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Abstract: The outcome of the cutting blasting in a one-step shaft excavation is heavily related to the cutting parameters used for 
parallel cutting method. In this study, the relationships between the cutting parameters (such as the hole spacing L and the empty hole 
diameter D) and damage zones were investigated by numerical simulation. A damage state index γ was introduced and used to 
characterize the crushing and crack damage zones through a user-defined subroutine. Two indices, i.e., η1 and η2 that can reflect the 
cutting performance, were also introduced. The simulation results indicate that an optimal value of L can be obtained so that the η1 
and η2 can reach their optimal states for the best cutting performance. A larger D results in better cutting performance when the L 
value maintains its best. In addition, the influences of the loading rate and the in-situ stress on the cutting performance were 
investigated. It is found that an explosive with a high loading rate is suit for cutting blasting. The propagation direction and the length 
of the tensile cracks are affected by the direction and the magnitude of the maximum principal stress. 
Key words: shaft excavation; prime cutting blasting; numerical analysis; cutting parameter optimization; loading rate 
                                                                                                             
 
 
1 Introduction 
 

Shaft excavation has been widely applied in the 
development of underground mines and civil  
engineering [1−3]. SHATERPOUR-MAMAGHANI and 
BILGIN [4] described the difficulty and importance of 
shaft excavation in mining and civil engineering, and 
VENKATESH et al [5] described the application of shaft 
excavation in hydroelectric engineering. There are some 
traditional shaft excavation methods, such as ladder, cage 
raise and Alimak raising methods. However, these 
methods are gradually becoming obsolete due to low 
efficiency and poor working conditions. One-step shaft 
excavation technique based on parallel cutting has been 
developed in shaft excavation engineering due to its high 
efficiency, safety and low cost thanks to the rapid 
development of large-scale drilling equipment [6]. 
Whereas, there are still some difficult issues to be solved 
before it can be widely used, such as the determination of 
blasting parameters and the high degree of constriction 
or fixation for burden rock [7]. 

The formation of cut cavity is an important step in 

one-step shaft excavation. To ensure a satisfactory cavity, 
the blasting parameters including the cutting model, the 
empty hole diameter, the hole spacing and the 
dimensions of shaft section, should be properly 
determined. To date, few studies have been seen 
concerning on the blasting parameters quantification for 
one-step shaft excavation [8,9]. Fortunately, the 
relatively abundant studies of cutting blasting for tunnel 
excavation provide useful guidelines for the development 
of one-step shaft excavation [10−13]. ZARE and 
BRULAND [7] compared the design features between 
NTNU (Nonwegian University of Science and 
Technology) mode and Swedish mode. SOROUSH    
et al [14] noted that the diameter of the charging hole and 
the size of the tunnel section were the most critical 
blasting parameters in tunnel excavation. QIAO [15] 
built a mechanical model of the initiation delay time for 
parallel cut blasting by analyzing the two-phase fluid that 
was composed of broken rock pieces and explosion gases. 
Compared to tunnel excavation (with a depth of 3−4 m), 
the single excavation depth of a shaft (10−50 m) is much 
longer, which increases the difficulty in implementing 
this technology. Therefore, it is of great importance to  
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study the optimization of cutting blasting parameters in 
one-step shaft excavation. 

In the process of cutting blasting, it is crucial to 
determine the parameters of prime cutting blasting, 
where the empty holes are used as free surface and 
swelling space. Therefore, the size of the empty holes 
and the hole spacing between the prime cutting hole and 
the empty hole become the key factors [6]. In this study, 
to study the changes in the damage zone of prime cutting 
at different empty hole diameters and hole spacings, 25 
numerical models of prime cutting blasting were built by 
ABAQUS. Two indices, i.e., the blasting energy 
utilization and the blasting energy agglutination, were 
defined to analyze the relationship between the prime 
cutting parameters and the blasting effect. The effects of 
loading rate and anisotropy of high situ stresses on prime 
cutting blasting performance and blasting induced 
damage zones were evaluated. 
 
2 One-step shaft excavation technique 
 

The model of parallel cutting with four empty holes 
was used to fragment rock because it can provide a large 
swelling space for subsequent cutting holes. The blasting 
process of prime cutting hole is shown in Fig. 1. Upon 
the initiation of the prime cutting hole, both a shockwave 
and high pressure are produced in the borehole, as shown 
in Fig. 1(a). Owing to the small burden between the 
empty holes and the prime cutting hole in the cutting 
pattern, the shockwave induces a strong reflected tensile 

wave at the interface of the borehole wall when it arrives 
at the wall of the empty holes. Once the dynamic tensile 
stress is higher than the rock tensile strength, spalling 
may be induced at periphery of the empty holes wall, as 
shown in Fig. 1(d). Radial cracks will form through the 
rock between the empty hole and prime cutting hole 
when the hole spacing is appropriate. The burden rock 
that is full of cracks is broken and then thrown out of the 
cavity by the static pressure effect of the detonation gas, 
as shown in Fig. 1(e). As the subsequent cutting hole 
blasting progresses in a prescribed order, the cavity is 
gradually expanded. 

The above demonstration shows that the key factors 
for good cutting performance are the appropriate hole 
spacing, which creates a damaged zone through the 
burden between the empty holes and the prime cutting 
hole, meanwhile the diameter of the empty holes, which 
should not only meet the requirements of swelling space 
but also make full use of the reflected tensile wave 
energy. 
 
3 Numerical simulation method 
 
3.1 Dynamic material model of rock mass 

Many brittle materials such as rock, ceramics and 
concrete have physical properties that are sensitive to 
strain rate. To obtain the relation of rock or rock-    
like material properties with different strain rates,  
researchers have conducted a large number of laboratory 
experiments [16,17]. LI et al [18] used a split Hopkinson 

 

 

Fig. 1 Blasting process of prime cutting hole: (a) Prime cutting hole initiation; (b) Crushed zone formed; (c) Radial cracks expanded; 

(d) Spalling; (e) Burden rock broken completely 
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pressure bar (SHPB) system to study the dynamic 
behaviors of red sandstone, marble and granite and found 
that the relationship between dynamic compressive 
strength and strain rate may be expressed using an 
exponential equation as follows: 
 

1/3
cd C                                    (1) 

 
where σcd is the dynamic compressive strength of the 
rock material,   is the loading strain rate, and C is a 
real constant for granite rock under a loading strain rate 
between 20 and 60 s−1. Here, C is found to be 64.9 [19]. 

The relationship between the dynamic compressive 
strength and the strain rate for brittle material, such as 
rock and concrete, is generally obtained in exponential or 
logarithmic form according to previous research [20−22]. 
In this paper, an exponential formula (see Eq. (2)) is  
used to represent the relation between the dynamic 
compressive strength and the strain rate: 
 

1/3
cd cs0.4                                 (2) 

 
where σcs is the static compressive strength of rock. 
Because the strain rates of rock adjacent to the charge 
hole wall can reach 103−105 s−1 [23], in this paper, the 
average strain rate of 1×104 s−1 [24] is used to calculate 
the σcd in Eq. (2). 

Table 1 summarizes the typical static mechanical 
properties of intact granite [25]. Because in this study 
Mohr−Coulomb failure criterion is used to do most 
dynamic analyses in ABAQUS, some rock mass 
properties such as cohesion and the internal friction 
angle must be calculated. Table 2 gives the dynamic 
mechanical properties of granite rock mass used in 
numerical analysis based on the Hoek−Brown   
criterion [26,27] when the geological strength index  
(GSI) is set to be 87. A GSI value of 87 represents the 
intact rock mass with few initial cracks and rock joints. 
This value is chosen considering the explosive energy  
 
Table 1 Static mechanical properties of intact granite (Granite 

Bukit Timah (Singapare Zhao 1996)) 

σci/ 
MPa 

Ei/ 
GPa 

υ 
ρ/ 

(kg·m−3) 
σtB/ 
MPa 

mi 
(σci)dyn/

MPa 
(Ei)dyn/

GPa 

186 84 0.25 2610 11.1 15.3 1600 114 

σci is unconfined compressive strength; Ei is deformation modulus; υ is 
Poisson ratio; ρ is density; σtB is Brazilian tensile strength; mi is Hoek− 
Brown strength parameter; (σci)dyn is dynamic uncomfined compressive 
strength; (Ei)dyn is dynamic deformation modulus 

 

Table 2 Dynamic mechanical properties of granite mass with 

GIS value of 87 (Granite Bukit Timah (Singapare Zhao 1996)) 

Em/GPa σtm/MPa cm/MPa (φm)dyn/(°) 

107.26 39.17 183.59 44.67 

Em is rock mass deformation modulus; σtm is rock mass tensile strength; cm 
is cohesion; (φm)dyn is internal friction angle 

used for breaking rock and serious explosive energy 
dissipation in the fragmentized rock mass. This selection 
does not specify any real conditions. 
 
3.2 Blasting dynamic load 

To simulate prime cutting hole blasting, an 
appropriate explosion pressure wave should be loaded on 
the borehole wall. There are three methods for 
approximating the explosive pressure profile [28]:     
1) direct input of dynamic pressure as a function of time, 
2) equation-of-state (EOS) and 3) pressure-decay 
functions. The Gaussian function and triangular load 
function are used to obtain the approximate measured 
dynamic-pulse load. These procedures, however, are not 
close to the physical characteristics of the dynamic load 
and thus carry no physical meaning. 

The EOS describes material behavior under a very 
high-rate loading condition and the the equation is 
associated with different material quantities as a single 
function, regardless of the prior history of deformation. 
The parameters of the EOS for a detonation process may 
be considered incorrectly, leading to a lower accuracy of 
the EOS. 

Although decay functions have been studied for 
decades, most blasting applications use pressure-decay 
functions that replicate the exact waveform. In this study, 
a general form of the pressure function of explosion 
pressure is expressed as follows [29]: 
 

0 (e e )t tP P                                (3) 
 
where P is the pressure at time t, P0 is the peak  
pressure of the loading, and α and β are constants. To 
make the rising and decaying processes of the pressure 
wave more intuitive and convenient, two constants, i.e., 

t0=
1

ln



  

 and 0 01/(e e )t t    , are defined. 

When the value of P reaches the peak point P0 at t=t0,  
Eq. (3) may be rewritten as 
 

0 (e e )t tP P                               (4) 
 

The amplitude and duration of the pressure wave 
are determined by the explosive type and borehole size. 
In this paper, t0 is set to be 5 μs, and P0 is set to be    
1.6 GPa, based on the performance parameters of the 
ANFO explosive [24]. The pressure−time history used 
for numerical simulation is shown in Fig. 2. 
 

3.3 Numerical model 
A 3D model, with an overall size of 12 m × 4 m ×  

4 m (depth × length × width), was established in the code. 
Firstly, a prime cutting hole, with a diameter of 70 mm 
and a depth of 10 m, was drilled in the center model, and 
four empty boreholes with an identical depth of 10 m 
were created around the center borehole, as shown in 
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Fig. 2 Pressure−time history acting on prime cutting hole wall 
 
Fig. 3. To investigate the blasting effect of the prime 
cutting hole under different empty hole parameters in 
one-step shaft excavation, the diameter of an empty hole 
(D) was selected as 130, 160, 190, 220 and 250 mm, and 
the hole spacing (L) was selected as 260, 290, 320, 350 
and 380 mm. A total of 25 experimental scenarios were 
designed using the orthogonal method and all of the 
scenarios satisfy the compensating space theory of    
Eq. (5) [30]:  

2 2( )( 1)/[( )( 1)]
4

L D d k D d k


                 (5) 
 
where L is the hole spacing between the prime hole and 
empty hole, d is the diameter of the prime cutting hole, D 
is the diameter of the empty hole and k is the rock 
swelling coefficient with the scope of [1.45, 1.90] [30]. 

In the rock blasting field of numerical models, 
boundary conditions generally cause the reflection of 
outward propagating waves to back into the model and 
do not allow the necessary energy radiation. To avoid 
this phenomenon, non-reflection boundaries are set on 
the outer side except the free surface. 

In this study, hydrostatic stress conditions have been 
taken into account, considering a depth of 780 m for 
general mine work. The average unit weight is     
25.50 kN/m3 for the rock mass, and the corresponding 
hydrostatic primary in-situ stress is calculated to be 

20 MPa. Thus, the simulation process of prime cutting 
blasting involves two loading modes, i.e., static in situ 
stress and dynamic stress wave, which is a coupled static 
and dynamic loading problem. The problem can be 
solved through implicit−explicit analysis in ABAQUS. 
Firstly, the static in situ stress conditions are added and 
calculated in implicit module and then the non-reflection 
boundary conditions are set and dynamic loading process 
is computed based on the static results in explicit 
module. 

 
3.4 Rock mass failure mode 
    KUTTER and FAIRHURST [31] proposed that 
there are crush zones, crack zones, and elastic zones 
from the blasting hole to a given distance when blasting 
in an infinite rock mass. In the first zone, the radial 
compressive stress generated from the shockwave 
exceeds the dynamic compressive strength of the 
surrounding rock, and the rock develops crush zones and, 
primarily, compression and shear failure (also called a 
shear failure zone). In the second zone, shockwaves 
expend a huge amount of energy in the process of crush 
zone formation and attenuate to a compression stress 
wave that cannot crush the rock mass. The compression 
wave pushes rock in an outward radial motion and 
produces radial tensile cracks due to hoop tensile stress 
to form a crack zone (also called a tensile failure zone). 

To distinguish the damage zone in prime cutting 
blasting, a rock mass fracture degree index is defined by 
a field variable-vusdfld in the ABAQUS software called 
the damage state index  : 
 

eqpmax
eqp eqp

eqpt

0,  0
( ),  

1,  0
f f

     


  


        (6) 

 
where σmax is the maximum principal stress in history, σt 
is the dynamic tensile strength of the rock mass, εeqp is 
the equivalent plastic strain, and γ is the rock damage 
state in the process of blasting, where 0≤γ<1 is the elastic 
zone, γ=1 is the tensile failure zone, and γ>1 is the shear 
failure zone. 

 

 
Fig. 3 Prime cutting blasting model geometry and boundary conditions 



Qi-yue LI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1413−1423 

 

1417
 

To evaluate the prime cutting hole blasting effect of 
different schemes, two indices, η1 and η2, are defined by  

1
1

2

S

S
 , 1

2
2

R

R
                            (7) 

 
where S1 is the break area of prime cutting blasting under 
ideal conditions [6], S2 is the tensile failure zone area, R1 
is the tensile failure zone radius of prime cutting blasting, 
and R2 is the tensile failure zone radius of single hole 
blasting. The parameters are illustrated in Fig. 4. 

We can divide the energy consumption of a shock 
wave into four parts as follows:  
Ew=Es+Et+Er+Ee                              (8)  
where Ew is the total energy shock wave carried, Es is the 
energy spent in the creation of the shear failure zone, Et 
is the energy spent in the creation of the tensile failure 
zone, Er is the energy reflected from the empty holes 
wall, and Ee is the energy spent in the vibration of the 
elastic zone. The blasting energy is radially distributed in 
the shear failure zone, the tensile failure zone and the 
elastic zone when single hole blasting occurs in a rock 
mass, as shown in Fig. 4(a). The blasting energy will be 
reflected when the compressive stress wave propagates 
to the walls of empty holes and reflects as a tensile stress 
wave, as shown in Fig. 4(b). The value of reflective 
energy depends on the parameters of the empty hole. 

Therefore, for η1, the closer the value to 1 is, the 
more the blasting energy is used for cutting cavity, thus a 
better result is obtained with the increase of η1. In 
contrast, for η2, the closer the value to 0 is, the greater 
the concentration of blasting energy is, so the value of η2 
should be as small as possible for cutting. 

 
4 Simulation results 
 
4.1 Damaged zone formation processes on prime 

cutting blasting 
Figure 5 shows the damaged zone formation 

processes of prime cutting blasting. It can be seen from 
Fig. 5(a) that the shock waves with sufficient 
compressive strength produce compression−shear 
damage around the prime cutting hole. The shear failure 
zone reaches the maximum when t=20 μs, and then there 
are no dramatic changes for the zone after that time. As 
shown in Fig. 5(b), the shock wave expends a huge 
amount of energy in the shear failure zone and rapidly 
attenuates to stress waves producing tensile damage due 
to hoop tensile stress. As the stress waves propagate to 
the walls of empty holes, some of the compressive waves 
change to tensile waves due to reflection on the free 
surface, as shown in Figs. 5(c) and (d). The remaining 
stress waves continue to propagate through the rock mass 
between the empty holes. The tensile damage zone 
extends to the place where the hoop tensile stress is less 
than the dynamic tensile strength of the rock mass, as 
presented in Fig. 5(e). When stress wave fronts are 
encountered behind the empty holes, the hoop tensile 
stress increases in the superposition zone of stress waves, 
and when it exceeds the dynamic tensile strength of the 
rock mass, a tensile failure zone occurs behind the wall 
of empty holes, as shown in Fig. 5(f). 

In order to avoid the influence of free surface, the 
section of shaft is chosen to be 2 m below the free 
surface. The numerical simulation results for the shear 
failure zone and tensile failure zone distribution under 25 
different schemes are shown in Fig. 6. It can be seen that 
the size of the shear failure zone is independent of the 
parameters D and L. The outward expansion of the 
tensile failure zone decreases with a decrease in L, 
whereas the size of the tensile failure zone behind    
the empty holes decreases with an increase in D. The 
reason for this phenomenon is that with an increase    
in the diameter of empty holes, the reflection of    
stress waves is increased, leading to a decrease in the 
hoop tensile stress in the superposition zone of stress 
waves. 

 

 

Fig. 4 Key parameters for representation of damaged zone: (a) Single hole blasting; (b) Prime cutting blasting; (c) Prime cutting 

blasting under ideal conditions 
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Fig. 5 Damaged zone formation processes of prime cutting blasting: (a) t=20 μs; (b) t=25 μs; (c) t=35 μs; (d) t= 45 μs; (e) t=60 μs;  

(f) t=80 μs 
 

 

Fig. 6 Simulation results of 25 schemes 
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4.2 Effect of hole spacing on prime cutting blasting 

According to Eq. (7), the 25 scheme values of η1 
and η2 can be determined. Then, the curves of hole 
spacing L versus η1 and η2 can be obtained by using 
different empty hole diameters, as seen in Fig. 7. It can 
be seen from Fig. 7 that the indices η1 and η2 reach their 
optimal values at L=350 mm. This is because when L is 
too small, the explosion pressure wave spreads out after 
passing through the prime cutting zone, leading to low 
energy utilization and concentration. Moreover, the rock 
between empty holes and the prime cutting hole may be 
excessively broken, and “regenerated rock” [6] may even 
be formed due to the small value of L. When L is too 
large, the prime cutting zone increases, and the areas of 
S1 and S2 increase respectively, with less in S1 and more 
in S2, which also induces low energy utilization and 
concentration. Rock may be incompletely broken, which 
is consistent with the results of LI et al [6]. The optimal 
value of the hole spacing L can be determined when η1 
and η2 reach their optimal values based on numerical 
analysis. The optimal value of L is 350 mm for the 25 
schemes in this study. 

4.3 Effect of empty hole diameter on prime cutting 
blasting 
Similarly, the indices η1 and η2 for different empty 

hole diameters D and hole spacing L can be obtained, as 
seen in Fig. 8. Combining the results of Fig. 6 and Fig. 8, 
the prime cutting blasting performance from the effect of 
empty hole diameter can be divided into three types, i.e., 
A (L=260 mm), B (L=290, 320 mm), and C (L=350,  
380 mm) according to the shape of the tensile failure 
zone. Type A is called the diffusion type and is 
characterized by tensile cracks extending beyond the 
prime cutting zone. η1 is independent of empty hole 
diameter D, whereas η2 increases with an increasing D. 
Type C is called the cohesion type, where the tensile 
failure distributes in the prime cutting zone and no 
tensile cracks extend beyond the prime cutting zone. η1 
increases with an increasing D, whereas η2 decreases 
with an increasing D. Type B is a transitional type 
between types A and C, where only a few cracks extend 
outward, and both η1 and η2 increase with an increasing 
D. This is probably influenced by the hole spacing: the 
hole spacing values of types A and B have not reached  

 

 

Fig. 7 Relationships between η1 (a), η2 (b) and hole spacing L at different D values 
 

 

Fig. 8 Relationships between η1 (a), η2 (b) and empty hole diameter D at different L values 
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the optimal values, and most of the blasting energy 
diffuses from the prime cutting zone. However, the hole 
spacing of type C is optimal in the sense that η1 and η2 
are in the optimal development direction with an 
increasing D. In this study, both η1 and η2 are optimal 
when D=250 mm. 

An optimal value exists for the hole spacing L based 
on the theory of compensating space premise. When L is 
less than the optimal value, “regenerated rock” may be 
formed in the cavity, the volume of the formed cavity is 
too small to provide adequate swelling space for 
subsequent hole blasting, and a large size of tensile 
damage zone is formed beyond the prime cutting zone 
that is disadvantage for subsequent hole blasting. 
Because of drilling deviation, drilling will be more 
difficult. When L is larger than the optimal value, the 
constriction of rock mass is increased, and an effective 
cavity cannot be formed. The effects of the empty hole 
diameter D on prime cutting blasting performance can be 
divided into three types by the action of hole spacing,  
and η1 and η2 are in the optimal direction of development 
with increasing D when the hole spacing reaches the 
optimal value. Therefore, to obtain the ideal effect of 
cutting blasting in one-step shaft excavation, a larger 
diameter of the empty hole should be chosen to create a 
free surface and swelling space, and the optimal value of 
hole spacing can then be determined. 
 
5 Discussion 
 
5.1 Blasting performance under varying loading rate 

conditions 
The mechanical properties of rock materials are 

affected by the loading rate. Previous studies showed that 
a higher loading rate tends to produce a larger shear 
failure zone followed by larger numbers of short 
fractures, whereas a lower loading rate results in a 
smaller shear failure zone with fewer and longer radial 
fractures [10,24]. To verify the loading rate effect on the 
dynamic damage process in cutting blasting, different 
explosion pressure waves are used in the analyses. The 
model size is kept consistent with the above, and cutting 
parameters are chosen at the optimal values of D=   
250 mm and L=350 mm. The peak pressure P0 is kept at 
a constant of 1.6 GPa, the rising time t0 is varied from 5, 
10, 50 to 100 μs. Figure 9 shows the pressure−time 
histories used for the numerical simulation. 

The numerical results are shown in Fig. 10. When 
the loading rate of the explosion pressure wave is high 
(320 MPa/μs), most of the energy is spent in creating the 
prime cutting zone, although there are a few cracks 
outside the prime cutting zone. When the loading rate 
decreases to a lower level (160 MPa/μs), many short 
radial cracks appear behind the empty holes, and a part 

of the energy is spent outside the prime cutting zone. 
When the loading rate further decreases to 32 and     
16 MPa/μs, there are many longer radial cracks 
following the empty holes, and more energy is spent in 
the area behind empty holes. From these results, it can be 
seen that to improve the efficiency of a mining blasting 
operation, which is indicated by long radial cracks, the 
loading rate should be kept as low as possible. However, 
the loading rate should be as high as possible for the 
cutting blasting of tunneling and shaft excavation, which 
requires that the energy be spent in the prime cutting 
zone to avoid forming a damage zone outside the prime 
cutting zone. It is well understood that cutting blasting 
requires more unit explosive consumption than mining 
blasting does. 
 

 

Fig. 9 Different pressure−time histories used for numerical 

simulation 
 

 

Fig. 10 Simulation results of prime cutting blasting under 

different loading rates: (a) 320 MPa/μs; (b) 160 MPa/μs;     

(c) 32 MPa/μs; (d) 16 MPa/μs 
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5.2 Blasting performance under varying in-situ stress 
conditions 
In deep underground mining, high in-situ stresses 

are usually present [32,33], which can affect the blasting 
operations. High in-situ stresses may have two effects in 
blasting operations [24]. The first effect is that the cracks 
that are induced by in-situ stress may be extended or 
suppressed by the blasting-induced stress field. The 
second effect is an induced stress concentration around 
the holes because of the in-situ stress leading to an 
asymmetrical fracture pattern under the action of 
different values of two principal stresses in the plane 
normal to the hole axis. To achieve a better cutting effect, 
it is important to study the crack propagation law of 
cutting blasting under earth stress. Because the hole axis 
of shaft excavation is vertical, the vertical stress is kept 
constant, and different anisotropic horizontal stresses are 
considered, the same model geometry and optimal 
cutting parameters (R=250 mm, L=350 mm, t0=5 μs, 
P0=1.6 GPa) from previous work are used in this study. 
In the present numerical simulation, the numerical model 
is pre-loaded with different horizontal stresses and a 
fixed vertical stress. The assigned stress values for 
principal in-situ stresses are given in Table 3. 

The simulated fracture patterns of cutting blasting 
model with different anisotropic in-situ stress fields are 
shown in Fig. 11, which clearly demonstrates that two 
 
Table 3 Assigned stress values for principal in-situ stresses 

Scheme No. 
Vertical 

stress/MPa 

x horizontal 

stress/MPa 

y horizontal 

stress/MPa 

1 20 10 10 

2 20 10 20 

3 20 10 30 

4 20 20 10 

5 20 30 10 

effects occur in cutting blasting under high anisotropic 
in-situ stresses. The second effect can even eliminate the 
influence of the first effect. Figure 11(a) shows that 
tensile failures are radial when the horizontal stresses are 
equal, whereas the tensile failures are aligned in the 
direction of major horizontal principal stress axis; the 
larger the difference between two horizontal principal 
stresses is, the more obvious the phenomenon is. This is 
because the tensile stress perpendicular to the maximum 
horizontal principal stress axis is suppressed and the 
cracks tend to extend parallel to the maximum horizontal 
principal stress. However, it has been found that shear 
failure zones are not affected by anisotropic in-situ 
stresses. To increase the size of the cavity, the hole 
spacing L could be increased in the direction of the 
maximum horizontal principal stress. 

 
6 Conclusions 
 

1) There is an optimal value of hole spacing L 
between the prime hole and empty holes. When the L is 
less than the optimal value, the rock between empty 
holes and the prime cutting hole are broken excessively 
and form “regenerated rock”. When L is greater than the 
optimal value, the rock will be broken incompletely. 

2) The effect of prime cutting will be better with an 
increase in the empty hole diameter D when the value of 
L is optimal. The effect of prime cutting is less with an 
increase in D when L does not reach the optimal value. 

3) Cutting blasting is suitable for using explosives 
with a high loading rate. For a high loading rate, there 
are few tensile cracks outside the prime cutting zone, and 
most of the energy is spent in the prime cutting zone. For 
a low loading rate, more radial cracks follow the empty 
holes, and more energy is spent in the area behind empty 
holes. 

 

 

Fig. 11 Simulation results of prime cutting blasting under anisotropic high in-situ stresses: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3; 

(d) Scheme 4; (e) Scheme 5 



Qi-yue LI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1413−1423 

 

1422
 

4) Tensile cracks are propagated in the direction of 
the maximum horizontal principal stress axis and are 
suppressed in the direction of the minimum horizontal 
principal stress axis in areas of pre-existing anisotropic 
high in-situ stresses. 
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直孔掏槽一次成井技术中的掏槽参数优化 
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摘  要：在直孔掏槽一次成井技术中，掏槽参数的选择对掏槽的结果影响很大。利用数值模拟方法研究掏槽参数

如孔间距 L 和空孔直径 D 与掏槽爆破破坏区的关系。通过用户自定义子程序引入一个破坏状态指标 γ，用来划分

掏槽爆破压碎破坏区和裂纹破坏区。同时，提出 η1 和 η2两个反映掏槽爆破效果的指标。模拟结果表明，存在一

个最优值孔间距 L，使评价指标 η1和 η2同时达到最优，即掏槽效果最佳。同时，当 L 保持最优值时，空孔直径 D

越大，掏槽效果越好。此外，研究应力波加载率和地应力场对掏槽爆破效果的影响，发现高加载率的炸药适用于

掏槽爆破，而拉伸裂纹的扩展方向和长度受地应力场中主应力大小和方向的影响。 

关键词：天井掘进；主掏槽孔爆破；数值模拟；掏槽参数优化；加载率 
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