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During the pretreatment construction of blasting in shield tunnel bedrock, in order to reduce the impact of blasting vibration on the
surrounding environment and improve the effect of rock blasting, the method of creating an artificial free surface is proposed. From
the point of creating an artificial free surface, this paper numerically studies the function mechanism and parameter optimization of
artificial free faces in shield tunnel bedrock blasting construction. The propagation characteristics of explosion stress waves at the
interface between the rock and the artificial free face and the effect of the artificial free face on the shield tunnel bedrock blasting
were analyzed. The results indicate that, as the explosion stress wave transmits to the artificial free face, a part of the stress wave
is reflected back to the bedrock, increasing the energy in the bedrock that needs blasting and improving the blasting effect and
utilization rate of the blasting energy. The reduction degree of the peak velocity of the surface particle is more than 50%, and the
reduction degree of the peak velocity of the particle near the artificial free face is more than 77%. The existence of the artificial
free face reflects the stress wave and superimposes with the original stress waves, increasing the effective stress in the blasting
area, and the effective stress can be increased by 5MPa or more. The peak vibration velocity of the surface particle decreases
with an increasing diameter of the empty holes and the distance between the empty holes and the blasting holes. The parameter
design value of the artificial free face is put forward: the diameter of the hole is 200mm, the distance between the empty holes
and the center of the blasting holes is 60 cm, and the depth of the empty hole is the same as the blasting hole.

1. Introduction

With the continuous improvement of the urbanization level,
urban transportation construction has developed rapidly,
gradually developing in a multilevel and three-dimensional
direction [1, 2]. Among them, the subway has been devel-
oped vigorously because it can effectively relieve the traffic
pressure and reduce the road mileage to a certain place.
The subway has become the main project of urban transpor-
tation construction [3]. Subway projects are characterized by
long lines, variable geological conditions, and complex sur-
rounding environments [4, 5], and along with the maturing
of the shield construction technology, more and more

subway projects adopt shield construction to improve the
construction efficiency and safety of subway projects [6].
Boulder groups and bedrock intrusion are the most represen-
tative cases in composite strata. This kind of rock mass is
usually granite, and its strength is far greater than the
strongly weathered surrounding rock mass, resulting in great
security risks to shield engineering, which needs to be pre-
treated [7]. For the treatment of this situation, the blasting
pretreatment technology of “ground drilling, millisecond
blasting in the hole” is mainly used. Before the shield con-
struction, a geological drilling machine is used to drill a hole
vertically on the ground. A special charge is made to pretreat
the boulder or bedrock intrusion in the composite stratum by
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blasting. The blasting pretreatment technology meets the
requirements of the fragmentation in shield tunneling,
which largely solves the difficulties encountered in shield
construction and promotes the development of tunnel
construction [8–11].

In actual engineering blasting, the vibration induced by
the blast of the explosive is always a problem [12–15]; it
can damage the buildings near the blasting resources [16,
17]. The artificial free surface is one of the important factors
that affect the blasting effect, which has been widely studied
by scholars all over the world [18–20]. In Ref. [21], it was
found that empty holes between the blasting holes can con-
trol the expansion direction of the blasting lines. In Ref.
[22], the authors investigated the influence of different
intervals between blasting holes on crack propagation with
a dynamic caustic test and numerical simulation. With the
increase of intervals between the holes, the explosion cracks
show no direct penetration anymore; rather, the deflection
of cracks occurs in a “hand in hand” shape. In Ref. [23], the
authors conducted a numerical study on deep-hole blasting
and found that the explosion gas pressure has a significant
impact on the formation and development of cracks in deep
rocks without free faces. In Ref. [24], the authors found that a
satisfactory blasting effect could be obtained when a free face
exists and blasting efficiency could be improved to a large
extent through field tests. In Ref. [25], the authors found that
the existence of a free face could effectively improve the utili-
zation rate of the explosion energy by studying the model test
of single-hole blasting. In Ref. [26], the author believes that
the charging hole should be as close to the free face as possi-
ble. If the free face is not flat and parallel to the gun hole, the
effective utilization of the explosion energy can be improved,
and similarly, the blasting effect can also be improved.
Through numerical analysis, it was found that the free face
has a strong control effect on the blasting vibration near it
[27]. According to a similar law obtained in Ref. [28], the
distance between the blasting source and the free face has a
certain influence on the vibration velocity of the surface
particles.

These previous researches provide good theoretical basis
and research methods for the study of the mechanisms of an
artificial free face in shield tunnel bedrock blasting. However,
at present, the research on the mechanism of a rock burst
mainly focuses on the construction of tunnel blasting and
excavation. Research on the pretreatment technology of rock
blasting in shield tunnels is still in its infancy. Besides,
research on free faces mainly focuses on existing surfaces,

and research on the action mechanisms of an artificial free
face is relatively scarce. As the buildings around the blasting
area become denser and the construction conditions become
more complicated, the artificial free face will play an impor-
tant role in any future construction.

This article takes the blasting construction of the shield
tunnel in the Binhu section at Line 6 of the Fuzhou Metro
as the engineering background to numerically analyze the
propagation characteristics of the explosion stress waves in
the rock mass and the effect of the artificial free face on the
blasting of the shield tunnel bedrock. According to the actual
engineering background, a series of numerical simulations
were carried out to reveal the function mechanisms of the
artificial free faces in the shield tunnel bedrock blasting,
and the simulation results with and without a free face were
compared. Then, based on the data and rules, the parameters
of the artificial free face are studied, including the diameter of
the empty holes and the distance between the empty holes
and the blasting holes. The influence of different parameters
on the effect of controlling the artificial free face is investi-
gated. Finally, parameter optimization of the artificial free
face was conducted.

2. Testing and Analysis of the Mechanical
Properties of Granite

During the construction process of shield tunnel bedrock
blasting pretreatment, the target objects are the bedrock
and solitary stone groups in the stratum where the granite
is the main lithology. There are dynamic loads such as explo-
sion and shock impacts on granites in the process of ground
drilling, bedrock blasting, and explosion stress wave propa-
gation. Therefore, it is necessary to understand the mechan-
ical properties of granites to fully grasp the fracture
mechanism of granite under impact load and the stress wave
propagation law to provide corresponding parameters for the
numerical simulation.

Figure 1: Rock sample preparation and the testing system.

Table 1: Uniaxial compressive strength and axial strain of granites.

Sample
no.

UCS
(MPa)

Average UCS
(MPa)

Axial failure
strain

Average axial
failure strain

DY1 117.21

114.01

0.0053

0.0055
DY2 112.41 0.0057

DY3 123.67 0.0061

DY4 102.72 0.0048
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2.1. Uniaxial Compressive Results of Granites. The rock sam-
ples used in this paper were obtained from field drilling in the
Binhu section at Line 6 of the Fuzhou Metro. Samples with
relatively good integrity and homogeneity were selected.
According to the suggested method of the International Soci-
ety of Rock Mechanics (ISRM), uniaxial compression tests
were conducted on granite samples with a diameter of
50mm and a height of 100mm (length diameter ratio of
2.0), and Split Hopkinson Pressure Bar (SHPB) tests were
conducted on samples with a diameter of 50mm and a height
of 25mm (length diameter ratio of 0.5). The error of nonpar-
allelism and nonperpendicularity of the end surfaces for the
samples should be controlled within 0.02mm. Through the
process of coring, cutting, and grinding, the rock samples
were prepared, as shown in Figure 1.

Before the experiment, the prepared granite samples were
first inspected, and the samples, which were smooth and flat,
with parallelism, straightness, and perpendicularity all meet-
ing the requirements, and with no obvious joints, cracks, and
other defects, were finally selected. The uniaxial compression
tests were conducted using the MTS-815 electrohydraulic
servo rock testing system (Figure 1). The experimental
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Figure 4: Stress-strain curves in the SHPB tests.

Figure 2: Failure patterns of granite samples after uniaxial compression tests.
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Figure 3: The SHPB testing system.

Table 2: Deformation characteristics of granite samples.

Sample no.
Secant Young’s modulus (MPa) Tangent elasticity modulus (MPa) Poisson’s ratio
Single value Average value Single value Average value Single value Average value

DY1 19493.8

18959.6

25023.9

24713.3

0.26

0.26
DY2 17478.5 26075.2 0.25

DY3 17698.4 26302.5 0.31

DY4 21167.7 21451.6 0.21
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results, including the uniaxial compressive strength (UCS),
axial failure strain, secant Young’s modulus, tangent elastic-
ity modulus, and Poisson’s ratio are, respectively, listed in
Tables 1 and 2. The average UCS is 114.01MPa, and the
average axial failure strain is 0.0055. The average secant
Young’s modulus and average tangent elasticity modulus
are 18959.6MPa and 24713.3MPa, respectively, with the
average Poisson’s ratio of 0.26. Ultimate failure modes of
rock samples after uniaxial compression are displayed in
Figure 2, which are characterized by typical splitting failure
modes with tensile cracks along the loading direction.

2.2. Dynamic Mechanical Properties of Granites. The
dynamic compression tests of granites were conducted using
the SHPB device, which is composed of six units, including
the dynamic system, bar system, supporting parts and guide
rails, damper, velocimeter, and the data acquisition and pro-
cessing systems, as shown in Figure 3. Due to the strain rate
dependence and properties of the applied equipment, 6 sets

Table 3: Results of uniaxial impact compression tests of granites.

Excitation pressure (MPa) Sample no.
Average strain rate (s-1) Peak stress (MPa) Peak strain

Single value The average Single value The average Single value The average

0.15

A-1 80.991

76.137

70.974

64.78

0.0021

0.0023

A-2 63.173 68.236 0.0032

A-3 83.269 60.498 0.0018

A-4 82.367 58.867 0.0025

A-5 70.236 65.324 0.0017

0.2

B-1 115.596

99.594

99.497

89.685

0.0031

0.003

B-2 135.123 91.573 0.003

B-3 110.829 75.323 0.0026

B-4 131.671 89.989 0.0025

B-5 120.346 92.043 0.0035

0.25

C-1 142.131

141.25

130.748

141.055

0.0041

0.0042

C-2 152.041 140.079 0.0039

C-3 144.572 144.217 0.0046

C-4 138.201 149.461 0.0035

C-5 129.311 140.771 0.0049

0.3

D-1 159.509

160.62

166.638

158.961

0.0049

0.0053

D-2 175.639 176.693 0.0051

D-3 160.438 138.864 0.0046

D-4 158.268 152.368 0.0057

D-5 149.235 160.235 0.0062

0.35

E-1 203.609

198.9

157.269

178.105

0.0058

0.0062

E-2 196.089 201.446 0.0065

E-3 207.223 183.247 0.0063

E-4 189.324 170.236 0.0057

E-5 198.235 178.327 0.0067

0.4

F-1 251.935

245.13

200.583

203.599

0.0091

0.0083

F-2 247.507 215.491 0.0078

F-3 237.496 193.679 0.0073

F-4 226.157 208.623 0.0083

F-5 262.548 199.623 0.0087

0 50 100 150 200 250 300
0

50

100

150

200

250

0.15 MPa
0.20 MPa
0.25 MPa

0.30 MPa
0.35 MPa
0.40 MPa

D
yn

am
ic

 co
m

pr
es

siv
e s

tr
en

gt
h

(M
Pa

)

Mean strain rate (s-1)

Figure 5: Relations between dynamic compressive strength and the
average strain rate.

4 Geofluids



of impact compression tests with various excitation pressures
of 0.15MPa, 0.20MPa, 0.25MPa, 0.30MPa, 0.35MPa, and
0.40MPa were, respectively, performed. Each set of tests
was repeated for 5 times, with the stress-strain curves dis-
played in Figure 4.

From Figure 4, the shape of stress-strain curves under
various impact loads is similar, which includes the follow-
ing 4 steps: the initial compaction stage, the elastic defor-
mation stage, the nonlinear deformation stage, and the
failure stage. When the strain rate is low, the proportion
of the initial compaction stage in the prepeak curves is
larger, mainly because when the strain rate is low, there is
less energy obtained by the sample and the initial micro-
crack closure is slower. With the increase of the strain rate,
the proportion of the elastic stage in the prepeak curves
gradually increases, more cracks are closed, and the closure
speed is faster. After entering the nonlinear stage, the peak
stress of the sample increases obviously, which shows that
the granite has obvious strain rate characteristics under
dynamic loads.

The average peak stress and peak strain under different
impact loads of granite samples were calculated, as listed in
Table 3.

Dynamic compressive strength and the strain rate are
important parameters for analyzing the rock mechanical
properties. According to the stress-strain time history curves,
the relations between the two factors can be obtained, as
shown in Figure 5.

Generally, the dynamic peak compressive strength of
granites increases with the increase of the average strain rate.

Curve fitting is performed to obtain the functional relation-
ship between the two factors, as follows:

σd = 118:61 ln ε
:
− 450:32,

R2 = 0:9324:
ð1Þ

With the increase of the average strain rate, the dynamic
compressive strength of granites gradually increases, indicat-
ing that the ultimate bearing capacity of granites increases
correspondingly. However, at higher strain rates, the increased
extent of the peak dynamic compressive strength gradually
slows down.

After the dynamic compression tests, the ultimate fail-
ure modes of granites under different impact pressures are
shown in Figure 6. Obviously, with an increasing excitation
pressure, the fragmentation size of the sample decreases
gradually and the number of fragments and the crushing
degree increase gradually, indicating a strong strain rate
effect.

(a) 0.15MPa (b) 0.20MPa

(c) 0.25MPa (d) 0.30MPa

(e) 0.35MPa (f) 0.40MPa

Figure 6: Granite crushing degree and crushing form with various excitation pressures.

Table 4: Classification of intervals of intrusion bedrock.

Classification of intrusive bedrock Length (m) Proportion

Small-volume bedrock 76 20.70%

Medium-volume bedrock 218 66.80%

Large-volume bedrock 40 12.50%
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3. Numerical Simulation of Bedrock Blasting in
Shield Tunnels with Artificial Surfaces

3.1. Engineering Background. The Binhai Xincheng Station~-
Hujing Station of Fuzhou Rail Transit Line 6, referred to as
the Binhu interval, is taken as the engineering background.
The shield tunneling method was used to construct the tun-
nel. The diameter of the interval shield tunnel is 6.2m, and
the tunnel is covered with soil with a thickness of about
8.51m~15.21m. Detailed survey data show that there are
large areas of moderately weathered granites and slightly
weathered granites along the shield line. The uplift of bed-
rock (soft rock on top and hard rock at the bottom) can easily
cause damage to the main bearing and cutter head of the
shield tunneling machine, producing serious effects on the
process of shielding and resulting in ground subsidence
beyond the tolerated limit and in eventual collapse.

The intruded bedrock in the section is classified accord-
ing to the thickness of the intrusive rock (i.e., the distance
between the top surface of the bedrock and the bottom sur-
face of the tunnel). The bedrock thickness below 2m is called
the small-volume bedrock, the bedrock thickness between
2m and 4m is called the medium-volume bedrock, and the
bedrock thickness between 4m and 6m is called the large-
volume bedrock. The statistics of bedrock in the section are

shown in Table 4, in which the medium-volume bedrock is
the most prominent.

In order to ensure safe passage of the shield machine and
meet the requirements of mucking out, it is necessary to blast
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Figure 7: Layout diagram of the blasting holes.

Table 5: Bedrock blasting parameters.

Thickness of the bedrock
(m)

Depth
(m)

Pitch row
(m)

Row spacing
(m)

Hole depth
(m)

Unit consumption
(kg/m3)

Charging mass
(kg)

Charge
structure

2 0.8 0.8 0.8 2.8 1.8 4.3 Continuous

3 1 0.8 0.8 4 1.9 7.6 Interval

5 1.5 0.8 0.8 6.5 2.1 10.3 Interval

Ground
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The bottom
of tunnel 
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50

Gravel
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80
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Figure 8: Schematic diagram of bedrock charge structures.
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the bedrock into fragments with a maximum length of less
than 30 cm on one side. At the same time, it is also necessary
to ensure that the buildings around the blasting area are not
influenced by the construction. Combined with the corre-
sponding provisions of the blasting safety regulations, the
vibration velocity of the building foundation particles caused
by the blasting pretreatment construction of the shield tunnel
in the Binhu section should not be greater than 3 cm/s, and
the vibration velocity of the building foundation particles
directly above the right line should not be greater than
2.5 cm/s.

The diameter of the shield tunnel is 6.2m, and both
sides of the tunnel need to be expanded by 30 cm during
the blasting treatment. The depth of the borehole is
0.8m~1.5m, and the charging depth is about 0.8m~1m
deeper than the bottom of the tunnel. The blast holes
are arranged in a rectangular layout, and the row spacing
between the holes is 0:8m × 0:8m. Borehole blasting is
carried out by blasting division, with 2 rows of blasting
holes and an interval of about 3m. The layout diagram
of the blasting holes is shown in Figure 7. When the con-
struction is near the building directly above the right line,
it is necessary to add a row of empty holes near the charg-
ing hole at the side of the buildings to ensure the safety of
the building structures.

According to actual construction experience, it is sug-
gested that the shield machine should grind the rock directly
when the bedrock thickness is more than 6m. By calculating
unit consumption, the charging parameters of different bed-
rock thicknesses are shown in Table 5.

It can be seen from Table 4 that the intrusive bedrock in
the shield tunnel section is mainly medium-volume bedrock.
Thus, the treatment depth of the bedrock is 4m, as shown in
Figure 8.

3.2. The Establishment of Model

3.2.1. Establishment of Numerical 3D Model. The main pur-
pose of creating a free face is to reduce the damage caused
by blasting vibration and improve the crushing effects of
rock. According to actual construction experience, the artifi-
cial free holes should be arranged near the charging holes,
and the artificial free face should be arranged on the side of
the building that needs to be protected. In order to facilitate
the actual construction, the empty holes are generally
arranged in parallel with the charging holes, and the number
of empty holes is the same as the number of charging holes.
The diameter of the artificial empty holes should be larger
than the diameter of the blast holes, and the distance between
artificial empty holes and blast holes should be smaller than
the row spacing of the blasting holes.

Combined with the engineering background of bedrock
blasting pretreatment in the shield tunnel section, and con-
sidering the drilling diameter of the geological drill, the diam-
eter of the artificial empty holes is selected as 200mm, with
the vertical distance from the blast holes of 60 cm. The depth
of the empty hole is the same as the depth of the blasting hole.
The numerical simulation includes two groups: one group
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Figure 10: Bedrock blasting model.
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with and the other group without artificial empty holes. The
group with empty holes is taken as the control group, and the
improvement of the blasting effect is obtained by analyzing
the numerical results. The plan of the numerical model test
is shown in Figure 9.

The software applied in this numerical simulation is LS-
DYNA. According to the above engineering background
and the diagram of bedrock explosion structures, a three-
dimensional model of bedrock blasting is established, as
shown in Figure 10. The vertical dimensions and charging
structures of the bedrock model are shown in Figure 11.

According to Table 4, the medium-volume bedrocks were
mainly distributed in this project, so medium-volume rocks
were used as the bedrock in the simulation process. As shown
in Figure 11, the thickness of bedrock intrusion into the tun-
nel is 3m and the ultradeep drilling holes need to be 1m
below the tunnel bottom. Therefore, the actual thickness of
the bedrock that needs to be treated is 4m. Two rows of blast-
ing holes are arranged according to the actual construction
situation. The diameter of the shield tunnels is 6.2m, and
the actual treatment range is 6.8m, based on the outward
expansion of 30 cm on both sides. Nine blasting holes are
set in each row, with a diameter of 100mm and a spacing
of 80 cm.

The arrangement of explosives is shown in Figure 11. The
diameter of the charge is 60mm. The uncoupled interval
charge is adopted, and the initiation point is located at the
1/3 position above the bottom of the charge. When the bed-
rock thickness is 4m, according to the blasting scheme, the
charge is divided into three stages. The upper two explosive
packages are 0.8m, and the lower one is 0.9m. The bedrock
in the blasting interval near the buildings is located about
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Figure 11: The vertical dimension and charging structures of the bedrock model.

Table 6: Explosive parameters.

Name ρ (g/cm3) D (m/s) Pcj (GPa) A (GPa) B (GPa) R1 R2 ω E (GPa)

Explosive 0.95 3400 5.3 162.7 10.82 5.4 1.8 0.25 4.1

Table 7: Material parameters of granites.

Rock types Young’s modulus E Bulk modulus K Shear modulus Ks Lamme coefficient λ Poisson’s ratio λp Density ρ

Granite 25GPa 17GPa 10GPa 3.5 0.26 2.71 g/cm3

Table 8: Air parameters.

ρ (kg/m3) C0 C1 C2 C3 C4 C5 C6 E0 V0

1.290 0 0 0 0 0.4 0.4 0 2:5 × 105 1

Table 9: Correlated parameters of the soil.

Name ρ (cm3) E (MPa) μ

Plain fill 1.8 20 0.26

Medium sand 2.05 37 0.25

Silty clay 1.95 15 0.35

Coarse sand 1.95 40 0.27

Gravelly sand 1.9 33 0.31
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13m below the surface, so the established bedrock in the
numerical model is located 13m below the surface, with the
model height, width, and length of 20m, 10m, and 12m,
respectively.

Considering that the size of the numerical model is lim-
ited to a certain extent, the nonreflection boundary is applied
to all the five boundaries except the surface of the model to
prevent the reflection of explosion stress waves at the model
boundaries. In the numerical calculation, if the grid size is too
large, the calculation accuracy will decline. If the grid is too
dense, the calculation time will be prolonged and the calcula-
tion efficiency will be affected. Generally, the minimum size
of the unit should be less than 1/10 of the wave length, so

the maximum size of the grid in this model is 20 cm. At the
same time, the explosive, bedrock, and air parts are refined
and densified.

3.2.2. Constitutive Model and Parameter Selection. The explo-
sive constitutive model provided by LS-DYNA was adopted,
and the JWL state equation was used to simulate the detona-
tion process of explosives, in the following form:

P = A 1 − ω

R1V

� �
e−R1V + B 1 − ω

R2V

� �
e−R2V + ωE0

V
, ð2Þ

where P is pressure; V is the relative volume; E0 is the initial

Part 7 Part 9

pid = 7 pid = 9

Z
Y
X

LS-DYNA user input
Time = 0

(a) Without an artificial free face

pid = 7 pid = 9

Z
Y
X

LS-DYNA user input
Time = 0

Part 7 Part 9

(b) With an artificial free face

Figure 12: Bedrock model composition.

t = 300 𝜇s t = 600 𝜇s t = 2400 𝜇s t = 2700 𝜇s

LS-DYNA user input
Time = 299.29
Isosurfaces of effective stress (v-m)
min = 2.00168e-30, at elem# 617975
max = 0.00117, at elem# 655377

LS-DYNA user input
Time = 599.46
Isosurfaces of effective stress (v-m)
min = 3.19719e-15, at elem# 617976
max = 0.00113785, at elem# 688237

LS-DYNA user input
Time = 2399.7
Isosurfaces of effective stress (v-m)
min = 5.61416e-07, at elem# 620148
max = 0.00117, at elem# 392045

LS-DYNA user input
Time = 2699.7
Isosurfaces of effective stress (v-m)
min = 3.57731e-07, at elem# 436192
max = 0.00110944, at elem# 656977

(a) Without an artificial free face

t = 300 𝜇s t = 600 𝜇s t = 2400 𝜇s t = 2700 𝜇s

LS-DYNA user input
Time = 299.29
Isosurfaces of effective stress (v-m)
min = 2.97831e-32, at elem# 726231
max = 0.00117, at elem# 776033

LS-DYNA user input
Time = 599.45
Isosurfaces of effective stress (v-m)
min = 1.00646e-15, at elem# 726232
max = 0.00114096, at elem# 776033

LS-DYNA user input
Time = 2399.7
Isosurfaces of effective stress (v-m)
min = 5.5525e-07, at elem# 705274
max = 0.00117, at elem# 525221

LS-DYNA user input
Time = 2699.6
Isosurfaces of effective stress (v-m)
min = 2.08562e-07, at elem# 727163
max = 0.0011681, at elem# 752513

(b) With an artificial free face

Figure 13: Comparison of bedrock stress clouds.
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specific internal energy; A, B, R1, R2, and ω are undetermined
parameters. According to the actual situation of using explo-
sives onsite, the selected parameters are shown in Table 6.

Under the action of dynamic loads such as impact and
explosion, the mechanical properties of rock materials are
much more complex than those under static loads, so the
material constitutive model is selected as an isotropic bilinear
elastoplastic model. The selected parameters according to the
previous dynamic loading experimental results of granites
are shown in Table 7.

Air, which is also a kind of medium, exists in the artificial
empty holes, so the parameters of air in the software need to
be defined. In this test, MAT_NULL is used to simulate the

air material in the empty holes, and its polynomial state
equation is as follows:

P = C0 + C1μ + C2μ
2 + C3μ

3� �
+ C4 + C5μ + C6μ

2� �
E0, ð3Þ

where C0 ~ C6 are constants; μ is the volume parameter; E0 is
the ratio of internal energy to initial volume, and the specific
parameters are shown in Table 8 as follows:

In order to improve the accuracy of the numerical tests,
the elastoplastic model is also used for the analysis and calcu-
lation of the constitutive model of the soil layer, and its
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Figure 14: Surface velocity cloud images of the vibration (unit: ms).
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Figure 15: Schematic diagram of the selected surface particles.
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Figure 16: Time history curves of three-dimensional vibration velocity of particles.
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parameters refer to the geological prospecting data of the
project, as shown in Table 9.

In blasting construction, each hole needs to be detonated
at a certain time interval to ensure good construction effects.
Langefors obtained a reasonable time interval formula to

improve the crushing effect by analyzing the field measured
data, and it is shown as follows:

Δt = 3:3 kW, ð4Þ

Table 10: Peak values of the particle vibration velocity in the Z direction.

Free face Particle no.
Distance from the center

of the hole (cm)
Peak vibration velocity of a particle in the Z direction (cm/s)

Group A Group B Group C Group D Group E

With

1 40 1.31 1.16 0.82 0.51 0.32

2 80 0.65 0.57 0.41 0.26 0.21

3 130 1.27 1.13 0.81 0.54 0.38

4 180 1.13 1.01 0.76 0.59 0.46

5 230 0.86 0.78 0.58 0.5 0.41

6 280 0.73 0.65 0.47 0.39 0.37

Without

1 40 2.96 2.84 2.48 1.79 1.11

2 80 2.85 2.73 2.34 1.65 1.03

3 130 2.76 2.64 2.21 1.55 0.99

4 180 2.64 2.51 2.05 1.44 0.95

5 230 2.45 2.31 1.86 1.35 0.94

6 280 2.2 2.06 1.69 1.27 0.93
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Figure 17: The peak vibration velocity curves of particles.

Table 11: Decreasing degree of the peak vibration velocity of particles.

Particle no.
Distance from the center

of the hole (cm)
Reduction degree of the peak vibration velocity (%)

Group A Group B Group C Group D Group E

1 40 55.72 59.24 66.97 71.39 71.45

2 80 77.13 79.01 82.54 84.24 80.26

3 130 54.03 57.13 63.25 65.42 61.56

4 180 57.15 59.66 62.92 58.89 52.19

5 230 64.86 66.06 68.61 63.22 57.19

6 280 67.01 68.36 71.84 69.52 59.93
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where k can be taken as 1 ~ 2, considering the influences of
site factors, and W is the minimum resistance line, which
equals 0.6m in this study. From the formula calculation,
the time interval is Δt = 1:98 ~ 3:96ms, and in the numerical
simulation, the time interval of 2ms is selected.

3.3. Numerical Simulation Results and Analysis. In order to
facilitate a comparative analysis, the bedrock part of the
numerical model is divided into two parts by taking the arti-
ficial free face boundary as the interface, as shown by part 7
and part 9 in Figure 12. Part 7 is the bedrock needed to be
treated by blasting, and this is where the explosive is buried.

Figure 13 shows the generation and propagation of
explosion stress waves. After the explosive in the first row
of holes is detonated, the explosion stress wave propagates
outward in the shape approximately similar to a cylinder,

and the explosion stress waves formed by each section are
superimposed. When t = 300 μs, the explosion stress wave
propagates to the interface of part 7 and part 9, and there is
not much difference between the two models. When the time
is larger than 600μs, it can be seen that in the model with an
artificial free face, the explosion stress wave presents a con-
centrated reflection at the position of the free face. Most
explosion stress waves are reflected back to part 7, and only
a small part of the explosion stress waves are transmitted to
part 9 through the hole and the interval between holes. The
action range of the stress waves in part 9 is relatively small,
and stress waves decay with a fast speed. The artificial free
surface hinders and weakens the propagation of explosion
stress waves, and more energy is reflected back to part 7
and continues to act on the bedrock that needs blasting
treatment.
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Figure 18: The difference between peak vibration velocities for cases with/without free faces.
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In the model without a free surface, there is no concen-
trated reflection, and the propagation speed of explosion
stress waves in part 9 is relatively faster, with a larger action
range. It shows that the existence of the artificial free face
reflects more explosion stress waves back and continue to
act on the bedrock that needs blasting treatment, which
improves the utilization rate of explosion energy.

Studies have indicated that there is a good correlation
between the vibration response law of building structures
and the peak vibration velocity of particles. Therefore, the
distribution of a vibration velocity field on the surface is qual-
itatively analyzed from the surface vibration velocity cloud
images. The peak value of the particle vibration velocity is
used as the judgment basis of the vibration control.

Figure 14 presents the vibration velocity cloud images of
each particle on the surface obtained by the software. After
the explosive in the bedrock is detonated, the explosion seis-
mic wave reaches the surface at 94.5ms, and the vibration
intensity reaches its maximum at 95.5ms. The explosion seis-
mic wave propagates to the two sides from the center of the
blasting holes. In the model without an artificial free face,
the seismic wave diffusion is more uniform, and the vibration
velocity on both sides of the hole is similar, with an axisym-
metric distribution. In the model with an artificial free face,
it can be found that when the explosion wave propagates
towards the free face side, it is hindered by the free face,

and only a small part of the blast wave passes through the free
face. The vibration velocity on the right side of the free face
decreases significantly compared with the model without a
free face. Most of the seismic waves are reflected back by
the free face, resulting in the vibration velocity on the left side
of the artificial face being significantly greater than that on
the right side. Therefore, the existence of free faces hinders
the propagation of seismic waves and significantly reduces
the explosion vibration intensity in the areas that do not need
to be blasted.

By recording the peak velocity of the selected surface par-
ticles, the weakening effect of the artificial free face on the
explosion vibration intensity is quantitatively analyzed. Since
the model is symmetric, half of the model is used for analysis.
The buildings that need to be protected by the explosion are
all on the right side. Six measuring points are taken from the
right side, as shown in Figure 15. The horizontal distances
between the blasting holes and the measuring points are
40 cm, 80 cm, 130 cm, 180 cm, 230 cm, and 280 cm, respec-
tively, with group A to group E from bottom to top, and point
1 to point 6 from left to right, respectively.

According to the relevant provisions of blasting safety,
three components of particle vibration perpendicular to each
other should be measured simultaneously during blasting
vibration monitoring. The direction of the maximum veloc-
ity is the principal vibration direction, and the vibration
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Figure 20: Effective stress cloud images of cross section A-A in the bedrock.
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frequency is the principal vibration frequency. The principal
vibration velocity and the principal vibration frequency
should be considered comprehensively. From the simulation
results, it is found that the peak vibration velocity in the Z
direction is much larger than that in the X and Y directions
(Figure 16); thus, the peak vibration velocity value in the Z
direction of the selected particle is mainly analyzed.

From Figure 16, the shapes of the three-dimensional
vibration velocity curves of the particles are relatively similar.
After the explosive in the bedrock is detonated, the explosion
seismic wave is transmitted to the surface at 80ms, and the
surface blasting vibration intensity reaches the maximum at
95ms, and then gradually decreases. When the time reaches
120ms, the surface blasting vibration intensity is very small.

The peak vibration velocity of the selected particle in the
Z direction is counted, as shown in Table 10, with the varia-
tion curves plotted in Figure 17.

From Table 10 and Figure 17, it can be found that the
peak vibration velocity at each particle with a free face is
lower than that without a free face. The peak value of the par-
ticle vibration is 2.96 cm/s without an artificial free face, but it
is only 1.31 cm/s with an artificial free face. Obviously, the
existence of a free face has a significant effect on reducing
the blasting vibration intensity.

For the case without a free face, the peak vibration veloc-
ity values of the six points in each group decrease with an

increase in distance, and the decreasing range is smaller as
the distance is closer to the boundary. The peak vibration
velocity values of groups A and B, which are close to the axis
of symmetry, are the closest, and are much larger than those
of the other groups. This is because at the position of symme-
try axis, the explosion effect is more concentrated, but to the
direction of both sides, the vibration intensity declines
gradually.

For the case with a free face, it can be found that the
peak vibration velocity at midpoint #1 of each group is
large. As the distance gets further, the peak velocity value
decreases, which corresponds to the attenuation phenome-
non of seismic waves in the case without a free face. It is
worth noting that the peak vibration velocity of the five
groups undergoes a sudden drop at point #2, because this
point is the first point which is located at the right side of
the empty holes and closest to the free face. The existence
of the empty holes hinders the propagation of seismic stress
waves, causing most of the stress waves to be reflected. It is
found that the peak velocity at point #3 climbs significantly,
because this is the part of the stress wave which propagates
through the interval of the empty holes that causes vibra-
tion at point #3.

The reduction degree of the peak vibration velocity of
each particle among the cases with/without a free face is
calculated and listed in Table 11 and Figure 18.
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Figure 21: Effective stress cloud images of the cross section B-B in the bedrock.

15Geofluids



From Table 11 and Figure 18, the artificial free face has a
weakening effect on the peak values of the vibration velocity
for each point, and the overall reduction degree is over 55%,
among which, the reduction value of point #2 and the corre-
sponding reduction degree are the largest. This is because the
position of point #2 is closest to the empty holes at the right
side, and an empty hole blocks and reflects most of the seis-
mic stress waves; thus, the peak vibration velocity value of
point #2 reduces greatly. With the increase of the distance
between the empty holes and the measure points, the peak
value reduction of the particle vibration velocity drops down
and then stays at a relatively stable level, but the reduction
degree of the peak vibration increases gradually; the reason
is that the free face hinders the propagation of part of the
explosion stress wave, so that the peak value of the latter 4
particles stays at a relatively stable level, while the peak veloc-
ity itself decreases with the increase of the distance, thus lead-
ing to the increase of the reduction degree.

The stress state of granites under blasting loads is very
complicated—it is a three-dimensional stress state of a

tension-compression mixture. The Mises yield criterion is
selected to analyze the stress state and failure characteristics
of granites under an explosion load.

The effective stress at any point in the rock can be
expressed as follows:

σe =
1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ1 − σ2ð Þ2 + σ1 − σ3ð Þ2 + σ2 − σ3ð Þ2

q
: ð5Þ

To judge whether rock failure occurs, the following for-
mula is used:

σe ≥ σ0: ð6Þ

According to the different values of σ0, the rock has dif-
ferent failure modes:

σ0 =
σcd crushing circleð Þ,
σtd crack circleð Þ,

(
ð7Þ

0 10 20 30 40

20

30

40

50

60
Eff

ec
tiv

e s
tr

es
s p

ea
k 

va
lu

e o
f e

ac
h

un
it 

(M
Pa

)

Particle no.

The dynamic compressive strength of granite 18 MPa

A 
B
C

(a) Without a free face of A-A section

0 10 20 30 40

20

30

40

50

60

Particle no.

The dynamic compressive strength of granite 18 MPa

Eff
ec

tiv
e s

tr
es

s p
ea

k 
va

lu
e o

f e
ac

h
un

it 
(M

Pa
)

A 
B
C

(b) With a free face of A-A section

0 10 20 30 40

20

30

40

50

60

Particle no.

The dynamic compressive strength of granite 18 MPa

Eff
ec

tiv
e s

tr
es

s p
ea

k 
va

lu
e o

f e
ac

h
un

it 
(M

Pa
)

A 
B
C

(c) Without a free face of B-B section

0 10 20 30 40

20

30

40

50

60

Particle no.

A 
B
C

The dynamic compressive strength of granite 18 MPa

Eff
ec

tiv
e s

tr
es

s p
ea

k 
va

lu
e o

f e
ac

h
un

it 
(M

Pa
)

(d) With a free face of B-B section

Figure 22: Peak effective stress values of the units.
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where σ0 is the uniaxial failure strength, σcd and σtd are the
dynamic uniaxial compressive strength and tensile strength,
respectively. The dynamic tensile strength of rock changes
little with the loading strain rate; thus, we can take both σtd
and σt as equal to the tensile strength of rock. The tensile
strength of the rock in this study is 18MPa from the experi-
mental results.

Because the volume of bedrock is too large, it is impossi-
ble to measure the effective stress state throughout the
bedrock. Therefore, two cross sections (A-A and B-B) are,
respectively, selected, as shown in Figure 19(a). Both sections
are 40 cm away from the nearest blasting hole. The A-A sec-
tion is located at one side of the first row of blasting holes and
is mainly affected by the explosion of the first row of blasting
holes; thus, the effective stress cloud images at 150μs and
450μs are selected (Figure 20).

From Figure 20, after the blast of the first row of bore-
holes, the stress wave is transmitted to the section at
150ms, and the peak effective stress value reaches the maxi-
mum. Afterwards, the peak effective stress value begins to
decline. It can be found that the peak stress near the explosive
section is higher, while the peak stress near the gravel filling
section and the gap area of the blast holes is relatively lower,
due to the fact that the closer the blasting area is, the greater
the intensity of the explosive stress waves and the greater the
effective stress. Compared with the stress cloud images at the
same time, the distribution of the effective stress field is
roughly similar, while there is a certain difference between
the maximum effective stress, with a difference of 4MPa at
150ms and a difference of 3MPa at 450ms. In the case with-
out a free face, the effective stress value is smaller and the dis-
tribution range of the minimum value is larger, which
indicate that the free face reflects a part of the stress waves
back to the blasting area and enhances the explosion effects.

The B-B section is mainly affected by the second row of
holes. The second row of holes is detonated 2ms after the
explosion of the first row of holes. The effective stress cloud
maps at 2.175ms and 2.475ms are selected, respectively, as
shown in Figure 21. The effective stress distribution of the
B-B section is relatively similar to that of the A-A section.
However, at the same time, it can be seen that the maximum
effective stress of the B-B section is larger than that of the A-
A section, because the stress waves generated by the second
row of explosives overlaps with the stress waves generated
by the first row of explosives.

To better analyze the distribution of the peak effective
stress of bedrock, three positions of A, B, and C are, respec-
tively, selected on the cross section. A and B are near the sym-
metry axis, and C is near the boundary, as shown in
Figure 19(b). A total of 40 units from the bottom to the top
of the bedrock, with a unit spacing of 10 cm, were selected.
From the bottom to the top surface, the units were named
No. 1~No. 40, respectively. The peak effective stress values
of the units were calculated, as shown in Figure 22.

From Figure 22, all of the peak effective stress values of
the units exceed the dynamic tensile strength of granites,
which lead to the yielding and failing of the units. The peak
effective stress for the case with an artificial free face is
basically around or above 35MPa, while the peak value of

the case without an artificial free face is concentrated around
or above 30MPa, which is lower than the case with a free
face. It has been verified that the free face can reflect a part
of the explosion stress waves, which increases the blasting
peak stress value and improves the blasting effect. In the area
perpendicular to the blasting interval, the effective stress of
the unit is relatively larger, while in the area perpendicular
to the blockage interval of the blasting holes, the effective
stress is relatively small.

3.4. Parameter Optimization of the Artificial Free Face. The
distance between the artificial free face and the center of
blasting holes, and the size of the free face are the main fac-
tors affecting the effect of the artificial free face. According
to construction experience, the row distance between the
empty holes and blasting holes should be smaller than the
row distance between the blasting holes, and the diameter
of the empty holes should be larger than that of the blasting
holes. Thus, two factors, including the row distance between
empty holes and blasting holes, and the diameter of the empty
holes, are selected in the simulation to analyze the influence of
different artificial free face parameters on the blasting effects.
The row distances are 60 cm, 65 cm, 70 cm, 75 cm, and
80 cm, respectively, and the diameters of the empty holes are
100mm, 160mm, 200mm, 250mm, and 300mm, respec-
tively. Five measuring points on the surface are selected to
record the data, with the distances from the center of the first
row of the blasting holes of 150 cm, 200 cm, 250 cm, 300 cm,
and 350 cm, respectively (Figure 23). The peak vibration data
in the Z direction of each point are recorded.

Using the postprocessing software LS-PrePost [29], the
vibration velocity in the Z direction of each point without
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Figure 23: Particle selection diagram on the model surface.
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and with an artificial free face is obtained. The average reduc-
tion degree of the peak stress values of particles is taken as the
evaluation index, calculated using equation (8), and the cal-
culated values are summarized in Tables 12 and 13.

�P = 1
n
〠
n

1
Pi, ð8Þ

where Pi is the reduction degree of the peak vibration velocity
for the particle i, and n is the number of measuring points.

From Tables 12 and 13, the peak vibration velocity values
of particles in the Z direction with a free face decreases signif-
icantly compared with the case without a free face, which is
consistent with the previous conclusions. The average reduc-
tion degree is basically more than 50%, reflecting that the
artificial free face significantly hinders the propagation of
explosion stress waves. In order to further quantitatively rep-
resent the influence of a free face on the peak vibration veloc-

ity of each point, the peak vibration velocity and the
reduction degree of peak values are drawn in Figures 24
and 25.

Figures 24 and 25 show that the peak value of particle
vibration velocity generally presents a downward trend with
the increasing diameter of the empty holes. As the diameter
is increased from 100mm to 200mm, the curve is relatively
steep, and then the downward trend of the curve gradually
slows down in the diameter range of 200mm to 300mm.
The decrease extent of the peak velocity is getting smaller
and smaller, with the total decrease amplitude of less than
0.1 cm/s. However, the average decrease degree of the peak
velocity shows an opposite trend, indicating a significant
increase in the diameter range from 100mm to 200mm,
and then a gentle increase trend as the diameter increases
from 200mm to 300mm. This is because with the increase
of the hole diameter, the effective area of the free surface will
inevitably increase, which will hinder and weaken the stress
waves more obviously, leading to the decrease of the particle

Table 13: Peak values and average reduction degree of the vibration velocity in the Z direction.

Distance (cm) Diameter (mm)
Peak vibration velocity of particle in Z direction (cm/s) �P (%)

No. 1 No. 2 No. 3 No. 4 No. 5

60

100 1.27 0.96 0.88 0.91 1.01 54.8

160 1.19 0.92 0.78 0.73 0.85 50.2

200 1.13 0.81 0.63 0.74 0.79 63.2

250 1.08 0.81 0.61 0.72 0.75 64.7

300 1.05 0.78 0.59 0.72 0.76 65.2

65

100 1.39 0.98 1.01 0.86 0.95 53.9

160 1.2 0.87 0.78 0.87 0.85 59.2

200 1.15 0.88 0.75 0.71 0.76 62.3

250 1.11 0.86 0.72 0.68 0.72 63.7

300 1.06 0.88 0.69 0.65 0.71 64.6

70

100 1.54 1.12 0.95 0.95 1.04 50.2

160 1.29 0.91 0.8 0.85 0.91 57.6

200 1.18 0.89 0.72 0.79 0.83 60.6

250 1.13 0.87 0.67 0.67 0.81 63.1

300 1.09 0.85 0.71 0.66 0.78 63.5

75

100 1.67 1.18 1.08 1.01 1.09 46.4

160 1.35 0.97 0.96 0.89 0.93 54.6

200 1.24 0.91 0.76 0.79 0.85 59.5

250 1.18 0.87 0.69 0.76 0.82 61.6

300 1.14 0.86 0.72 0.77 0.79 61.9

80

100 1.76 1.18 1.06 1.05 1.08 46.1

160 1.43 1.05 1.01 0.88 0.85 53.8

200 1.32 0.94 0.83 0.79 0.77 58.9

250 1.25 0.94 0.81 0.73 0.69 61.1

300 1.19 0.91 0.83 0.72 0.68 62.2

Table 12: Peak values of the vibration velocity in the Z direction without a free surface.

Particle no. No. 1 No. 2 No. 3 No. 4 No. 5

Peak velocity in the Z direction (cm/s) 2.64 2.45 2.16 2.08 1.89
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vibration velocity. When the hole diameter increases to a cer-
tain extent, the increase extent of the effective area of the free
surface will slow down, which will lead to a reduction in the
decrease extent of the peak vibration velocity.

When the distance between the artificial free faces and
the blasting holes increases from 60mm to 65mm, the
increase in the peak velocity is relatively small, while the
increase extent of the peak velocity is large in the distance
range of 65mm to 80mm. Variations in the average decrease
degree present an opposite trend, which at first declines
slowly in the distance range of 60mm to 65mm and then
declines quickly in the range of 65mm to 80mm. This is
mainly because when the distance between the artificial free
face and the blasting holes is small, the energy carried by
the explosion stress waves from the blasting holes to the free
surface is correspondingly high. The artificial free face has a
strong blocking and weakening effect on the explosion stress
wave. However, when the distance between the free face and
the blast holes is large, a considerable part of the explosion
stress wave propagates around the free face. Therefore, the
control effect on the blasting vibration intensity will be
reduced to a certain extent.

The free face has a significant effect on the obstruction of
the explosion stress waves, with an average reduction degree
of 50% or more, which can greatly reduce the peak vibration
velocity and play a protective role for the buildings. The
larger the hole diameter, the better the blocking effect will
be. However, considering the labor cost and the obtained
blocking effect, 200mm is the best diameter of the hole,
and 60 cm is the best distance between the artificial free face
and the blasting holes.

4. Conclusions

Through the numerical simulation method, the principle and
influence of the artificial free face that hinder the propagation
of explosive stress waves were explored. Two groups, one
with artificial free faces and the other without, were set for
comparison tests, and the effective stress on the bedrock
and the peak vibration velocity of the measuring points were
studied. Based on the numerical results, the influences of the
diameter of the empty holes and distance between the empty
holes to the blasting holes on the blasting effects of the
bedrock were studied. The parameter optimization of the
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Figure 25: The influence of diameter and distance on the average decrease of peak velocities.
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Figure 24: The influence of diameter and distance on the peak value of particle vibration velocity.
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artificial free surfaces in rock blasting are carried out. The
main conclusions are drawn as follows:

(1) Under an applied axial load, the granites are charac-
terized by a typical splitting failure mode with ten-
sile cracks along the loading direction. The average
UCS, axial failure strain, secant Young’s modulus,
tangent elasticity modulus, and Poisson’s ratio
are 114.01MPa, 0.0055, 18959.6MPa, 24713.3MPa,
and 0.26, respectively. The dynamic peak compressive
strength increases with the increasing strain rate. With
an increasing excitation pressure, the number of frag-
ments increases, and the failure degree increases
gradually

(2) Due to the reflection effect of the artificial free face, it
can control the vibration intensity of the surface, and
the reduction degree of the peak velocity of the sur-
face particle can reach more than 50% and the reduc-
tion degree of the peak velocity of the particle near
the artificial free face can reach more than 77%

(3) The distribution of the effective stress field in the bed-
rock has a close relationship with the charging struc-
ture. The peak value of the effective stress near the
charge area is larger than that near the gravel block-
age area. The existence of the artificial free face makes
the stress wave reflect and superimpose with the orig-
inal stress waves, increasing the effective stress in the
blasting area, and the effective stress can be increased
by 5MPa or more

(4) The increase of the diameter of the empty holes can
decrease the peak vibration velocity of the surface par-
ticle and improve the blasting effect. When the diam-
eter of empty holes is 200mm and 250mm, the
control effect is the most significant. The increase of
the distance between the empty holes and the blasting
holes can cause the decrease of the control effect

(5) Based on the comprehensive consideration of blasting
effects and construction cost, the parameter design
value of the artificial free face is put forward, the diam-
eter of the hole is 200mm, the distance between the
empty holes and the center of the blasting holes is
60 cm, and the depth of the empty hole is the same as
the blasting hole. Two rows of blasting holes and one
row of empty holes are adopted in the construction
condition, and the artificial free face is located on the
side of the building structure that needs to be protected
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