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1. Introduction

Directional blasting (Xue et al., 2019; Bhagat et al., 2020) is 

commonly used in mining engineering, which assures smooth 

blasting surfaces along the connecting lines of blasting holes at 

expected positions. Numerical simulations help engineers improve 

the blasting designs such as explosives and spacing of blasting 

holes where the numerically-obtained cracking patterns can be 

used to quantify the blasting effects. Many researchers have 

also made many achievements with numerical methods. For 

example: Jiao et al. (2007) studied stress wave propagation in 

jointed rock using DDA; Hu et al. (2018) developed a 4D-LSM 

model to study the propagation and attenuation of stress waves 

in underground chamber explosions; Based on the modified 

piece-wise Drucker–Prager model, Zhou et al. (2008) studied 

the dynamic response and damage prediction of concrete slabs.

During blasting, rock fractures are induced by explosive stress 

wave as well as successive gas pressure. When the former effects 

create initial cracks around the blasting holes, the latter effects 

expand the small cracks and split the rocks (Xu et al., 2022). 

Many sophisticated numerical methods proposed in recent decades 

can properly capture the initiation, and propagation of cracks in 

quasi-brittle materials. Some were built in the framework of 

remeshing (Areias et al., 2013,  2015; Mejia Sanchez et al., 2020), 

crack/discontinuity embedded (Zhang et al., 2015; Zhang and 

Zhuang, 2018, 2019; Mu and Zhang, 2020; Zhang and Mang, 

2020; Zhang et al., 2021a, 2022), crack/damage degree enriched 

models (Zheng and Xu, 2014; Miehe et al., 2015; Yang et al., 

2016; Wu, 2017; Wu and Nguyen, 2018; Wu et al., 2019). Some 

others were built in the framework of particle and non-local 

models (Rabczuk and Belytschko, 2004, 2007; Rabczuk et al., 

2010; Fei and Gilles, 2011; Nikolić et al., 2018; Li et al., 2020; Zhao 

et al., 2020; Zhang et al., 2021b). The mentioned methods have 

their own advantages and disadvantages in terms of efficiency, 

stability, complexity, and versa- tility. In our study, we would like 

to capture the large-scale crack splitting processes during rock 
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When simulating the directional blasting process, many researchers focus on the cutting and 
splitting effects who might pay more attention on the crushing effects when studying conventional
cut blasting. In this case, a numerical tool capable of capturing the strong discontinuity 
processes of quasi-brittle materials is highly preferable, where many blasting parameters 
should be calibrated and inputted. In this work, a hybrid finite-discrete elements method with 
explicit iterative procedure named Continuous-Discontinuous Elements Method (CDEM) is 
adopted to study the directional rock blasting processes. Landau model is used to capture the 
detonation effects, where the parameters are calibrated by comparing to the results provided 
by published literatures. We found that: i) The crack propagation mode of directional rock 
blasting is similar to those found in Brazilian splitting tests where the crack initiates from the 
midpoint of the connecting line of blast holes; ii) Compared with traditional cut blasting, the 
free surface has no significant influence on the blasting effect of directional cut blasting, while 
the spacing of the hole has great influence on the cutting effect. The index of fracture degree 
can be used to evaluate the blasting effect quantitatively. This work partly reveals some 
cracking patterns and rules of directional rock blasting, which may assist the engineers to 
develop improved precise blasting technologies.
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blasting. The processes last for several microseconds and over 

hundreds micro cracks can initiate. Large displacement and 

potential contacts between blasted pieces should also be considered. 

Considering the efficiency and numerical robustness of explicit 

iterative procedures when dealing with dynamic fractures, we 

adopt the Continuous-Discontinuous Element Method (CDEM) 

(Zhu et al., 2021; Li et al., 2022; Yue et al., 2022) to numerically 

simulate the directional rock blasting processes. In our case 

studies, different cut hole spaces are considered. The stress levels, 

damage and crack degrees are taken to quantify the blasting 

processes. We found that:

1. Directional fracture blasting will form an obvious 

compression zone in the direction of the hole connecting 

line after blast stress wave interference, and induce the 

crack to extend from the midpoint of the hole connecting line 

to the adjacent blast hole, which is similar to the law of 

Brazil splitting.

2. For directional fracture rock blasting, the distance between 

blast holes is a very important factor. When the hole spacing 

is too large, the blasting energy can not be effectively 

concentrated in the direction of the hole connecting line, 

resulting in poor directional cutting effects.

2. Model

2.1 Basic Principles of CDEM Method
The Continuous-Discontinuous Element Method(CDEM) is a 

hybrid continuous and discontinuous media calculation method 

based on explicit integration algorithms. The control equation is:

, (1)

where Q is the non-conservative force; u is the displacement; L is the 

Lagrangian function, which is the sum of kinetic energy, elastic 

energy and the work done by conservative forces. For a domain Ω, L

is

, (2)

where ρ is the density; σ and ε are the stress and stain respectively; 

f is the physical force.

In the framework of CDEM, the whole domain is discretized by 

block and interface elements, where each of the latter connecting 

two of the former. The interface elements are represented by a 

series of springs, the breakages of which indicate cracking 

processes, see Fig. 1. If there are joints and other initial cracks 

in the domain, no springs will be embedded in those positions.

Correspondingly, for these block and interface elements, 

different material laws are considered. Since rock is considered 

to be a quasi-brittle material, the block element is described by 

linear elasticity and the interface element is described by fracture 

energy model. Both block element model and interface element 

model are written in incremental form as:

2.1.1 For Block Element

(3)

where σij and Δσij are the total and incremental stress tensors, 

Δεij is the incremental strain tensor; Δθ is the incremental bulk 

strain; K is the bulk modulus; G is the shear modulus; δij is the 

Kronecker delta; t1 is the next timestep, t0 is the current timestep.

2.1.2 For interface element

, (4)

where Fn, Ft are the normal and tangential contact forces; kn, ks
are the normal and tangential contact stiffness; Ac is the area of 

the interface element; Δdun, Δdus are normal and tangential 

relative displacement increments.

The tensile and shear failure states and material rules of the 

interface element are determined by Eqs. (5) and (6).

(5)

where σt0, σt(t0) and σt(t1) are the initial, current, and next time 

steps tensile strength of the interface element; Δun is the normal 

relative displacement of the interface element at current time 

step; Gft is the tensile fracture energy.

In addition, three types of damage indicators are defined to 

describe the types of damage of the interface element as

(6)
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Fig. 1. Elements and Interface Elements Used in the CDEM
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where α, β and χ are the tensile, shearing, and hybrid damage 

indicators respectively. When any of these three indicators reaches 

1, the interface element will completely break.

The iterative procedure of CDEM is shown in Fig. 2.

2.2 Single Hole Blasting Test
The Landau detonation model is adopted for the blasting loads 

and the adiabatic expansion model is used for the air adiabatic 

expansion induced by the blasting. The pressure and volume of 

the gas are determined by

, (8)

where P, V are the transient pressure and volume of the high-

pressure gas, (·)0 and (·)k represents the parameters at the initial 

time step and time step with the boundary pressure Pk. γ and γ1
are the adiabatic exponents at first and second stages, where 

γ  = 3 and γ1 = 1.333 are taken. The boundary pressure Pk is 

determined by

, (9)

where Qw is the explosive heat; ρw is the charge density.

To test and verify the blasting model, the single hole blasting 

test studied in (Cho et al., 2008) is simulated. A square PMMA 

plate (300 mm × 3 00 mm) with a diameter 6.7 mm single blasting 

hole is considered. Non-reflective boundaries are set on all 

boundaries. The model is discretized into 5956 triangular block 

elements and 35736 interface elements, see Fig. 3. The material 

parameters and blasting parameters are listed in Tables 1 and 2.

We simulate Case C in (Cho et al., 2008). The results are shown 

in Fig. 4, com-paring to the result provided in (Nakamura, 1999; 

Cho et al., 2008). Figs. 4(a) − 4(c) show the X-direction 

acceleration at different times. It can be found that an instant 

acceleration of up to 5.0·105 m/s2 was generated around the charge 

hole after explosion. Then the blasting stress wave propagated 

when the acceleration decreased. The main crack started to form 

at around 0.411 μs. There are five main cracks are distributed in 

a cross shape. In the gaps between these main cracks, there are 

several shorter radial cracks in the center. The finally obtained 

cracking pattern shown in Fig. 4(d), whether the number of 

cracks or the distribution characteristics of cracks, the simulation 

results in this paper are similar to those which are experimentally 

and numerically obtained results provided in (Nakamura, 1999; 

Cho et al., 2008). This test indicates the proposed model can 

capture the continuous-discontinuous processes of blasting of 

quasi-brittle materials.

3. Numerical Study of Directional Fracture Rock 
Blasting

3.1 Model
To study directional fracture rock blasting, a plane with six 

blasting holes filled with No.2 emulsion explosive is considered, 

where the diameters of the blast holes are 22.5 mm, see Fig. 5. 
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Fig. 2. Flow Chart of CDEM Solution

Fig. 3. Numerical Model of PMMA Plate

Table 1. PMMA Plate Main Parameters

Material Properties Value

Density ρ (kg/m3) 1,180

Modulus of elasticity E (GPa) 6.1

Poisson’s ratio μ (-) 0.31

Cohesive force c0 (MPa) 30

Tensile strength σt0 (MPa) 30

Tensile fracture energy Gft (Pa·m) 100

Angle of internal friction φ (o) 35

Table 2. PETN main parameters

Material Properties Value

Charge density ρw (kg/m
3) 1,770

Explosive heat Q (kJ/kg) 5,895

Boundary pressure Pk (GPa) 3.2
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The three boundaries are non-reflective boundary conditions and the 

top boundary is free. Considering different H and L, four cases are 

designed, see Table 3. The mechanical parameters of rock and the 

main parameters of explosives are shown in Tables 4 and 5.

3.2 Failure Pattern
Case 2 is taken to show the cracking pattern of directional rock 

blasting. The velocity results are shown in Fig. 6. After explosion, 

the velocity around the blasting hole reached 50 m/s in a short 

period. At around 75 μs, the blasting waves of adjacent blasting 

holes interacted. When the main crack formed along the connecting 

lines of blasting holes, its width increased very quickly. At 

around 800 μs, the plane was separated and the upper half block 

fled at a speed of 30 − 40 m/s.

The minimum principal stress is shown in the Fig. 7. In the 

beginning of the explosion, high compression stress was formed, 

leading to radial small cracks around blasting holes. When 

T = 75 μs, the blast stress wave interfered, and there was no 

crack in the direction of the hole line at this moment. At T = 

100 μs, a compression zone appeared in the direction of the 

hole line. At this time, the peak pressure in the compression 

zone was not large, so only small part of the rocks were fractured. 

Some short transverse cracks first appeared in the center of the 

hole line. Then, at T = 257 μs, with the interactions of blasting

waves from adjacent blasting holes, the peak pressure in the 

Fig. 4. Single Hole PMMA Plate Blasting Results (Figs. 4(e) and 4(f) are Redrawn Based on the Results from Reference (Nakamura, 1999; Cho et al., 2008), 
where 4(e) Shows the Experimental Results and 4(f) Shows the Numerical Simulation Results)

Table 3. Four Cases of Directional Fracture Blasting Design

Scheme number L/mm H/mm

Case 1 557 600

Case 2 557 650

Case 3 607 650

Case 4 655 600

Table 4. Rock Main Mechanical Parameters

Material properties Value

Density ρ (kg/m3) 2,700

Modulus of elasticity E (GPa) 99.3

Poisson’s ratio μ (−) 0.28

Cohesive force C (MPa) 20

Tensile strength T (MPa) 8.11

Angle of internal friction φ (o) 56.2

Tensile fracture energy Gft (Pa.m) 500

Shear fracture energy Gfs (Pa·m) 1,000

Table 5. No.2 Emulsion Explosive Main Parameters

Material properties Value

Charge density ρw (kg/m
3) 1,150

Explosive heat Q (kJ/kg) 3,100

Boundary pressure Pk (GPa) 70

Fig. 5. Directional Fracture Rock Blasting Model
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compression zone increases sharply and a large number of rocks 

were fractured, the main crack formed and stress redistribution 

occurred.

The damage degrees are shown in Fig. 8. In this figure, 0.0 

represents undam- aged and 1.0 represents damaged and cracked. 

The damage is snowflake shape when the explosive detonated. 

At around 257 μs, many small cracks appeared before the 

formation of main crack.

3.3 Case Studies
Cases 1 to 4 are designed to study the influences of H and L on 

blasting effects considering the same amount of explosives. The 

cracking patterns is shown in Fig. 9. In all four cases, there is a 

crack running through the line of blast hole, and the fracture zone 

around the hole is small, a relatively complete half-hole shape can 

still be seen. In general, the results were very similar. The blasting 

rock fracture shows a splitting crack pattern. Around the blasting 

holes some radial small tensile cracks appear the length of which is 

approximately 5 − 10 times the diameter of the blast hole. Because 

of wave reflection at the free surface, cracks can also be found near 

the free surface. For same value of H, smaller L (Cases 2 and 3) 

leads to smooth cracking surface while larger L (Cases 1 and 4) may 

create zigzag cracking surface and over-break.

The evolution of the fracture degree is shown in Fig. 10, 

indicating very similar pattern before 280 μs. After 280 μs, Case 

4 showed larger damage degrees, mainly induced by the zigzag 

crack path. Furthermore, to quantitatively evaluate the directional

blasting effects, the damage degrees of the rock under the 

blasting holes are checked and shown in Fig. 11. Within the 

range of 0.1 m above the blasting holes, damage degree of Case 

4 was the highest and that of Case 2 was the lowest. These results 

indicated that Case 4 may lead to uneconomic overbreak. Cases 

2 and 3 were better in which the main crack of Case 3 was longer. 

Hence, Case 3 gave the best results.

4. Conclusions

In this work, we study the directional rock blasting by a Continuous 

Fig. 6. Velocity at Different Times

Fig. 7. Minimum Principal Stresses at Different Times

Fig. 8. Damage Degrees at Different Times



3596 Y. Li et al.
- Discontinuous Elements Method (CDEM). Considering different 

blasting designs, some rules are obtained and the best design is 

determined with qualitative and quantitative studies. The main 

findings are:

1. Continuous-discontinuous element method can well simulate 

the continuous-discontinuous process of quasi-brittle material 

such as rock subjected to blasting loads taking into account 

large deformations and contact of block elements. The 

damage of rock can be quantified more intuitively by 

damage degree.

2. Directional fracture blasting will form a compression zone 

in the direction of the hole connecting line after blast stress 

wave interference, and induce the crack to extend from the 

midpoint of the hole connecting line to the adjacent blast 

hole. Finally the rock is slit into two blocks.

3. For directional rock blasting, the distance between blast 

holes is an important fac- tor. When the hole spacing is too 

large, the directional cutting effect will be poor and zigzag 

main cracks will appear. Compared with the hole spacing 

parameter, the distance from the free surface has no significant 

effect on the blasting effect. By checking the cracking pattern 

and damage degree, best and most economical design can 

be obtained.
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