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Abstract: Tunnel though coal seam is one of the most difficult tunnels since its
risk of coal and gas outburst and the complex geological conditions. According to
the directional cutting of water jet and the characteristic of the coal seam and rock
mass, this paper presents a new method of tunnelling though coal seam assisted by
water jet slotting, which can be divided into improving permeability of coal seam
and directional cracking in the rock mass. The mechanism of improving perme-
ability of coal seam was stated, and the crack criterion of rock during blasting was
established based on fracture theory. Then, the evolution law of pressure wave and
the crack propagation were simulated by FEM software ANSYS/LS-DYNA, the
results show that the shape of the crush zone formed by stress wave is differen-
t between the normal borehole blasting and the slotted borehole blasting, and the
tension is the main factor which let crack propagation. What is more, for normal
borehole blasting, the tension concentration occurred along the direction of 45 de-
grees and let crack expand, while for slotted borehole blasting the tension concen-
tration occurred along the direction of 0 degrees and 90 degrees, and the maximum
tension along the direction of 0 degrees is larger than the maximum tension along
the direction of 90 degrees, and the main crack expand along the direction of 0
degrees, which prove that the existence of the slot play a good role of orientation
for directional cracking.
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1 Introduction

China western is known as a mountainous country which is rich in natural re-
sources. With the deeply implementation of the western exploring strategy, there
are more and more infrastructures have been put into the construction. Among
these key projects, the number of the mountain tunnel through the coal seam is
roaming. These tunnels, as one of the most complicated tunnels, have two typical
characteristics. One is the risk of the coal and gas outburst when cutting through
coal seam [Lin, Yan, and Zhu (2015); Tong, Liu, and Yu (2013)], the other is the
inherent cracks and joints exist in the rock mass [Li, Jin, and Lu (2002); Ye, Huo,
and Chang (2011); Kang, Yang, and He (2010); Li, Xie, and Wu (2013)]. So, to
get safe uncovering coal seam, the risk of coal and gas outburst must be eliminat-
ed firstly, and then cutting through coal seam, finally, excavation though the rock
stratum.

To eliminate the risk of coal and gas outburst, common measures include con-
cussion blasting, forepoling, multiple row drilling and hydraulic flushing [Zheng,
Zhang, and Li (2000); Jiang, Liu, and Zhang (2005); Rafael and Cristobal (2010);
Wang (2010)]. However, the practice shows that these measures are usually time-
consuming and have a limited effect. On the other hand, smooth blasting and
energy focusing blasting are the common measures to achieve the good blasting
effect. As the most common measure of mountain tunnel excavation, smooth blast-
ing has been widely applied [Xu and Zong (2000); Zong, 2002; Kaushik (2012);
Li, Xu, and Dong (2012); Zhang (2013)], but there are also many problems while
tunnelling through the coal seam because of complex geological conditions. Sur-
rounding rock outside the excavation area is often destructed upon the action of

Uneven contour

Figure 1: The typical uneven contour of tunneling.
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blasting vibration, which is leading to uneven contour and unexpected fractures,
inevitably causing great damage to surrounding rock and influencing the stabili-
ty of the tunnel [Sanchidrián (2008); Yong and Shen (2006); Nateghi, Kiany, and
Gholipouri (2009)].

Meanwhile, energy focusing effect, originated from energy adjusting and focusing,
is a special form of explosive brisance, which just changes the brisance in one di-
rection to a fierce level without changing the total energy of the kits. So, many
scholars began using energy focusing effect theory to enhance the effect of direc-
tional control blasting, mainly there were two ways. One is the transformation of
dynamite. Firstly a fusion slot is designed and produced at itself lateral symmetri-
cal points, and experiment is done to find the appropriate size, then explosive slot
will produce the phenomenon of energy concentration and make two adjacent bore-
holes through along this direction, and the blasting force in the other direction will
be reduced effectively [He, Cao, and Shan (2003); Sanchidrián, López, and Segarra
(2008); Liu, Liu, and Gao (2014)]. This explosives roll can be used in the roadway
trim holes blasting to form a smooth contour line, reduce the over-excavation in
the vertical direction and improve the quality of tunnel section shape. But many
technical problems have been encountered such as difficult to control charge ori-
entation and too much time consuming. The other method is mechanical grooving
between two adjacent boreholes and explosives, which can also produce energy
focusing effect to improve the quality of smooth blasting [Xiao, Guo, and Zhang
(1998); Zhang, Xiao, and Pu (2006); Cho, Nakamura, and Mohanty (2008); Mo-
jtaba, Kamran, and Mostafa (2011); BRILL, Me-Bar, and Sadot (2012); Lu, Ming,
and Xiang (2012); Yang, Zhang, and Yang (2013)]. However, mechanical grooving
is known as time-consuming and no safe.

So, to achieve safe and fast tunnelling though coal seam, according to the character-
istic of the coal seam and rock mass and the directional cutting technology of water
jet [Sheng (1998); Li, Lu, and Xiang (2007)], this paper presents a new method of
tunneling through coal seam assisted by water jet. Certainly, it will be a promising
method of tunneling.

2 Mechanism of safe and fast tunnelling through coal seam assisted by water
jet slotting

The procedure of this method is improving the permeability of the coal seam and
achieves safe and quick tunneling by water jet slotting, which can be divide into
two parts: one is slotting along the radial direction of the borehole in the coal seam
by water jet to improve the permeability of the coal seam and eliminate the risk of
coal and gas outburst fast and safe, another is slotting in the rock along the axial of
the borehole to achieve the safe and quick driving, as shown in Figure 2.
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Figure 2: Technical sketch of safe and fast tunnelling though coal seam.

Firstly, to eliminate the risk of coal and gas outburst, drilling the borehole though
coal seam, then slotting along the radial direction of the borehole by water jet, as
shown in Figure 3. The radius of the slot, confirmed by the experimental, can reach
1 m. Slotting in the coal seam will form the slot and promote initial microfracture of
coal propagation in the coal seam, which not only create the gas migration channel,
but also relieve the pressure on the coal and improve the permeability, what is
more, the sonic vibration of the water jet will further improve the permeability and
promote gas desorption, which improve the gas drainage rate [Li, Lu, and Zhao
(2008); Li and Zhou (2010); Lu, Liu, and Kang (2010); Lu, Song, and Liu (2011)].
So as to quickly eliminate the risk of coal and gas outburst, and uncovering coal
seam safe and fast.

After uncovering the coal seam safely, drilling peripheral boreholes up to the spec-
ified depth along the tunnel outline in the rock, and then slotting the rock along
the axial of the borehole by water jet. The depth of the slot depends mainly on the
speed of the nozzle, so that a certain depth (usually 10 ∼ 20 mm) two-way pre-cut
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Figure 3: Profile of radial slotting in coal seam.

slot can be formed in the borehole along the tunnel outline, as shown in Figure 4.

Figure 4: Profile of axial cutting in rock.

3 Analysis of the crack propagation under the blasting load

Assuming that boreholes wall was not crushed after blasting, the typical stress di-
agram of the borehole under the action of the quasi-static pressure was shown in
Figure 5. Based on fracture mechanics, the instability of fracture propagation be-
longs to the category of Mode I crack problem, and according to the Irwin fracture
mechanics theory [Atkinson (1987); Li, He, and Yin (2010)], for model 1 crack,
the fracture will propagate when the stress intensity factor KI reaches critical value
KIC, otherwise it will stop.

KI = KIC (1)
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Figure 5: Mechanical model of the borehole slotted.

Where KI is the stress intensity factor of Mode I, and KIC is the critical stress
intensity factor (fracture toughness). KI and KIC is calculated as follows:

KI = σ
√

πd (2)

KIC =

√
2Eγ

1− v2 (3)

Where σ is the stress act on the fracture plane, d is the length of the crack. E is
the elasticity modulus of rock, γ is the surface energy per unit area, v is the Poisson
ratio. For the problem discussed in this work, KI in the tip of the slot and the K

′
I in

the borehole wall can be determined as:
KI = (P0−σv)F
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Where P0 is the quasi-static static pressure of explosion gas, σv is the vertical stress,
v is the Poisson ratio, θ is the angle between σv and P0, F is the correction factor
of stress intensity factor, which is a function of the hole radius and length of crack,
r is radius of the borehole, and a is the length of the slot.

Combining Eqs. 3–4 with Eq. 2, the quasi-static static pressure of explosion gas of
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crack propagation can be expressed as:
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Where P
′
0 is defined as the pressure of the crack propagation which located at the

borehole wall, and P
′′
0 is defined as the pressure of crack propagation along the

direction of slot.

4 Numerical simulation

To research the evolution law of pressure wave during blasting, a FEM software
ANSYS/LS-DYNA was used to simulate the propagation of the pressure wave and
the growth of crack in normal borehole, single-slotted borehole, dual – normal
borehole and dual – slotted borehole.

4.1 Simulation model and parameters

In this paper, quasi-2-d model was applied, the size of the rock is 150 cm× 150 cm
× 3 cm, the diameter of borehole is 5 cm, and the size of the jet slot is 4 cm × 0.3
cm × 0.3 cm, and in the dual-slot borehole blasting, the distance between the two
boreholes is 50 cm. the unit system is g- cm-µs, the model for dual-slot borehole

Rock

Explosive

Slot

No reflection boundary

No reflection boundary

Figure 6: Numerical simulation model of dual-slotted borehole.
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and mesh distribution was shown as Figure 6, and the parameters of explosive, rock,
air and its state equation was shown in Table. 1.

To simulate the dynamite explosion, keywords of MAT_HIGH_EXPLOSIVE_BURN
and the state equation of JWL were adopted, in which, the pressure of the detona-
tion products of the high explosive was defined as follows:

P0 = A
(

1− ω

R1V

)
e−R1V +B

(
1− ω

R2V

)
e−R2V +

ωE
V

(6)

Where P0 is the pressure produced by the detonation products of high explosive,
where ω , A, B, R1 and R2 are user defined input parameters, V is relative volume,
and E is the internal energy per initial volume.

Table 1: Keywords of material type and its state equation.

Material Material model State equation
Explosives MAT_HIGH_EXPLOSIVE_BURN JWL

Air MAT_NULL GRUNEISEN
Rock MAT_PLASTIC_KINEMATIC –

Table 2: Parameters of the explosive and its state equation.

Density
(g/cm3)

Detonation
velocity (cm/µs)

Detonation
pressure (Mbar)

JWL state equation
A (Mbar) B (Mbar) R1 R2 w

1.931 0.993 0.337 3.712 7.431E-2 4.151 0.950 0.300

Table 3: Parameters of air and its state equation.

Density
(g/cm3)

GRUNEISEN state equation
C S1 S2 S3 r0

0.125E-2 0.344 0.00 0.00 0.00 1.40

On the other hand, in order to avoid the large deformation problem of rock, fluid-
solid coupling algorithm was adopted for the analysis of the explosive detonation.
In which, ALE algorithm is used for explosive and air, and Lagrange algorithm for
rock, meanwhile, meshes of explosive and the air were joined with common nodes,
Then the fluid-solid coupling was defined between the meshes of the explosive,
air and rock by the keyword of CONSTRAINED_LAGRANGE_IN_SOLID [Shi,
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Table 4: Parameters of rock.

Density
(g/cm3)

Elastic
modulus
(Mbar)

Poisson
ratio

Yield
strength
(Mbar)

Tangent
modulus
(Mbar)

Failure
strain

2.5 0.225 0.22 3.0E-5 0.042 0.06

Li, and Zhang (2005); Bai (2005)]. According to the characteristics of high speed
deformation of the material in blasting process, the time step of the simulation is
0.67.

4.2 Simulation results analysis

To describe the characteristic of pressure wave while it spread in rock of every
condition, the post-processing software (LS-PREPOST) was used to draw graph,
as shown below.

(a) t = 100 µs (b) t = 175 µs

(c) t = 225 µs (d) t = 325 µs

Figure 7: Propagation graph of pressure wave in normal borehole blasting.
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(a) t = 75 µs (b) t = 200 µs

(c) t = 250 µs (d) t = 350 µs

Figure 8: Propagation graph of pressure wave of slotted borehole blasting.

(a) Single slotted borehole (b) Normal borehole

Figure 9: Monitoring points arrangement.
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(a) Nomal borehole blasting

(b) Slotted borehole blasting

Figure 10: Pressure history curve of monitoring point at 0 degrees direction.

From Figures 7 and 8, the shape of the pressure wave is different between the single
normal blasting and the single slot blasting at the beginning of the explosion. In
the normal blasting, the stress wave effect evenly on the borehole wall and form
the broken zone, the shape of the pressure wave is always a circle, and then the
tensile stress concentration occurred at the 45 angle. However, for the slotted bore-
hole blasting, the shape of the pressure wave likes an ellipse, and the tensile stress
concentration is occurred at the 0 degrees direction and 90 degrees direction at the
time of 200 µs, and the final crack formed at the 0 degrees direction, which prove
that the existence of the slot changes the shape of the pressure wave and the form
of the broken zone, and also change the direction of the final main crack.

In addition, to further understand the distribution of the pressure during blasting,
the pressure history curve was draw bellow, and the location of monitoring points
was shown in Figure 9.
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(a) Nomal borehole blasting

(b) Slotted borehole blasting

Figure 11: Pressure history curve of monitoring point at 45 degrees direction.

By comparing Figures 10–12, for normal borehole blasting, the maximum pressure
of monitoring points is larger than the maximum pressure of monitoring points
for slotted borehole blasting, but the tension concentration occurred at 45 degrees
direction, and the maximum tension of the monitoring points is also larger than the
maximum tension of monitoring points for slotted borehole blasting at the same
location.

Meanwhile, for slotted borehole blasting, the tension concentration is occurred at 0
degrees direction and 90 degrees direction, and the maximum tension of the moni-
toring points at 0 degrees is nearly twice as large as maximal tension at 90 degrees
direction. What is more, the action time of tension at 0 degrees direction is also
longer than the action time of tension at 90 degrees direction, which proves that the
explosion energy distribution is changed by the slot.
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(a) omal borehole blasting

(b) Slotted borehole blasting

Figure 12: Pressure history curve of monitoring point at 90 degrees direction.

(a) t = 125 µs (b) t = 225 µs
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(c) t = 500 µs (d) t = 575 µs

Figure 13: Propagation graph on pressure wave and crack in normal borehole blast-
ing.

(a) t = 125 µs (b) t = 225 µs

(c) t = 550 µs (d) t = 575 µs

Figure 14: Propagation graph on pressure wave and crack in dual-slotted borehole
blasting.

According to the simulation results, the crushing zone during explosion in rock is
quite different between normal borehole blasting and slotted borehole blasting, for
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the normal borehole blasting, the shape of the crushing zone like a circle, while
the shape of the crushing zone likes an ellipse in the slotted borehole blasting.
Meanwhile, the explosion fracture of the borehole in the normal blasting expand
along defiled line direction between the adjacent boreholes, and the fracture is very
small and singleness. However, for the slotted borehole blasting, the shape of the
crushing zone like an ellipse, the fracture expand along the direction of the slot, and
then the adjacent slotted borehole connected with the development of the explosion
fracture, which prove that the slot play a good role of orient let the explosion energy
gather at the direction of slot.

5 Conclusions

Tunnel though coal seam, as one of the most complicated tunnels, has two typical
characteristics, one is the risk of coal and gas outburst when cutting through coal
seam, the other is the inherent cracks and joints exist in the rock mass. According
to the character of the soft rock and the unique properties of water jet, the method
of safe and fast tunnelling through coal seam assisted by water jet was put forward.

Then, the mechanism for the technology of the safe and fast tunnelling through
coal seam assisted by water jet was analysis, and the model of crack propagation is
established based on the fracture mechanics, the stress condition for rock cracking
on the different place was worked out.

What is more, the evolution law of pressure wave and the crack propagation were
simulated, the results show that, the shape of the crush zone formed by stress wave
is different between the normal borehole blasting and the slotted borehole blasting,
which affect the distribution of stress, and the tension is the main factor which let
main crack propagation. For normal borehole blasting, the tension concentrations
occurred and crack propagation along the direction of 45 degrees, while for slot-
ted borehole blasting, the tension concentration occurred along the direction of 0
degrees and 90 degrees, and the main crack also expand along the direction of 0
degrees.

Last but not least, the method of safe and fast tunnelling through the coal seam
assisted by water jet will be an efficient approach in the tunnelling engineering.
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