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Keywords  Abstract 

Crack propagation in the low permeable reservoir rock as an explosive 

fracturing technique can be used to increase the permeability and 

productivity of unconventional reservoirs. This technique is the same as 

hydraulic fracturing but uses blast-induced shock waves and gas pressure to 

generate and propagate radial cracks around the wellbore in a particular 

reservoir. In this study, we want to simulate the explosion-induced crack 

initiation and propagation around a wellbore as a stimulation method of 

unconventional reservoirs using an analytical-numerical technique. Therefore, the dynamic crack initiation 

and propagation process of deep rock caused by the explosion is considered both analytically and 

numerically. The mechanical process of rock cracking under the action of an explosion stress wave is 

theoretically analyzed and simulated with a finite difference method. Then the coupling effect of explosion 

load in the form of shock wave and gas pressure is established numerically based on the two-dimensional 

explicit finite difference and displacement discontinuity methods, respectively. The analytical method 

involved the solution of the Lame-Navier equation in elasto-dynamics based on the Green’s function 

solution. The simulation procedure consists of coupling the explicit finite difference method with the 

displacement discontinuity method in the form of higher-order displacement discontinuities along the 

boundaries of the problem. All of the mentioned processes have been done in an oil field with a density of 

2.5 gr/cm3, Poisson’s ratio of 0.2, and elastic modulus of 20 GPa. The numerical results of this research 

show that shock waves are responsible for the initiation and propagation of radial cracks around the 

wellbore which in turn is filled with pressurized gas due to explosion. Then, these shock wave-induced 

radial cracks are propagating in the reservoir rock because of the explosive gas pressure inside them. This 

rock fracturing mechanism can help to improve the permeability and productivity of the highly low-

permeable reservoirs in horizontal wells.  

Explosive rock fracturing, 

Unconventional reservoirs, 

Green’s function, 

Displacement discontinuity 

method, 

Finite difference method, 

Radial cracks 

1. INTRODUCTION 
Explosive fracturing can be used to increase the 

productivity of the reservoir’s rock. The process 

is the same as that of hydraulic fracturing 

techniques but uses blasting to generate and 

propagate radial cracks around the wellbore in a 

particular reservoir. It is claimed that the 

application of hydraulic fracturing in the 

reservoirs with unconnected fractures, may not be 

effective. Therefore, it makes the feasibility study 

of alternative methods interesting. 
The explosive fracturing technique can be 

applied to initiate and propagate the radial 

fractures around a wellbore due to shock waves 
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and a large amount of gas produced by the 

explosion. Previously, some different waterless 

fracturing methods and explosive-based 

stimulation techniques were studied [1–5]. The 

explosion-induced fractures may be used for 

stimulating the reservoir rocks and increasing the 

oil and gas productivity of these reservoirs which 

can be an interesting subject in petroleum 

geomechanics. The implementation of explosive 

fracturing techniques has already been 

investigated as a productive oil/gas method [6]. 

Also, several already available explosives have 

been suggested for a waterless fracturing 

treatment as an alternative [7]. The results from 

some field applications of the explosive fracturing 

in New Mexico, Oklahoma, and Texas oil fields 

were exhibited in [8]. Moreover, an analytical 

investigation of the explosive fracturing in the oil 

and gas wells was performed using mathematical 

methods [9]. Some non-aqueous fracturing 

techniques (such as liquid CO2, nitrogen 

fracturing, foams, LPG fracturing, and explosive 

fracturing) for reservoir stimulation were also 

investigated and compared as alternatives to 

hydraulic fracturing [10–12]. The methane 

deflagration fracturing technology is one of the 

non-aqueous fracturing techniques that have been 

recently investigated by some researchers [13,14]. 

Rogala et al. concluded that in non-aqueous 

fracturing technologies, application of the 

explosive fracturing provides the most cost-

effective and environmentally friendly 

stimulation method [10]. Zhu et al. have studied 

improving reservoir permeability using electric 

pulse controllable shock wave [15]. Several 

studies were carried out on the initiation and 

propagation of the blast-induced radial cracks 

around the wellbore [16–18]. Sheng et al. 

proposed and solved flow behavior analysis of a 

complex-flow model for the explosive fracturing 

of a well in an unconventional reservoir [19]. 

Settgast et al. developed a new computational 

model for predicting late-time gas-driven 

fracturing using propellants and high explosives 

[20]. Some previous research has been focused on 

the numerical modeling and fractal analysis of the 

radial shock wave and fracture propagation in 

petroleum reservoirs [21,22]. 

Fracture mechanics has been applied to a 

range of rock engineering problems, such as 

explosive fracturing, rock cutting, hydraulic 

fracturing, and rock slope stability [23–28].  

Fracture mechanics is mainly applied in the 

domain of the principles of Linear Elastic Fracture 

Mechanics (LEFM) and used in rock fracture 

mechanics as a computational theory [29–31]. 

Investigation of the mechanical behavior of rocks 

affected by high explosion loads is difficult and 

costly. It is usually studied exclusively by 

instrumentation and experimental works. Besides, 

the explosion-induced fractures in rock propagate 

very quickly and the experimental work needs to 

take a lot of time and cost for the investigation of 

dynamic fracture mechanics in rocks. Therefore, 

dynamic rock fracture mechanisms have been 

studied by many researchers using experimental 

and sophisticated numerical methods [32,33]. 

Omidimanesh et al., have focused on the fracture 

propagation properties around an oil well [34]. 

Many other studies are focused on the effects of 

in-situ stresses and load density on the rock 

fracturing process to investigate crack initiation 

and propagation due to blasting [5,35]. Moreover, 

variations of the displacement discontinuity 

method considering the elastic and poroelastic 

media and the discrete element method were used 

by many investigators in geomechanics [23,36–

39]. They numerically modeled the mechanism of 

crack propagation of hydraulic fractures from a 

wellbore. However, long cracks formed by pre-

splitting blasting in deep holes have a significant 

impact on the control of subsequent excavation 

disturbances. The investigation of the dynamic 

evolution process of these long cracks which are 

usually in the form of radial cracks around the 

boreholes is practically beneficial for the design 

of deep hole blasting too.  

Numerous domestic and international 

investigations carried out to explain the 

mechanism of the rock cracking and fracturing 

process around the wellbores due to explosion. 

They considered the effects of the initial explosion 

stress wave and the foredooming explosion gas 

pressure on the rock mass failure and fracturing 

around the wellbores [4,33,40–43]. The crack 

length and area decrease as the initial stress 

increases. Many researchers [44,45] have found 

that cracks mainly propagate in the direction of 

high principal stress. They also claimed that both 

the stress wave distribution around the borehole 

and the effect of blasting gas affected crack 

initiation and early propagation [46]. 

It should be considered that the widely 

accepted traditional blasting of deep hole theory 

currently describes the blasting process by the 

combined action of explosive stress wave and 
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pressurized explosive gas. This theory explains 

that the stress wave generated by each blast hole 

first generates some initial micro-cracks and about 

6 to 12 radial cracks around the blast hole which 

expand further under the interference of the stress 

wave. Then the pressurized gas penetrates the 

crack surface under the static pressure of the 

explosion [47]. On the other hand, the induced 

unloading effects due to the surrounding rock 

cracking process under the original rock stress 

field complicate the dynamic crack propagation 

mechanism in the blasting operation. This concept 

emphasizes the significance of the simultaneous 

effects of explosion stress wave and explosion-

generated gas pressure in the process of crack 

formation around a borehole due to blasting. This 

concept shows the mechanism of radial crack 

propagation due to borehole explosion in a rock 

mass is very complicated and states that the 

instantaneous characteristics of rock blasting (by 

explosives) make determining the dynamic 

cracking process difficult [48]. 

In this study, to stimulate the host rock of the 

unconventional reservoirs, the explosion-induced 

crack initiation and propagation around a wellbore 

have been simulated using an analytical-

numerical technique. Thus, the general radial 

crack initiation and propagation around a wellbore 

in an Iranian oil field due to rock blasting is 

considered. As shown in the literature, most of the 

previous studies have been focused on hydraulic 

fracturing as a stimulation method. It should be 

noted that some researchers studied the rock 

fracturing methods using explosion, but they often 

focused only on the crack propagation due to gas 

pressure. The presented study has modeled crack 

propagation in rock reservoirs using both phases 

of explosion, shock wave, and gas pressure. The 

problem is treated analytically and numerically 

based on the concept presented in the previous 

paragraph. The numerical simulation procedure 

involves a coupled finite difference-boundary 

element approach. Moreover, the entire process of 

rock fracture, including crack initiation and 

propagation, is considered. 

 

2. Mathematical Formulations 
In this study, firstly the analytical solution for the 

crack initiation due to shock wave around the 

wellbore is considered to verify the numerical 

results predicted by the explicit finite difference 

code, FLAC2D. Then, two numerical schemes, 

namely the Finite Difference Method (FDM) and 

Indirect Boundary Element Method (IBEM) are 

used to model the explosion-induced radial cracks 

propagation around a wellbore. This numerical 

simulation scheme consists of two stages, firstly, 

modeling of cracks initiation because of shock 

wave propagation by considering the FDM 

method and, secondly, modeling of the radial 

crack propagation because of gas expansion 

considering the BEM method. The proposed 

method can completely model crack initiation and 

propagation process due to explosion. The process 

has been considered in both shock wave 

propagation and gas expansion phases. In this 

case, can be analytically and numerically modeled 

a stimulation technique for the unconventional 

reservoirs. 

 

2.1. Analytical Solution for Shock-wave 

Crack Initiation 
 Rock blasting impacts on the rock mass is a 

fundamental topic in rock mechanics. Rock 

blasting is a dynamic phenomenon that consists of 

two steps, namely shock wave propagation and 

gas expansion. The shock wave propagation step 

can be considered to analyze the explosion-

induced wave in the rock. The analytical solution 

was developed for two-dimensional in an elastic, 

isotropic, homogenous, and continuum media by 

[33]. 

In this study, the mentioned analytical solution 

is used to initiate the crack and then compare its 

results with the FDM method which will be 

explained in the next section. The analytical 

solution is presented as follows: 

The Navier's equations of motion were used as 

governing equations [49]. Green’s function was 

calculated to present the time-dependent 

explosion loading behavior. The general 

elastodynamic Green’s function was presented in 

terms of displacements. Moreover, the strain and 

stress are expressed based on the theory of 

elasticity by considering the analytical solution of 

displacement. 

 

2.1.1. Governing equations for elasto-dynamic 

behavior 

The general form of elastodynamic equation of 

motion is: 

𝜎𝑖𝑗,𝑗 + 𝜌𝑓𝑖 = 𝜌�̈�𝑖 (1) 

The motion of an isotropic, homogeneous 

elastic body is presented by Navier’s equation as: 
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(𝜆′ + 𝜇)𝑢𝑗,𝑗𝑖 + 𝜇𝑢𝑖,𝑗𝑗 + 𝜌𝑓𝑖 

= 𝜌�̈�𝑖(𝜆′ + 𝜇)∇(∇ ∙ 𝑢) + 𝜇∇2𝑢 + 𝑓 

= 𝜌𝜕2𝑢/𝜕𝑡2 

(2) 

where, the constant 𝜆′ is: 

𝜆′ = {

𝜆                                 𝑃𝑙𝑎𝑛𝑒 𝑠𝑡𝑟𝑎𝑖𝑛
2𝜆𝜇

(𝜆 + 2𝜇)
                  𝑃𝑙𝑎𝑛𝑒 𝑠𝑡𝑟𝑒𝑠𝑠

 (3) 

where 𝜆 is Lame constant and 𝜇 is the shear 

modulus. 

 

2.1.2. Presentation of the displacement of the 

Green’s function 

The Navier’s equation can present as follows [50]: 

𝜌𝑀𝑃 (𝑐𝑝
2∇2𝐴𝑝 −

𝜕2𝐴𝑝

𝜕𝑡2
) 

+𝜌𝑀𝑠 (𝑐𝑠
2∇2𝐴𝑠 −

𝜕2𝐴𝑠

𝜕𝑡2
) + 𝑓 = 0 

(4) 

Based on the Helmholtz theory, Poisson’s 

equation, namely ∇2𝜑 = 𝑞(𝑥) has the general 

solution as: 

𝜑 = − ∫
𝑞(𝑥′)

4𝜋|𝑥 − 𝑥′|
𝑑𝑣′

 

𝑎𝑙𝑙 𝑠𝑝𝑎𝑐𝑒

 (5) 

By considering a variety of steps presented in 

the [33] article, the displacement of the Green’s 

function can drive the following relationship: 

𝑢𝑗(𝑥, 𝑡)

= −𝛿𝑗𝑘∇2 (
𝑃𝑘(𝑡)

4𝜋𝜌𝑟
)

+
𝜕2

𝜕𝑥𝑗𝜕𝑥𝑘

(

𝑃𝑘 (𝑡 −
𝑟
𝑐𝑝

)

4𝜋𝜌𝑟
)

+ (𝛿𝑗𝑘∇2 −
𝜕2

𝜕𝑥𝑗𝜕𝑥𝑘

) (
𝑃𝑘 (𝑡 −

𝑟
𝑐𝑠

)

4𝜋𝜌𝑟
) 

(6) 

where 𝛿𝑗𝑘 is the Kronecker delta. 

 

2.1.3. Functions for evaluating strain and stress 

By applying the external loading, elastic rock 

media will be deformed. The deformation is 

presented by displacement and strain. After 

defining the displacement function, the strain can 

be obtained using the theory of elasticity, as 

follows [51,52]: 

휀𝑗𝑖 =
1

2
(𝑢𝑗,𝑙 + 𝑢𝑙,𝑗) (7) 

Then, by considering the above equation, the 

strain can be expressed as the following 

relationship: 

휀𝑗𝑙

=
3𝛿𝑗𝑘(𝛾𝑙 + 𝛾𝑗) − 18𝛾𝑗𝛾𝑘𝛾𝑙

4𝜋𝜌𝑟4
𝑝0𝜉𝑧1

+
6𝛾𝑗𝛾𝑘𝛾𝑙 − 𝛿𝑗𝑘(𝛾𝑙 + 𝛾𝑗)

4𝜋𝜌𝑟3
𝑝0𝜉𝑧2

+
−𝛾𝑗𝛾𝑘𝛾𝑙

2𝜋𝜌𝑐𝑝
2𝑟2

𝑝0𝜉 [𝑒𝑥𝑝 (−𝛼 (𝑡 −
𝑟

𝑐𝑝

))

− 𝑒𝑥𝑝 (−𝛽 (𝑡 −
𝑟

𝑐𝑝

))]

+
𝛾𝑗𝛾𝑘𝛾𝑙

2𝜋𝜌𝑐𝑝
3𝑟

𝑝0𝜉 [𝛼𝑒𝑥𝑝 (−𝛼 (𝑡 −
𝑟

𝑐𝑝

))

− 𝛽𝑒𝑥𝑝 (−𝛽 (𝑡 −
𝑟

𝑐𝑝

))]

+
2𝛾𝑗𝛾𝑘𝛾𝑙 − 𝛿𝑗𝑘(𝛾𝑙 + 𝛾𝑗)

4𝜋𝜌𝑐𝑠
2𝑟2

𝑝0𝜉 [𝑒𝑥𝑝 (−𝛼 (𝑡

−
𝑟

𝑐𝑠

)) − 𝑒𝑥𝑝 (−𝛽 (𝑡 −
𝑟

𝑐𝑠

))]

+
𝛿𝑗𝑘(𝛾𝑙 + 𝛾𝑗) − 2𝛾𝑗𝛾𝑘𝛾𝑙

4𝜋𝜌𝑐𝑠
3𝑟

𝑝0𝜉 [𝛼𝑒𝑥𝑝 (−𝛼 (𝑡

−
𝑟

𝑐𝑠

)) − 𝛽𝑒𝑥𝑝 (−𝛽 (𝑡 −
𝑟

𝑐𝑠

))] 

(8) 

By using the general form of stress-strain 

relationship as defined as follows [53–55]: 

𝜎𝑗𝑙 = 𝜆휀𝑚𝑚𝛿𝑗𝑙 + 2𝜇휀𝑗𝑙 (9) 

We can express the stress of each particle as 

follows: 

𝜎𝑖𝑗 = 𝜆𝛿𝑗𝑙 {
3𝛿𝑚𝑘−9𝛾𝑚𝛾𝑘

4𝜋𝜌𝑟4 𝛾𝑚𝑝0𝜉𝑧1 +

3𝛾𝑚𝛾𝑘−𝛿𝑚𝑘

4𝜋𝜌𝑟3 𝛾𝑚𝑝0𝜉𝑧2 +

−𝛾𝑚𝛾𝑘𝛾𝑚

4𝜋𝜌𝑐𝑝
2𝑟2 𝑝0𝜉 [𝑒𝑥𝑝 (−𝛼 (𝑡 −

𝑟

𝑐𝑝
)) −

𝑒𝑥𝑝 (−𝛽 (𝑡 −
𝑟

𝑐𝑝
))] +

𝛾𝑚𝛾𝑘𝛾𝑚

4𝜋𝜌𝑐𝑝
3𝑟

𝑝0𝜉 [𝛼𝑒𝑥𝑝 (−𝛼 (𝑡 −
𝑟

𝑐𝑝
)) −

(10) 
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𝛽𝑒𝑥𝑝 (−𝛽 (𝑡 −
𝑟

𝑐𝑝
))] +

𝛾𝑚𝛾𝑘−𝛿𝑚𝑘

4𝜋𝜌𝑐𝑠
2𝑟3 𝛾𝑚𝑝0𝜉 [𝑒𝑥𝑝 (−𝛼 (𝑡 −

𝑟

𝑐𝑠
)) − 𝑒𝑥𝑝 (−𝛽 (𝑡 −

𝑟

𝑐𝑠
))] +

𝛿𝑚𝑘−𝛾𝑚𝛾𝑘

4𝜋𝜌𝑐𝑠
3𝑟

𝛾𝑚𝑝0𝜉 [𝛼𝑒𝑥𝑝 (−𝛼 (𝑡 −

𝑟

𝑐𝑠
)) − 𝛽𝑒𝑥𝑝 (−𝛽 (𝑡 −

𝑟

𝑐𝑠
))]} +

2𝜇 {
3𝛿𝑗𝑘(𝛾𝑙+𝛾𝑗)−18𝛾𝑗𝛾𝑘𝛾𝑙

4𝜋𝜌𝑟4 𝑝0𝜉𝑧1 +

6𝛾𝑗𝛾𝑘𝛾𝑙−𝛿𝑗𝑘(𝛾𝑙+𝛾𝑗)

4𝜋𝜌𝑟3 𝑝0𝜉𝑧2 +

−𝛾𝑗𝛾𝑘𝛾𝑙

2𝜋𝜌𝑐𝑝
2𝑟2 𝑝0𝜉 [𝑒𝑥𝑝 (−𝛼 (𝑡 −

𝑟

𝑐𝑝
)) −

𝑒𝑥𝑝 (−𝛽 (𝑡 −
𝑟

𝑐𝑝
))] +

𝛾𝑗𝛾𝑘𝛾𝑙

2𝜋𝜌𝑐𝑝
3𝑟

𝑝0𝜉 [𝛼𝑒𝑥𝑝 (−𝛼 (𝑡 −
𝑟

𝑐𝑝
)) −

𝛽𝑒𝑥𝑝 (−𝛽 (𝑡 −
𝑟

𝑐𝑝
))] +

2𝛾𝑗𝛾𝑘𝛾𝑙−𝛿𝑗𝑘(𝛾𝑙+𝛾𝑗)

4𝜋𝜌𝑐𝑠
2𝑟3 𝑝0𝜉 [𝑒𝑥𝑝 (−𝛼 (𝑡 −

𝑟

𝑐𝑠
)) − 𝑒𝑥𝑝 (−𝛽 (𝑡 −

𝑟

𝑐𝑠
))] +

𝛿𝑗𝑘(𝛾𝑙+𝛾𝑗)−2𝛾𝑗𝛾𝑘𝛾𝑙

4𝜋𝜌𝑐𝑠
3𝑟

𝑝0𝜉 [𝛼𝑒𝑥𝑝 (−𝛼 (𝑡 −

𝑟

𝑐𝑠
)) − 𝛽𝑒𝑥𝑝 (−𝛽 (𝑡 −

𝑟

𝑐𝑠
))]}  

 

2.1.4. Analytical solution of the problem 

The problem is a two-dimensional blast hole in an 

elastic, isotropic, homogenous, and continuum 

medium whose elastic properties of rock mass and 

other features are similar to the article [56]. 

To present the displacement, strain, and 

stress around a typical blast wellbore, the 

equations that have been presented above, are 

considered. The seismic source in the blast 

wellbore is a time-dependent pressure function, as 

shown in Figure 1. 
The displacement is expressed against 

distance from the blast hole 𝑟 in which its 

variation for a constant time is present in Figure 2. 

As can be seen, there are two peaks in variations 

of displacement versus distance from the blast 

hole (r). These peaks are relevant to the near-field 

and far-field of the presented Green’s function 

(Equation 6). 
 

 
Fig. 1. An applied pressure pulse waveform for 

blast wellbore 

 
Fig. 2. Variations of displacement versus 

distance from blast hole (𝑟) 

Figure 3 indicates the displacement variations 

versus distance from the blast-wellbore (𝑟) for 

several constant times (shorter times). It is 

presented that as time passes, the near-field effects 

decrease and the far-field effects become 

governed. 

 
Fig. 3. Variations of displacement versus 

distance from blast wellbore 

The blast hole problem above has been 

modeled using the analytical solution and the 
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numerical simulation which will be expressed in 

the next section. The results of them are calculated 

and the results are compared as indicated in Figure 

4.  

 
Fig. 4. Comparison of displacement and stress 

parameters computed from Green's analytical solution 

and FDM numerical modelling 

 

2.2. Finite Difference Formulations 
The finite difference is approximation of 

derivatives which plays a central role in the 

numerical solution of governing partial 

differential equations (GPDE) in boundary value 

problems (BVPs). The mathematical expression 

of finite difference method (FDM) can be 

expressed in the form of 𝑓(𝑥 + 𝑎2) − 𝑓(𝑥 + 𝑎1). 

If a finite difference is divided by the differential 

increment ∆𝑎 = (𝑎𝑘+1 − 𝑎𝑘), 𝑘 = 1,2, … , 𝑛, one 

may get a difference quotient [57]. 

There are generally three basic types of FDM 

expressions i.e., forward, central, and backward 

finite differences (as shown in Figure 5) [58]. 

Forward difference method is presented as: 

∆[𝑓](𝑥) = 𝑓(𝑥 + ∆𝑎) − 𝑓(𝑥) (11) 

where 𝑓 is a function of BVP. 

Central difference method is expressed by: 

∆[𝑓](𝑥) = 𝑓 (𝑥 +
∆𝑎

2
) − 𝑓 (𝑥 −

∆𝑎

2
) (12) 

Backward difference method is introduced as: 

∆[𝑓](𝑥) = 𝑓(𝑥) − 𝑓(𝑥 − ∆𝑎) (13) 

 
Fig. 5. Three types of finite differences, 

Forward, Central, and Backward difference method 

The solution of solid-body, heat-transfer, or 

fluid-flow problems in FLAC invokes the 

equations of motion and constitutive relations, 

Fourier’s law for conductive heat transfer, and 

Darcy’s Law for fluid flow in a porous solid, as 

well as boundary conditions. Newton’s law of 

motion for the mass-spring system is: 

𝑚
𝑑�̇�

𝑑𝑡
= 𝐹 (14) 

When several forces act on the mass, Equation 

14 also expresses the static equilibrium condition 

when the acceleration tends to zero (i.e., 𝛴 𝐹 = 0, 

where the summation is over all acting forces). 

This property of the law of motion is exploited in 

FLAC when solving “static” problems. Note that 

the conservation laws (of momentum and energy) 

are implied by Equation 14, since they may be 

derived from it (and Newton’s other two laws). In 

a continuous solid body, Equation 14 is 

generalized as: 

𝜌
𝜕𝑢𝑖̇

𝜕𝑡
=

𝜕𝜎𝑖𝑗

𝜕𝑥𝑗

+ 𝜌𝑔𝑖 (15) 

where ρ = mass density; 

𝑡 = time; 

𝑥𝑖 = components of coordinate vector; 
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𝑔𝑖 = components of gravitational acceleration 

(body forces); and 

𝜎𝑖𝑗= components of stress tensor. 

 

2.3. Indirect Boundary Element Method 

Formulation 
In this study, the indirect boundary element 

method using higher order displacement 

discontinuities along the crack elements is used to 

numerically simulate the crack propagation in a 

rock mass. The displacement discontinuity 

method is based on analytical solutions to the 

Kelvin problem along the line crack. The method 

computes the crack opening and crack sliding 

displacements in the form of normal and shear 

discontinuities along the surface of a crack 

element. The method builds a discrete 

approximation of the displacement discontinuity 

function along a crack [59]. The general 

distribution of the displacement discontinuity 

function 𝑢(𝑒𝑙) is shown in Figure 6. For the 

constant element displacement discontinuity 

along the crack element of length 2𝑎, the function 

𝑢(𝑒𝑙) has the constant shear and normal 

components, 𝐷𝑥 and 𝐷𝑦  in the interval (−𝑎, +𝑎) 

[60]. 

 
Fig. 6. a) A displacement discontinuity element 

and distribution function, 𝑢(휀), b) displacement 

discontinuity components for a constant element of 

length 2𝑎 

The displacement discontinuity distribution 

can be described as a function of 𝐷𝑗 = (𝐷𝑥 ,  𝐷𝑦), 

from the negative side of the element to the 

positive one. Therefore, the 𝐷𝑗  function is defined 

as: 

𝐷𝑗 = 𝑢𝑗(𝑥, 0−) − 𝑢𝑗(𝑥, 0+),

𝑗 = 𝑥, 𝑦 
(16) 

The variation of the quadratic shape function 

of the displacement discontinuities over a straight 

crack line is indicated in Figure 7. 

 
Fig. 7. Quadratic variation of displacement 

discontinuity over a line crack element (Shou and 

Crouch, 1995) 

The quadratic shape function of the 

displacement discontinuities over a line crack is 

[61]: 

𝐷𝑗(휀) = 𝑁1(휀)𝐷𝑗
1 + 𝑁2(휀)𝐷𝑗

2

+ 𝑁3(휀)𝐷𝑗
3 

(17) 

where 𝐷𝑗
1, 𝐷𝑗

2, and 𝐷𝑗
3 are the quadratic nodal 

displacement discontinuities for the nodes 

1, 2, 𝑎𝑛𝑑 3, respectively. The shape function of 

𝑁1(휀), 𝑁2(휀), and 𝑁3(휀) for 𝑎1 = 𝑎2 = 𝑎3, are: 
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(18) 

The displacement discontinuity method which 

is the displacement version of the indirect 

boundary element method is modified for using 

the higher order displacement discontinuity 

elements and the special crack tip elements 

[24,31,62,63]. The quadratic element 

displacement discontinuity element is 

implemented in a two-dimensional code for crack 

analysis (TDDQCR). 

The crack tips are considered to be the singular 

points due to the high-stress concentration at these 

points. Therefore, the stress and displacement 

fields near the crack tips should be treated 

specifically using some special crack tip elements 

[26,60]. The special crack tip elements are 

implemented in TDDQCR code as shown in 

Figure 8. The displacement discontinuities for a 

crack tip element are estimated as: 
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(19) 

where 휀 is the distance from the crack tip and 

𝐷𝑥(𝑎) and 𝐷𝑦(𝑎) are the opening and sliding 

components of the displacement discontinuities at 

the center of the special crack tip element. 

 
Fig. 8. Characteristics of a special crack tip 

element for shear and normal displacement 

discontinuity components Dx(ε) and Dy(ε), 

respectively 

3. Numerical Modelling 

3.1. Finite Difference Modeling (FDM) 
The rock mass around the blast hole can be 

considered as a continuum therefore a continuum 

modeling approach can be used to solve the 

problem of crack initiation around a blasthole. In 

this research, the finite difference method (FDM) 

is used to simulate the process of radial crack 

initiation around a blast hole in an elastic rock 

medium. At the initial stage, the induced shock 

waves due to the explosion are considered to play 

the main role. Then the quasi-static radial crack 

propagation is modeled by indirect boundary 

element method to be explained in the next 

section. 

In this study, the crack initiation process 

because of explosion in a wellbore is modeled 

based on the finite difference method using the 

two-dimensional Fast Lagrangian Analysis of 

Continua [64]. The simulation of the dynamic 

processes for blasting of a hole in an infinite rock 

mass is performed in FLAC2D based on the 

specified dynamic boundary conditions [64]. 

These dynamic conditions are satisfied using 

absorbing boundaries which involves dashpots 

attached independently to the normal and shear 

directions along the problem boundaries [65]. The 

boundary tractions, ti can be expressed as: 

𝑡𝑖 = −ρ𝐶𝑖𝑣𝑖 , 𝑖 = 𝑛, 𝑠 (20) 

where 𝑣𝑛 and 𝑣𝑠 are the normal and shear 

components of the velocity at the boundary, ρ is 

the mass density and 𝐶𝑛 and 𝐶𝑠 are the primary (P) 

and secondary (S) wave velocities [64,66]. 

The viscous boundaries around the numerical 

models produce infinite propagation and 

absorption of waves without returning to the 

computing medium. The fracturing process in 

rock blasting by explosives is highly interesting in 

rock engineering applications but it is very 

complicated to be modeled numerically by the 

existing numerical methods. It is well established 

that the explosion can initiate and propagate radial 

cracks in the reservoir rock around a wellbore. It 

is also found that there are two main stages of 

crack initiation and propagation around the 

wellbore namely shock wave propagation and gas 

pressure expansion. At first, blast-induced shock 

waves propagate and can initiate radial cracks 

around the wellbore, it means that after the 

explosion the shock waves produced firstly and 

propagate around the blast hole producing radial 

cracks of reasonable lengths, and a highly 

pressurized gas of considerable volume is 

produced due to detonation of explosive materials 

which is responsible to extend the radial cracks 

and enhance their propagation into the rock mass 

around the wellbore. In this study, it is tries to 

couple both mentioned stages numerically to 

simulate the radial cracks initiation and 

propagation due to rock explosion. Therefore, an 

explosion is numerically modeled in a wellbore 

with a diameter of 0.2 m in an Iranian oil field. 

Figure 9 illustrates the geometrical characteristics 

and the far field boundary conditions for 

simulating the explosion effects around a 

wellbore. 

The blast hole problem shown in Figure 9 is 

considered a two-dimensional problem and the 

rock mass is considered to be homogenous, 

continuous, isotropic, and of linear elastic 

behavior. The explosive charge within the blast 

hole constitutes the explosion source and the 

explosive characteristics and the far-field stress 

conditions are given in Table 1 [67]. 
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Fig. 9. Schematics of explosion stimulation 

model in FLAC 2D 

 

Table 1. Characteristics of the studied area [68] 
Properties Values 

Depth (m) 4014.5 

Rock density (gr/cm3) 2.5 

Poisson’s ratio 0.2 

Elastic modulus (GPa) 20 

Uniaxial compressive strength (MPa) 20 

Cohesion (MPa) 14.3 

Friction angle (°) 46 

σHmax (MPa) 92.5 

σhmin (MPa) 82.2 

Explosive density (gr/cm3) 1.2 

Velocity Of Detonation-VOD (m/s) 4500 

 

The explosion source is represented as a time-

dependent pressure pulse or detonation pressure, 

𝑃𝑑. The blasting pressure (Pd) is the most 

important factor of the rock blasting mechanism 

and can be determined based on the explosive 

charge and rock mass properties. Many 

researchers worked on the subject for example 

[69,70] and proposed useful formulae for the 

detonation pressure. Jimeno et al., 1995 suggested 

a useful formula for detonation pressure based on 

the explosive density and the detonation velocity. 

 

2
6432 10

1 0.8
d

d e

e

V
P 


   


 (21) 

where 𝑃𝑑 is the detonation pressure in MPa, the 

explosive density is denoted as 𝜌𝑒 in 𝑔/𝑐𝑚3 and 

𝑉𝑑 is the detonation velocity in 𝑚/𝑠 [70]. 

The pressure pulse 𝑃(𝑡) is time-dependent and 

can be found based on the solution of a one-

dimensional shock wave equation in the form of 

several useful functions [4,71,72]. The cavity 

pressure due to explosion can be expressed in the 

form of two exponential functions [73]. 

    0 exp expP P N t t      (22) 

where 𝑃 is the explosion pressure, 𝑃0 is the 

maximum wall pressure and the variable 𝑁 is a 

normalizing factor which normalizes the 

maximum pressure to 𝑃0 [74]. For the case study 

of this research, the variable 𝑁 is estimated as 4. 

The frequency-dependent decay constants are 

given as the coefficients 𝛼 and 𝛽 in Equation 20, 

the following relations are suggested by Brady 

and Brown, 2005 for the decay coefficients α and 

β used in rock blasting. 

/ 4 2   (23) 

/ 2 2   (24) 
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2 2
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(26) 

In the above-mentioned equations, 𝜌𝑟 is rock 

density 𝑟𝑏 is borehole radius, cp is the P-wave 

velocity in the rock media, and K and μ are the 

bulk and shear moduli of the rock, respectively. 

Therefore, based on the characteristics listed in 

Table 1, the waveform generated by equation 15 

is the same as that already shown in Figure 1. 

The pressure pulse is numerically simulated in 

FLAC2D after the induced shock wave 

propagation around the wellbore in the continuum 

rock media. The symmetrically induced radial 

cracks (usually about 6 to 12 in number) are 

created around the wellbore. Considering the 

effects of shock wave propagation only and 

ignoring those of gas pressure, the plot of the 

plasticity zone around the wellbore is estimated by 

the finite difference model as shown in Figure 

10a. However, the created fracture zone around 

the wellbore demonstrates 8 major radial cracks 

which are propagated in the rock mass ignoring 

the micro-cracks and immature cracks in the 

fractured area. The schematic configuration 

pattern of the eight major radial cracks is 
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reproduced in Figure 10b which can be used for 

further studies in the next section. 

 
Fig. 10. a) Crack initiation around the wellbore, 

b) Sketch of the cracks pattern 

3.2. Coupled dynamic FDM-DDM method 
The mechanism of crack initiation and 

propagation around a blast hole in the form of 

radial cracks is considered to take place in two 

stages, the dynamic stage because of shock wave 

propagation and the quasi-static stage due to the 

pressurized gas expansion. Therefore, a dynamic 

finite difference method based on the central 

difference formulation (FLAC2D code) is 

adopted to model the first stage and a quasi-static 

higher-order displacement discontinuity method 

(TDDQCR code) is used to model the second 

stage.   

 

3.2.1. FDM modeling 

In the first stage, dynamic finite difference 

modeling is performed to determine the radial 

crack initiation around the wellbore using FLAC 

software. Therefore, the problem stated in the 

previous section has been numerically simulated 

here. The input geomechanical properties and the 

other features of the explosion have also been 

considered similar to those given in Table 1. The 

dimensions of the FDM model are 10×10 meters 

and the borehole radius is 0.1 meter. Moreover, to 

set dynamic boundary conditions for the infinite 

rock medium, the quiet or absorbing boundaries 

were previously described have been utilized. The 

geometry of the geomechanical problem is the 

same as Figure 8 of the previous section (section 

3.1). In the dynamic modeling stage of the 

problem using the finite difference approach, the 

far-field boundary conditions are the in-situ 

stresses and the characteristics of the shock wave 

pulse of explosive charges are considered as the 

input parameters. Then, the explicit central finite 

difference scheme implemented in the two-

dimensional Fast Lagrangian Analysis of 

Continua (FLAC2D) computer code [64] was 

used to solve the problem. The results of the 

dynamic modeling stage showed the radial crack’s 

initiation patterns in the rock mass embedded in 

the wellbore. In the second stage, the initiated 

radial crack patterns of the first stage, the far-field 

stresses, and the gas expansion’s properties of 

explosive materials are considered as input 

parameters. The results of this stage are exactly 

similar to those shown in Fig 10. The quasi-static 

boundary element modeling scheme implemented 

in the two-dimensional displacement 

discontinuity code using quadratic elements for 

crack analysis (TDDQCR) is used for the problem 

solution as explained in the next section. 

 

3.2.2. Quasi-static DDM modeling 

The initiated radial crack patterns estimated by 

FDM and shown in Figure 10b are used in the 

second stage of the modeling process. In this 

stage, it is assumed that the driving force of the 

highly pressurized gas produced in the explosion 

stage is responsible for propagating the radial 

cracks around the blast hole. The indirect 

boundary element method using the quadratic 

variation of displacement discontinuities along a 

line crack is modified for crack analysis and 

implemented in the TDDQCR code. The radial 

crack’s pattern resulting from the dynamic crack 

initiation due to shock waves as given in Figure 

10b is modeled by TDDQCR in which its 

formulations are briefly explained and, in this 

code, the theoretical background section of this 

research work. The results of this second stage of 

numerical simulation show that the pressurized 

explosion-induced gas plays a dominant role in 

further propagating the radial cracks within the 

rock mass which can be concluded that the 

propagation mechanism of the radial cracking of 

the rock around the wellbore is governed mainly 

by the pressurized gas driving because these gases 

formed in detonation and exert an exceedingly 

high pressure while flowing within the radial 

cracks. This induced gas pressure exerts outward 

pressure into the wellbore walls and radial cracks 

which is dependent upon the detonation pressure 

generated by the explosive and the explosive 

confinement in the wellbore [75]. In most cases, 

the gas pressure is usually of the order of 50% to 

60% of the detonation pressure as given in 

Equation 19. Figure 11 shows the propagated 

radial cracks pattern after the gas expansion 
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modeling stage based on the above description 

and using the Table 1 properties. It means that the 

propagation mechanism of the radial crack’s 

patterns due to the explosion of a rock media 

around a wellbore has been simulated and the 

resulting cracks pattern is shown in this figure. 

 
Fig. 11. Quasi-static modeling of propagation 

mechanism of explosion-induced radial cracks pattern 

around the wellbore 

Figure 11 demonstrates the propagation 

mechanism of 8 radial cracks around the wellbore 

which eventually increase its productivity. The 

radial cracks are of two different lengths shown as 

1 (which can extend to 141.44 cm in length) and 

2 (which can extend to 136.4 cm in length). If the 

far-field stress is equal (a hydrostatic stress 

condition) then these two lengths are 

approximately equal and the radial cracks are 

symmetric. In the present case study, radial cracks 

1 are propagated in the direction of the maximum 

horizontal stress (𝜎𝐻𝑚𝑎𝑥) and are longer compared 

to radial cracks 2 which propagated in the 

direction of minimum horizontal stress (𝜎ℎ𝑚𝑖𝑛). 

Moreover, inhomogeneity and anisotropy 

have significant effects on the radial crack length 

and their patterns. Pre-existing fractures in the 

host rock and some other failures in the host rock 

can also affect the radial crack propagation 

patterns due to explosion. However, these 

effective parameters are not relevant in the present 

study. 

 

4. Crack Propagation around a 

Horizontal Wellbore 

The same procedure as explained above is done 

for crack propagation around the horizontal 

wellbore. To perform this procedure, four 

hydraulic fracturing with equal lengths are 

numerically analyzed on each side of the 

horizontal wellbore. Because of the symmetry of 

the problem, a line of symmetry is considered as 

the boundary element, as shown in Figure 12. 

The linear elastic fracture mechanics 

principles (LEFM) are adopted in TDDQCR code 

based on the Mode I and Mode II stress intensity 

factors and maximum tensile stress criterion to 

model the hydraulic fracturing process in the 

horizontal wellbore [23,33,39,67,76,77]. 

It is essential to mention that the first and 

second mode intensity factor namely 𝐾𝐼  and 𝐾𝐼𝐼, 

namely the center slant crack problem are 

presented as follow [78]: 

𝐾𝐼 = 𝜎√𝜋 𝑏 sin2 𝛽       𝑎𝑛𝑑       

𝐾𝐼𝐼 = 𝜎√𝜋 𝑏 sin 𝛽 cos 𝛽 
(27) 

The explosion gas pressure can be numerically 

modeled to produce a hydraulic fracturing process 

of a horizontal wellbore driven in an 

unconventional hydrocarbon reservoir. Figure 13 

indicates the results obtained for different 𝛽. The 

numerical models are run for a maximum of 20 

steps of crack propagation. The effect of 𝛽 is 

analyzed on crack propagation. For instance, for 

𝛽 = 0.5 the inner cracks have not propagated 

completely because of the impact of the outer 

crack. 

 
Fig. 12. A sketch of horizontal wellbore with 

hydraulic fracturing geometry 
 

 
Fig. 13. Crack propagation for different value of 

𝛽: a) β = 0.125, b) β = 0.25, c) β = 0.5, d) β = 0.75, e) 

β = 1.0, f) β = 1.25, g) β = 1.5, and i) β = 2.0 
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5. Conclusion 

The mechanism of radial crack initiation and 

propagation due to rock blasting by explosives 

around a wellbore at a deep formation are studied 

analytically by a Green’s function solution of the 

Lame-Navier equation in elastodynamics. Then, 

the same problem is numerically simulated by 

FDM using FLAC2D, and by coupled FDM-

DDM using FLAC2D-TDDQCR, respectively. 

The results are self-supporting and useful for 

understanding the mechanism of rock cracking 

around a borehole. The following main 

conclusions are gained through these analyses: 

 The proposed analytical and numerical 

approaches can be well-used to simulate the 

radial crack propagation and to predict the crack 

patterns around the wellbore due to an 

explosion. 

 It can verify the applicability of the explosion 

process for stimulating the wellbore and 

increasing productivity in an oil field. 

 The resulting radial crack patterns and their 

lengths may be changed (increased or 

decreased) using stronger or weaker explosive 

materials based on project requirements and 

conditions. 

 The explosion gas pressure can be numerically 

modeled to produce a hydraulic fracturing 

process of a horizontal wellbore driven in an 

unconventional hydrocarbon reservoir. 

It should be noted that in this study only the 

major initiated radial cracks are considered in the 

cracks’ propagation stage, whereas, the immature 

and smaller initiated dynamic cracks may increase 

the effect of the explosion in the dynamic 

fracturing which should be studied in future 

researches. 
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