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One-step raise excavation with burn cut is a kind of technology which use the drilling and blasting method to excavate the raise
quickly. Due to the limitation of the free surface in burn cut, determination of cut parameters such as the length of burden and
diameters of empty hole and charge hole is important to achieve a good eﬀect of cut blasting. Meanwhile, the choice of the cut
model is also crucial to form a proper opening. In this study, a modiﬁed Holmquist-Johnson-Cook (HJC) model, in which the
tension-compression damage model and tension-compression strain rate eﬀect model are considered, is embedded in the LSDYNA software to investigate the damage evolution of rock in cut blasting. A simpliﬁed numerical model of burn cut is built in
the LS-DYNA. The numerical results indicate that there is a threshold value of the burden length to maximize the opening. The
empty hole has the eﬀect of transferring blasting energy, and the eﬀect becomes more obvious with the increase of the hole size.
Moreover, the linear charge density of the prime cut hole can aﬀect the compression and tension damage. Further, the
comparison among four typical burn cut models are conducted based on numerical results. It demonstrates that triangular
prism cut and doliform cut, which have more empty holes arrangement surrounding the prime cut hole, are better than spiral
cut and diamond cut that with less empty holes locating one side of the prime cut hole in terms of energy eﬃciency and damage
zone control.

1. Introduction
Because of the advantages of high eﬃciency, simple operation, and low cost, the drilling and blasting method has
always been the main method in rock excavation engineering
such as mining, tunneling, and underground space development. Unlike bench blasting, in which burden rock is
directed towards two or more free surfaces, there are only
one free surface in tunnel and raise excavation blasting. Thus,
cut blasting is the most critical step in the process of tunnel
and raise excavation since it can create an opening as a second free surface for the subsequent borehole blasting. In
the process of cut blasting, the prime cut hole takes the empty
holes as the free surface and swelling space, so the corre-

sponding burden rock is subjected to high degree of constriction [1]. The opening created by the prime cut hole is
determined by cut parameters such as burden length and size
of empty hole and prime cut hole [2]. In order to obtain a
good cut blasting eﬀect, it is crucial to investigate the damage
evolution mechanisms of the burden rock of the prime cut
hole blasting under diﬀerent cut parameters.
For the study of rock blasting, numerical simulation is
more eﬃcient and ﬂexible compared with the theoretical
derivation and ﬁeld test. Therefore, numerical simulation
has become the main technique to investigate the damage
evolution mechanisms of rock blasting [3–7]. In order to
simulate damage evolution of brittle materials such as rock
and concrete under dynamic load, many classical damage
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models, such as the Taylor–Chen–Kuszmaul (TCK) model
[8], Holmquist–Johnson–Cook (HJC) model [9], and Riedel–Hiermaier–Thoma (RHT) model [10], were proposed
and developed. To predict the size and shape of the blasting crater in rock mass, the TCK model was used to study
the dynamic fracture behavior of rock in tension by Wang
et al. [11]. Fang et al. [12] determined the parameters of
the HJC model for rock and then used it to simulate the
projectile penetration test of granite. Liu et al. [13] used
the RHT model to simulate the damage evolution process
of cut blasting. The cut parameters were optimized based
on numerical results and veriﬁed by ﬁeld tests. However,
these models have some inherent drawbacks, for example,
the TCK model only considers the tension damage [14]. In
contrast, the HJC model only takes the compression damage into account [15, 16]. In the RHT model, many material parameters, which are complicated and diﬃcult to be
obtained by experiments, should be determined [17]. In
order to more truly reﬂect the dynamic response and failure characteristic of rock under impact load, researchers
have proposed many new models or improved the existing
models [18–20]. Liu and Katsabanis [21] introduced a
continuum damage model, which was calibrated by ﬁeld
crater blasting and small bench blasting tests, to study
the damage zone distribution under diﬀerent loading rates
and rock stiﬀness. Tu and Lu [22] implemented an
improved RHT model into the AUTODY, and then the
improved RHT model was used to simulate projectile
penetration.
Although the damage evolution mechanisms of rock
blasting have been studied by many researchers, little work
has been conducted on the investigation of cut blasting. For
this case, Xie and Lu [23] investigated the inﬂuence of in situ
stress on damage evolution to rock mass under the Swedish
cut model; further, a burden optimization was conducted
for burn cut in the deep tunnel. However, the eﬀect of other
cut parameters was not considered. Taking the empty hole as
an example, on one hand, the larger empty hole, the more
vulnerable the burden rock is to breakage. On the other hand,
the larger empty hole, the higher cost of drilling [24]. In addition, the determination of cut parameters will aﬀect each
other. For example, when the burden length is increased,
the corresponding diameter of the empty hole should be
increased to ensure there is enough swelling space for rock
fragments. The relationship between them can be expressed
by an indicator of the swelling ratio, which is deﬁned as the
volume of swelling space divided by the volume of the burden
rock. Moreover, the design of the cut model also is an important step in the overall cut blasting procedure, because the
layout of boreholes has important inﬂuence on the size of
opening, the utilization of explosive energy, and the diﬃculty
of drilling.
In the present paper, in order to study the inﬂuence of
cut parameters that include the burden and the diameter
of the empty hole and prime cut hole on rock damage
evolution, a simpliﬁed cut numerical model is established
in LS-DYNA. A tension-compression damage model,
which is improved by the author based on the original
HJC model, is implemented into LS-DYNA and employed
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Figure 1: Exponential stress-strain curve for uniaxial tension.

for the rock material [25]. According to the analysis of the
simulation results, the relationship between the cut parameters and damage evolution is revealed, and the optimal
cut parameters are determined. Further, the optimal cut
parameters are applied on four typical burn cut models,
in which the comparison between the utilization of explosive energy and the damage evolution is made. In addition, it is necessary to note that the explosive energy is
converted into two basic forms that are stress wave energy
and gas energy when the explosive detonates [26]. Most of
the stress wave energy is expended on the creation of the
compression damage zone and radial crack zone; then, the
cracks are further developed under the action of gas pressure. Nevertheless, only the damage evolution produced by
stress wave is considered in the numerical simulation, and
this simpliﬁcation can give reasonable damage prediction
in numerical simulation according to some previous
researches [27–29]. Thus, the blasting damage induced
by gas pressure is not considered in this study.

2. Material Models
2.1. Tension-Compression Damage Model for Rock. In the
damage evolution process of rock under blasting loading,
the rock damage is aﬀected by radial compressive stress,
hoop tensile stress, and reﬂection tensile stress [30].
Therefore, rock damage induced by blasting load can be
divided into compression damage and tension damage.
Meanwhile, rock is more sensitive to tensile stress because
of the lower tensile strength of rock [31–33]. Thus, rock
mainly showed as tension damage and many tension
cracks will appear result in rock fragmentation under
dynamic load [34–37]. Thus, the accumulation of tension
damage and compression damage should be considered
separately.
In addition, the strain rate eﬀect, which can enhance the
dynamic strength of material, is a characteristic of rock under
dynamic load [21, 38]. Under the action of dynamic load, the
tensile strain rate eﬀect appears to be more sensitive than the
compressive strain rate eﬀect. That means that at the same
strain rate, the dynamic increase factor (DIF) produced by
tensile stress is greater than that produced by compressive
stress. Thus, the strain rate eﬀect for tension and compression should be also calculated separately. In the previous
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Table 1: Parameters of the modiﬁed HJC model.

ρ/(kg/m3)

G/GPa

K/GPa

B

N

f c /MPa

f t /MPa

D1

D2

3471

46.6

173.1

8.72

pl /GPa

2.51
μl

0.64

pc /MPa

32.09
μc

K 1 /GPa

K 2 /GPa

K 3 /GPa

0.04
EF min

1.0
εfrac

57.7

0.0012

1.92

0.100

17.8

9.9

104.1

0.01

0.0017

study, a modiﬁed HJC model, which considered the tensioncompression damage and strain rate eﬀect, was implemented
into the LS-DYNA by the authors [25]. The modiﬁed HJC
model can well reﬂect the rock mechanical performance
under dynamic load; thus, it is applied in this study.
2.1.1. Strain Rate Eﬀect Model. For brittle materials, the DIF
induced by tensile load is higher than that induced by
compressive load under the same strain rate. Therefore,
the DIFs of tension and compression should be calculated,
respectively, in the modiﬁed HJC model. Most of the
strain rate eﬀect models proposed by many researchers
were exponential models [23]. However, according to the
investigation of Qi and Qian [39], the curve of the DIF
and strain rate shown a hyperbolic tangent shape. Therefore, a hyperbolic function [40], which could describe the
strain rate eﬀect of rock, was introduced in the modiﬁed
HJC model.
(
DIFt =

# )
  
 "
Fm
ε_
tanh
lg
− 1 + 1 Wy,
− Wx S
ε_ 0
Wy
ð1Þ

where DIFt is the dynamic increase factor for tension. ε_ 0
= 1s−1 is the reference strain rate. W x = 1:6, S = 0:8, F m
= 10, and W y = 5:5 are the ﬁtting constants, which are
determined based on the research of Tedesco et al. [41].
Further, the expression of the dynamic increase factor
for compression (DIFc ) can be established under the
assumption that the tensile increment is equal to the compressive increment at same strain rates.
DIFc = ðDIFt − 1Þ

 
T
+ 1,
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ð2Þ

Table 2: Parameters of explosive material and JWL EOS.
ρe
(kg/m3)

V 0D
(m/s)

PC J
(GPa)

1210

5660

9.7

AJ
BJ
R R2
(GPa) (GPa) 1
214.4

ω

E0
(GPa)

0.182 4.2 0.9 0.15 4.192

In the modiﬁed HJC model, the tension damage is
described as an exponential softening model proposed by
Weerheijm and Doormaal [42], as follows.
"



ε
D t = 1 + c1 P
εfrac

3 #




ε
ε 
exp −c2 P − P 1 + c31 exp ð−c2 Þ,
εfrac
εfrac

ð3Þ
where εP = ∑Δεp is the eﬀective plastic strain, and εfrac is the
fracture strain which is depended on element size in the
numerical model. The constants are c1 = 3 and c2 = 6:93.
For the exponential softening model, the stress-strain
curve of uniaxial tension is shown in Figure 1. The strain
energy can be obtained by the given fracture energy during the entire tensile cracking process of the element, as
follows.
ð εp =εfrac
εp =0

σdε =

Gf
,
hc

where G f is the fracture energy, and hc is the characteristic
length of the element which can be approximated as the
cube root of the volume of the element in a 3-D numerical
model. Besides, in order to show the presidential damage
during rock failure, the ﬁnal damage variable is determined by
D = Max ðDc , Dt Þ:

where T is the maximum hydrostatic tension, and f c is the
quasistatic uniaxial compressive strength.
2.1.2. Damage Model. In the original HJC model, the damage
is induced by the accumulation of the plastic strain and the
plastic volume strain, which can well reﬂect the compressive
damage of rock. Details of the damage model of the original
HJC model can be found in Johnson and Holmquist [9].
The damage model in the original HJC model continues to
be used as the compressive damage model in the modiﬁed
HJC model.

ð4Þ

ð5Þ

In order to avoid the discontinuity of the yield surface
at the point of p = 0, an improved yield function is proposed by Polanco-Loria et al. [15]. Meanwhile, the Lodeangle function RðθÞ is introduced to describe the shape
change of the yield surface on the deviatoric plane.
(
∗

σ =

B½Τ∗ ð1 − DÞ + p∗ N Rðθ, eÞDIF, P∗ ≥−T∗ ð1 − DÞ
0P∗ <−T∗ ð1 − DÞ
ð6Þ
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Figure 2: Prime cut blasting numerical model geometry and boundary conditions.
Table 3: Numerical simulation schemes.

where σ∗ = σ/f c and T ∗ = T/f c are the normalized equivalent stress and the normalized hydrostatic tension, respectively. p∗ = p/f c denotes the normalized pressure, where p
is the actual pressure. B and N are the material constants.
In this study, the engineering background is consistent
with the rock blasting test in Liu et al. [25]. So, the basic
rock mechanical parameters are also consistent with Ref.
[25]. However, considering the high degree of constriction
in burn cut, the rock mechanical parameters are not
reduced. According to the method in Ref. [25], the parameters of modiﬁed HJC are obtained and shown in Table 1.
2.2. Jones-Wilkins-Lee (JWL) EOS for Explosive. In this study,
the JWL EOS is used to calculate the pressure induced by detonation products of high explosives. The JWL EOS is
expressed as

Schemes
1
2
3
4
5
6
7
8
9
10
11
12
13

B (mm)

Φ (mm)

d (mm)

ξ

Air layer (mm)

170
220
270
320
370
420
270
270
370
370
370
370
370

250
250
250
250
250
250
220
190
350
450
250
250
250

110
110
110
110
110
110
110
110
110
110
120
130
140

1.737
1.371
1.132
0.964
0.840
0.744
0.989
0.858
1.241
1.723
0.833
0.828
0.827

10
10
10
10
10
10
10
10
10
10
10
10
10





ω
ω
ωE
−R1 V
P J = AJ 1 −
, ð7Þ
e
e −R2 V +
+ BJ 1 −
R1 V
R2 V 1
V
where P J is the pressure of the detonation products, V is the
relative volume of detonation products, and E is the special
internal energy with initial values of E0 , A J , B J , R1 , R2 , and
ω that are material constants. The JWL EOS parameters of
explosive are listed in Table 2 [43].
2.3. Material Identiﬁcation of Air. In practice, the radial
decoupling charge structure is usually applied in cut blasting
to control the damage zone. In this study, the radial airdecoupling charge technique is implemented. Material type
9 of LS-DYNA (∗MAT_NULL) is used to describe the air
material by the following EOS:


PA = C 0 + C1 δ + C2 δ2 + C 3 δ3 + C 4 + C5 δ + C6 δ2 e2 , ð8Þ

where PA is the pressure, e2 is the internal energy per volume,
δ is the dynamic viscosity coeﬃcient, and C0 , C 1 , C 2 , C 3 , C 4 ,
C 5 , and C 6 are material constants. In this study, the air is
assumed to be an ideal gas by setting C0 = C1 = C 2 = C 3 =
C 6 = 0 and C 4 = C 5 = 0:401, and air mass density and initial
internal energy are 1.255 kg/m3 and 0.25 J/cm3, respectively
[43].

3. Damage Evolution of Prime Cut
Blasting under Different Cut Parameters
The damage evolution process of the prime cut hole blasting
can be divided into 4 stages [23]: (1) shock wave induced by
explosive acts on the wall of the borehole to produce a compression damage zone around the prime cut hole. (2) With
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Figure 3: Overall damage of prime cut blasting under diﬀerent burdens: (a) scheme 1, (b) scheme 2, (c) scheme 3, (d) scheme 4, (e) scheme 5,
and (f) scheme 6.

the stress wave propagation, a radial tension damage zone
appears outside the compression damage zone due to the
hoop tensile stress components of stress wave. (3) When
the stress wave propagates to the wall of the empty hole, it
is reﬂected to form a tensile wave. The reﬂection tension
damage zone induced by the tensile wave develops to the
prime cut hole. Ideally, the reﬂection tension damage zone
and the damage zones surrounding the prime cut hole can
be interconnected. (4) The remained stress waves bypass
the empty hole and continue to propagate. When the stress
wave superposition occurs beyond the empty hole, the tension damage zone initiates within the superposition zone.
The ideal result of the prime cut hole blasting is that the burden rock of the prime cut hole is completely damaged and
then thrown out from the opening by the static gas pressure.
Besides, it is necessary to avoid more radial cracks to extend
beyond the cut zone.
3.1. Establishment of the Numerical Model. In this study, LSDYNA, which is a well-known nonlinear dynamic commercial software, is used to simulate the process of rock
damage under burn cut blasting. This software includes
Lagrange, Eulerian, and Arbitrary Lagrangian-Eulerian
(ALE) algorithm. The process of rock blasting can be

regarded as the ﬂuid-structure interaction between the
explosive and rock. Thus, the ALE algorithm can be
employed to model the ﬂuid-structure interaction characteristic. The explosive and air are modeled with Euler
mesh, and the rock material is modeled with Lagrangian
mesh in the ALE algorithm. The interaction between
explosive and rock is achieved by the keyword “∗CONSTRAINED_LAGRANGE_IN_SOLID.”
To study the damage evolution process of the prime cut
hole with diﬀerent cut parameters, a series of numerical simulation schemes are designed based on a simpliﬁed cut model
which includes a prime cut hole and a large empty hole. The
corresponding numerical model, with the dimension of 20
m × 20 m (length×width), is established as shown in
Figure 2. An empty hole as a free surface and swelling space
is located in the centre of the model, and a prime cut hole
is arranged on the left side of the empty hole. The nonreﬂection boundary conditions are set up in the four outerrounded sides. The element type is 164 solid element, and
the element number is 135240.
The variables of cut parameters consist of length of the
burden rock (B) and diameters of the empty hole (Φ) and
prime cut hole (d). The scope of the empty hole diameter
is not only related to excavation advance but also related
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Figure 4: Compression damage of prime cut blasting under diﬀerent burdens: (a) scheme 1, (b) scheme 2, (c) scheme 3, (d) scheme 4, (e)
scheme 5, and (f) scheme 6.

to swelling space. For a deeper raise excavation, it needs
larger empty hole. Similarly, for a longer burden, it also
needs a larger empty hole. In this study, the depth direction eﬀect is not considered due to the single-element
model. Thus, the diameter range of the empty hole is
selected based on swelling space. Considering the minimum swelling space for the prime cut hole, the swelling
ratio (ζ) of all schemes should be greater than 0.45 [44],
as shown in Eq (9).


2π Φ2 + d2
Vs
ζ=
=

,
V b 4BðΦ + dÞ + 2ðΦ + dÞ2 − π Φ2 + d 2

ð9Þ

where V s is the volume of swelling space for the prime cut
hole, namely, volume of the empty hole; V b is the volume
of the burden rock; B is the hole spacing between the
prime hole and empty hole; Φ and d are the diameter of
the empty hole and charge hole, respectively. In order to
meet the requirement of the swelling ratio, the value of
Φ ranges from 0.19 m to 0.45 m, and B ranges from
0.17 m to 0.42 m. Besides, d ranges from 0.11 m to

0.14 m, which represents the changes of linear charge density. It should note that the thickness of the air layer
remains a constant of 10 mm. The scheme design details
can be seen from Table 3.
3.2. Analysis of Numerical Simulation Results
3.2.1. Burden for the Prime Cut Hole. The damage evolution
results of cut blasting under diﬀerent burdens are presented
in Figure 3. It can be seen that the burden rock is completely
damage when the burden is less than or equal to 270 mm.
When the burden increases to 320 mm, the burden rock is
only partially damage because the compression damage zone
and the reﬂected tension damage zone are not interconnected. Further, compression damage and tension damage
are exhibited separately for analysis, as shown in Figures 4
and 5. It can be found from the compression damage results
(Figure 4) that the areas of compression damage zones are
basically consistent and do not change with the change of
burden. The value of the damage variable D is very close to
1, which indicates that the rock in the compression damage
zone is completely crushed. The radius of the compression
damage zone is about 2~3 times of the diameter of the prime
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Figure 5: Tension damage of prime cut blasting under diﬀerent burdens: (a) scheme 1, (b) scheme 2, (c) scheme 3, (d) scheme 4, (e) scheme 5,
and (f) scheme 6.

hole, which is consistent with the theoretical calculation
value [45], while the reﬂection tension damage decreases
with the increase of the burden. The possible reason is that
with the burden increasing, the energy consumed in the process of propagation also increases. When the stress wave
propagates to the wall of the empty hole, it has already attenuated greatly, so that the reﬂected tensile wave induces less
damage to the rock.
Further observation can be found in a large number of
radial tensile cracks that appear in the direction without
an empty hole, as shown in Figure 5. However, there is
no large scale radial tensile cracks extending outwards in
the direction of the empty hole, most of which are concentrated in the burden rock and the superposition zone
behind the empty hole. From the energy point of view,
the blasting energy transfers and creates many radial fractures in all directions when a single charge hole initiates in
the inﬁnite homogeneous rock mass. However, the blasting
energy shifts towards a direction where free surface exists.
In the process of cut blasting, the blasting energy shifts
towards the empty hole which results in most of the
energy being used to break the burden rock in the direction of the empty hole while many radial tensile cracks

are formed in other directions. According to the analysis
of the simulation results, it can be concluded that the
reductions of burden have considerable eﬀect on the
improvement of the damage zone, and 270 mm is the suitable burden to maximize the opening in this set of
schemes.
3.2.2. Diameter of the Empty Hole. Figure 6 shows the inﬂuence of the empty hole diameter (Φ) on damage evolution
of the burden rock. Taking schemes 3, 7, and 8 for example, under the burden of 270 mm, the damage zone of the
burden rock gradually decreases with the reduce of Φ
from 250 mm to 190 mm. Similarly, under the burden of
370 mm, the damage zone of the burden rock for schemes
5, 9, and 10 increases with the increase of Φ from 250 mm
to 450 mm, as shown in Figures 6(d)–6(f). In order to
study the inﬂuence of the empty hole on the development
of tension damage, the tension damage evolution is further
analyzed individually. It can be found from Figure 7 with
the increase of the empty hole diameter, not only the
reﬂected tension damage zone increases, and the radial
tensile crack area increases in the direction of the empty
hole, while the number and length of radial tensile cracks
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Figure 6: Overall damage of prime cut blasting under diﬀerent diameters of the empty hole: (a) scheme 3, (b) scheme 7, (c) scheme 8, (d)
scheme 5, (e) scheme 9, and (f) scheme 10.

are almost unchanged in other directions in the case of a
certain weight of explosive. According to the above analysis, the empty hole has the function of blasting energy
shifts. According to the simulation results of the empty
hole diameter, it indicates that the size of the empty hole
has an important inﬂuence on the blasting energy shifts.
With the increase of Φ, the tension damage zone increases
as well as the reﬂection tension damage zone in the direction of the empty hole that demonstrates the larger the
size of the empty hole, the greater the energy shifts, which
is consistent with the observation from Xie et al. [23].
Therefore, the large empty hole is suggested in the burn
cut mode, which can not only transfer more explosion
energy for the cut zone to break burden rock but also
form a larger opening, providing better conditions for
the subsequent cut hole blasting.
3.2.3. Diameter of the Prime Cut Hole. The comparisons of
the damage zones under diﬀerent prime cut hole diameters are shown in Figure 8. It can be seen that, with the
increase of prime cut hole diameter, the damage zone in
the vicinity of the prime cut hole and the radial tensile
cracks tend to increase. The main reason is that with the

increase of linear charge density, the explosive energy
increases. Further, compression damage and tension damage are analyzed separately, as shown in Figures 9 and 10.
It can be found that with the increase of linear charge
density, the compression damage extends sharply, while
the tension damage develops slowly, and only a few short
of radial tensile cracks appear in the vicinity of the prime
cut hole. It indicates that as the distance to the prime cut
hole increases, the consumption of blasting energy
decreases. First, most of the blasting energy is consumed
in creation of the compression damage zone near the
prime cut hole. Then, many radial tensile cracks are
increased outside the compression damage zone. Due to
the consumption of much blasting energy in the compression damage zone, the length of increased cracks is
shorter.
According to the above analysis, there is a threshold of
the burden, which can not only maximize the size of cut
opening but also avoid incompletely damage of the burden
rock. For the empty hole in cut blasting, it can transfer the
blasting energy. If the diameter of the empty hole is small,
most of the energy will be consumed in the creation of the
long radial fractures. If the empty hole is large enough,
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Figure 7: Tension damage of prime cut blasting under diﬀerent diameters of the empty hole: (a) scheme 3, (b) scheme 7, (c) scheme 8, (d)
scheme 5, (e) scheme 9, and (f) scheme 10.

more energy will be shifted in the direction of the empty
hole and consumed in the creation of opening. That means
that the larger the empty hole the more energy is used in
the creation of the opening. However, considering the drilling cost, too large empty hole is waste and not necessary
under a certain burden. Further, the increase of line charge
density has a direct and obvious eﬀect on rock failure and
damage; meanwhile, more long radial cracks will be also
created. Therefore, the relationship among the charge hole,
burden, and empty hole is that the charge hole provides
blasting energy; then, the empty hole transfers the blasting
energy to break the burden rock and provides swelling
space for rock fragments. In order to obtain a good eﬀect
of cut blasting, the relationship of cut parameters should
be considered comprehensively.
The prime cut hole initiates to form an opening,
which provides a free surface and swelling space for the
subsequent cut holes in the process of cut blasting. Thus,
appropriate prime cut hole parameters employed in a cut
model can ensure the creation of opening. Too many
radial cracks induced by improper parameters may inﬂuence the results of subsequent cut holes blasting and the
stability of wall during one-step raise excavation. In this

study, the parameters of B = 270 mm, Φ = 250 mm, and
d = 110 mm (scheme 3) can produce a good eﬀect based
on the analysis of numerical results. When the burden
increases to 370 mm, it can be also damaged completely
under Φ = 450 mm (scheme 10) or d = 150 mm (scheme
15). However, the large diameter of the borehole needs
high drilling cost. Besides, the increasing of d will lead
to much radial fractures that appear.

4. Comparison of the Cut Model Design
In engineering, there are four typical burn cut models for
one-step raise excavation [46]: spiral cut, diamond cut,
triangular prism cut, and doliform cut, as shown in
Figure 11. In this study, the damage evolution processes
of cut blasting are investigated to analyze and evaluate
the eﬀects of cut blasting under diﬀerent burn cut
models.
The four typical numerical simulation models of burn
cut are established, as shown in Figure 11. It can be seen
that the optimal cut parameters (B = 270 mm, Φ = 250
mm, d = 110 mm) obtained from Section 4 are applied in
these burn cut models. Figure 11(a) presents the numerical
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Figure 8: Overall damage of prime cut blasting under diﬀerent diameters of the charge hole: (a) scheme 5, (b) scheme 11, (c) scheme 12, and
(d) scheme 13.

model of spiral cut, in which an empty hole is located in
the centre of the model, and four cut holes are arranged
in spiral around the empty hole. The spiral hole spaces
are 0.45 m, 0.5 m, 0.55 m, and 0.7 m, respectively. Seen
from Figure 11(b) about diamond cut, two empty holes
with 0.2 m distance are created as free surface and swelling
space for the prime cut hole, and four cut holes are
arranged in diamond around the empty holes. There are
three empty holes that are arranged around the prime
cut hole in the triangular prism cut as shown in
Figure 11(c); then, three secondary cut holes are located
in the mid-perpendicular between two adjacent empty
holes. The design of the doliform cut, as shown in
Figure 11(d), is similar to the triangular prism cut. The
boundary conditions and element types of these numerical
models with the dimension of 7 × 7 m2 are kept consistent
with the above simpliﬁed cut model. In addition, the initiation sequences of the four models are the prime cut hole
ð0 msÞ → second cut hole ð2 msÞ → third cut hole ð4 msÞ →
fourth cut hole ð6 msÞ. The delay time is set to 2 milliseconds which is less than that in practical engineering due

to the eﬀect of gas pressure that is not considered in the
numerical simulation.
Figure 12 gives the numerical simulation results of the
four types of cut models. It can be seen that the burdens
are completely damaged after the detonations in prime
cut holes. It clearly demonstrates that the cut parameters
are suitable in these cut models. Moreover, it illustrates
that more radial fractures extend outward in spiral cut
and diamond cut than those in triangular prism cut
and doliform cut. The reason for this eﬀect is that with
the increase of the empty hole number, the area of the
free surface increases; then, more energy shifts towards
to the empty holes. Meanwhile, the layout of holes has
a signiﬁcant eﬀect on the development of the damage
zone. The empty holes are designed around the prime
cut hole in triangular prism cut and doliform cut, in
which most energy has been consumed in creation of
opening. However, in spiral cut and diamond cut, the
empty holes are arranged in one side of the prime cut
hole, and the other side is rock mass inducing the formation of radial fractures.
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Figure 9: Compression damage of prime cut blasting under diﬀerent diameters of the charge hole: (a) scheme 5, (b) scheme 11, (c) scheme 12,
and (d) scheme 13.

After 2 ms, the secondary cut holes are initiated in
sequence, and the corresponding burden rock is completely
broken in all numerical models. It can be clearly seen that
the processes of cut openings were formed from the four
cut models. The length of the radial fractures formed in the
previous cut hole blasting greatly increases with the detonation of the next cut hole. Moreover, most of these cracks
expanded outside of the cut openings may result in a negative
eﬀect for subsequent borehole initiation, even damage of the
raise wall. A probable reason is that under the action of new
hoop tension stress, the previous formed radial cracks are
easy to continue expanding due to the low dynamic tension
strength of rock mass.
The numerical results suggest that the number and layout
of empty holes have a signiﬁcant eﬀect on the development of
the damage zone. If a burn cut model, which has a few empty
holes, is applied in one-step raise excavation, most of the
energy will be consumed in creation of long radial cracks.
Fortunately, the results will be opposite when the burn cut
model has enough empty holes surrounding the prime cut
hole. Considering the eﬃciency and damage control in the

one-step raise excavation, the long radial crack should be
avoided. So, in order to control the energy used for the creation of the opening, it is necessary to design more empty
holes arranged around the prime cut hole in the burn cut
model. However, considering the drilling technology and
drilling cost, there are many boreholes in the section of triangular prism cut and doliform cut, so the workers’ drilling
technology requirement is higher, and the drilling cost is also
increased accordingly. Therefore, the choice of the burn cut
mode is related to the depth of one-step raise excavation.
For a deep raise or a blind raise, the burn cut model with
more than three empty holes is optimal due to the high
degree of constriction of the burden rock. For a raise with a
depth of less than 10 m, the burn cut model with single or
double empty holes can be adopted to reduce the cost, which
is consistent with the research in Ref. [46].

5. Conclusions
In engineering, it is diﬃcult to determine the cut parameters
in one-step raise excavation. The objective of this study is to
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Figure 10: Tension damage of prime cut blasting under diﬀerent diameters of the charge hole: (a) scheme 5, (b) scheme 11, (c) scheme 12, and
(d) scheme 13.

analyze the relationship between cut parameters and damage
zones by using the numerical simulation method. Further, to
achieve the optimal cut parameters, which are applied on
four typical burn cut models to recommend a reasonable
cut model by comparing the damage evolution and blasting
energy utilization, the main conclusions can be drawn as
follows:
(1) The ideal burden length can maximize the use of
blasting energy. When the burden is lower than
the ideal value, only part of the energy is consumed
in the creation of opening while the excess energy is
wasted in the creation of long radial cracks. When
the burden is greater than the ideal value, the burden rock may be incompletely damaged leading to
the result that the opening cannot be formed
(2) The empty hole as a free surface is eﬀective in controlling the size and develop direction of the damage zone.
With the increase of the empty hole diameter, more
and more energy will be shift towards to the empty hole

and consumed in the creation of opening. It demonstrates that the advantage of the large empty hole in
burn cut
(3) The linear charge density of the prime cut hole has
a signiﬁcant eﬀect on damage evolution of cut blasting. The increase of the linear charge density means
the increase of explosive energy, which will lead to
the increase of the entire damage zone including
burden damage and radial fractures. The optimal
way to control most energy consumed in burden
is that the diameter of the empty hole increases with
the increase of the linear charge density
(4) For spiral cut and diamond cut, there are only a few
empty holes that are arranged in one side of the
prime cut hole, and much blasting energy that is
wasted results in that long radial fractures that are
created in the other directions without an empty hole.
For triangular prism cut and doliform cut, in which
the layout of empty holes surrounds the prime cut
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Figure 11: Four types of burn cut models with geometry and boundary conditions: (a) spiral cut, (b) diamond cut, (c) triangular prism cut,
and (d) doliform cut.
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Figure 12: Cut blasting processes of four burn cut models: (a)–(d) spiral cut blasting process, (e)–(h) diamond cut blasting process, (i)–(l)
triangular prism cut blasting process, and (m)–(p) doliform cut blasting process.
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hole, the corresponding burdens are damaged
completely, and few radial fractures appear
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