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Abstract: Directional expansion of blast-induced crack is always the common purpose for directional controlled blasting. As it has 
been demonstrated that slot which located at the side of blasthole can function as a guidance for blast energy, let the stress 
concentration at the direction of water jet slot. Therefore, it is meaningful to investigate the influence factors of directional controlled 
blasting with water jet assistance. In this paper, the influence on the guiding characteristics of the water jet slot during the 
propagation of blast-induced crack by the change of length-width of slot was simulated by ANSYS/LS-DYNA. The results indicate 
that if the distance from blasthole exceeds the limit, the influence on the guiding characteristics by the change length-width of the slot 
will get smaller and smaller, and when the width of water jet slot remains the same, the stress shows a monotonic increasing trend 
with the increase of the length of water jet slot, and the stress reaches its maximum value when the length-width of water jet slot is 
0.075m×0.0070m. Moreover, based on stress wave theory and rock fracture theory, the influential mechanism for both the law of 
transmission of stress wave and of crack propagation by natural fracture and water jet slot were analyzed. The criteria for 
blast-induced crack propagation were established. 
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1. Introduction 

Directional controlled blasting technology is widely 

used in tunnel excavation and underground space 

engineering construction [1]. The best advantage of 

this kind of technology is the directional expansion of 

blast-induced crack [2, 3]. For this reason, many 

scholars have proposed and developed various 

directional controlled blasting technology [4-6]. In 

which, the directional controlled blasting technology 

with water jet assisted was proposed based on the 

unique properties of the water jet. The essence of this 

technology is the formation of stress concentration at 

the tip of the water jet slot during blasting, which 

plays a leading role in the propagation of 

blast-induced crack. For weak surrounding rock, 

protecting materials, such as plastic pipe and metal 

pipe was installing in the root of the blasthole, so the 

remained rock can be protected against damage during 
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blasting [7, 8], as shown in Fig. 1b. 

At the present, the guiding characteristics of the 

water jet slot during the propagation of the 

blast-induced crack have been demonstrated by many 

scholars [9, 10]. Therefore, an attempt was made to 

investigate the influence law on the directional crack 

by the size of the water jet slot and the natural fracture, 

so as to promote the further development of this 

technology. 

2. Simulation Study on the Influence Law of 
Guiding Characteristics by the Size of Water 
Jet Slot during the Propagation of 
Blast-induced Crack 

2.1 Numerical Simulation Model and Its Parameter 

Six simulation cases were conducted by 

ANSYS/LS-DYNA to understand the influence on the 

blast-induced crack propagation law by the size of the 

water jet slot. Due to the symmetry of the simulated 

object, both simulation cases applied a quasi-2-D 

simulation  model. The  parameters for  each case  are 
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(a) Ordinary directional controlled blasting with water jet assisted 

 
(b) Directional blasting with control blasting with blasthole protecting assisted by water jet 

Fig. 1  Directional controlled blasting technology with water jet assisted.  
 

shown in Table 4, and the simulation model of case 1 

is shown in Fig. 2. 

2.2 Material Model 

2.2.1 Explosive 

Material type 8 of LS-DYNA was chosen as the 

explosive model, and the pressure released by the 

chemical energy in the engineering calculations was 

modelled by the Jones-Wilkens-Lee equation of state. 

The JWL EOS can be written in the following form 

[11, 12]. 
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(a) Numerical simulation model 

(b) Enlargement of part A 

(c) Layout of monitoring points 

Fig. 2  Numerical simulation model of Case 1.  
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Table 1  Numerical simulation cases.  

Case number Size of rock (m) Diameter of blast hole (m) Length-width of water jet slot 

1 1.5×1.5×0.003 0.05 0.050×0.0035 

2 1.5×1.5×0.003 0.05 0.050×0.0070 

3 1.5×1.5×0.003 0.05 0.075×0.0035 

4 1.5×1.5×0.003 0.05 0.075×0.0070 

5 1.5×1.5×0.003 0.05 0.100×0.0035 

6 1.5×1.5×0.003 0.05 0.100×0.0070 
 

Table 2  Parameters of explosive and its EOS equation.  

ρe (kg/m3) νD (m/s) Pcut (MPa) A (MPa) 
1.93×103 9.93×103 3.37×104 3.71×105 

B (MPa) R1 R2 ω 

7.43×103 4.15 0.95 0.30 
 

Table 3  Parameters of air and its EOS equation.  

ρa (kg/m3) C0 C1 C2 C3 
1.25×103 -1×10-6 0.00 0.00 0.00 

C4 C5 C6 Ea0 Va0 

0.40 0.40 0.00 2.5×10-6 1.0 
 

Table 4  Parameters of rock.  

ρr (kg/m3) E (MPa) PR SIGT (MPa) ETAN (MPa) FS 
2.55×103 2.25×104 0.22 3.24 4.25×103 0.06 
 

where eP  is the pressure produced by the detonation 

products from explosive, where  , A , B , 1R  and 

2R  are user-defined input parameters, V  is the 

relative volume, and eE  is the internal energy per 

initial volume. 

2.2.2 Air 

Air was modelled by the material type 9 of 

LS-DYNA with the Gruneisen equation. The pressure 

aP  can be calculated by Ref. [13]. 
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where 0C , 1C , 2C , 3C , 4C , 5C  and 6C  are user 

defined constants, aρ  is density of air, aV  is the 

relative volume, 0aV  is the initial relative volume of 

air, aE  is internal energy, 0aE  is the initial internal 

energy of air, as shown in Table 3. 

2.2.3 Rock 

Material type 3 of LS-DYNA was applied to model 

the rock [14], and its parameters were shown in Table 4. 

 

2.3 Algorithm 

To avoid the large deformation problem of 

explosive during the blasting process, fluid-solid 

coupling algorithm was adopted. In which, ALE 

algorithm is used for explosive and air filled in the 

water jet slot, Lagrange algorithm for rock. The 

governing equations of ALE algorithm can be 

expressed as follow [11, 15]: 
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where xi is Lagrangian coordinate system, yi is 

Eulerian coordinate system, wi is relative velocity, ρ is 

the density, v is the particle velocity, E is Internal 

energy of unit mass, subscript i and j stand for the 

direction of coordinate. ij  is Cauchy’s stress tensor 

and can be expressed as the following equation: 

 , ,     ij ij i j j ip v v          (7) 

where δij is the Kronecker function. 

On the other hand, according to the characteristics 

blasting process, the time step of the simulation is 

0.67 μs, and the computation time is 0.0025 s. 

2.4 Simulation Results Analysis 

Post-processing software (LS-PREPOST) was used 

to draw the stress time-history curves for each case, as 

shown below. 

Figs. 3-6 show the radial stress history curve, 

tangential stress history curve, P-T history curve and 

effective stress history curve for each case 

respectively. By comparing these curves we can see 

that, for each curve of #1 monitoring point, the stress 

time history curves show different changing law with 

the change of the length-width ratio. However, the 

stress time history curves of #2 monitoring point show 

the same change law with the change of the 

length-width ratio. That is to say, the influence on the 

guiding characteristics by the change of the size of 

water jet slot during the propagation of blast-induce 

crack has its limit. If the distance from blasthole 

exceeds the limit, the influence on the guiding 

characteristics by the change of the size of water jet 

slot will get smaller and smaller. 

Moreover, from each stress time-history curve for 

#1 monitoring point we can see that when the width of 

water jet slot remains the same, the stress shows a 

monotonic increasing trend with the increase of the 

length of the water jet slot, and the stress reaches its 

maximum value when the length-width of water jet 

slot is 0.075m×0.0070m. 

 

3. Analysis of the Influence Law on the 
Blast-induced Crack propagation by Natural 
Fracture 

3.1 Transmission Law of Blast Stress Wave across 

Natural Fracture and Water Jet Slot 

Based on blasting theory [14, 16], huge stresses act 

on the wall of blast hole when explosive blast occurs, 

then the explosion stress wave forms and propagates 

in the rock. At the initial stage of blasting, P-wave is 

the mainly stress wave transmitted in the rock, 

therefore P-wave is defined to be positive in the 

present study. According to stress wave theory [17], 

when the P-wave impinges on the interface of two 

media, both reflection and transmission take place, as 

shown in Fig. 7. 
In which,   and   are respectively the 

emergence angles of the incident P-wave and the 

reflected S-wave. If the critical angles of the incident 
P-wave are defined to be c , there is  900 c , 

when the incident angles are greater than the critical 

angles, the emergence angles of reflected and 

transmitted waves are no longer real-valued, which 

will not be discussed in the paper. According to the 

conservation of momentum on the wave fronts, there 

are 

ip r p ip
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where ipv , rpv  and tpv  are the particle velocities of 

the incident, reflected and transmitted P-waves, 
respectively. rsv  and tsv  are the particle velocities 

of the reflected and transmitted S-waves, respectively, 

r  is density of rock, pc  and Sc  are, respectively, 

the P- and S-wave propagation speeds in the intact 

rock. According to Snell’s law, the relationship 
between   and   can be written as 
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(a) #1 monitoring point 

 
(b) #2 monitoring point 

Fig. 3  Radial stress history curve for each case.  
 

 
(a) #1 monitoring point 
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(b) #2 monitoring point 

Fig. 4  Tangential stress history curve for each case. 
 

 
(a) #1 monitoring point 

 
(b) #2 monitoring point 

Fig. 5  P-T history curve for each case.  
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(a) #1 monitoring point 

 
(b) #2 monitoring point 

Fig. 6  Effective stress history curve for each case 
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where r  is rock possion ratio. 

Moreover, as the water jet slot can be considered as 

man-made fracture, the reflection and transmission of 

the stress wave will occur at the interface of the water 

jet slot. The interaction of the transmitted waves will 

occur near the water jet slot. Based on stress wave 

theory [17], the stress-strengthened region will form 

because the directions of the propagation of those 

transmitted waves are similar to each other, as shown 

in Fig. 7b, in which the lines marked as ① and ② 

stand for stress strengthening line. Therefore, assume 
that nn  and nn  are the tresses on the interface of 

natural fracture respectively, they can be written as 

[18, 19] 

   
   

nn r p ip rp tp r s rs ts

nn r p ip rp tp r s rs ts

cos 2 + sin 2

sin 2 tg ctg cos 2
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Combine formula (8) and (9) with formula (10), we 

can get 

   
     

nn ip rp tp rs ts

2

nn ip rp tp rs ts

cos 2 + sin 2

2 sin cot cos 2 v v

       

      

    


    

(11) 

where ip , rp , rs , tp  and ts , are respectively, 

the stress value of incident P-wave, reflected P-wave, 

reflected S-wave, transmitted P-wave and transmitted 

S-wave. Based on blasting stress wave theory [16], the 

relationship between each other can be written as: 
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Fig. 7  Schematic diagram of blast wave propagation cross natural fracture and water jet slot. 
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where tanφ is friction coefficient of natural fracture. 

In addition, based on blasting theory [14, 16], when 

the natural fracture located in the crushed zone, ip  

can be calculated by formula (13): 

r

r

2
1r p e 0

ip
e e r p

2 cosc P r a

D c d





 

  
              

   (13) 

where rρ , aρ  and eρ  are , respectively, the density 

of rock, air and explosive., pc  is the P-wave 

propagation speeds in the intact rock, eP  is the 

detonation pressure of explosive, 0r  is the dimeter of 

blast hole, d  is the distance between natural fracture 

and blast hole,   is incident angle of blast shock 

wave, and r  is rock possion ratio. 

3.2 Criteria for Crack Propagation under Blast 

Loading 

When an explosive blast occurs, the explosion 

shock wave acts on the blast hole wall and forms 

micro-fractures, and the crack then propagates under 

the detonation gas quasi-static effect [14]. Meanwhile, 

due to the dynamic character of the rock, the rock 

located in the near-blasting field can be considered 
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fluid because the energy of the initial shock wave is 

much greater than the compressive strength of the 

rock, able to bear pressure rather than tensile force. 

Therefore, based on the maximum normal stress 

criterion, the failure criterion of the rock located in the 

blasting field under the shock wave loading can be 

written as formula (14). 

r
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where br  is the distance from blast hole, p  is the 

dynamic compressive strength of the rock, and   is 

the stress attenuation function of the shock wave 

during propagation in air. 

Meanwhile, because the natural fracture can be 

considered as a free surface during blasting, the 

tension wave will form when the shock compressional 

wave arrives at the natural fracture [14, 20]. As the 

strength of the extension is considerably smaller than 

the compressive strength of the rock, the rock will fail 

under the action of the tension wave based on the 

maximum tensile stress criterion, when the  90 , 

the tension reached stress its maximum value, and the 

rock failure criterion can be written as formula (15). 
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where c  is the dynamic tensile strength of the rock. 

In the similar way, when the natural fracture located 

in the reputed zone, the rock failure criterion can be 

written as formula (16). 
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After the effect of the shock wave, the detonation 

gas quasi-static effect becomes the main factor 

influencing crack propagation. In this paper, we focus 

on the blast-induced crack that propagates along the 

direction of the water jet slot, and to simplify analysis, 

the following hypotheses are made: I, The size of the 

rock is as large as possible; II, No other fractures or 

joints exist in the rock except the natural fracture and 

the water jet slot. 

Based on fracture mechanics, the instability of the 

fracture propagation belongs to the category of a 

Model I crack problem, and according to the Irwin 

fracture mechanics theory [21-23], for a model I crack, 

the fracture will propagate when the stress intensity 
factor IK  reaches a critical value ICK . Otherwise, 

the fracture will stop, which can be written as follows: 

icK KⅠ              (17) 

where IK  is the stress intensity factor of Mode I, and 

ICK  is the critical stress intensity factor (fracture 

toughness). IK  and ICK  are calculated as follows: 
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where 0  is the stress acting upon the fracture plane, 

bd  is the length of the blast-induced crack, rE  is the 

elastic modulus of the rock, γ  is the surface energy 

per unit area, and r  is the Poisson ratio of the rock. 

For the problem discussed in this work, IK  in the tip 

of the water jet slot can be determined as: 

 0 0 0K P F l r Ⅰ
       (19) 

where 0P  is the quasi-static pressure of the explosion 

gas, F  is the correction factor for the stress intensity 

factor, which is a function of the blast hole radius and 

the length of the crack, 0r  is the radius of the blast 

hole, and 0l  is the length of the water jet slot. 

Combining formulas (18) with (19), the quasi-static 

pressure of the explosion gas for the crack propagation 

along the direction of the water jet slot can be 

expressed as: 
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where 'P0  is defined as the pressure that allows the 

blast-induced crack to propagate along the direction of 

the water jet slot. 

4. Conclusions 

(1) The influence on the guiding characteristics by 

the change of the size of water jet slot during the 

propagation of blast-induce crack has its limit. If the 

distance from blasthole exceeds the limit, the 

influence on the guiding characteristics by the change 

of the size of water jet slot will get smaller and 

smaller. 

(2) When the width of water jet slot remains the 

same, the stress shows a monotonic increasing trend 

with the increase of the length of the water jet slot, 

and the stress reaches its maximum value when the 

length-width of water jet slot is 0.075m×0.0070m. 

(3) Based on stress wave theory and rock fracture 

theory, the influential mechanism for both the law of 

transmission of stress wave and of crack propagation 

by natural fracture and water jet slot were analyzed. 

The criteria for blast-induced crack propagation were 

established. 
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