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Abstract: With the application of electronic detonators, millisecond blasting is regarded as a signifi cant promising approach 
to improve the rock fragmentation in deep rock blasting. Thus, it is necessary to investigate the fracturing mechanisms of 
short-delay blasting. In this work, a rectangle model with two circle boreholes is modeled as a particles assembly based on 
the discrete element method to simulate the shock wave interactions induced by millisecond blasting. The rectangle model 
has a size of 12 × 6 m (L × W) and two blast holes have the same diameter of 12 cm. The shock waves are simplifi ed as 
time-varying forces applied at the particles of walls of the two boreholes. Among a series of numerical tests in this study, the 
spacing between two adjacent boreholes and delay time of millisecond blasting are considered as two primary variables, and 
the decoupling charge with a coeffi  cient of 1.5 is taken into account in each case. The results show that stress superposition 
is not a key factor for improving rock fragmentation (tensile stress interactions rather than compressive stress superposition 
could aff ect the generation of cracks), whereas collision actions from isolated particles or particles with weakened constraints 
play a crucial role in creating the fracture network. The delay time has an infl uence on causing cracks in rock blasting, 
however, whether it works heavily depends on the distance between the two holes.
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1  Introduction

Deep resources, such as nuclear energy, coal 
methane and geothermal energy et al., are always buried 
a depth of hundreds or up to a thousand meters deep in 
the earth with complex geological conditions, including 
high geostress and low permeability. Obviously, they 
have posed a competitive challenge for the exploitation 
of these deep resources (Zhu et al., 2016; Wang et al., 
2016). Thus, artifi cial fracturing techniques are usually 
implemented to improve the permeability of reservoir 

rocks to increase the recovery effi  ciency of deep 
resources. Among these techniques, controlled blasting 
is considered to be a promising tool because it is less 
aff ected by geological conditions (Zhu et al., 2013; Yan 
et al., 2017). Relevant practical blasting has indicated 
that delayed initiation may yield smaller rock fragments 
with less vibration than simultaneous initiation. Thus, 
many scholars have given attention to research on the 
infl uence of delay time on fracturing eff ects in rock 
blasting (Yi et al., 2016).  

From the perspective of stress superposition, some 
researchers have agreed that appropriate delay time 
has a potential benefi t for higher fragmentation than 
synchronous ignition. In their opinion, the overlap of 
two or more stress waves may increase the tensile stress 
around the collision points, which promotes the initiation 
and propagation of cracks. For instance, Rossmanith 
(2002) as well as Rossmanith and Kouzniak (2004) have 
proposed some hypotheses, including the charge length 
and the velocity of detonation are infi nite and the rock 
mass is homogeneous, elastic and isotropic, to reveal 
how a positive infl uence of stress interactions on the 
cracks generation could be achieved through controlling 
the ignition times. Vanbrabant and Espinosa (2006) 
have adopted full-scale tests to clarify that the average 
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fragmentation could be improved by nearly 50% if the 
delays between two blast holes create an overlap of the 
negative tails of the P-wave particle velocity. Chiappetta 
(2010) has stated that the shock wave interaction could 
have a good performance if the optimal delay times were 
short enough so that the shock wave from a previous 
hole does not reach the next hole before it initiates. 

Nevertheless, many academics do not agree with the 
above opinions and have proposed opposite viewpoints. 
For example, Cho and Kaneko (2004) have considered 
fi ve delay times (0, 100, 500, 1000, 2000 microsecond) 
in bench blasting simulation. Their results showed that 
simple stress interaction made no diff erence to the 
rock fragmentation, and the fragment size oscillated 
as the delay time increased. However, the optimal 
fragmentation with respect to delay time depends 
strongly on the gas fl ow through the fractures caused 
by the stress wave. Sjදberg et al. (2012) have studied 
dual-holes blasting and developed a methodology for 
calculating fragmentation. The results showed that the 
eff ect of varying delay time to increasing fragmentation 
is extremely limited, and the key infl uencing factors on 
fragmentation are the spacing between adjacent holes 
and the amount of explosive charge. Johansson and 
Ouchterlony (2013) have made a series of small-scale 
tests associated with bench blasting to study how the 
short delays facilitate better fragmentation. The fi nal 
results indicated that there are no distinct improvements 
of block size when comparing the delayed detonation 
with no stress wave interactions. Yi et al. (2016) have 
combined the theoretical analysis method with the 
numerical simulation method to analyze the stress 
interactions located between two adjacent holes, as well 
as their extended line. The results showed that stress 
superposition is local around the collision point, and it 
would be impossible to improve rock fragmentation by 
only relying on controlling the stress wave interaction.    

In conclusion, the arguments about the infl uence 
of stress wave interaction on the rock fragmentation 
and fragmentation-related delay timing have not been 
resolved. In this study, the stress superposition is 
investigated to determine whether or not it could be 
benefi cial to the generation of a fracture network in deep 
rock blasting. To achieve this goal, a rectangle model 

with two circle holes is modeled as a particles assembly 
based on discrete element method. This model has a 
size of 12 × 6 m (L × W) and two holes have the same 
diameter of 12 cm. In this study, spacing and delay time 
of detonation between these two holes are considered as 
the two primary variables, and the decoupling charge 
with a coeffi  cient of 1.5 is taken into account in each 
case. Finally, by analyzing the histories of stress and 
unbalance force of the monitoring points, the fracturing 
mechanism of the shock wave interactions between two 
adjacent blast holes in deep rock blasting is determined. 

2  Methodology

2.1  Numerical model

Particle Flow Code (PFC) is a widely used 
commercial software to simulate the mechanical 
response of rock subjected to various dynamic and static 
loads in geotechnical engineering. The rock is modeled 
as a collection of rounded granules, and the built-in 
parallel-bond model (PBM) is ideally suited for depicting 
the force-transferring characteristics of contact between 
two particles. As shown in Fig. 1, PBM can carry normal 
force (Fn), shear force (Fs) and bending moment ( M ), 
and its mechanical behavior is thought to be analogous 
to a beam. Thus, the maximum tensile stress (σtmax) and 
shear stress ( max ) can be depicted as follows:  
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In Eq. (1), A is the area of the bond cross section, R  
is the bond radius, and I  is the inertial moment. Once 
the maximum tensile stress or shear stress exceed the 
tensile or shear strength of the bond, it indicates that the 
bond has broken, i.e., a crack between two particles has 
come into being. Thus, cracks in PFC can be classifi ed 
into two types: tensile cracks ( t max t  ), and shear 

Fig. 1   Form of carrying forces for the PBM in PFC   
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cracks ( max c  ). Here, t  and c represent the tensile 
and shear strength, respectively (Wang et al., 2014; 
Itasca Consulting Group Inc., 2015). 

Figure 2 shows a simplifi ed rock stratum with two 
blast holes. The model is demonstrated as a rectangle 
with the size of 12 × 6 m (L × W), and two holes with the 
same diameter of 12 cm are placed at both sides of the 
symmetry axis of the rectangle. The distance between 
two holes is assigned to be three values: 2.0 m, 3.0 m and 
4.0 m. The lateral compressive stresses in two directions 
are both set to be 5.0 MPa, which implies that this 
model is buried approximately 200 meters in the earth. 
The model is modeled as a particle assembly composed 
of 24,762 particles, whose radius conform to uniform 
distribution and vary from 2 cm to 4 cm.

A key issue for numerical simulation using PFC2D 
is to establish the relationship between mesoscopic 
parameters of particles and macroscopic mechanical 
parameters of rock stratum. Fakhimi and Villegas 
(2007) have proposed a calibration process to adjust 
a few main user-changeable mesoscopic parameters 
of PBM to match desired macroscopic mechanical 
parameters through numerical simulation experiments, 
such as a uniaxial compressive test, conventional triaxial 
compressive test and direct tensile test. Table 1 shows 
the main mesoscopic parameters of particles, and Fig. 3 
shows the loading curves of numerical tests. 

According to the Fig. 3(a), the peak value of the 
“deviatoric stress-axial strain” curve is approximately 
equal to 86.0 MPa, which manifests the uniaxial 
compression strength based on the numerical simulation 
test is 86.0 MPa. In addition, 50  and 50l  located at 
this “deviatoric stress-axial strain” curve are substituted 
into Eq. (2) and E  of the numerical specimen can be 
determined to be 46.7 GPa. According to Fig. 3(b), 

the tensile strength of the numerical specimen can be 
directly found to be 14.2 MPa. It is generally recognized 
that three or more triaxial compression tests are required 
to acquire the c  and   of the numerical sample on 
the basis of the Mohr-Coloumb criterion expressed as 
Eq. (3). Several diff erent pairs of 3 1( , )   are plotted 
in the 3 1   coordinate system (seen in Fig. 3(d)). 
These discrete points are fi tted by Eq. (3) to determine 
its intercept and slope. The c  and   of the sample can 
be easily determined based on the intercept and slope of 
this linear equation. Five pairs of 3 1( , )   in this study 
are (0.01, 86.2), (3.0, 98.3), (5.0, 170.7),  (7.0, 196.3) 
and (10.0, 214.1), the computational cohesion and 
friction angle of this sample are 17.8 MPa and 45.1°, 
respectively. 
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In Eq. (2), 50 and l50  represent half of the uniaxial 
compression strength and its corresponding axial strain, 
respectively.

2.2  Explosive loads

The coeffi  cient of the decoupling charge ( ) is 
defi ned as follow:

b

e

d
d

   
                                

(4)

where db and de are the diameters of the blast hole and 
cartridge, respectively. Two blast holes’    are both set 
up to be 1.5, and the explosive charges in these holes 
have the same properties: cartridge diameter e 8 cmd  ，

explosive density 3
e 1200 kg / m  , and detonation 

velocity e 2700 m / sD  . According to the elastic 
wave motion theory, the peak value of the explosive 
stress wave ( l

p ) applied at the wall of blast hole can 
be expressed as (Henrych, 1979; Fakhimi and Villegas, 
2007): 
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where n  denotes the amplifi cation coeffi  cient of the stress 
wave, which is generally deemed to be approximately 
equal to 8.0. To obtain the pressure-time profi le of 
the explosive shock wave, the wave-shape function is 
needed. In this study, the following expression is adopted 
to characterize the time evolution curve of explosive 
stress (Park et al., 2004; Dohyun et al., 2009):

Table 1  Main mesoscopic parameters    

Linear Group: Parallel-bond Group: 
Grain density = 2750 kg/m3, 
Eff ective modulus = 27.0 GPa,
Friction coeffi  cient = 0.7,
Stiff ness ratio = 1.0.

Bond eff ective modulus = 27.0 GPa,
Bond stiff ness ratio = 1.0,
Bond tensile strength = 32.8 MPa,
Bond cohesion = 150.0 MPa,
Bond friction angle = 55°.

Fig. 2   Simplifi ed model for dual blast holes  
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where ( )f t  is the shape function. tr is the time to reach 
peak pressure, which is thought to be 50 μs in this study. 
Thus, the pressures-time history on the wall of blast 
holes could be acquired by combining Eq. (5) with Eq. (6), 
as shown in Fig. 4. 

To apply the explosive stress to the wall of the blast 
hole, the pressure shown in Fig. 4 should be converted 
into force at each time step. Figure 5 shows a schematic 
diagram of the force-time history applied on the particles 
located at the wall of blast hole (shown as green rounded 
granules). Obviously, the impulse forces exerted at 
these particles are equal to the transmission pressure, 
multiplied by their own diameters, and the direction of 
the shock wave forces are defi ned from the center of the 
blast hole towards the center of the particles. Notice that 
two blast holes are applied to the same explosive stress 
wave, and the delay times between the two holes are 
assigned to be 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 ms herein. 

3   Results

3.1  Fracture networks 

In this study, the focus is on the fracturing eff ect 
of the shock wave interaction between two blast holes, 
so the discussion is concentrated on the distribution 
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Fig. 3  (a) Simulated PFC2D failure during uniaxial compression test; (b) direct tensile test; (c) tri-axial compression test and 
             (d) fi tting of the shear strength

Fig. 4    Pressure-time history in this study (duration time = 1.0 ms)
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characteristics of the cracks located between these two 
holes. Figure 6–8 intuitively show the fi nal distributions 
of cracks induced by blasting at diff erent delay times for 
the three spacings of the two blast holes, respectively. 

As shown in Fig. 6 and Fig. 7, it is seen that when the 
spacings are equal to 2.0 m and 3.0 m, two blast holes 
have been completely connected by the cracks regardless 
of the delay time. In addition, it is also seen that the 
width of the fracture network along the symmetry axis 

(red dotted line in Fig. 2) is the narrowest when the delay 
time is equal to 0.0 ms. As shown in Fig. 8, when the 
spacing increased to 4.0m, the cracks yielded from two 
holes can overlap each other near the symmetry axis 
only when the two holes are blown up simultaneously, 
whereas the cracks cannot completely connect two blast 
holes once the millisecond blasting was implemented in 
the other fi ve cases. 

Obviously, the amount of cracks intersecting with 
the symmetry axis can be considered as an index to 
evaluate the connectivity and the width of the fracture 
network between the two blast holes. Figure 9 provides 
a comprehensive amount of these cracks extracted from 
the results of Fig. 6 to Fig. 8, to further quantitatively 
analyze the distribution characteristics of the fracture 
network induced by rock blasting. In Fig. 9, the 
horizontal and vertical axis denote the delay time and 
the amount of cracks, respectively. 

On the other side, it is supposed that t  represents the 
delay time, L  is the spacing between two blast holes, a  is 
the radius of the blast hole, tdc is the duration of the entire 
pressure-time history in Fig. 4. If   p dc> -2 / ,t L a C t 
it indicates that shock waves from two blast holes will 
not collide between the holes; in other words, two blast 
holes are ignited separately. Otherwise, the shock waves 
will superpose each other between two adjacent holes. 
Here Cp is the P-wave velocity in the rock, which is 
expressed as:

Fig. 5   Schematic diagram of forces applied on the particles of 
            the hole wall  

Input of shock 
wave force

Delay time = 0 ms Delay time = 0.5 ms

Delay time = 1.0 ms Delay time = 1.5 ms

Delay time = 2.0 ms Delay time = 2.5 ms

Fig. 6   Distributions of cracks at diff erent delay times ( Spacing of two blast holes = 2.0 m)
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Delay time = 0 ms Delay time = 0.5 ms

Delay time = 1.0 ms Delay time = 1.5 ms

Delay time = 2.0 ms Delay time = 2.5 ms

Fig. 7   Distributions of cracks at diff erent delay times (Spacing of two blast holes = 3.0 m)  

Delay time = 0 ms Delay time = 0.5 ms

Delay time = 1.0 ms Delay time = 1.5 ms

Delay time = 2.0 ms Delay time = 2.5 ms

Fig. 8   Distributions of cracks at diff erent delay times (Spacing of two blast holes = 4.0 m)
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where   and   are Lamé constants:

(1 2 ) (1 )

2(1 )

E

E


 




    

 
 

                       (8)

The relevant material parameters of rock mentioned 
in Section 2.1 are substituted into Eq. (7) and Eq. (8), 
and the P-wave velocity in this study can calculated to 
be 4538 m/s. Thus, the delay times associated with the 
separate ignition for the cases of diff erent spacing are 
marked out in Fig. 9.

As shown in Fig. 9, the amount of cracks decreases 
distinctly along as the spacing between two blast holes 
increases. When the spacing is equal to 2.0 m and 3.0 m, 
the amount of cracks increase fi rst and then decrease 
as the delay time increases. Finally, they stay the same 
once there are no collisions of shock waves between the 
two holes. The amount of cracks is minimum under the 
condition of simultaneous initiation, while it reaches 
the maximum when the delay time is equal to 0.5 ms. 
When the spacing is equal to 4.0 m, the amount of cracks 
decreases monotonically along with the increase of the 
delay time. 

Thus, according to the above discussion, it can 
be seen that the spacing between two blast holes and 
the delay time are both critical factors that infl uence 
the connectivity and width of the fracture network. 
Furthermore, the spacing has a more important role than 
delay time in generating cracks.  

3.2  Compressive stress superposition

In order to explain the phenomenon described 
in Section 3.1, an analysis from the perspective of 
stress superposition is carried out. Figure 10 shows 
the arrangements of monitoring points with the same 
spacing between any two adjacent points. The spacing 
is equal to 0.5 m.

Based on the monitoring points arranged as shown 
in Fig. 10, all the stress histories induced by the dual-
blast hole shots can be acquired. The monitoring point 
located at midpoint of the symmetry axis is selected as a 
typical case to illustrate the stress superposition between 
the two blast holes. Figure 11 shows the principal stress 
histories of this monitoring point for blast hole spacing 
that is equal to 3.0 m. 

As shown in Fig. 11, the fi rst crest of minimum 
principal stress arrives at the midpoint at 0.38ms; thus, 
the velocity of the stress wave can be calculated as 
(1.5 m - 0.06 m) / (0.38 ms - 0.05 ms) = 4500 m/s, which 
is very close to the theoretical value based on Eq. (7). 
In addition, the compressive superposition stress for the 
case of 0t  ms has nearly twice the amplitude of the 
single blast hole plus. When two blast holes are ignited 
with a delay time, two crests of minimum principal 
stress pluses can be distinctly distinguished, and the 
stress crest induced by the fi rst ignited blast hole is 
higher than that induced by the second ignited blast hole. 
The diff erence between these two stress crests decreases 
as the delay time increases. Obviously, there is intense 
compressive stress superposition between the two blast 
holes. When two blast holes are ignited simultaneously, 
the crests of the stress plus from the two blast holes 
arrive at the midpoint at the same time, inducing the 
stress superposition at the same direction. Once the t  
is greater than 0.0 ms, the stress plus from the fi rst blast 
hole may partially off set the compressive stress from the 
second blast hole, so that the second crest of the stress 
history at midpoint is obviously less than the fi rst crest. 
As the delay time increases, the stress pluses from the 
two blast holes may not meet between the two blast 
holes, which is similar to when two single stress pluses 
pass through the midpoint.   

Figure 12 shows the peak values of the minimum 
principal stress histories of all the monitoring points 
for diff erent delay times and blast hole spacings, and its 
horizontal axis represents the corresponding number of 

Fig. 9   Amounts of cracks intersecting with symmetry axis in 
             each case  
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all the monitoring points. No matter how the delay time 
changes, the peak values of the minimum principal stress 
histories are all the same if the spacing of the blast hole 
remains unchanged. Thus, the curves for the peak values 
of the compressive stress histories are only classifi ed 
into simultaneous initiation and millisecond ignition at 
each blast hole spacing, as shown in Fig. 12. Obviously, 
they have the same variation characteristics along the 

symmetry axis even if the spacing of the blast holes are 
diff erent: (a) the maximum compressive stresses at each 
monitoring point induced by simultaneous initiation are 
all greater than those induced by millisecond ignition; 
and (b) the peak value of the compressive stress history 
located at monitoring point 2 (deviating from spacing 
direction 0.5 m) is maximum compared with all the other 
monitoring points. If compressive stress is thought to be 
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the dominant triggering factor for the distribution of 
cracks, according to the peak values in Fig. 12, it can be 
concluded that the amount of cracks intersecting with 
the symmetry axis would be maximum for the case of 
simultaneous initiation, and this amount would remain 
unchanged regardless of the diff erent delay times. 
However, these conclusions are obviously in confl ict 
with the results shown in Fig. 8 and Fig. 9. Thus, it can 
be concluded that the compressive stresses have no 
apparent infl uence on the distribution of cracks.

3.3  Tensile stress interactions  

Figure 13 shows the maximum tensile stresses of all 
the monitoring points for the diff erent delay times and 
blast hole spacings, and the horizontal axis represents 
the corresponding number of monitoring points. As 
shown in Fig. 13, the maximum tensile stress located at 
monitoring point 2 (deviating from spacing direction 
0.5 m) is greater than all the other monitoring points for 
each case, and the locations for the minimum tensile 
stress in Fig.13 are all that the distances deviating from 
the spacing direction approximate to be half of blast 
holes spacing. In addition, when the blast hole spacings 
are equal to 2.0 m and 3.0 m, the tensile stress of all the 
monitoring points with 0.5 ms delay time are roughly 
greater than the other initiation modes; when this 
spacing increases to 4.0 m, simultaneous ignition could 
yield maximum tensile stresses at all the monitoring 
points. Compared with the results in Fig. 9, the amounts 
of cracks reach the maximum value with 0.5 ms delay 
time when the blast hole spacing is equal to 2.0 m and 
3.0 m, and the amount of cracks is maximum with 0.0 ms 
delay time when the blast hole spacing is equal to 4.0 m. 
These conclusions coincide with the characteristics of 

tensile stress shown in Fig. 13. 
In order to further illustrate the eff ect of delay time 

on crack amounts, it is necessary to investigate the 
evolution law of maximum tensile stress as it changes 
along with the delay time. Figure 14 shows the curves 
of all the monitoring points for the diff erent blast hole 
spacings. When blast hole spacings are equal to 2.0 m and 
3.0 m, the maximum tensile stresses of most monitoring 
points increase fi rst and then decrease along as the delay 
time increases. Nevertheless, when blast hole spacing is 
equal to 4.0 m, the maximum tensile stresses decrease 
monotonously as the delay time rises. These change rules 
are exactly the same as the changes of crack amounts 
along with the delay time, as shown in Fig. 9. Thus, this 
indicates that tensile stress plays an important role in 
manufacturing cracks, and the delay time can indirectly 
aff ect the crack amounts by directly infl uencing the 
tensile stress.     

Unfortunately, as shown in Fig. 14, the maximum 
tensile stresses when the blast hole spacing is equal to 
2.0 m are not greater than when it is induced under the 
conditions of the other two blast hole spacings. This 
indicates that the amount of cracks is not the maximum 
among these three blast hole spacings, which does not 
conform to the results shown in Fig. 9. Thus, the eff ect 
of tensile stress on crack distribution may be a complex 
question, and it is necessary to further investigate this 
problem by taking other possible infl uence factors into 
account.

3.4   Particle vibration  

As mentioned in Section 2.1, rock stratum is made 
up of a serial of particles, and any two adjacent particles 
are linked by a parallel-bond model. In fact, a particle 
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may have contact with one or more other particles, 
and multi-bonds may surround this particle. Once one 
or more bonds are ruptured by the tensile stress, the 
constraints from other particles are sure to weaken. 
Furthermore, if all the bonds are invalid, this particle 
could be an isolated and free granule. Under the action 
of the shock wave originating from the blast hole, this 
particle would perform a drastic oscillation and fi ercely 
strike adjacent particles. This phenomenon could bring 
additional actions to promote the growth of cracks. 
Thus, the particle vibration histories may provide 
another approach to understand the infl uence of blast 
hole spacing on the distribution of cracks. Figure 15 
shows the histories of the unbalanced force of a particle 
located at monitoring point 2 to illustrate its vibration 

accelerated velocity. 
As shown in Fig. 15, regardless of how the delay 

time changes, the histories of unbalanced force of the 
monitoring point manifest an identical variation law; 
that is, the amplitudes of history curves monotonously 
decrease as the blast hole spacing increases. In fact, 
due to the collision and squeezing between adjacent 
particles, the energy of the shock wave is consumed, so 
it leads to the sharp decrease of shock wave energy along 
with an increase in the distance of the radial direction of 
the blast hole. Thus, it indicates that the increased blast 
hole spacing induces the shock actions from isolated 
particles or particles with reduced constraints would 
decrease around the symmetry axis of the entire model. 
Compared with the results shown in Fig. 9 for all the 
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diff erent delay time cases, as the distance between two 
holes becomes smaller, more cracks are generated near 
the symmetry axis. It is concluded that particle vibration 
plays a more important role than tensile stress in 
yielding of the cracks, and the blast hole spacing could 
signifi cantly aff ect the amount of cracks by infl uencing 
the particle vibration around the symmetry axis.

4  Conclusions

Based on the discrete element method, a series of 
numerical tests considering diff erent blast hole spacings 
and delay times of millisecond blasting are executed 
to study their eff ect on generating cracks. The main 
conclusions are as follows:

(1) Compressive stress superposition has little eff ect 
on crack distribution; however, tensile stress interaction 
and particle vibration have a signifi cant infl uence on the 
connection of cracks between two blast holes. According 
to the histories of the maximum tensile stresses and 
unbalance forces of the monitoring points for diff erent 
delay times, it is concluded that tensile stress interactions 
are mainly aff ected by the delay times of millisecond 
blasting, and particle vibrations around the symmetry 
axis are primarily aff ected by the blast hole spacings.

(2) Blast hole spacing plays a more important role 
than delay time in improving the connectivity and width 
of the fracture network. The delay time can also have 
an infl uence on manufacturing cracks in rock blasting; 
however, whether it works depends on the distance 
between the two holes. Once the spacing is beyond a 
certain range, a longer delay time could weaken the 
interaction of the shock wave, leading to a decrease of 
the crack amount.
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