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Abstract This paper presents a simple method to evaluate

the two-dimensional fragmentation zone induced by gas

pressure during blasting in rock. The fragmentation zone is

characterized by analyzing crack propagation from the

blasthole. To do this, a model of the blasthole with a

number of radial cracks of equal length in an infinite elastic

plane is considered. In this model, the crack propagation is

simulated by using two conditions only, the crack propa-

gation criterion and the mass conservation of the gas. As a

result, the stress intensity factor of the crack decreases as

crack propagates from the blasthole so that the crack length

is determined. In addition, gas pressure inside blasthole

also continues to decrease during crack propagation. To

validate suggested analytical solution, discrete element

method is used by comparing length of propagated crack

due to blasting.

Keywords Blasting � Crack propagation � Fragmentation

zone � Gas pressure � Stress intensity factor

List of symbols

c Adiabatic exponent

DM Mass change of gas (kg)

DV Change of volume (m3/m)

DVblasthole Change of blasthole volume (m3/m)

m Poisson’s ratio

q Density of explosive (kg/m3)

qg Density of the gas (kg/m3)

qgi Density of the gas at the moment of crack

initiation (kg/m3)

E Elastic modulus of the rock (Pa)

fZ Summation of dimensionless functions of

crack volume and blasthole volume in problem

Z (A, B) ð¼ f crackZ þ f blastholeZ Þ
f blastholeZ

Dimensionless function of blasthole volume in

problem Z (A, B)

f crackZ
Dimensionless function of crack volume in

problem Z (A, B)

KI Stress intensity factor for mode I (Pa m1/2)

KIc Fracture toughness for mode I in rock

(Pa m1/2)

KIZ Stress intensity factor for mode I in problem Z

(A, B) (Pa m1/2)

kcrackIZ
Dimensionless function of stress intensity

factor for mode I in problem Z (A, B)

l Length of crack propagation (m)

Mblasthole Mass of gas in the blasthole (kg)

Mcrack Mass of gas in the crack (kg)

Mi Mass of gas in the blasthole at the moment of

crack initiation (kg)

N Number of cracks

p0 Gas pressure (Pa)

pA Gas pressure applied to the blasthole (Pa)

pB Gas pressure applied to the crack (Pa)

& Ki-Il Song

ksong@inha.ac.kr

Youngjong Sim

yjsim@lh.or.kr

Gye-Chun Cho

gyechun@kaist.edu

1 Land and Housing Institute, Korea Land and Housing

Corporation (LH), 539-99 Expo-ro, Yuseong-gu,

Daejeon 34047, Korea

2 Department of Civil and Environmental Engineering, Korea

Advanced Institute of Science and Technology (KAIST),

Daejeon 34141, Korea

3 Department of Civil Engineering, Inha University,

100 Inha-ro, Nam-gu, Incheon 22212, Korea

123

Rock Mech Rock Eng (2017) 50:2177–2192

DOI 10.1007/s00603-017-1210-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-017-1210-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-017-1210-6&amp;domain=pdf


pi Gas pressure at the moment of crack initiation

(Pa)

PB Maximum blasthole pressure (Pa)

r Blasthole radius (m)

rc Decoupling ratio (i.e., explosive diameter/bore

hole diameter)

V Total deformed volume of blasthole and crack

(m3/m)

Vblasthole Deformed volume of the blasthole by gas

pressure (m3/m)

Vcrack Deformed volume of the crack by gas pressure

(m3/m)

Vblasthole
Z

Deformed volume of blasthole in problem Z

(A, B) (m3/m)

Vcrack
Z

Deformed volume of crack in problem Z (A,

B) (m3/m)

Vi Deformed volume of the blasthole by gas

pressure at the moment of crack initiation (m3/

m)

VOD Velocity of detonation (m/s)

1 Introduction

It is of great importance to evaluate a blasting-induced

fragmentation zone beyond the proposed excavation line of

a tunnel because the unwanted damaged zone requires

extra support systems for tunnel safety. However, com-

plicated blasting process which may hinder a proper

characterization of the damaged zone can be effectively

represented by two loading mechanisms (e.g., Brinkman

1987). The first one is a dynamic impulsive load generating

stress waves that radiate outwards immediately after det-

onation. This load creates a crushed annulus around

blasthole with many radial cracks (fracture zone in Fig. 1)

and remains in the order of micro-seconds. The second one

is a gas pressure that remains for a few micro-seconds,

which is relatively long time. Since the gas pressure

reopens up the arrested cracks and continues to extend

some cracks, it contributes to the formation of fragmenta-

tion zone (Fig. 1) induced by blasting.

Although Fjellborg and Olsson (1996), Olsson et al.

(2004), Mindess (1991), Rossmanith (1983) and Maji and

Wang (1992) carried out experimental test to predict the

blasting-induced crack propagation, they do not explain the

mechanisms involved with the fragmentation process.

Recent advances in the numerical simulation tools

which have powerful computational functions have made

numerical analysis a most promising approach to study the

fracturing processes in rock mass. Particularly, to simulate

the crack propagation due to blasting, various numerical

methods have been used. Zhu et al. (2007a, b), Chen and

Zhao (1998) and Ma et al. (1998) conducted numerical

study with AUTODYN code for simulation of rock frac-

turing. AUTODYN code has been applied to solve non-

linear problems based on the Lagrange computation

scheme. This code can be used to simulate the rock frag-

mentation due to blasting. To consider the gas flow through

the crack, finite difference method (FDM), which uses

Lagrangian computation process, also has been adopted by

Cho et al. (2004b), Goodarzi et al. (2011, 2013), and Cho

et al. (2002).

A finite element method (FEM) such as ABAQUS has

been used to simulate a brittle cracking in brittle rock

(Saharan and Mitri 2008). However, explicit crack gener-

ation cannot be effectively presented with general FEM

code. To overcome this limitation, XFEM has been used to

simulate the crack propagation in solid media. Fracturing

of rock mass is also studied with the powerful extended

finite element method (XFEM) (Majid et al. 2015; Ren

et al. 2009). Recently, advanced XFEM which can consider

hydro-mechanical coupling has been introduced in various

researches (Mohammadnejad and Khoei 2013; Gordeliy

and Peirce 2013; Gholami et al. 2013).

To simulate the rock fragmentation, various numerical

methods have been used: three-dimensional discrete ele-

ment program PFC3D (Potyondy et al. 2004), combined

finite element–discrete element program MBM2D

(Minchinton and Lynch 1996), cross-format centered finite

difference procedure (Wang et al. 2008), AUTODYN 2D

(Zhu et al. 2007a, b), Johnson–Holmquist model in LS-

DYNA (Ma and An 2008), ANSYS–LSDYNA (Wei et al.

2009), fully coupled gas flow-lattice model (Onederra et al.

2013), DEM–SPH simulation (Ali and Mark 2014). A

summary of numerical analysis on crack propagation due

to blasting is presented by Ali and Mark (2014).

Ouchterlony (1997), Ouchterlony et al. (2002) gave an

equation for estimating radial crack length. Hustrulid

(2010) analyzed the energy and work done by an explosive

charge in a borehole to develop the extent of damage based

on explosive energy. Kanchibolta et al. (1999) offered an

equation to estimate the crushing zone radius. Although

Blasthole

Crushing
annulus

Discrete
fragment zone

Fracture
zone

Explosive
charge

Fig. 1 Fracture process of explosive blasting (Whittaker et al. 1992)
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these works tried to provide theoretical solution for the

blasting-induced damaged zone, simplification and

assumption cannot be avoided due to the complexity

involved with the fragmentation process. And these models

are only considered for estimating the extent of the blast-

damaged zone (Torbica and Lapcevic 2015). In fact, there

are several studies to evaluate fragmentation zone by

introducing gas-driven fractures in blasting (e.g., Nilson

et al. 1985; Paine and Please 1994). To study the gas

fracturing process, the deformation of the rock around

blasthole and gas flow needs to be considered (Paine and

Please 1994).

In this paper, the simple analytical method is presented

to evaluate the fragmentation zone induced by gas pressure

during blasting in rock. The fragmentation zone is char-

acterized by analyzing crack propagation from the

blasthole.

2 Evaluation of Crack Propagation
from the Blasthole

2.1 Basic Assumptions

To evaluate crack propagation in rock, a model of blasthole

with radial cracks is introduced in an infinite elastic plane

(Fig. 2). Two-dimensional plane is applied since the

diameter of blasthole is far smaller than its length and there

is no free surface.

The typical number of symmetric cracks of equal

length around blasthole is chosen in an elastic rock and is

assumed to propagate radially from the blasthole by gas

pressure. It was experimentally investigated that the

number of main cracks that could be formed ranges from

3 to 8 (Garnsworthy 1990) even though a huge number of

cracks would be generated after detonation. For the

simplicity, the number of major cracks for model is

assumed to be four (N = 4) and eight (N = 8), which are

symmetric.

In Fig. 2, the gas pressure is applied to the blasthole and

is penetrated into the cracks. pA and pB are gas pressures

applied to the blasthole and cracks, respectively. It is

assumed that the distribution of pressure along blasthole is

uniform. In the case of pressure inside cracks, two types of

pressure distribution, uniform and linear pressure distri-

butions, are considered for the analysis. Uniform pressure

distribution gives upper bound estimation of calculating

crack length (Fig. 2a). Due to the fast crack propagation

during blasting and narrow opening of the crack, however,

the actual pressure inside cracks will not be distributed

uniformly so that linear pressure distribution is also

considered for the analysis. In case of linear pressure dis-

tribution, pB is the pressure at the crack mouth (Fig. 2b).

Simply, two conditions only are considered to describe

the crack propagation in this paper. The first condition is

the criterion for crack propagation. It states that the stress

intensity factor (SIF) for mode I, KI, needs to be greater

than the fracture toughness KIC, that is, KI[KIC. The

second condition indicates that the total mass of gas in the

blasthole and cracks need to be conserved. That is, the

mass change, DM, needs to be equal to zero. Based on

these two conditions, the final fragmented area is charac-

terized by analyzing the probable length of the crack

propagation at given conditions. It may be reasonable to

ignore the effect of gravity because the explosive pressure

is expected to highly exceed the in situ stress.

2.2 Formulation

The total mass of gas during the crack propagation remains

constant as following:

Mblasthole þMcrack ¼ Mi ð1Þ

where Mblasthole and Mcrack are the mass of gas in the

blasthole and the crack, respectively. And Mi is the mass of

gas in the blasthole at the moment of crack initiation when

pB

pA

pB

pA

N=4 N=8

pB

pA

N=4 N=8

pB

pA

(a)

(b)

Fig. 2 Pressurized blasthole and propagating radial cracks. a Uniform
pressure inside blasthole and cracks, and b uniform pressure inside

blasthole and linear pressure inside cracks
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most of the gas is assumed to be generated. Each mass of

the gas in Eq. (1) can be expressed as follows:

Mi ¼ Viqgi ð2Þ

Mblasthole ¼ Vblastholeqg ð3Þ

Mcrack ¼ Vcrackqg ð4Þ

where Vi, Vblasthole, and Vcrack are volume of the blasthole at

the moment of crack initiation, volume of the blasthole,

and volume of the crack by gas pressure, respectively. The

density of the gas, qg, during the blasting follows adiabatic

process. Then

qg ¼
p

pi

� �1
c

�qgi ð5Þ

where c is the adiabatic exponent ranging from 1.2 to 3 in

blasting (e.g., Paine and Please 1994; Persson et al. 1994),

qgi and pi are the density of the gas and pressure at the

moment of crack initiation, respectively. pi is reasonably

assumed to be peak pressure since the most of the gas is

generated at the moment of crack initiation.

It is assumed that the uniform pressure inside cracks is

same as that of blasthole as follows:

pA ¼ pB ¼ p0 ð6Þ

In case of linear pressure distribution, above Eq. (6) is

valid since the pressure at the crack mouth, pB, is also same

as pressure in blasthole, pA. Substituting Eqs. (2)–(6) into

Eq. (1), we obtain

Vblasthole

p0

pi

� �1
c

þVcrack

p0

pi

� �1
c

¼ Vi ð7Þ

As shown in Eq. (7), volumes of the blasthole and cracks

in proposed model (Fig. 2) need to be evaluated for arbitrary

gas pressure. To simply do this, an original model is

decomposed into two auxiliary problems as shown in Fig. 3.

In Problem A, the gas pressure is applied only inside blasthole

but no pressure inside cracks. In Problem B, the gas pressure

is applied only inside cracks but no pressure inside blasthole.

Each problem is affected by one single parameter, p0.

In both problems, the SIFs of the cracks and volumes of

the cracks and blasthole can be expressed as

KIZ ¼ p0
ffiffiffiffiffi
pr

p
kcrackIZ l; rð Þ ð8Þ

Vcrack
Z ¼ p0r

2

E
f crackZ m; l; rð Þ ð9Þ

Vblasthole
Z ¼ p0r

2

E
f blastholeZ m; l; rð Þ ð10Þ

where subscript Z is A or B, KIZ is SIF of the crack in

problem Z, Vcrack
Z and Vblasthole

Z are volumes of cracks and

blasthole in problem Z, respectively, kcrackIZ , f crackZ , and

f blastholeZ are dimensionless functions to be determined in

plane strain condition using finite element code,

FRANC2D (Wawrzynek and Ingraffea 1987), l and r are

the crack propagation length and blasthole radius, respec-

tively, and m and E are Poisson’s ratio and elastic modulus

of the rock, respectively. Also, kcrackIZ is the function of l and

r, and both f crackZ and f blastholeZ are functions of m, l, and r.

Suppose that all three dimensionless functions with

respect to the radial crack length, l, are known from the

numerical calculations (refer to ‘‘Appendix’’). Then, the

superposition of problems A and B results in

KI ¼ p0k
crack
IA l; rð Þ þ p0k

crack
IB l; rð Þ

� � ffiffiffiffiffi
pr

p
ð11Þ

Vcrack ¼
p0c

2

E
f crackA m; l; rð Þ þ p0c

2

E
f crackB m; l; rð Þ ð12Þ

Vblasthole ¼
p0c

2

E
f blastholeA m; l; rð Þ þ p0c

2

E
f blastholeB m; l; rð Þ

ð13Þ

Our notations can be further simplified by introducing

the function

fZ ¼ f crackZ m; l; rð Þ þ f blastholeZ m; l; rð Þ ð14Þ

And the total volume can be

V ¼ Vcrack þ Vblasthole ¼
p0r

2

E
fA m; l; rð Þ þ p0r

2

E
fB m; l; rð Þ

ð15Þ

To calculate the change of the total volume due to crack

propagation, the initial volume of the pressurized blasthole

should be subtracted and can be expressed as:

Vi ¼
pir

2

E
fA m; l ¼ 0; rð Þ ð16Þ

In above Eq. (16), it is assumed that the crack length is

zero (l = 0) at the moment of initiation. Then, the total

volume change due to crack propagation is obtained by

subtracting Eq. (16) from Eq. (15):

DV ¼ p0r
2

E
fA m; l; rð Þ þ p0r

2

E
fB m; l; rð Þ � pir

2

E
fA m; 0; rð Þ

ð17Þ

The change of blasthole volume, meanwhile, is defined

as

DVblasthole ¼ Vblasthole � Vi ð18Þ

Inserting Eq. (18) into Eq. (7) yields

DVblasthole þ Vcrack ¼ DV ¼ Vi

pi

p0

� �1
c

�1

( )
ð19Þ

From Eqs. (17) and (19)
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p0fA m; l; rð Þ þ p0fB m; l; rð Þ � pifA m; 0; rð Þ

¼ fA m; 0; rð Þpi
p0

pi

� �1
c

�1

( )
ð20Þ

Finally, gas pressure can be derived as follows:

p0 ¼ pi
fA m; 0; rð Þ

fA m; l; rð Þ þ fB m; l; rð Þ

� � c
cþ1

ð21Þ

In addition, following condition should be satisfied for

the crack propagation.

KI �KIc ð22Þ

Therefore, using Eq. (11), finally propagated length of the

crack can be determined from the following equation.

KI ¼ p0kIA l; rð Þ þ p0kIB l; rð Þð Þ
ffiffiffiffiffi
pr

p
�KIc ð23Þ

2.3 No Gas Penetration into the Crack

Ouchterlony (1974) illustrated various pressure distribution

conditions including no gas penetration into the cracks in

relation to rock blasting. During the blasting, crushing

annulus created by stress wave may prevent gas penetration

into the cracks so that it is closely related to the blasting

efficiency. To deal with this condition, only Problem A out

of two auxiliary problems can be considered. Iterating

same formulation procedure, equations for gas pressure and

SIF can be obtained as follows:

p0 ¼ pi
fA m; 0; rð Þ
fA m; l; rð Þ

� � c
cþ1

ð24Þ

KI ¼ p0kIA l; rð Þ
ffiffiffiffiffi
pr

p
�KIc ð25Þ

Therefore, it is expected that the crack length obtained

from Eq. (25) gives lower estimate while one from

Eq. (23) gives upper estimate.

3 Results and Discussion

Two cases that have distinctly different elastic properties of

the rocks for the analyses are shown in Table 1. Case 1

corresponds to the hard rock property while Case 2 cor-

responds to the weathered rock property. For the compar-

ison, the same initial gas pressure, pi, is applied. The

pB

pA pA

pB

Problem A Problem B

pA

Problem A

pB

pA

Problem B

pB

(a)

(b)

Fig. 3 Decomposition of the original model (N = 8, uniform pressure) into two sub-problems. a Uniform pressure model and b linear pressure

model

Table 1 Two different elastic properties of the rocks and initial gas

pressure for the analyses

Properties E (Pa) m KIc (Pa m1/2) pi (MPa)

Case 1 21E9 0.2 2.5E6 100

Case 2 2E9 0.28 0.5E6 100
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diameter of blasthole, 2r, and the adiabatic exponent, c, are
fixed as 0.045 m and 3, respectively.

Figures 4 and 5 show the comparison of the normalized

SIFs and gas pressure variations in blasthole between Case

1 and Case 2 for both uniform and linear pressure distri-

bution inside crack. The normalized SIFs generally

decrease as cracks propagate. However, the crack can only

propagate if the normalized SIF (KI/KIc) is greater than

0 0.25 0.5 0.75 10

2

4

6

8

gas penetration (Case 1)
no gas penetration (Case 1)
gas penetration (Case 2)
no gas penetration (Case 2)

N=4 (uniform pressure)

Crack length (m)

N
or

m
al

iz
ed

 S
IF

, K
I/K

Ic

1

0 0.25 0.5 0.75 10

0.2

0.4

0.6

0.8

1

gas penetration (Case 1)
no gas penetrarion (Case 1)
gas penetration (Case 2)
no gas penetration (Case 2)

N=4 (uniform pressure)

Crack length (m)

N
or

m
al

iz
ed

 p
re

ss
ur

e 
in

 b
la

st
ho

le
, p

0/
pi

0 0.25 0.5 0.75 10

2

4

6

8

gas penetration (Case 1)
no gas penetration (Case 1)
gas penetration (Case 2)
no gas penetration (Case 2)

N=8 (uniform pressure)

Crack length (m)

N
or

m
al

iz
ed

 S
IF

, K
I/K

Ic

1

0 0.25 0.5 0.75 10

0.2

0.4

0.6

0.8

1

gas penetration (Case 1)
no gas penetrarion (Case 1)
gas penetration (Case 2)
no gas penetration (Case 2)

N=8 (uniform pressure)

Crack length (m)

N
or

m
al

iz
ed

 p
re

ss
ur

e 
in

 b
la

st
ho

le
, p

0/
pi

(a)

(b)

Fig. 4 Comparison of the SIFs

and gas pressure between Case

1 and Case 2 for uniform

pressure distribution inside

cracks. a N = 4, and b N = 8
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one. As expected, longer crack is obtained in Case 2 than in

Case 1. For example, in case of Case 2 and uniform

pressure inside crack as in Fig. 4a, obtained crack length is

larger than 1 m, while in case of Case 1 with same pressure

condition, obtained crack length is about to 0.98 m. Also, if

the gas does not penetrate into the cracks, the obtained
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Fig. 5 Comparison of the SIFs

and gas pressure between Case

1 and Case 2 for linear pressure

distribution inside cracks.

a N = 4, and b N = 8
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Fig. 6 Comparison of the SIFs

and gas pressure between N = 4

and N = 8 cases for uniform

pressure distribution inside

cracks. a Case 1, and b Case 2

2184 Y. Sim et al.

123



0 0.25 0.5 0.75 10

2

4

6

8

gas penetration (N=4)
no gas penetration (N=4)
gas penetration (N=8)
no gas penetration (N=8)

Case 1 (linear pressure)

Crack length (m)

N
or

m
al

iz
ed

 S
IF

, K
I/K

Ic
1

0 0.25 0.5 0.75 10

0.2

0.4

0.6

0.8

1

gas penetration (N=4)
no gas penetrarion (N=4)
gas penetration (N=8)
no gas penetration (N=8)

Case 1 (linear pressure)

Crack length (m)

N
or

m
al

iz
ed

 p
re

ss
ur

e 
in

 b
la

st
ho

le
, p

0/
pi

0 0.25 0.5 0.75 10

2

4

6

8

gas penetration (N=4)
no gas penetration (N=4)
gas penetration (N=8)
no gas penetration (N=8)

Case 2 (linear pressure)

Crack length (m)

N
or

m
al

iz
ed

 S
IF

, K
I/K

Ic

1

0 0.25 0.5 0.75 10

0.1

0.2

0.3

0.4

0.5

gas penetration (N=4)
no gas penetrarion (N=4)
gas penetration (N=8)
no gas penetration (N=8)

Case 2 (linear pressure)

Crack length (m)

N
or

m
al

iz
ed

 p
re

ss
ur

e 
in

 b
la

st
ho

le
, p

0/
pi

(a)

(b)

Fig. 7 Comparison of the SIFs
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lengths of the cracks are much shorter than those of the gas

penetration. Similar trend is obtained from the case of

linear pressure distribution inside crack (Fig. 5).

The normalized gas pressure inside blasthole in Figs. 4

and 5 decreases as the crack propagates since the total mass

of the gas is constant during the crack propagation. Also,

the gas pressure in Case 1 is generally bigger than that of

the Case 2 because larger gas containment with larger

deformation in Case 2 can make gas pressure lower.

Figures 6 and 7 show the comparison of the normalized

SIFs and gas pressure variations between N = 4 and N = 8

for uniform and linear pressure distribution inside crack. In

these results, the lengths of the crack with same pressure

condition are similar. In other words, initially created

cracks due to stress wave do not affect the length of the

cracks because of the mechanical interaction between

cracks. During the crack propagation, interaction between

cracks in case of N = 8 is more significant than in case of

N = 4. Crack opening by internal gas pressure is con-

strained by adjacent cracks so that gas pressure in case of

N = 8 is a bit higher than in case of N = 4 (Figs. 6, 7). In

Table 2, generated crack lengths are summarized with

respect to the pressure type.

4 Verification of Analytical Solution

4.1 Numerical Simulation on Crack Propagation

Due to Pressure Inside Blasthole

Discrete element method (DEM) has been adopted to

simulate the crack propagation in rock and rock mass

(Ruest et al. 2006). Discrete fracture network and geolog-

ical structure can be effectively handled by the DEM.

Lisjak and Grasselli (2014) comprehensively summarized

the simulation of fracture process in discrete rock masses.

Wang and Konietzky (2009) used UDEC (Itasca 2013) to

simulate the fractures in jointed rock mass due to blasting-

induced stress wave. Particularly, it is found that the

Voronoi joint generator is very conducive for numerical

simulation of crack creation and propagation due to blast-

ing-induced stress wave.

In this study, UDEC, two-dimensional discrete element

method, is implemented to simulate the crack propagation

due to blasted gas pressure induced by blasting and to

validate the analytical solution presented in previous

chapter. Particularly, material properties for numerical

model are determined from the reference case. Further-

more, the crack length obtained from numerical analysis is

compared with the analytical solution depending on the

various blasthole pressure level and ground type to validate

the analytical solution.

4.2 Blasting-Induced Gas Pressure

Maximum blasthole pressure (PB) can be obtained from

equation suggested by Morhard (1987), Clark (1987), and

Nie and Olsson (2000).

PB ¼ q
VOD2

8

� �
� r2cc
� �

ð26Þ

Table 2 Summary of finally propagated lengths of the cracks (unit:

m)

N = 4 N = 8

Case 1 Case 2 Case 1 Case 2

Pressure type (pi = 50 MPa)

Uniform pressure 0.49 0.66 0.53 0.59

Linear pressure 0.22 0.36 0.18 0.31

No gas penetration – 0.21 – 0.20

Pressure type (pi = 100 MPa)

Uniform pressure 0.98 1.30 1.07 1.15

Linear pressure 0.49 0.71 0.48 0.60

No gas penetration 0.20 0.38 0.18 0.36

Pressure type (pi = 150 MPa)

Uniform pressure 1.47 1.95 1.61 1.69

Linear pressure 0.75 1.05 0.75 0.9

No gas penetration 0.30 0.52 0.26 0.51

Pressure type (pi = 200 MPa)

Uniform pressure 1.98 – 2.23 2.28

Linear pressure 1.01 1.40 1.03 1.20

No gas penetration 0.40 0.67 0.01 0.67

0.0E+00

5.0E+07

1.0E+08

1.5E+08

2.0E+08

2.5E+08

0 0.03 0.06 0.09 0.12 0.15

G
as

 P
re

ss
ur

e 
(P

a)

Time (Sec)

Fig. 8 Blasted gas pressure. Peak pressure ranges from 50 to

200 MPa
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where q is density of explosive (kg/m3), VOD is velocity of

detonation (m/s), rc is the decoupling ratio (i.e., = explo-

sive diameter/blasthole diameter), and c is an adiabatic

exponent. Gurit of 17 mm in diameter which is used for

precise blasting for contour holes has 2000–3000 m/s of

VOD, 1050 kg/m3 of density. A kimulux42 of 22 mm in

diameter which is used for the stopping holes has

3000–4000 m/s of VOD and 1150 kg/m3 of density (Sa-

haran and Mitri 2008; Song et al. 2014). Thus, the pressure

inside blasthole can vary depending on the adiabatic

exponent and decoupling ratio. In this study, maximum

blasting pressure acting in the blasthole for crack growth

ranges from 50 to 200 MPa.

Numerically, blasthole pressure profiles due to blasting

can be approximated with John–Wilkinson–Lee (JWL)

method (Liu 1997), pressure decay functions (Cho et al.

2003; Lima et al. 2002; Kutter 1967) and direct input of

pressure–time profile (Donze et al. 1997; Valliapan et al.

1983) and so on. Although the JWL method can consider

the rock-explosive interaction, it is difficult to derive reli-

able parameters (Liu 1997). The blasthole pressure can be

expressed in the form of decay functions (Duvall 1953;

Jung et al. 2001; Lima et al. 2002; Olatidoye et al. 1998;

Robertson et al. 1994). Gaussian function and triangular

Blast hole Pre-defined   
crack path

4.5cm

20m

20
m

A

B

C

D

Fig. 9 DEM computation model for simulation of blasting

Table 3 Rock joint properties used for numerical analyses

Properties Values

Case 1 Case 2

Joint shear stiffness (GPa/m) 85 85

Joint normal stiffness (GPa/m) 170 170

Joint friction angle (�) 40 35

Joint cohesion (Pa) 1,009,553 650,974

Joint tension (Pa) 1.0e6 1.0e6

Joint dilation (�) 35 30
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Fig. 10 Comparison of crack length between numerical analysis and

analytical solution a Case 1 b Case 2
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function have been implemented to simplify the blasting

pressure. However, the Gaussian function is mainly intro-

duced to avoid numerical errors. In this study, the dynamic

pressure P(t) acting on the blasthole is expressed as a

transient time history function as follows (Starfield and

Pugliese 1968; Histake et al. 1983):

P tð Þ ¼ 4PB exp
�16338 � tffiffiffi

2
p

� �
� exp �

ffiffiffi
2

p
� 16338 � t

� �	 


ð27Þ

where t is the elapsed time. Figure 8 shows the transient

time history of blasthole pressure applied to the numerical

model. Internal pore pressure is applied in the blasthole

according to transient time history function so that the

pressure can penetrate and open the crack. To get a clear

response, the blasthole pressure is activated after 0.01 s for

the model; it is activated at the beginning of the simulation

(i.e., 0 s) for the dynamic analysis.

4.3 Numerical Model

The fracturing procedure due to blasting can be divided

into two phases; rapid rising detonation pressure initiates

multiple cracks around the blasthole and the gas penetra-

tion into the crack which leads to crack extension (Majid

et al. 2015). Basically, continuing penetration of the

explosion gases is guided by initiated crack tips. Cho et al.

(2004a, b), Cho and Kaneko (2004), Zhu et al.

(2004, 2007a, b, and Ma and An (2008) proposed various

random crack generation techniques in rock mass under

blasting pressure. Particularly, growth of crack length is

mainly contributed by gas pressure. In this study, to vali-

date the analytical solution to estimate the crack length due

to blasting, it is assumed that the detonation-induced stress

wave creates the crack around the blasthole and gas pres-

sure is responsible for the crack propagation.

Material properties of hard rock and weathered rock

used in numerical model are identical to the analytical

model. In this study, rock media are assumed as elastic

solid as it is assumed in analytical model. Fracture

toughness (KIC) is important parameter to be defined to

control the crack propagation. In UDEC, residual Coulomb

slip with residual strength is used. Sensitivity analysis is

carried out to find the optimum joint property for fracture

toughness. Cohesion and contact tensile strength are the

most significant factors related to toughness. Cohesion and

tensile strength of joint are found from trial and error

(Kazerani 2011).

Blasted gas pressure has been changed from 50 to

200 MPa for weathered rock and hard rock mass. Transient

time history gas pressure is applied in the blasthole as a

non-wet pore pressure. 20 m by 20 m rock media with zero

velocity at boundary is make it possible to simulate the

infinite boundary. As it is reported by Wang and Konietzky

(2009), Voronoi tessellation is very useful for simulation of

crack propagation. Thus, Voronoi tessellation generator is

used to create randomly sized polygonal blocks along the

crack paths as it is shown in Fig. 9. Joint area model with

Coulomb slip failure is used for joint and joint properties

are tabulated in Table 3. When joint shear or tensile

strength is exceeded, fracture can be generated along the

pre-defined four crack paths.

4.4 Comparisons

Crack lengths in case of uniform pressure inside cracks are

measured at four directions (A, B, C and D) as it is pre-

sented in Fig. 9, respectively. Due to the random Voronoi

tessellation process, the length of crack is slightly different

depending on the direction. Crack lengths are obtained

from analytical solution depending on the gas pressure and

rock condition, and plotted as a dotted line in Fig. 10. And

crack length obtained from numerical analysis is plotted as

symbols with respect to direction. Figure 10a presents the

crack length depending on the gas pressure for Case 1.

Crack length increases linearly depending on the pressure.

Although the crack length is slightly varied with respect to

directions, the crack lengths obtained from numerical

analysis show good agreement with analytical solution.

For Case 2 shown in Fig. 10b, crack length obtained

from analytical solution increases linearly according to

pressure inside blasthole. Definitely, crack length obtained

from Case 2 is greater than that obtained from Case 1 both

numerical analysis and analytical solution. Analytical

solution does not converge when the pressure exceed

150 MPa due to the numerical instability. Within the range

of gas pressure (i.e., 50–150 MPa), crack length obtained

from analytical solution is very close to numerical result. It

implies that the analytical solution can predict the crack

length induced by blasting.

Although the analytical solution is derived from sim-

plified assumptions, the crack length obtained from ana-

lytical solution is very close to the crack length obtained

from dynamic numerical analysis regardless gas pressure

and ground condition. Moreover, when the gas penetrates

into the crack, this simplified analytical solution can be

used to estimate the fragmented zone around the blast-

hole. In summary, the accuracy of analytical solution is

properly validated with the numerical analysis in this

study.
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5 Conclusions

This paper presents the simple method to predict the

fragmentation zone induced by gas pressure during blasting

in rock. The fragmentation zone is characterized by ana-

lyzing crack propagation from the blasthole. To do this, a

model of the blasthole with four (N = 4) and eight radial

cracks (N = 8) of equal length in an infinite elastic plane is

considered. In this model, the crack propagation is simu-

lated by using two conditions only, the crack propagation

criterion and the mass conservation of the gas.

Generally, the SIF of the crack decreases as crack

propagates from the blasthole so that the finally propagated

crack length can be determined. As expected, fragmenta-

tion zone in weathered rock is wider than that in hard rock

because the length of crack obtained in weathered rock is

longer than that in hard rock. In addition, gas penetration

into the cracks significantly affects the extension of frag-

mentation zone in rock so that this factor is closely related

to the blasting efficiency.

Gas pressure inside blasthole also continues to decrease

during crack propagation since the total mass of the gas is

assumed to be constant. As crack propagates, deformed

blasthole and cracks are repeatedly filled with gas resulting

in pressure decrease. In addition, the gas pressure in

weathered rock is generally less than that of the hard rock

since the crack opening that can contain gas in the

weathered rock is much more than in the hard rock. The

gas pressure in case of no gas penetration into the cracks is

larger than that in case of the gas penetration.

The number of cracks around blasthole has a little effect

on the fragmentation formation because of the mechanical

interaction between cracks. The mechanical interaction

between cracks during crack propagation hinders their

openings by internal gas pressure.
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Appendix: Determination of Dimensionless
Functions

To determine dimensionless functions, kcrackIZ l; rð Þ,
f crackZ m; l; rð Þ, and f blastholeZ m; l; rð Þ in Eqs. (8)–(10), finite

element code, FRANC2D (Fracture Analysis Code,

Wawrzynek and Ingraffea 1987) is used. Figure 11a shows

the typical mesh for the determination of dimensionless

functions. The applied mesh is a squared size of 20 m. The

blasthole with a radius of r = 0.045 m is located in the

center of square region within the finer mesh. Figure 11b

shows an example of magnified blasthole area with crack

length of l = 0.6 m. Tables 4, 5, 6 and 7 show the results

of calculated dimensionless functions under plane strain

conditions.

Fig. 11 Example of FRANC2D mesh for the determination of

dimensionless functions. a FRANC2D mesh and b magnified mesh of

the blasthole area with crack
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Table 4 Dimensionless functions for crack propagation from blasthole in Case 1 (N = 4)

Case 1 (N = 4)

l (m) Problem A Problem B (uniform pressure) Problem B (linear pressure)

f crackA f blastholeA kcrackIA f crackB f blastholeB kcrackIB f crackB f blastholeB kcrackIB

0.0 0.0000 73.4926 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.1 25.8185 81.6689 0.2305 105.3423 93.5625 1.6437 58.5168 82.6059 0.4899

0.2 67.1269 86.1910 0.1637 550.4604 147.3893 2.4636 304.0411 114.4749 0.7672

0.3 110.2377 88.8764 0.1339 1348.7320 214.3418 3.0579 745.3741 152.7035 0.9738

0.4 154.1425 90.8033 0.1160 2503.8334 294.0562 3.5845 1384.7359 196.7797 1.1406

0.6 243.0856 93.5579 0.0951 5884.5113 491.8153 4.4183 3257.7512 302.1614 1.4289

0.8 333.0469 95.5416 0.0827 10,701.2581 740.8975 5.1245 5928.3927 430.4028 1.6718

1.0 423.8310 97.1022 0.0743 16,965.9391 1042.3403 5.7534 9404.0157 581.8204 1.8882

1.2 515.3686 98.3949 0.0682 24,693.1856 1397.1968 6.3242 13,692.0162 756.8169 2.0853

1.4 607.7327 99.5044 0.0634 33,901.8180 1807.2820 6.8478 18,803.5101 956.0376 2.2670

1.6 700.9646 100.4797 0.0597 44,610.9054 2273.8800 7.3461 24,749.1019 1180.0244 2.4407

Table 5 Dimensionless functions for crack propagation from blasthole in Case 2 (N = 4)

Case 2 (N = 4)

l (m) Problem A Problem B (uniform pressure) Problem B (linear pressure)

f crackA f blastholeA kcrackIA f crackB f blastholeB kcrackIB f crackB f blastholeB kcrackIB

0.0 0.0000 15.2697 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.1 24.7857 27.3767 0.2305 101.1286 47.9828 1.6437 56.1735 26.9959 0.4899

0.2 64.4418 35.3439 0.1637 528.4420 201.7448 2.4636 291.8794 98.3823 0.7672

0.3 105.8282 40.4463 0.1339 1294.7827 468.8772 3.0579 715.5591 219.5194 0.9738

0.4 147.9768 44.2893 0.1160 2403.6801 853.0238 3.5845 1329.3465 391.8171 1.1406

0.6 233.3622 49.9760 0.0951 5649.1308 1981.1280 4.4183 3127.4412 893.9925 1.4289

0.8 319.7250 54.2308 0.0827 10,273.2077 3597.1633 5.1245 5691.2570 1610.2907 1.6718

1.0 406.8778 57.6697 0.0743 16,287.3015 5712.6482 5.7534 9027.8551 2545.5930 1.8882

1.2 494.7539 60.5778 0.0682 23,705.4582 8338.4395 6.3242 13,144.3355 3704.5257 2.0853

1.4 583.4234 63.1164 0.0634 32,545.7453 11,491.0431 6.8478 18,051.3697 5093.1411 2.2670

1.6 672.9260 65.3798 0.0597 42,826.4692 15,183.1821 7.3461 23,759.1378 6716.8168 2.4407

Table 6 Dimensionless functions for crack propagation from blasthole in Case 1 (N = 8)

Case 1 (N = 8)

l (m) Problem A Problem B (uniform pressure) Problem B (linear pressure)

f crackA f blastholeA kcrackIA f crackB f blastholeB kcrackIB f crackB f blastholeB kcrackIB

0.0 0.0000 73.4926 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.1 14.4605 81.9440 0.1704 63.4038 97.3108 1.3066 33.5804 83.9708 0.3374

0.2 37.0526 86.3624 0.1193 325.9539 160.4288 1.9321 171.8133 119.0508 0.5282

0.3 60.4850 89.0561 0.0962 794.1409 243.3179 2.3668 419.1817 162.7645 0.6643

0.4 84.3673 91.0016 0.0841 1469.9344 346.1803 2.7893 777.2447 214.9697 0.7856

0.6 132.7614 93.7929 0.0685 3449.3957 611.9919 3.4196 1825.8084 344.6642 0.9814

0.8 181.8000 95.8186 0.0597 6273.1672 959.7933 3.9685 3322.4751 508.6167 1.1522

1.0 231.2931 97.4336 0.0537 9944.1303 1393.9826 4.4553 5270.9664 708.2915 1.3045

1.2 281.4824 98.7866 0.0493 14,493.0834 1918.2556 4.9021 7684.9123 945.0855 1.4448

1.4 332.7329 99.9525 0.0460 19,974.5101 2535.0823 5.3167 10,586.9957 1219.9367 1.5761

1.6 384.1799 100.9927 0.0433 26,318.0150 3250.8020 5.7082 13,956.7149 1535.0707 1.7005
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