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Relying on the entrance section of a high-speed railway tunnel blasting project, the fluid-solid coupling algorithm based on
ANSYS/LS-DYNA was used to optimize the parameters of wedge cut blasting, and the vibration could be reduced on the basis of
ensuring the blasting effect. ,rough the combination of visual numerical simulation results and rock-breaking mechanism of
wedge cut blasting, the maximum vibration velocity of different monitoring points in the model under different segmented time
delay was analyzed.,e results show that the best method for detonation is dividing the blastholes into three segments from upper
to lower and dividing the left and right symmetrical blastholes into one segment. When the delay time is 10ms, the average
vibration reduction ratio is the best, which is reduced by 18% compared with the six-hole simultaneous blasting. In addition, the
actual surrounding rock stress has a clamping effect on the cut blasting area.,e wedge cut blasting footage obtained by numerical
simulation was basically consistent with the field results, which proved that the model is reasonable and effective. ,is study
intuitively and accurately demonstrated the process of cut blasting, the superposition curve of vibration velocity and the vibration
reduction results under different delay times, and the effect of cut blasting. ,e results can be directly applied to similar projects,
and the optimal blasting parameters and related issues can be solved more accurately with the help of this engineering
analysis method.

1. Introduction

In the process of tunnel construction, mechanical excavation
methods such as Tunnel Boring Machines (TBM) have
disadvantages such as high maintenance investment, in-
convenient distribution of equipment parts, difficulty in
assembly on-site, and poor adaptability to various types of
surrounding rock.,e drilling and blastingmethod, which is
another tunnel excavation method, has significant advan-
tages such as better geological adaptability and less equip-
ment investment. However, it inevitably involves harmful
effects such as earthquakes, noise, air shock waves, gun
smoke, and blasting flying rocks. Blasting vibration is the
most harmful effect on the environment in tunnel blasting
construction. ,erefore, in order to improve the quality of
the project and ensure the safety of the surrounding

environment, blasting vibration effects need to be optimized
urgently.

In order to reduce the intensity of blasting vibration, the
optimization of blasting detonation methods and parame-
ters has been conducted. Kumar and Dohyun Park et al.
[1, 2] summarized and analyzed the optimal blasting pa-
rameters. Verma and Li et al. [3, 4] studied the damage to
surrounding rock caused by excessive blasting vibration
intensity. Trivino [5] found that the location of the deto-
nation points has a certain influence on the blasting vi-
bration. Onederra et al. [6] concluded that the damage area
of the crushed medium at the orifice is larger than that at the
bottom of the hole in the case of detonation at the bottom of
the hole. Xie et al. [7] found that the superposition of the
stress wave on the free surface and the reflected longitudinal
wave caused damage to the joint near the orifice. Wenbo Lu
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et al. [8] found that stronger blasting vibration will be caused
due to the clamping effect of cut blasting. And because of the
limited power of mine explosive, the difficulty of cut blasting
increases significantly with the hole depth [9]. Yu Stepanov
[10] and Taran et al. [11] combined engineering blasting
projects and used experimental research methods to obtain
the calculation formula for the fracture range of the rock and
proposed a calculation method of the cut length suitable for
various mining conditions. Chakraborty et al. [12–14]
proposed a more effective double wedge cut blasting
method. Bjorn Zakrisson et al. [15] simulated the explosion
load and structural deformation of a near-field explosion in
the air using a fluid-solid coupling explosion numerical
simulation method. Ma [16] used the wedge cut blasting
finite element simulation to study the fracture mode of the
cut model and explore the expansion and evolution process
of the cut cavity. Yang [17] investigated the stress evolution
and resultant rock damage arising from millisecond-delay
blasting under the combined effects of in situ stress redis-
tribution.,e vibration effect generated by cut blasting is the
largest in tunnel blasting construction, due to the large
amount of charge. So it is of great significance to reduce the
vibration effect of cut blasting. Many measures need to
increase the number of cutting holes, change the conven-
tional arrangement of cutting holes, or shorten the blasting
footage, resulting in increased engineering costs and reduced
tunnel excavation efficiency, making it difficult to effectively
apply to tunnel cyclic blasting operations. It is extremely
important to find a tunnel cut blasting method that can
effectively reduce the effect of blasting vibration and ensure
construction efficiency.

,e method combining engineering fields investigation
and numerical simulation is conducted in this study. A
three-dimensional model of the local wedge-shaped cutting
holes of the tunnel face was established by ANSYS/LS-
DYNA software, and the model boundary load was applied
by theoretically studying the surrounding rock stress.
,rough the fluid-solid coupling algorithm, the rock
breaking and crack propagation, the cut blasting rock-
breaking effect, and the blasting footage in the three-di-
mensional model were simulated; additionally, the com-
parison between the actual project and simulation was
conducted to analyze and verify the feasibility and accuracy
of the model. Combining existing research and using nu-
merical simulationmethods to systematically study the rock-
breaking mechanism of wedge cut blasting, the detonation
sequence and segmented delay time of cutting holes in the
engineering project were optimized, and blasting vibration
was reduced effectively on the premise of ensuring successful
cutting.

2. Project Overview

,is tunnel is a single-hole double-line tunnel. ,e entrance
section of the tunnel is divided into two parts: open-cut
tunnel and subsurface excavation. ,e open-cut tunnel is
about 38m long and the V-level surrounding rock volume of
it is about 7 500m3; the length of the underground excavated
part is about 2 137m, of which the V-level surrounding rock

volume is about 23 000m3.,e whole tunnel is located in the
underground karst vertical seepage zone, and the surface
water and groundwater are not corrosive to the concrete
structure. ,e tunnel is located in a Zhongshan landform
area with low tectonic erosion and denudation. ,e tunnel
site is overlying the Quaternary Holocene cave accumulation
layer and alluvial layer. ,e underlying bedrock is the Lower
Ordovician Dawanian limestone with dolomite, breccia
limestone, argillaceous limestone, and local Yanshanian
diorite porphyry intrusive rocks.

According to the geological conditions of the tunnel and
the original design support parameters, the level III sur-
rounding rock of the subsurface excavation section shall be
excavated by the full-section method, the level IV sur-
rounding rock shall be excavated by the two-step method,
and the level V surrounding rock shall be excavated by the
three-step method plus temporary invert blasting, that is, a
technology of step blasting that divides the design section of
the tunnel into four excavations and advances different parts
in steps. ,e rock was constructed by drilling and blasting,
and the surrounding holes were smoothly blasted. ,e ex-
cavation sequence is upper step⟶ middle step⟶ lower
step⟶ inverted arch.

Considering the stability of grade V surrounding rock
during blasting construction, one-time blasting footage
should be controlled. ,e one blasting footage L is set to
1.36m, and the blast hole utilization rate is set to 85%. On
this basis, the drilling depths of the cutting holes, auxiliary
holes, peripheral holes, and bottom plate holes are designed,
respectively.,e diameter of all blastholes on the upper steps
is determined by the drilling machine, and they are all
40mm. ,e arrangement of blastholes on the upper steps of
grade V surrounding rock and the setting of segmented
delay are shown in Figures 1 and 2.

,e blasting parameters of the upper steps cutting holes
of grade V surrounding rock are shown in Table 1.

All blast holes on the upper steps were set to a reverse
detonation design continuous charge structure, explosives
were continuously packed along the axis of the blasthole, and
the sealing quality should be ensured.

3. Numerical Simulation Research

3.1. Finite Element Model and Algorithm. According to the
actual working conditions of the project, geometric models
of fluid and solid structures have been established by
ANSYS. Because the model is symmetrical, the establish-
ment of the model has been completed by the mirror
function of ANSYS. ,e geometric model built is shown in
Figures 3 and 4.

,rough the fluid-solid coupling method, explosives and
other fluid materials were calculated using the ALE algo-
rithm, and the solid structures were calculated using the
Lagrange algorithm.,is method allows fluid materials such
as explosives to flow in the ALE unit during the simulation
without grid distortion. ,e 3D SOLID 164 element defined
by 8 nodes was selected. Mapping meshing was selected as
the main method, and sweeping meshing was also used.
Gradual meshing was used for rock parts, which reduced the
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solution time while ensuring the quality of meshing and the
accuracy of calculation results [18].

Although the failure parameter Fs in the HJC consti-
tutive model can better describe the failure characteristics of
the element under compression, it is not ideal for the de-
termination of tensile failure [19]. So it is necessary to add
external failure types to accurately describe the blasting
damage and destruction process of rock materials [20].
Defining different invalidation types through the LS-DYNA
keyword ∗MAT_ADD_EROSION and setting the control
parameter threshold of this keyword can realize that the

element grid disappears when the explosion effect of the rock
mass reaches the set threshold, thereby obtaining the sim-
ulation effect of crack propagation.

,e four components obtained from the grid model
(airfield, explosives, rocks, and gun mud) have been divided
into 759 456 unit grids, as shown in Figure 5.

3.2. Material Model and Parameters. Air materials are de-
scribed by ∗MAT_NULL material constitutive model and
linear polynomial state equation
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Figure 1: Layout of upper steps blastholes on the grade V surrounding rock and setting of segmented delay.
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Figure 2: Sectional view of upper steps blast holes layout in grade V surrounding rock.

Table 1: Statistic table of cutting holes blasting parameters of upper steps in grade V surrounding rock.

Segment Blasthole
name

Detonator
extension time

(ms)

Number of
blast holes
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Hole
depth
(m)

Hole
spacing
(cm)

Charge
length
(m)
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hole
charge
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Same deferred
explosive
charge (kg)

Number of
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(piece)

1 Cutting
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Figure 3: Geometry model of fluid structure.
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∗EOS_LINEAR_POLYNOMIAL [21], and the parameters
of air are listed in Table 2.

According to the relevant data of the on-site geological
survey, it is determined that the blasting rock is mainly
limestone. ,e
∗MAT_JOHNSON_HOLMQUIST_CONCRETE material
constitutive model is used for numerical simulation calcu-
lation [22]. ,is constitutive model can effectively reflect the
physical process and mechanical behavior of rock compo-
nents under explosive impact loads, and the parameters of
rock mass are listed in Table 3.

,e specific value of the failure parameter in the con-
stitutive model can be known from Sun Qiran’s [23] related
research on this:

FS � f PR( 􏼁1∗
∗D2

maxmax
, (1)

P
∗
R �

PR

fc
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T
∗

�
T
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where PR is the impact pressure on the blasthole rock wall,
Pa; T is the maximum stretching hydrostatic pressure, Pa; fc

is the quasiuniaxial compressive strength, Pa; D1`D2 is the
damage constant.

In accordance with the study of actual engineering, only
the impact pressure on the blasthole rock walls when
uncoupled charges were studied and its value could be
calculated by

PR �
1
8
ρE0D

2 dc

db

􏼠 􏼡

6
lc

lb
􏼠 􏼡

3

n, (4)

where ρE0 is the density of explosive, kg/m3; D is the ex-
plosive velocity, m/s; dc‘db is the charge diameter and blast
hole diameter, mm; lc‘lb is the charge length and blast hole
length, m; n is the pressure magnifying coefficient; take 8∼11.

Combining formula (4), we can get P as 1 855.38MPa
and further combine formulas (1)–(3) to get FS as 1.24.

Explosives are described by
∗MAT_HIGH_EXPLOSIVE_BURN material constitutive
model and ∗EOS_JWL state equation [24, 25]. ,e ex-
plosive material is No. 2 rock emulsion explosive which is
the same as the blasting site. ,e physical and mechanical
parameters and the JWL state equation parameters are
shown in Table 4.

,e blasting mud material is described by the
∗MAT_DRUCKER_PRAGER material constitutive model,
which can effectively reflect the dynamic mechanical be-
havior of the blasting mud when subjected to an explosion
impact load. Its physical and mechanical parameters are
shown in Table 5.

3.3. Surrounding Rock Stress. ,e numerical simulation
model is the cutting hole area of the tunnel face. ,e rock
mass here is 41.99m deep and is inevitably affected by the
stress of the surrounding rock. A large amount of measured
data shows that the vertical stress value is often greater than
the rock mass gravity. For the scale factor of λ0 � σV/cH,
China’s actual measurement λ0< 0.8 accounted for 13%,
λ0 � 0.8∼1.2 accounted for 17%, λ0 > 1.2 accounted for more
than 65%, and most of the above data were measured within
200m depth and the deepest point reached 500m [26]. For
the initial stress of the rock mass, λ0 is selected as 1.2 to
quantify the vertical stress of the model, which is

σV � λ0cH, (5)

whereσV is the vertical stress, Pa; cis the weight of the
overlying rock, N/m3; Hdenotes depth, m.

It is known that the depth of the tunnel face is 41.99m,
the lithology of the grade V surrounding rock is argillaceous
limestone, its natural gravity is 22 540N/m3, and the vertical
stress is 1.14MPa from equation (5).

,e measured horizontal stress data of various countries
in the world show that its value is generally greater
than[μ/(1 − μ)] × cH caused by the Poisson effect and is
greater than or close to themeasured vertical stress.,e ratio
of the maximum horizontal stress σH1 to σV is used to
express the lateral pressure coefficient (λ1 � σH1/σV);
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Figure 4: Geometric model of solid structure.
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(a) (b)

(c) (d)

Figure 5: Gridmodel diagram. (a) Grid division of local explosives and gunmud. (b) Grid division of local blastholes area. (c)Meshing of air
domain. (d) Meshing of fluid-structure coupling semimodel.

Table 2: Physical and mechanical parameters of air.

Density (kg/m3) Energy per unit volume (MPa/m3) C0 C1 C2 C3 C4 C5 C6

1.290 0.25 0 0 0 0 0.4 0.4 0

Table 3: Limestone HJC model parameters.

Parameter Value Parameter Value
Mass density (kg/m3) 2 300 Crushing pressure (MPa) 20
Shear modulus (MPa) 10 093 Fracture volume strain 0.00125
Standardized bond strength 0.55 Locking pressure (GPa) 2
Normalized pressure hardening 1.23 Locked volume strain 0.174
Strain rate factor 0.009 7 Damage constant D1 0.04
Pressure hardening index 0.89 Damage constant D2 1
Quasistatic uniaxial compressive strength (MPa) 60 Pressure constant K1 (GPa) 39
Maximum stretching hydrostatic pressure (MPa) 4 Pressure constant K2 (GPa) −223
Plastic strain before fracture (MPa) 0.01 Pressure constant K3 (GPa) 550
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generally λ1 is 0.5∼5.5, most of which are between 0.8 and
2.0, and the maximum value of λ1 is 30. If the ratio of the
horizontal stresses average value σH·an andσV is used to
express the lateral pressure coefficient(λav � σH·an/σV),
generally λav is 0.5∼5.0, most of which are 0.8∼1.5. China’s
actual data λav is between 0.8 and 3.0, λav<0.8 accounted for
about 30%, λav � 0.8∼1.2 accounted for about 40%, and
λav>1.2 accounted for about 30% [26]. Based on the above
existing research results, λav � 1.1 is selected to quantify the
horizontal stress on the model, which is

σH � λavσV, (6)

whereσHis the horizontal stress, Pa.
Combining the obtainedσV, the horizontal stress is

1.25MPa from equation (6).
Before the excavation of the underground engineering,

the rock mass is in a balanced state under the original rock
stress condition. Due to excavation disturbance, the original
balanced state is destroyed, and the rock mass stress is
redistributed until reaching a new balance. ,e surrounding
rock stress state after redistribution is called the redis-
tributed stress state, and the stress at this time is called the
redistributed stress [26].

It is generally recognized that the distribution stress
range of surrounding rock caused by the excavation of
underground caverns is 6R0(R0 is the radius of the circular
cavern for underground engineering). ,e actual tunnel
which this study based on has a section radius of 7.38m.
Combined with the above analysis, the redistribution of rock
mass stress should be considered in this model.

For a hard and dense massive rock mass, when the
natural stress is approximately equal to or less than half of its
uniaxial compressive strength, the surrounding rock will be
elastically deformed after the excavation of the underground
cavern. ,is type of surrounding rock can be approximately
regarded as a homogeneous, continuous, and isotropic linear
elastomer, and the redistributed stress of the surrounding
rock can be calculated by the method of elastic mechanics. It
is known that the compressive strength of argillaceous
limestone is 70MPa, and both σV and σH are less than
35MPa; applying the method of elastic mechanics to cal-
culate the rock mass distribution stress of the model, the
problem can be simplified to the mechanical model shown in
Figure 6.

According to the previous studies, when the natural
stresses σV andσH and the hole radiusR0 are constant, the
redistributed stress of the elastic surrounding rock is a

function of the calculated point position(r, θ); taking
λ � σh/σv, when 1/3< λ< 3, σθ in the surrounding rock of the
cave wall are all compressive stresses and the stress distri-
bution is relatively uniform. Let r � R0; then the redis-
tributed stress on the wall of the cave is given by

σr � 0,

σθ � σh + σv − 2 σh − σv( 􏼁cos 2 θ,

τrθ � 0,

⎧⎪⎪⎨

⎪⎪⎩
(7)

where τrθ is the natural shear stress on the cave wall, and its
value is 0, σr � 0, only σθ works, it is a unidirectional stress
state, and the cave wall is most likely to be damaged at this
time. ,e value of σθ on the cave wall is only related to the
natural stress state and the position of the calculation point θ
but has nothing to do with the cave size R0.

In summary, we can get the rock weight distribution
stresses σV � 2.61MPa and σH � 1.83MPa; all are com-
pressive stress.

4. Simulation Result Analysis

4.1. 9e Expansion and Evolution of the Cut Cavity and the
Expansion Process of Blasting Crackle. After the explosives
were detonated, the explosion energy spread outside along the
axis of the cylindrical explosive in a very short time, and the

O
θ

x

σv

σv

σH σH

M(R0,θ)

r

Figure 6: Simplified model for stress analysis of surrounding rock
in underground engineering.

Table 4: Physical and mechanical parameters of explosives.

Density (kg/m3) Detonation velocity (m/s) Initial specific internal energy (GPa) A (GPa) B (GPa) R1 R2 ω

1244 3600 4.192 214.4 0.182 4.2 0.9 0.15

Table 5: Physical and mechanical parameters of gun mud.

Density (kg/m3) Shear modulus (MPa) Poisson’s ratio Friction angle (rad) Cohesion (MPa)
1850 20 0.28 0.56 0.18
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effective stress of the explosive component increased instantly.
,is high stress was transmitted to the air domain at the
common nodes with the explosive components and then acted
on the rock element close to the explosive unit through a fluid-
solid coupling algorithm. ,e rock element would automat-
ically fail after the stress on the rock element reached the set
failure value. According to the blastholes layout shown in
Figure 4, the numerical simulation analysis of the simulta-
neous blasting was carried out. And according to the ex-
pansion and evolution process of the cut cavity in Figure 7, it
can be seen that the rocks near the bottom of the columnar
explosive were the first to be destroyed, and then the explosive
propagated along the axis of the charge to the face of the
tunnel. When t� 0.72ms, that is, 0.72ms after the explosive
detonated, the explosive energy caused the rock fissures to
continue to expand, and the broken circles of the two rows of
blastholes were basically connected. When t� 1.68ms, due to
the small distance between the bottoms of the two rows of
blastholes, a through failure surface was formed between the
two rows of blastholes; in the outer position of the blastholes,
as the distance between the two rows of blastholes gradually
increased and although a through failure surface could not be
formed, the expansion of the cracks caused the rock to be
further broken. Due to the angle between the blastholes and
the face of the tunnel, the explosion formed a component force
perpendicular to the bottom surface of the cut cavity. Under
this force, the rock between the two rows of blastholes sep-
arated from the surrounding rock mass and was thrown to-
ward the face of the tunnel, andwhen t� 2.34ms, the cut cavity
was finally formed.

,e rock-breaking effect and crack propagation process
of blasting with two symmetrical blastholes are shown in
Figure 8.

4.2. Numerical Simulation Method and Rationality
Verification. ,e rock-breaking condition of the cut cavity
internal structure is sectioned from X, Y, and Z directions.
,e position of the Z-direction section of the cavity and the
slice diagram is shown in Figure 9.

As can be seen from Figure 9, the broken through surface
caused by blasting in two rows of blastholes at footage of
1.477m caused the rock inside and outside the through
surface to separate. ,erefore, it is judged that the blasting
footage of the simulation result is 1.477m.

According to the actual measurement of the tunnel
blasting on-site, the utilization rate of the blastholes in the
blasting project was 85%; that is, the actual rock-breaking
footage of the cutting holes was 1.36m. Comparing the
measured data with the simulation results, it can be seen that
the absolute error is 0.117m, and the relative error is 8.6%
[27]. ,is verifies the feasibility and accuracy of the nu-
merical simulation method.

4.3. Influence of Surrounding Rock Stress. On the basis of
verifying the accuracy of the numerical simulation results,
the model without surrounding rock stress was reestab-
lished, and the volume change over time of the rock caused
by unit failure during the blasting process was measured, as
shown in Figure 10.

,e volume change of the model without surrounding
rock stress was larger than that with surrounding rock stress,
which indicated that the actual surrounding rock stress has a
clamping effect that cannot be ignored in the cut blasting
area. Furthermore, the model cut blasting footage without
surrounding rock stress is 1.686m, the absolute error is
0.326m, and the relative error is 24%, so the accuracy of the
simulation results is greatly reduced, and accordingly, the
predictive ability of the model is reduced. It can be seen that
it is necessary to consider the existence of surrounding rock
stress in the simulation study.

5. Research on Optimization of Wedge Cut
Blasting Mode

5.1.Detonation Sequence andDelayTime. ,e analysis of the
expansion and evolution process of the cut blasting cavity
and the previous study [28] show that the key to successful
cut blasting is the synergy of symmetrical blastholes. Based
on this, the charge of the left and right blastholes is con-
trolled to be the maximum single-segment detonating
charge, and the six-hole simultaneous cut blasting is opti-
mized to be detonated from upper to lower position in three
segments. ,e detonation sequence of the blastholes is
shown in Figure 11.

In order to better study the delay time between seg-
ments and avoid the superimposition of two segments
vibration velocities generated by blasting on the time axis,
a two-hole blasting model was first established; that is,
only the first segment of the blastholes was detonated. ,e
time-history curve of the particles’ resultant vibration
velocity of the double-hole blasting model is selected for
analysis, and the typical resultant vibration velocity
waveform of the double-hole blasting is shown in
Figure 12.

As shown in Figure 13, a large number of monitoring
points in the model were selected, we can find that the
duration of the vibration process caused by double-hole
blasting is 4∼8ms. Based on the model accuracy verification,
the segment detonation delay times of 1ms, 5ms, 8ms,
10ms, 12ms, and 15ms were set.

5.2. VibrationVelocityAnalysis of Rock Particles. ,e ratio of
the difference between the Peak Particle Velocity (PPV)
during the simultaneous explosion and the PPV under the
corresponding delay time to the PPV during the simulta-
neous explosion multiplied by 100% is the vibration re-
duction ratio (VRR) defined in this paper.

When selecting the monitoring points of the rock model
and extracting and analyzing the vibration velocity char-
acteristics and vibration reduction ratio of different seg-
mented delay times, in order to prevent the boundary
conditions (nonreflective boundary and fixed boundary
conditions) from affecting the accuracy of the simulation
results, the boundary element was hidden, and then the
vibration velocity monitoring points on the bottom, top,
side, and back of the model were set. ,e location of the
monitoring points is shown in Figure 13.

Shock and Vibration 7



(a) (b)

(c) (d)

Figure 7: ,e expansion and evolution process of the cut cavity: (a) t� 0.12ms, (b) t� 0.72ms, (c) t� 1.68ms, and (d) t� 2.34ms.
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Figure 8: Continued.
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,e closest distance between the monitoring points and
the explosive component is greater than 150 times the charge
radius. So the monitoring points are within the seismic wave
action range, and the vibration velocity curve of the mon-
itoring points can accurately judge the detonation delay time
feasibility of the two separate blastholes in the numerical
model. ,e resultant vibration velocity waveform of the
particles at bottom of the model under different delay times
between each segment is shown in Figure 14.

As shown in Figure 14, a large number of monitoring
points in the model were selected; we can find that when the
delay time between segments is less than 8ms, the blasting
vibration velocity will be superimposed on the time axis;

when the delay time is 1ms, the peak blasting vibration
velocity of the subsequent blastholes may exceed that of the
first blastholes due to superposition; when the delay time is
greater than 8ms, the vibration velocity of each segment is
independent of the time axis, and no superimposition of
vibration velocity will occur.

Table 6 lists the peak particle resultant velocity of the
monitoring points in the model under the different delay
times between each segment. From this table, the trend
graph of the average vibration reduction ratio can be
obtained:

From Figure 15, it is clear that when the delay time is
10ms, the vibration velocity generated by the explosive
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Figure 8: Crack propagation process of wedge-shaped double-hole blasting: (a) t� 0.059ms, (b) t� 0.54ms, (c) t� 1.38ms, (d) t� 1.439ms,
and (e) t� 2.819ms.
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blasting of each segment is independent of the time axis, and
the average vibration reduction rate reaches the highest
value, up to 18%.

5.3. Blasting Effect Analysis. Figure 16 shows the blasting
rock volume time-history changes under simultaneous
blasting and different segmented delay times.

It can be seen from Figure 16 that the model volume
change is the largest when the cutting holes are

simultaneously blasted. Correspondingly, the failure of the
model unit is also the largest, which shows that the blasting
power of this blasting method is the largest. Among the
different segmented delay times, the volume change is the
largest when the delay time is 1ms. And the delay time
continues to increase, which is not in a linear relationship
with the volume change. When the delay time is 10ms, not
only can the cut blasting be successfully realized, but also the
volume change is still good. Although the volume change of
the cut blasting at 10ms is reduced compared with
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Figure 9: ,e position of the Z-direction section of the cavity and the slice diagram.
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Figure 10: Time-history curve of rock volume change with or without surrounding rock stress.

10 Shock and Vibration



C D

A Bθ

A3

A2

A1

C3

C2

C1

D3

D2

D1

B3

B2

B1

I

II
III

I
II
III

Figure 11: Detonation sequence of cut blastholes.

Time (s)
0 0.002 0.004 0.006 0.008 0.01 0.012

-2
0
2
4
6
8

10
12
14
16
18

Re
su

lta
nt

 v
elo

ci
ty

 (c
m

/s
)

Figure 12: Waveform diagram of typical resultant vibration velocity of double-hole blasting.
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Figure 13: Monitoring points location. (a) Bottom monitoring points. (b) Top monitoring points. (c) Side monitoring points. (d) Back
monitoring points.
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Figure 14: Continued.
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Figure 14: Waveform diagram of typical resultant vibration velocity under different delay times: (a) Δ(t)� 1ms. (b) Δ(t)� 5ms. (c) Δ(t)�
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Table 6: ,e peak particle resultant velocity of rock.

Object Simultaneous 1ms VRR 5ms VRR 8ms VRR 10ms
(%) VRR 12ms

(%) VRR 15ms
(%) VRR Double

hole VRR

Bottom
monitoring
point

α1 12 10.1 16% 9.5 21% 10.1 16 9.5 21 11.5 4 10.1 16% 11.5 4%
α2 11.6 11.7 −1% 10.7 8% 9.7 16 9.5 18 9.2 21 11.7 −1% 9.9 15%
α3 11.5 11.4 1% 11.8 −3% 9 22 9.7 16 9.3 19 11.4 1% 9.8 15%
α4 11.6 10.1 13% 11 5% 9.4 19 9.7 16 9.2 21 9.5 18% 11.4 2%
α5 11.4 10.3 10% 9.5 17% 9.3 18 9.3 18 9.2 19 8.6 25% 11.5 −1%

Top monitoring
point

β1 27 22.7 16% 21.8 19% 20.9 23 20.6 24 21.5 20 21.2 21% 20.3 25%
β2 25.3 22.7 10% 22.5 11% 21.6 15 21.3 16 21.5 15 20.5 19% 21 17%
β3 23.8 22.4 6% 23 3% 22.1 7 21.8 8 21.6 9 19.9 16% 21.6 9%
β4 22.9 22.7 1% 23.5 −3% 22.6 1 22.1 3 21.5 6 20.2 12% 22 4%
β5 23 22.9 0% 23.8 −3% 22.8 1 22 4 21.8 5 20.8 10% 22.4 3%

Side monitoring
point

c1 20.7 20.5 1% 20.3 2% 19.1 8 18.4 11 18.8 9 17.9 14% 20.3 2%
c2 20.7 20.5 1% 20.4 1% 19.1 8 18.2 12 19 8 18 13% 20.4 1%
c3 20.7 20.5 1% 20.4 1% 19.1 8 17.9 14 19.1 8 18.1 13% 20.4 1%
c4 20.7 20.4 1% 20.4 1% 19 8 17.9 14 19.3 7 18.3 12% 20.4 1%
c5 20.6 20.3 1% 20.4 1% 19 8 18 13 19.4 6 18.5 10% 20.3 1%

Back
monitoring
point

δ1 30.1 24 20% 21.6 28% 21.8 28 21.1 30 22 27 22.8 24% 21.6 28%
δ2 30.3 23.9 21% 21.6 29% 21.8 28 21.1 30 22.1 27 22.7 25% 21.5 29%
δ3 30.5 23.7 22% 21.6 29% 21.8 29 21 31 22.2 27 22.6 26% 21.6 29%
δ4 30.7 23.8 22% 21.6 30% 21.7 29 21.1 31 22.3 27 22.5 27% 21.6 30%
δ5 30.9 23.9 23% 21.6 30% 21.7 30 21.1 32 22.4 28 22.3 28% 21.6 30%

Average
vibration
reduction ratio
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Figure 15: Trend graph of the average vibration reduction ratio under different delay times.
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simultaneous blasting, it has little effect on the overall cut
blasting, so 10ms can be determined as the optimal blasthole
delay time.

6. Conclusions

,e fluid-solid coupling algorithm based on ANSYS/LS-
DYNA was used to carry out a numerical simulation study
on the tunnel wedge cut blasting, and finally, the optimal
cutting hole delay time was determined. ,e main con-
clusions are as follows:

(1) ,e tunnel wedge cut blasting footage obtained by
the blasting numerical simulation of fluid-solid
coupling algorithm based on ANSYS/LS-DYNA is
basically consistent with the field measured results,
which proves that the model is reasonable and ef-
fective. ,is method can be used in actual engi-
neering to solve the issues about wedge cut blasting.

(2) Comparing the simulation results of the rock model
with or without surrounding rock stress, the volume
change before and after the blasting of the model
without surrounding rock stress is larger than that
with surrounding rock stress. It shows that the actual
surrounding rock stress has a clamping effect on the
cut blasting area and has a certain influence on the
cut blasting effect.

(3) Although the delay time between segments can make
the blasting seismic waves separate on the time axis,
the vibration reduction ratio will not always increase
with the increase of the delay time between segments.
,e actual tunnel is in complex geological condi-
tions.,e blasting scheme should be designed on the
basis of comprehensive on-site blasting vibration
monitoring data and blasting effect evaluation, and
the delay time should be adjusted in time according
to changes in tunnel conditions; thereby, the best
blasting effect can be achieved while reducing the
intensity of blasting vibration.

(4) Under this engineering geological condition, a
wedge-shaped symmetrical segmented cut blasting
method is adopted in which the cutting blastholes are
divided into three segments from upper to lower
position, and the left-right symmetrical blastholes
are divided into one segment. When the delay time is
10ms, the average vibration reduction ratio is the
best, which is reduced by 18% compared to the six-
hole simultaneous blasting. ,e cut blasting can be
successfully achieved, and the blasting effect is the
best.
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