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Based on theories of explosive mechanics and rock fracture mechanics, the influence mechanism of rock strength on the
propagation length of the primary crack in the directional fracture blasting with slotted cartridge has been investigated deeply to
propose the relation equation between the rock strength and the propagation length of the primary crack. +eoretically, the
maximum length am of the primary crack increases with the enhancing rock strength parameters. +e explicit dynamic analysis
software LS-DYNA has been used to simulate the slotted cartridge blasting in the mudstone, sandstone, and granite with different
strengths in order to reveal the effect of rock strength on the propagation length and velocity of the primary crack and the stress
distribution characteristics in rock. +e numerical results show the primary crack easily bifurcates and attain a much shorter
propagation length in the mudstone with the minimum strength, and there are radial cracks appearing in the nonslotted direction.
When rock strength rises, the propagation length, velocity, and duration of the primary crack and the concentration degree of
effective stress in the slotted direction will all increase in the sandstone and granite, but there is an opposite influence trend of rock
strength in the stage of the initial guide crack’s formation.+e cracking velocity has an overall oscillation downtrend whose swing
amplitude enhances clearly with the increasing rock strength, signifying the more unsteady propagation of the primary crack in
the higher strength rock.

1. Introduction

In the tunnel excavation engineering, the drilling and
blasting method is widely used, however, facing the long-
term challenge to reduce the damage in surrounding rocks
induced by the detonation energy. A fracture surface with
high quality can help lower the cost taken to the later support
engineering and speed up the construction progress. To
control the outline quality of tunnel excavation, the smooth
blasting method was proposed in 1950s. In the smooth
blasting, the hole spacing and explosive charge are con-
trolled accurately to achieve a smooth and flat fracture
surface due to the stress field superposition in the connecting
direction between adjacent holes, which limit the cracks
occurring and propagation in surrounding rocks in a certain
degree, but the random radial cracks are still inevitable

especially in the rock with well-developed joints. Based on
the features and functions of smooth blasting, the directional
fracture blasting was developed by means of intensifying the
effect of explosion artificially to produce directional cracks
and cut through in the connecting direction of the borehole
centres, improving the smooth-shaped effect greatly. Hence,
the directional fracture blasting has been popularized widely
in mining excavation and tunnel construction.

In order to limit the appearance and propagation of the
radial cracks in the surrounding rock, the generation of the
prefractured cracks before the detonation gas completely
acting on the borehole wall is the key problem of the di-
rectional fractured blasting, and there have been three kinds
of methods of the slotted cartridge, the shaped charge, and
the cutting borehole to concentrate on the explosive energy
and generate the initial guide crack. Using shaped charge
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needs to change the shape of the explosive which is unsafe
and even violating the safety rules in some situations and is
not so convenient. For the directional fracture blasting in the
cutting hole, artificial V-shaped grooves need to be made
with special tools in each peripheral borehole ahead, and this
may decrease the construction speed because of the cum-
bersome works especially in the rock with high strength. In
contrast, the slotted cartridge is able to produce a jet to not
only generate the initial guide crack but also protect the
borehole wall by preventing the detonation gas into the
preexisting fissures. At the same time, the slotted cartridge
does not need tomodify the shape of explosives or boreholes,
but to only add a slotted pipe easy to install outside the
explosive, bringing a more broad range of application. Many
researchers have carried out a large amount of study about
the blasting mechanism of the directional fracture tech-
nology with slotted cartridge.

In 1976, the slotted cartridge was firstly introduced to
blasting engineering by scholars [1] of USA, producing the
cracks of specified direction and quantity which achieved the
purpose of directional fracture. +e essence of slotted car-
tridge blasting is to open the slots of different angles and
different quantities on a pipe with certain density and
strength outside the explosive [2] and enable the control on
the fracture direction of the blasting medium by changing
the distribution of slot-controlled blasting stress field and
the quasistatic effect of detonation gas to the (borehole)
medium. Wang, Yue, and Yang et al. [2–4] used the digital
laser dynamic caustics testing method to analyze the dy-
namic fracture effect of the blasting detonation crack and
examine the propagation mechanism through some im-
portant characteristic parameters including the crack dis-
placement, the propagating speed, the accelerated speed, and
the stress intensity factor of the primary crack tip. Dai et al.
[5] investigated the factors impacting the slot width in a
slotted pipe by the numerical method, providing the theo-
retical certification for slot width taken as 3∼5mm. Luo and
Man et al. [6, 7] studied the initiation mechanism of the
initial guide crack and its criterions of propagation and
arrest on the basis of theories of explosive and rock fracture
mechanics, and the smooth blasting effect was improved in
the site blasting test.

Among these theoretical and experimental research on
the characteristic parameters, the propagation length and
velocity of the primary crack are vital specially, as the
borehole spacing and directional fracture performance
mainly and visually depend on the crack propagation length
and velocity obviously. As discussed byWang and Yue [2, 3],
the propagation velocity of the detonation primary crack had
an overall oscillation downtrend from the maximum peak
334.1m/s; after the oscillation change, it reached the peak
282.7m/s for the second time when t� 125 to 165 μs. +e
second peak occurred because the quasistatic pressure action
may influence the crack propagation, which needs further
discussion. Luo and Shen [6] had deduced the length of
primary cracks under the directional fracture blasting with
shape charge but not slotted cartridge; furthermore, the
influence of the crush zone volume on the pressure variation
of detonation gas had not been taken into account. +ereby,

it is imperative to deeply study the propagation length and
velocity of the primary crack in slotted cartridge blasting.

With the popularization of slotted cartridge in practice
blasting engineering, the research on the influence of rock
property on the slotted cartridge blasting effect has a sig-
nificant engineering value due to the “zero effect” of slotted
cartridge blasting applied in the rock with some special
properties in engineering practice.+e universal adaptability
of the data and conclusion from lab and field tests is limited
by the detonation condition with high temperature, high
pressure, and high speed; on the contrary, numerical sim-
ulation is an available method to examine the influence
mechanism of rock property on the blasting effect with
slotted cartridge. But the current numerical simulation
methods are difficult to characterize all the properties of rock
accurately; in addition, the existing numerical simulation
research on the factors affecting the blasting effect with
slotted cartridge mainly focused on the influence of ground
stress condition [8, 9], decouple coefficient, slot width, and
thickness of the slotted pipe [10–12]. +erefore, it is theo-
retically worth considering to separately study the effect of
rock strength on the effect of slotted cartridge blasting using
numerical simulation.

+is paper plans to conduct the theoretical research on
the influence mechanism of rock strength based on the
propagation length of primary cracks in the directional
fracture blasting using slotted cartridge on the basis of the
theories of explosive mechanics and rock fracture me-
chanics. +en, the finite element analysis software ANSYS/
LS-DYNA is used to simulate the slotted cartridge blasting in
the model of mudstone, sandstone, and granite, respectively.
+e expansion velocity and length of the primary crack and
the stress distribution in the rock with different strengths are
emphatically discussed, which will offer the theoretical basis
and guidance for the parameter design of the slotted car-
tridge blasting in the rock with different strengths.

2. InfluenceMechanismofRockStrengthon the
Propagation of Directional Cracks

2.1. Analysis of Slotted Cartridge Blasting Process. +e rock
region under the explosive loading is divided into crush
zone, crack zone, and vibration zone in traditional blasting
theory. Relatively, due to the slotted pipe, a gas flow with
high energy density will be induced to the slotted direction
in slotted cartridge blasting, as shown in Figure 1, whose
fracture characteristics are different from the normal
blasting without slotted cartridge.

Combined with traditional blasting theory and the
structure characteristics of slotted cartridge, it is predicted
that the process of slotted cartridge blasting can be divided
into following three stages: (1) After the explosive initiation,
detonation gas will be extruded outward along with the
slotted direction and converged into a gas jet flow with high
temperature and high pressure. Meanwhile, the shock wave
in the slotted direction should be stronger than that in the
nonslotted direction because of the reflect effect of the
slotted pipe with a higher density than explosive. (2)+ewall
of borehole in the slotted direction will be impacted and
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eroded by the gas jet and shock wave, in which the initial
guide crack will form. At the same time, the detonation gas
will push the slotted pipe to expand outward with contin-
uous breaks. (3) +e initial guide crack tip will continue
propagating as a primary crack under the subsequent ex-
plosion stress wave and the quasistatic effect of detonation
gas until the primary crack is arrested, accompanied by a
little range of crushed rock (crush zone) in the nonslotted
direction due to the extreme pressure of shock wave and
high-pressure detonation gas, though the slotted pipe and
the air buffer between the slotted pipe and borehole wall
have relieved the impact on the wall of borehole as much as
possible. If the circumferential tensile stress of the internal
rock in the nonslotted direction caused by the radial pressure
of detonation gas is greater than the uniaxial tensile strength
of rock, the radial crack in the nonslotted direction will be
generated against the purpose of directional fracture
blasting.

Based on the analysis above, there are two evaluation
aspects about the effect of the slotted cartridge blasting
clearly: the primary crack has enough propagation length in
the slotted direction, and few radial cracks appear in the
nonslotted direction.

2.2. Calculation of the Length of the Initial Guide Crack.
Generally, the generation of the initial guide crack is only
subject to the tensile failure and shear failure. Here, the
tensile failure criterion condition was selected for the cal-
culation of the propagation length of the initial guide crack
considering that tensile strength of rock is smaller than shear
strength in general. +e criterion condition of tension
breaking fracture is expressed by the following equation:

σθ > σtd, (1)

where σθ is the maximum circumferential tensile stress and
σtd is the dynamic uniaxial tensile strength of rock, which is
approximately equal to the uniaxial tensile strength σt.

+e relation between circumferential tensile stress and
radial stress is expressed by the following equation:

σθ �
σrμ
1 − μ

, (2)

where μ is Poisson’s ratio of rock and σr is the radial stress in
the rock with borehole wall.

According to equations (1) and (2), for the generation of
the initial guide crack, the radial stress on the wall of
borehole σr must be made to meet the following equation:

σr >
σtd(1 − μ)

μ
. (3)

Suppose the borehole has been filled with detonation gas
and the crush zone just starts to be generated while the
length of the initial guide crack has reached the maximum a0
and p0 is the gas pressure in the borehole after the complete
formation of initial guide crack. +rough elastic theory, the
radial stress component σr can be approximately obtained by
a0 and p0 as follows [13]:

σr � p0
rb

rb + a0
 

2

, (4)

where rb is the radius of the borehole.
+erefore, according to equations (3) and (4), the cal-

culation of the maximum propagation length of the initial
guide crack is expressed by the following equation:

a0 � rb

���������
μp0

(1 − μ)σtd



− 1⎛⎝ ⎞⎠. (5)

2.3. Calculation of the Length of Primary Cracks. According
to the theory of rock fracture mechanics, under the quasi-
static (p) effect, the stress intensity factor KI of the crack tip
is expressed by the following equation:

KI � pF

��������

π a + rb( 



, (6)

where a is the length of the crack and F is the coefficient of
correction of the stress intensity factor [6] and
F � F[(a + rb)/rb].

Suppose KIC is the fracture toughness of rock, the crack
will expand if the following equation is met:

p≥
KIC

F
��������
π a + rb( 

 . (7)

As for the directional fracture blasting with slotted
cartridge, the detonation product gas is the drive of the
expansion of the primary cracks. According to equation (7),
to make the initial guide crack continue expansion after it
was generated completely, the gas pressure p0 at this mo-
ment must be satisfied:

p0 ≥
KIC

F
���������
π a0 + rb( 

 . (8)

Assume explosive detonation is an instantaneous pro-
cess, in which there is no thermal exchange between the
explosion gas and the surrounding rock. +erefore, the

Slotted direction

Slotted direction

Vertical slotted
direction

Nonslotted
direction

III

I

II

Figure 1: +e charge structure in the directional fracture blasting
with slotted cartridge: (I) explosive; (II) slotted pipe; (III) borehole.
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detonation gas expansion is regarded as an isentropic
process, and the initial volume of the detonation gas is equal
to the volume of the charge Vc [6]. +e gas pressure at any
instant in the borehole is expressed by the following
equation:

p � pk

pw

pk

 

r/k


Vc

V


r

, (9)

where p is the instantaneous explosive gas pressure; k and
r are isentropic index and adiabatic index, k � 3 and
r � 1.4; pk is the critical pressure and pk � 200MPa [6]; V is
the gas volume when the pressure is p; pw is the mean
detonation pressure and pw � ρ0D2/2(1 + k); and ρ0 and D

are the density and detonation velocity of charge,
respectively.

According to the assumption about a0 and p0 mentioned
earlier, during the complete formation of the initial guide
crack, suppose the stemming has not been moved, the
volume of the explosive gas composes of the borehole
volume and the volume of two initial guide cracks. +en,
when the initial guide crack has formed, the gas pressure p0
is calculated by the following expression combined with the
equation of adiabatic expansion:

p0 � pk

pw

pk

 

r/k
Vc

Vb + 2V0
 

r

, (10)

Vb �
1
4
πd

2
b lb − ls( , (11)

where Vb is the initial volume of borehole; V0 is the volume
of one initial guide crack, which may be approximately
calculated by the maximum length of the initial guide crack,
slot width of slotted pipe, and the charge length; db is the
diameter of borehole; lb is the borehole length; and ls is the
stemming length.

+erefore, the maximum length of initial guide crack a0
can be obtained from equations (5), (10), and (11).

Similarly, the gas pressure pm while the primary crack is
arrested is obtained by the following equation:

pm � pk

pw

pk

 

r/k
Vc

Vcrush + Vs + 2Vm
 

r

, (12)

Vs �
1
4
πd

2
bls, (13)

where Vs is the volume of the stemming and Vm is the
volume of one primary crack as the primary crack is arrested.
Suppose δ is the mean width of the primary crack which is
approximately equal to the slot width (δw) of the slotted pipe,
then Vm is expressed approximately as Vm � amδlb ≈
amδwlb:

Vcrush �
1
4
πD

2
crush lb − ls( , (14)

where Vcrush is the crush zone volume, Dcrush is the crush
zone diameter, lb is the borehole length, and ls is the
stemming length.

According to the research of Dai [14], Dcrush is calculated
by the following equation in the decouple charge condition:

Dcrush �
ρ0D2nK− 2r

d leB

8
�
2

√
σcd

 

1/α

db. (15)

In the couple charge condition, the crush zone volume
Dcrush is

Dcrush �
ρ0D2AB

4
�
2

√
σcd

 

1/α

db, (16)

A �
2ρcCp

ρcCp + ρ0D
, (17)

B � (1 + b)
2

+ 1 + b
2

− 2μd 1 − μd( (1 − b)
2

 
1/2

, (18)

where σcd is the dynamic uniaxial compressive strength of
rock and σcd � nσc; σc is the uniaxial compressive strength of
rock; n� 10 is the amplifying coefficient of gas pressure
impact on the wall of rock; α is the attenuation exponent of
shock wave load and α � 2 + (μd/1 − μd); b is the lateral
stress coefficient and b � μd/(1 − μd); μd is dynamic Pois-
son’s ratio of rock; Kd is the decouple coefficient; ρc is the
density of rock; Cp is the P-wave velocity of rock; and db is
the diameter of borehole.

When the primary crack is arrested, the following
equation is met:

KIC � pmF

���������

π am + rb( 



. (19)

Combination of equations (12)–(19), the maximum
length of the primary crack can be calculated. As [15–17]
shows, the number of the I-type fracture toughness KIC of
rock has a positive proportional relationship with the
number of the uniaxial tensile strength σt of rock, and Zhang
[18] had found that the numerical relation between the
I-type fracture toughness KIC and the uniaxial tensile
strength σt could be expressed as σt � 6.88KIC; hence, set

KIC � K σt( . (20)

On the basis of equations (12)–(19), it is clear that the gas
pressure pm when the primary crack was arrested is de-
termined by the uniaxial compressive strength σc of rock and
the maximum length am of the primary crack with the
certain charge structure and explosive parameters in the
slotted cartridge blasting; thus, set

pm � P σc, am( . (21)

According to equations (19)–(21), the maximum length
am of the primary crack is related to the rock strength
parameters (the uniaxial compressive strength and the
uniaxial tensile strength), by the following equation:

K σt(  � P σc, am( F

���������

π am + rb( 



. (22)

Here, it is difficult to directly resolve the inverse solution
of am by equation (22). However, qualitative analysis of the
relation equation above indicates that P(σc, am) will increase
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as σc increases but decrease as am increases, and the in-
fluence of increasing σc on P(σc, am) is much stronger than
that of increasing σt on K(σt) in the same kind of rock.
+erefore, the maximum length of primary cracks am will
increase to meet equation (22), when the rock strength
parameters (σc and σt) rise.

3. Numerical Simulation of the Slotted
Cartridge Blasting in the Rock with
Different Strengths

3.1. Finite Element Model. It was planned to conduct three
simulations on the slotted cartridge blasting in the rock with
three different strengths; the rock strength was changed,
while other parameters were unchanged every time. A plate-
shapedmodel with a half borehole was established according
to the axial symmetry of the model, whose plane view size
was 120 cm× 60 cm× 0.1 cm, and there was only one 3D
element in the direction of thickness. +e model used was
SOLID164 element, and the mapped mesh method was
applied to reduce the calculating error. For the further
simplified model, displacement constraint in the direction of
thickness was applied to all the nodes. +ereby, the simu-
lation was changed to a 2-dimensional subject. +e
boundary condition [19] is showed as Figure 2(a), where the
other three boundaries except the symmetry boundary were
set as the nonreflecting boundary condition. +e charge
diameter was 20mm, the borehole diameter was 32mm, the
thickness of the slotted pipe was 2mm, and the slot width
was 3mm, as shown in Figure 2(b).

+e material models of this problem included explosive,
slotted pipe, air, and rock.
∗MAT_HIGH_EXPLOSIVE_BURN model was used for

explosive, and the JWL equation of state was chosen to
describe the relation [20] between the expansion pressure
and the volume of detonation gas which is defined as

P � A 1 −
ω

R1V
 e

− R1V
+ B 1 −

ω
R2V

 e
− R2V

+
ωE

V
, (23)

where V is the relative volume of detonation gas; E is the
specific internal energy with an initial value of E0; and A, B,
R1, R2, and ω are the constants determined by test. +e
parameters of the explosive model from the water-gel ex-
plosive are shown in Table 1.
∗MAT_PLASTIC_KINEMATIC model was selected for

the rock for the purpose of taking into account the large strain,
high strain rate, and the damage under the action of detonation
load [21], combined with the ∗MAT_ADD_EROSION model
containing the thresholds of the tensile and compressive failure
to acquire the macroscopic effect of fracture [22, 23]. Mud-
stone, sandstone, and granite were chosen as three kinds of
rock with different strengths for the simulation. According to
the data provided by [24], six basic parameters of these three
kinds of rock including the uniaxial compressive strength σc,
the uniaxial tensile strength σt, elasticity modulus E, density ρ,
Poisson’s ratio μ, and the fracture toughness KIC are de-
termined in Table 2.

Air used the ∗MAT_NULL material model combined
with the keyword of ∗EOS_LINEAR_POLYNOMIAL. +e
linear polynomial equation of state is linear in internal
energy. It has the following form [20]:

P � C0 + C1μ + C2μ
2

+ C3μ
3

+ C4 + C5μ + C6μ
2

 E, (24)

where μ � (ρ/ρ0 ) − 1, ρ is the current density of the material,
ρ0 is the nominal or reference density, and E is the internal
energy with the unit of pressure.

+e linear polynomial equation of state may be used to
model gas with the gamma law equation of state [20]. +is
may be achieved by setting:C0 � C1 � C2 � C3 � C6 � 0 and
C4 � C5 � c − 1, where c is the ratio of specific heats. In this
paper, the necessary parameters ρ0 and c of the air model
were taken as 1.29 g/cm3 and 1.4, respectively [25].

+e main function of the slotted pipe lies in the re-
tardation to the detonation product in the nonslotted di-
rection and the protective effect to the wall of boreholes.
According to a lot of test results [2], it is feasible to ignore the
mechanical behaviour of the slotted pipe as its complexity.
+erefore, the ideal elastoplastic material model was selected
to simulate the slotted pipe, whose parameters [10] including
density ρ, elasticity modulus E, yield strength σy, and
Poisson’s ratio μ are shown in Table 3.

Fluid-solid coupling algorithm was applied to this cal-
culation to overcome the defect that the distorted grids of the
slotted pipe, air, and rock are produced easily under the high
detonation load, at the same time, in order to conveniently
obtain a large amount of data of flow field after detonation as
well. In this simulation, the Lagrange algorithm was per-
formed in the slotted pipe and rock, the explosive and air
were defined as the ALE space grid, the keyword
∗CONSTRAINED_LAGRANGE_IN_SOLIDwas used to set
the fluid-solid coupling constraint of the fluid and solid to
enable the energy transfer from the detonation product to
the slotted pipe and rock [12], and the contact type between
the slotted pipe and rock was surface-to-surface contact.

3.2. Analysis of the Simulation about the Slotted Cartridge
Blasting Process. +e simulation results of the slotted car-
tridge blasting in three kinds of rock, mudstone, sandstone,
and granite are shown in Figures 3–5, including the primary
crack propagation and pressure graph.

In the mudstone, as shown in Figure 3, the explosive in
borehole was completely exploded at t� 1.89 μs; meanwhile,
the detonation gas and shock wave firstly began to rush out
of the slotted pipe along the slotted direction and then
generated a powerful gas jet. +e air buffer between the
slotted pipe and borehole walls caused the slotted pipe to
continuously expand outward, and the slotted width and
angle of the slotted pipe would expand, resulting in the
strength of gas jet flow continuously increased, which led to
the continuous damage on the rock with borehole wall in the
slotted direction until the slotted pipe just contacted with the
borehole wall at t� 6 μs as a symbol that the initial guide
crack had formed completely by the strong gas jet. Later, the
initial guide crack continued to propagate called as the
primary crack under the “wedge effect” of the detonation
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gas, along with severe damage and crush of the rock with
borehole wall within a certain range caused by the much
more intense compressive pressure of the gas than the
uniaxial compressive strength of the mudstone. At t� 60 μs,
the primary crack had branched in two, and the cracks in the
nonslotted direction had appeared and then expanded
gradually. At t� 300 μs, the cracks had been arrested ab-
solutely with an unsatisfactory effect of directional fracture
due to the obvious branch of the primary crack and the
expansion of the cracks in the nonslotted direction.

In the sandstone, the explosive was completely blasted at
t� 1.89 μs, as shown in Figure 4(a). +e initial guide crack
was generated under the strong impact of the detonation gas
jet burst out of the slot at t� 6 μs.+e rock with borehole wall
was subject to the high pressure of detonation gas and then
crushed along with further propagation of the initial guide
crack (the primary crack). At t� 60 μs, the primary crack had
not branched, there were no other cracks in the nonslotted
direction, and the volume of borehole was much smaller
than that in the mudstone. At t� 300 μs, when the cracks had
been arrested fully, satisfactory results with a directional
primary crack of 48.38 cm in length were achieved.

In the granite, as shown in Figure 5, the explosive was
completely exploded at t� 1.89 μs. +e initial guide crack
with obvious shear failure was generated by the gas jet, while
the slotted pipe just contacted with borehole wall at t� 6 μs.
At t� 60 μs, compared with the result in the sandstone, the
primary crack had not branched, and no cracks had
appeared in the nonslotted direction as well, but the length
of the primary crack was distinctly longer which means a
faster propagation velocity of the primary crack in the
granite. Finally, the primary crack had been arrested almost
with a propagation length of 57.79 cm at t� 300 μs, as a
perfect directional fracture result.

+e comparative study based on the simulation results
above sufficiently explained the process of the initial guide
crack’s generation and the primary crack’s propagation,
which shows that, after the explosive in borehole was
completely exploded, the detonation gas and shock wave
firstly burst out of the slotted pipe along the slotted direction
and then formed a powerful gas jet impacting the borehole
wall and resulting in the generation of the initial guide crack
accompanied by the slotted pipe just contacting with the
borehole wall. Later, the rock with borehole wall was crushed
by the powerful pressure of the detonation product where is
called as the crush zone. Meanwhile, the initial guide crack
continued to expand called as the primary crack subject to
the quasistatic effect of detonation gas until the primary
crack is arrested.

Table 3: Parameters of slotted pipe.

ρ (g·cm− 3) E (GPa) σy (MPa) μ

1.4 3.2 60 0.36

Symmetry boundary

120cm
60

cm

(a)

φ32mm
φ20mm

3mm

I

II

III
IV

(b)

Figure 2: Finite element model: (I) rock; (II) explosive; (III) air; (IV) slotted pipe.

Table 1: Parameters of explosives.

ρ (g·cm− 3) D (m·s− 1) PCJ (GPa) A (GPa) B (GPa) R1 R2 ω

1.1 3200 3.5 214 18 4.15 0.95 0.13

Table 2: Physical and mechanical parameters of rock.

Rock ρ (g·cm− 3) E (GPa) σc (MPa) σt (MPa) μ KIC (MPa·m1/2)

Mudstone 2.45 17.0 30 2.7 0.21 0.30
Sandstone 2.5 30.4 58 6.5 0.22 0.68
Granite 2.8 55.0 102 10.5 0.27 1.19
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Apparently, the variations of rock strength greatly af-
fected the directional fracture effect, especially the propa-
gation length and velocity of the primary crack. In the
mudstone, because uniaxial compressive strength of the rock
was so weak, a large amount of detonation energy was di-
rectly consumed in the rock crush under the shock wave and
the detonation gas, making the detonation gas pressure
much lower while the primary crack was expanding. In
addition, the volume of borehole was larger than that in the
rock with higher strength, which means the detonation gas
pressure decreased further, leading to the drive shortage,
easy branch, and the shortest length and lowest velocity of
the primary crack’s propagation. In the nonslotted direction,
because of the lower uniaxial tensile strength than the

circumferential tensile stress arising from the detonation
gas, radial cracks appeared in the borehole wall, against the
directional fracture effect. In the sandstone, the uniaxial
compressive strength of rock was higher, causing the energy
used for the rock compression of borehole wall to decline
massively, the volume of borehole was smaller, and the
quasistatic effect of detonation gas applied to the primary
crack was much stronger than that in the mudstone.
+erefore, no bifurcation formed, meaning more powerful
drive leaved and the propagation length and velocity of the
primary crack would be much larger compared with that in
the mudstone. In the granite, the higher uniaxial com-
pressive strength made more energy concentrated on the
propagation of the primary crack, resulting in the faster

(a) (b) (c) (d)

Figure 4: +e initiation and propagation of the directional crack in the sandstone: (a) t� 1.89; (b) t� 6; (c) t� 60; (d) t� 300.

(a) (b) (c) (d)

Figure 5: +e initiation and propagation of the directional crack in the granite: (a) t� 1.89; (b) t� 6; (c) t� 60; (d) t� 300.

(a) (b) (c) (d)

Figure 3: +e initiation and propagation of the directional crack in the mudstone: (a) t� 1.89; (b) t� 6; (c) t� 60; (d) t� 300.
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propagation velocity and longer propagation length than
that in the sandstone, and no radial cracks appeared in the
nonslotted direction though the pressure of the detonation
gas in borehole was higher than that in the mudstone.

+e analysis results above demonstrate that the initial
guide crack is generated by the detonation gas jet, and the
further propagation is notably influenced by the rock
strength. In the mudstone, the primary crack is likely to
branch with a greatly short propagation length, and radial
cracks will appear in the nonslotted direction very probably.
+e higher the rock strength, the more the energy con-
centrated in the slotted direction, the faster the primary
crack’s expansion, and the longer the propagation length.

3.3. Primary Crack Propagation Characteristics. +ere were
several developed cracks around the borehole wall in the
mudstone, as shown in Figure 3(d), and the longest one in
the slotted direction was marked as the primary crack in the
mudstone to be compared with that in the sandstone and
granite. If t≤ 10 μs, the y coordinates at the primary crack tip
when t� 0, 4, 6, and 10 μs, respectively, were taken as the
primary cracking length, considering the initiation progress
of the initial guide crack in Figures 3–5. If t> 10 μs, the y
coordinates at the primary crack tip with a time interval of
10 μs were taken as the primary cracking length. +en, the
average velocity of crack propagation in each time interval
can be obtained by the displacement of the crack tip at each
selected instantaneous moment, as shown in Figures 6 and 7.

Figure 6 shows the relation curve of the primary cracking
length changing with time. +e variation of the slop of the
curve means the oscillation of the crack propagation ve-
locity. In Figure 6(a), from t� 0 μs, when the explosive was
detonated completely, the gas jet in the slotted direction was
generated and rushed into the air buffer until the initial
guide crack started to occur when t� 4 μs, and then the
length of the initial guide crack increased gradually subject
to the gas jet until the borehole was filled with detonation
gas. At this point, the initial guide crack was fully formed
with lengths of 4.939 mm, 4.079 mm, and 3.271 mm in the
mudstone, sandstone, and granite, respectively, when
t� 6 μs. It is noted that the length of the initial guide crack in
the mudstone was longest and the cracking length decreased
with the enhancing rock strength which signified the average
propagation velocity of the initial guide crack in the time
interval of its generation process from t� 4 μs to t� 6 μs,
having a negative correlation with the rock strength as
shown in Figure 7. But after t� 6 μs, the velocity of the
primary crack in the higher strength rock became faster, so
the length of the primary crack in the granite had risen to the
largest, followed by sandstone and mudstone in the last
when t� 30 μs, as shown in Figure 6(b). +en, the crack
propagation velocity maintained a little oscillation down
from the maximum peaks of 250.25m/s, 312.68m/s, and
413.36m/s in the mudstone, sandstone, and granite, re-
spectively, along with the differences of the cracking length
in three kinds of rock expanding gradually. When t� 160 μs
to 180 μs, the velocity of the primary crack in mudstone,
sandstone, and granite rapidly decreased in turn, leading to

the slow growth in the cracking length. When t ≈ 260 μs, the
primary crack was arrested fully with a length of 34.74 cm,
48.38 cm, and 57.79 cm inmudstone, sandstone, and granite,
respectively.

During the generation of the initial guide crack, the
lower the rock strength, the faster the crack propagation
velocity, and the longer the cracking length which was
consistent with the theoretical analysis of equation (5) whose
calculations on the length of the initial guide cracks based on
the parameters of the numerical model are 3.9mm, 2.7mm,
and 2.5mm in the mudstone, sandstone, and granite, re-
spectively. +e results from theoretical calculation and
simulation have the same influence tendency of rock
strength on the length of the initial guide crack, though the
result of theoretical calculation is smaller than that of the
simulation; on account of that the gas average pressure p0
taken for the initial guide crack process in theoretical
analysis is lower than the impact pressure of the gas jet which
is the true driving force for the propagation of the initial
guide crack.

Overall, both the propagation length and velocity of the
directional crack in the higher strength rock were larger
relatively, while there is an opposite influence trend of rock
strength in the stage of the initial guide crack. +e cracking
velocity in three kinds of rock reached the individual peak
before t� 50 μs, followed by the swing down whose oscil-
lation amplitude increased with the increasing rock strength
clearly, signifying more unsteady propagation of the primary
crack in the higher strength rock such as the granite. When
t� 160 μs to 180 μs, the cracking velocity declined quickly in
the order of rock strength, and the cracking velocity in the
mudstone firstly reduces dramatically, followed by the
sandstone, and then granite in the last. +e duration of the
crack propagation increased with the enhancing rock
strength, which should be caused by the faster decrease of
the gas pressure in the lower strength rock.

3.4. Comparison of the Effective Stress Distribution with
Different Rock Strengths. +e relation between the propa-
gation length and velocity of the primary crack and the rock
strength is subject to the influence of the rock strength on the
effective stress distribution of the rock in different directions.
In Figure 8(a), to study the effective stress distribution in the
slotted direction in the rock with different strengths, six
measuring points with an interval of 4 cm were taken in the
slotted direction from the rock model of mudstone, sand-
stone, and granite, respectively, and the effective stress peak
at each measuring point was shown in Figure 8(b).

Figure 8(b) is the radial distribution of the effective stress
peaks in the slotted direction in the mudstone, sandstone,
and granite, showing that the closer to the centre of bore-
hole, the higher the effective stress difference between the
rock with different strengths, and the effective stress peaks
increased along with the augment of the rock strength from
an overall view in the slotted direction. It indicated that the
slotted cartridge blasting energy concentrated in the slotted
direction was highest in the granite to the benefit of the
propagation of the primary crack under the same charge

8 Advances in Civil Engineering



condition, resulting in the quick decline of the cracking
velocity in the order of rock strength from t� 160 μs to
180 μs. When the rock strength is enlarged, the ratio of the
detonation energy for the compression and crush of the
borehole wall will decrease, more detonation energy will
concentrate on the primary crack in the slotted direction and
the rock zone in the nonslotted direction, the former is
beneficial to enhance the propagation length and velocity of
the primary crack, but the latter may cause the radial cracks
in the nonslotted direction, which is bad for the directional
fracture effect.

To investigate the circumferential distribution charac-
teristics of the rock effective stress in the slotted cartridge

blasting, the measuring points with an interval of 20° were
taken along the circumference of 8 cm from the explosive
centre, and the effective stress on each measuring point at
t� 60 μs was extracted to draw a polar diagram, as shown in
Figure 9. Only the data in themodel of sandstone and granite
were obtained because the directional fracture effect in the
mudstone was too poor to contrast.

Figure 9(b) shows that, from the view of different di-
rections, the effective stress reduced generally from the
vertical slotted direction (0°or 180°) to the adjacent slotted
direction (80° or 100°) both in the model of sandstone and
granite at t� 60 μs, as a kind of circumferential distribution
characteristics of the rock effective stress. It was resulted that
when t� 60 μs, the primary crack had passed the measuring
point where the most of detonation gas energy in the slotted
direction had been consumed in the crack propagation,
making the rest dynamic effect applied to the rock zone in
the closer slotted direction lighter than that in the further
slotted direction. From the view of different rock strengths,
the effective stress in the granite was higher than that in the
sandstone in the same direction. +e difference of effective
stress between the model of granite and sandstone increased
constantly from the vertical slotted direction (0° or 180°) to
the adjacent slotted direction (80° or 100°) where the
maximum discrepancy of effective stress achieved up to
28.3MPa. In the closer slotted direction, the detonation
effect in the granite was stronger than that in the sandstone,
producing a longer propagation length of the primary crack.
In contrast, the effective stress difference became minimum
only at 1.26MPa or 1.37MPa in the vertical slotted direction
(0° or 180°). It shows that even the radial cracks should easily
appear in the nonslotted direction, especially the vertical
slotted direction under the higher stress in rock caused by
the higher pressure of the detonation gas in the granite
compared with that in the sandstone; however, the faster
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propagation velocity of the primary crack and the greater
proportion of the energy in the slotted direction in the
granite observably enhanced the stress relaxation in the
nonslotted direction, making the effective stress discrepancy
between the granite and sandstone small enough in the
vertical slotted direction, and no radial cracks were gener-
ated in this direction at t� 60 μs when the primary crack was
expanding steadily.

4. Discussion

In engineering practice, the propagation length of the
primary crack determines the quality of slotted cartridge
blasting in the surrounding holes, and it is affected by the
rock strength which is a factor beyond human control.
Many other factors such as the diameter of borehole,
charge structure, charge quantity, the type of explosive,
and the borehole layout are controlled artificially in
which the decoupling coefficient, charge density, and
spacing of peripheral holes can be deemed as three most
obvious parameters [2] and should be designed and
determined on the basis of the factors subject to objective

conditions such as the physical and mechanical properties
(represented by the rock strength) of the peripheral
medium, the geological condition, and construction
environment.

+is paper systematically discussed the effects of rock
strength on the propagation length and velocity of the
primary crack, which offers the theoretical basis and
guidance for the parameters design of the slotted cartridge
blasting in the rock with different strengths. In the too low-
strength rock such as the soft mudstone, due to the short
propagation length of the primary crack and the radial
cracks appearing in the nonslotted direction, the spacing of
peripheral holes and the charge quantity should be reduced
in order to decrease the wall-rock damage and improve the
outline quality of the shaft and tunnel. In the higher
strength rock, for example, the hard sandstone or granite,
the propagation length, and velocity of the primary crack
increase and few radial cracks form in the nonslotted di-
rection. +erefore, it is reasonable to decline the charge
quantity and add the spacing of peripheral holes appro-
priately compared with the normal blasting without slotted
cartridge because of the reducing total charge quantity and
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Figure 8: (a) Position of measuring points; (b) distribution of effective stress peaks in the slotted direction along the Y axis in (a).
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the number of boreholes to relieve the blasting vibration
and accelerate the excavation speed, in the meantime,
guaranteeing the enough shaping effect of peripheral holes.
+e high efficiency and economic effect of the slotted
cartridge blasting technology have been verified in the
engineering practice [7, 12].

In addition, the influence laws of the other objective
factors such as the jointing crevasse growth condition of the
peripheral medium on the propagation length of the primary
crack in the slotted cartridge blasting need further research
with more work.

5. Conclusions

+e theories of explosive mechanics and rock fracture
mechanics were used to study the influence laws of the rock
strength on the primary crack in the slotted cartridge
blasting. Based on the numerical simulation results of
ANSYS/LS-DYNA, the propagation length and velocity of
the primary crack and the effective stress distribution
characteristics under the effect of slotted cartridge blasting in
the mudstone, sandstone, and granite of three different
strengths were analyzed. +e main conclusions of this paper
are as follows:

(1) +e calculation of the generation of the initial guide
crack, the propagation, and arrest criterion condition
of the primary crack and the maximum propagation
length were deduced to propose the relation equation
between the primary crack propagation length am and
rock strength (σc, σt), demonstrating that the final
propagation length am increases with the increasing of
rock strength (σc, σt).

(2) +e analysis of the simulation results shows that the
primary crack is likely to bifurcate and gets the
propagation length of 34.74 cm in the mudstone with

too weak strength; in addition, there are radial cracks
appearing in the nonslotted direction. +e primary
crack expands along the desired direction with a final
length of 48.38 cm and 57.79 cm in the sandstone and
granite, respectively.

(3) When rock strength rises, all the propagation length,
velocity, and duration of the primary crack will
increase in the sandstone and granite, while there is
an opposite influence tend of rock strength in the
stage of the initial guide crack’s formation from
t� 4 μs to t� 6 μs. +e cracking velocity has an
overall oscillation downtrend whose swing ampli-
tude enhances along with the increasing rock
strength clearly, signifying the more unsteady
propagation of the primary crack in the higher
strength rock.

(4) Although the pressure of the detonation gas is higher
in the model of granite, however, the faster propa-
gation velocity of the primary crack in the granite
enhances the stress relaxation in the nonslotted di-
rection; as a result, the increase of rock strength has a
weak effect on the internal effective stress of rock in
the nonslotted direction, and few radial cracks are
generated in this direction.
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