the change of the diameter of the packet in the variable diameter decoupled loading structure has
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0.6

0.5 1

Cumulative damage as a percentage

condition 1 2 3 4 5 6
Radius/cm | 1.49 | 1.55 1.47 1.52 1.55 1.55
Reduced paragraph
Lengths/cm |30 | 30 30 35 40 45
Radius/cm | 1.70 | 1.65 1.72 1.70 1.70 1.75
Expanded paragraph
Lengths/cm | 30 | 30 30 25 20 15
Volumetric deviation (AV) 0 -0.29% | +0.18% | -0.12% | +0.39% | +0.48%
Table 6. Charge size for each condition.
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a greater effect on the damage degree of the rock. Compared with the working conditions of the expanding
section with a packet diameter of 1.70 cm (the diameter of the shrinking section with a packet diameter of
1.49 cm), when the diameter of the expanding section with a packet diameter of 1.72 cm (the diameter of the
shrinking section with a packet diameter of 1.47 cm), the degree of damage to the rock was reduced and lower
than that of radial decoupled loading, except for a few cases of the expanding section where the diameter of the
packet was constant. Coupling charge, except for a few sections, the percentage of damage in all sections have
decreased; when the diameter of the expanding section of the drug charge decreased to 1.65 cm (the diameter of
the reducing section of the drug charge increased to 1.55 cm), the degree of damage to the rock is only slightly
increased, and the percentage of damage between the two in all sections is close to each other, and the difference
in cross-section is mainly concentrated in the middle of the rock (in the vicinity of the diameter of the drug
charge has been changed). In this group of working condition comparison, when the diameter of the expanded
section packet is the largest (the diameter of the reduced section packet is the smallest), the damage is the worst,
the proportion of damaged rock is 30.29%; when the diameter of the expanded section packet is the smallest (the
diameter of the reduced section packet is the largest), the damage is the best, the proportion of damaged rock
is 37.99%. The difference in the proportion of damage between the two is 7.70%. Compared with the optimal
working condition, the volume of damaged rock mass in the worst working condition is reduced by 20.26%.

Figure 15 shows a comparison of the cumulative damage and the percentage of cross-section damage under
the three conditions of constant diameter of the expanded section charges. As can be seen from the figure, in
the case of constant diameter of the expanded section pack, with the decrease of the length of the expanded
section pack (accompanied by the increase of the length and diameter of the reduced section pack), the damage
degree of the rock decreases. In the comparison of this group of conditions, when the length of the expanding
section is the smallest (the length and diameter of the reducing section is the largest), the damage is the worst,
the proportion of damaged rock is 32.03%; when the length of the expanding section is the largest (the length
and diameter of the reducing section is the smallest), the damage is the best, the proportion of damaged rock
is 37.34%. The difference in the proportion of damage between the two is 5.31%. Compared with the optimal
working condition, the volume of damaged rock mass in the worst working condition is reduced by 14.22%.

Figure 16 shows a comparison of the cumulative damage and the percentage of cross-section damage under
the three working conditions when the diameter of the reduced-section charge is unchanged. As can be seen
from the figure, in the case of constant diameter of the reduced section charge, with the increase of the length
of the reduced section charge (accompanied by the decrease of the length of the enlarged section charge and
the increase of the diameter), the damage degree of the rock decreases. In this group of working condition
comparison, when the length of the reduced section charges is the largest (the diameter of the expanded section
charges is the largest and the length is the smallest), the damage is the worst, the proportion of damaged rock
is 30.18%; when the length of the reduced section charges is the smallest (the diameter of the expanded section
charges is the smallest and the length is the largest), the damage is the most optimal, the proportion of damaged
rock is 37.99%. The difference in the proportion of damage between the two is 5.96%. Compared with the optimal
working condition, the volume of damaged rock mass in the worst working condition is reduced by 20.56%.

The size of each charge has a different degree of impact on the damage of the rock, as can be seen from Table
7, the size of the expanding section of the charge size parameters on the damage of the rock has the greatest
impact on the damage of the broken ring. When the expanding section of the charge diameter is larger and the
length of the charge is smaller (the greater the length of the reduced section of the charge), which is likely to lead
to poorer damage to the rock.
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Expanded paragraph Reduced paragraph
Radius Lengths Radius Lengths
Dimensional parameters Max | Min | Max | Min | Max | Min | Max | Min

The best |0 1 1 0 1 1 1 1

Degree of damage
The worst | 2 1 1 2 1 1 2 0

Table 7. Analysis of the degree of influence of dimensional parameters of drug charges.
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Discussion

In section "Influence of size parameters on rock breaking effectiveness”, the size parameters of the variable
diameter uncoupled charge are analyzed. However, the change of the size parameters is also accompanied by the
change of the cavity shape in the hole. In the uncoupled charge structure, the existence of the cavity in the hole
plays a role in balancing the pressure in the hole. In order to understand whether the cavity in the hole has an
effect on the damage of rock mass under variable diameter uncoupled charge, a set of test groups was designed,
that is, without changing the size of the initial variable diameter uncoupled charge model ( 1.49-30-1.70-30
), the cavity corresponding to the expansion section of the model was changed to rock mass. At this time, the
expanded section of the charge is a coupled charge, and the reduced section of the charge is a decoupled charge.
This charge structure is called a locally coupled charge structure.

Figure 17 is the hole wall pressure of three different charge structures ( the hole wall pressure measuring point
of the local coupling charge is consistent with the other two charge structures ). It can be seen that the hole wall
pressure under the variable diameter uncoupled charge is obviously different from that of the radial uncoupled
charge. The peak value of the hole wall pressure formed by the variable diameter uncoupled charge is divided
into two obvious sections, which correspond to the expanded section charge and the reduced section charge,
respectively. The hole wall pressure of the radial uncoupled charge is more uniform. In addition, in two kinds
of variable diameter charge structure, the hole wall pressure of variable diameter charge is greater than that of
radial uncoupled charge.

In order to further intuitively reflect the influence of cavity on rock mass damage, the distribution data of
blasting damage under variable diameter uncoupled charge and coupled charge are extracted, the results are
shown in Fig. 18 and Fig. 19.

As shown in Fig. 18 and Fig. 19, compared with the variable diameter uncoupled charge, the rock mass
damage caused by the local coupling charge is smaller, which is reduced by 3.65%. Combined with Fig. 20 and
Fig. 21, it can be seen that under the local coupling charge, the energy of the expanded section charge is mostly
used to form the crushing zone, resulting in the energy required for rock crushing is much larger than the
formation of rock cracks, so that the cracks formed by the rock mass are reduced, and the overall damage degree
is reduced.

It can be seen that the cavity has an important effect on the crushing effect of variable diameter decoupled
charge, to avoid the formation of localized coupling, combined with Fig. 14 ~Fig. 16, it can be seen that the
smaller the cavity of the expanding section of the drug charge (the larger the radius of the expanding section of
the drug charge) tends to lead to poorer rock crushing effect, however, through the comparison of Fig. 7 ~ Fig. 9
and the radial decoupled charge, it can be seen that the larger the cavity of the expanding section of the drug
charge (the smaller the radius of the expanding section of the drug charge) does not mean that the rock crushing
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effect is better. Therefore, the influence of the size parameters (cavity shape) of the variable diameter decoupled
charge on the crushing effect of the rock and how to reasonably select the parameters have to be studied in depth.

Conclusions

In this paper, for the single free face under the radial decoupled charge is easy to cause the bottom of the rock
crushing insufficient problem, proposed the variable diameter decoupled charge applied to the single free face
blasting. The theoretical justification for this method is explored through an analysis of the stress field associated
with variable diameter decoupled charges. Additionally, related models for radial decoupled charges, variable
diameter decoupled charges, and other parameters are developed using the finite element method, demonstrating
the high efficiency of the rock-breaking capabilities of the variable diameter decoupled charge structure. Based
on the numerical results and data analysis, several conclusions can be drawn.

By adjusting the loading structure, the variable diameter decoupled loading allows the lower part of the charge
to possess a greater loading capacity, thereby enhancing the clamping function of the lower rock. This effectively
addresses the issue of insufficient crushing of the rock at the bottom, which is prevalent in radial decoupled
loading. Simultaneously, by leveraging the directional effect of stress wave superposition, the method ensures
that the stress magnitude on the upper rock is maintained without compromising its crushing effectiveness.
Consequently, this approach significantly enhances the overall rock crushing effect. Numerical results indicate
that, under the same loading volume, variable diameter decoupled loading increases the rock damage volume
by 42.24% and the damage percentage by 11.11% compared to radial decoupled loading. Notably, the damage
volume of the lower rock increases by 83.27%, while the damage percentage rises by 7.16%.

In the case of using the same charge without altering the size of the gun hole, the length of the expanded
section pack, the radius of the expanded section pack, and the radius of the reduced section pack each exert
varying degrees of influence on the rock-breaking efficacy of the variable diameter decoupled charge. Among the
6 conditions evaluated, optimal rock-breaking performance is achieved when the length of the expanded section
pack constitutes half of the total length of the pack, and the radius of the expanded section pack is maintained
between 1.65 cm and 1.70 cm. Furthermore, the presence of a cavity significantly impacts the rock-breaking
effectiveness; when the radius of the expanded section of the charge is larger, it leads to a smaller cavity at the
bottom. This diminishes the balancing effect of the cavity on the pressure within the hole, ultimately resulting in
reduced damage to the rock.

In this paper, the numerical method is used to verify the rock breaking efficiency of the variable diameter
uncoupled charge, and the parameter selection is suggested. However, the specific enhancement of the rock
breaking efficiency must be further obtained by field test.
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