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In recent years, with the increasement of the railway expansion projects, the blasting damage has caused great threat to the safety
of the existing tunnel structure. However, few researches are carried out on the influence of tunnel blasting construction on
existing small-angle crossing tunnel structure. In this study, the dynamic response of existing tunnel structure to the blasting
activities in newly built tunnel is analyzed by numerical simulation. From the comparison of vibration velocity, lining stress, and
the displacement of the existing tunnel structure, the blasting methods, surrounding rock condition, cross angle, and clear
distance are proven to be the highly correlated factors for the dynamic response of the existing tunnel to blasting.,en, combined
with the analytic hierarchy process, the vibration velocity is selected as the optimal index to indicate the dynamic response to
blasting activities.

1. Introduction

Nowadays, the railway has become one of the important
modern transportations which is related to the national
economy and people’s livelihood [1, 2]. With the construction
of the large-scale transport network, it is unavoidable to appear
more and more spatially crossing railway tunnels with very
small crossing angles, especially for the high-speed railways
whose linesmust be as straight as possible [3, 4], for example, in
the new Guiyang-Guangzhou Railway, the Sizhai Tunnel goes
under the Ruipo Tunnel, with a plane crossing angle of 22° and
the minimum vertical clear distance of 23.0m [5]. In the
Wenzhou-Fuzhou Railway, the newly built Guantouling
Tunnel goes under a tunnel of Wen-Fu Expressway, with a
plane crossing angle of 36° and the minimum vertical clear
distance of 2.91m [6]. Under such extreme space conditions,
the commonly used construction method will inevitably affect
the surrounding structures [7, 8]. Hence, it is necessary to
evaluate the influence of the blasting activities on the existing
tunnel structures.

In the few decades, amounts of researches have been
carried out to study the response of structure to the blasting

activities in tunnel constructions, such as the field tests,
indoor experiments, numerical simulation, artificial intel-
ligence [9–17]. Hong [18] studied the dynamic impact of
cross section blasting excavation at intersections on the
lining of existing tunnels, and the results showed that the
maximum vibration velocity and the maximum tensile stress
of each section of the lining were greatly reduced out of the
range of ±8m at the cross section, and the lining structure
was more sensitive to blasting within the range of ±8m
around the blasting source. Liu et al. [19] established a finite
element model of the upper and lower crossing tunnels and
extracted the velocity-time history curve and equivalent
stress-time history curve of each monitoring point, and the
results indicated that the vibration velocity distribution of
each point was basically consistent with the monitored vi-
bration velocity; combined with the equivalent stress cri-
terion, the vibration velocity of the critical mass point can be
selected to ensure the safety of tunnel structure. Song et al.
[20] studied the dynamic response law of the surrounding
rock during the excavation of a large section tunnel by the
virtue of portable electric spark source and found that the
blasting process of the back tunnel has a greater impact on
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the stability of the surrounding rock, while the surrounding
rock at the oblique back of the tunnel is less sensitive to
excavation and blasting vibration and is affected by the
blasting process for longer time. In summary, the dynamic
response characteristics of cross-tunnel blasting have
attracted the attention of researchers, but most of them focus
on the vibration velocity, without considering the stress and
displacement of the existing railway tunnel. ,erefore, to
ensure the safety of the existing railway tunnel structure, it is
necessary to comprehensively analyze the regular changes of
its vibration velocity, displacement, and stress under dif-
ferent influencing factors.

Moreover, the partitioning methods also play vital role in
the study of the impact of tunnel blasting [21, 22]. In the
Guidelines for the Approaching Construction of Existing Railway
Tunnels and theGuidelines for the Approaching Construction of
Highway Tunnels, the problems of proximity construction were
systematically discussed, and the concepts of proximity and
influence zoning were clearly put forward. ,e latest Chinese
monographs and specifications also contain relevant research
content on the proximity construction of different building
types. ,e Code for Design of Highway Tunnels clarifies the
content of small clear distance tunnels and proposed the
general process and methods of design and construction.
Zhang et al. [23] established the tunnel construction impact
zone of adjacent buildings according to the change trend of the
stress state of the surrounding rock; based on the stress con-
dition, the construction of new tunnels adjacent to the existing
buildings can be divided into three types: strong, weak, and
noninfluencing zones. Tian et al. [24] selected the ultimate
shear strain as the criterion for instability of surrounding rock
based on the existing problems of different criteria for insta-
bility of surrounding rock, by comparing the tunnels of a single
tunnel and adjacent systems with existing urban roads, and
taking the difference in safety factor as the threshold of the
affected area, a mechanical calculation model for different
tunnels near existing urban roads is established. However, the
existing researches rarely studied the partitioning methods of
dynamic impact zone of railway tunnels.

In this study, the response of existing tunnel structure to
the blasting activities was studied by numerical simulation
methods, various factors were incorporated into the model
under different conditions, and finally various factors are
compared to distinguish the optimal indictor for the dynamic
response of existing tunnel. ,e framework of this paper is
arranged as follows: Section 2 mainly describes the engineering
background, Section 3 introduces the simulation methods
blasting in tunnel excavation, Section 4 analyzes the simulation
results in various conditions, Section 5 focuses on the deter-
mination of optimal indictor of dynamic response to blasting
activities, and Section 6 summarizes the whole paper.

2. Engineering Background

,e Tashi tunnel located in Longquan City (Zhejiang
Province) is an important part of the Xianju-Qingyuan
expressway. ,e starting point of the project line is on the
left side of the Yuankengling tunnel in Tashi street and
connected with the 322nd national highway. ,e terminal

point is located at the intersection of Fangye and Housha
road, Jianchi Street. ,e newly built Tashi tunnel is designed
according to the secondary highway standard with designed
speed of 60 km/h. ,e geometries of tunnel are designed as
follows: the length is 1825m, the width is 12m, and the clear
height is 5m. More significantly, the Tashi tunnel is located
under the Yuankengling tunnel which belong to the existing
Quning Railway.

Considering the above complicated conditions, the
newly built tunnel passes through the existing tunnel
structure with small cross angle, the safety of existing tunnel
structure is severely influenced by the excavation of the
newly built tunnel, and the impact of the blasting con-
struction of a new tunnel on the existing tunnel structure
should be carefully evaluated during construction. Hence, in
order to make the effective safety controlling methods, it is
necessary to study the various influencing factors on the
dynamic response of existing tunnel structure and distin-
guish the optimal indictor of dynamic response to blasting
activities.

3. Numerical Simulation Methods

3.1. Simulation of Material in Explosion. Among many nu-
merical simulation methods, ANSYS/LS-DYNA is widely
used in blasting simulation because it can be used to cal-
culate the large deformation dynamic response of nonlinear
structural materials [25, 26]. Among them, the simulation of
the three materials in the explosion problem, explosives, air,
and rock materials, is particularly important.

3.1.1. Explosive Model. ,e JWL state equation is always
used to describe the relationship between the pressure and
volume of the detonation product of high-performance
explosives, and the specific pressure Peos of the explosive
detonation product can be calculated using the following
equation:

Peos � A 1 −
ω

R1V
 e

− R1V
+ B 1 −

ω
R2V

 e
− R2V

+
ωE0

V
,

(1)

where Peos is the specific pressure,V is the relative volume, E0
is the specific internal energy, and A, B, R1, R2, and ω are
constants determined by material. ,e above parameters of
explosive used in the current study are listed in Table 1.

3.1.2. Air Model. ,e air is simulated by ∗MAT_NULL
model, and its pressure can be calculated by the linear
polynomial state equation EOS_LINEAR_POLYNOMIAL,
as shown in the following equations:

p0 � C0 + C1λ + C2λ
2

+ C3λ
3

+ C4 + C5λ + C6λ
2

 E1, (2)

λ �
1

V0
− 1, (3)

Where p0 is the pressure, E1 is the internal energy of unit
volume, V0 is the initial relative volume, and C0, C1, C2, C3,
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C4, C5, and C6 are real constants of the state equation. ,e
above parameters of simulated air are listed in Table 2.

3.1.3. Rock Model. ,e rock mass adopts
∗MAT_PLASTIC_KINEMATIC isotropic followup plastic
strengthening material mode. Compared with the condition
of static load, the mechanical properties of the rock mass
under the blasting load have also changed, and the strain rate
has been greatly improved. Based on the Symonds–Cowper
empirical formula, the model introduces the strain rate
amplification factor, defines the element failure keyword
∗MAT_ADD_EROSION, and defines the rock mass
strength as the failure criterion to realize the damage and
failure of the rock mass. ,e yielding stress σy of rock mass
can be calculated by

σy � 1 +
_ε
C

 

(1/P)

⎡⎣ ⎤⎦ σ0 + βEpε
eff
p , (4)

Ep �
E0Etan

E0 − Etan
, (5)
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, (7)

where σ0 is the initial yielding stress, E is Young’s modulus, _ε
is the loading strain rate, C and P are the constants deter-
mined by the strain rate of the material, Ep is the plastic
hardening modulus of rock mass, Etan is the tangent
modulus, β is the influence degree of hardening parameters
on isotropic hardening and kinematic hardening, εeffp is the
effective plastic strain of rock mass, t is the duration of
plastic strain, and εp

ij is the component of plastic strain
deviation of rock mass. ,e above parameters are shown in
Table 3.

3.2. :e Geometries of Models. Considering the research
target and the simplification of computational process, the
numerical model is designed as follows. According to the
influence of tunnel construction, the size of impact area is
always regarded as 3 to 5 times the tunnel radius. ,at is, the
existing tunnel influence area is 27.09m to 45.15m. Hence,
40m is selected in the simulation. Similarly, the influence
area of the new tunnel is calculated as 38.82m to 64.70m,
and 50m impact zone is considered in the model calculation.
Consequently, the simulation model 140.00m×

200.00m× 124.52m is established as shown in Figure 1.
Figure 1(a) is the spatial structure diagram of the model, and
Figure 1(b) is the constructed 3-dimensional element model.

As can be seen, the newly built tunnel is located under the
existing tunnel, which is consistent with the cases in the
practical engineering, and the distance D and cross angle α
are set as variables in the simulation, so as to distinguish the
influence of the spatial relationship on the dynamic response
of the existing tunnel.

3.3. Design of Test Conditions. According to the research
purpose of the current study, the blasting methods of tunnel,
the condition of surrounding rock, and the relative position
(clear distance and angle of the spatial intersection) are
selected as the main influencing factors of the dynamic
response to the tunnel blasting. ,erefore, based on the
above influencing factors, the test conditions are designed as
shown in Table 4, and the ANSYS/LS-DYNA blasting dy-
namic software is used to perform numerical simulation to
analyze the sensitivity of each influencing factor, which will
further provide parameter indicators for the indication of
dynamic response. It should be noted that the values of
maximum charge per delay of each blasting method are
directly calculated from the blasting schemes. ,e simula-
tion is implemented when the tunnel excavation face is
located under the existing tunnel.

4. Results and Analysis

,e above research simulates the blasting activities of new
tunnel under various conditions, such as the blasting
method, the surrounding rock condition, clear distance, and
cross angle. It should be noted that the effectiveness of the
adopted numerical methods has been proved in several
published literatures, and the simulation results are con-
sistent with the monitored results in practical engineering.
,en the response of existing tunnel to the blasting is an-
alyzed from the aspects of vibration velocity, lining stress,
and structure displacement.

4.1. Different BlastingMethods. ,e full-section method and
bench method are two frequently used construction
methods for the excavation of mountainous tunnel. ,e
main difference between such two methods is the maximum
charge per delay, that is, the energy released in a short time.

Firstly, the vibration velocity-time history of different
parts of the existing tunnel structure is extracted from the
simulation results, as shown in Figure 2. ,e envelope di-
agram of the vibration velocity of existing tunnel is shown in
Figure 3. It could be found that the maximum vibration
velocity of the existing railway tunnel structure for full-
section and bench method both appeared on the tunnel left
foot, with the values of 8.08 cm/s and 5.30 cm/s, respectively.
,e minimum vibration velocity for such two methods
appeared on the right arch waist of the tunnel, with the

Table 1: Parameters of explosive in simulation.

Density ρe (kg/m3) Detonation velocity DH (m/s) A (GPa) B (GPa) R1 R2 ω Peos (GPa) E0 (GPa)

1000 4200 211 0.18 4.20 0.90 0.15 9.70 4.19
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Table 2: Parameters of air in simulation.

Density (kg/m3) C0 C1 C2 C3 C4 C5 C6 E1 (MPa) V0

1.29 0 0 0 0 0.40 0.40 0 0.25 1.00

Table 3: Parameters of rock in simulation.

ρ0 (kg/m3) E (GPa) ] σ0 (MPa) Etan (GPa) C (s−1) P σc (MPa) σt (MPa)

2900 20.50 0.26 75.00 15 2.63 3.96 185.00 5.20

α 

Existing
tunnel D

Newly built
tunnel

(a)

200 m

12
4 

m

140 m

(b)

Figure 1: ,e geometries of the numerical model.

Table 4: ,e arrangement of testing conditions.

No. Maximum charge per delay Q (kg) Surrounding rock Clear distance D (m) Cross angle α (°) Blasting methods
1 26.50 III 16.90 30° Full-section method
2 13.14 III 16.90 30° Bench method
3 13.14 IV 16.90 30° Bench method
4 13.14 III 16.90 15° Bench method
5 13.14 III 16.90 45° Bench method
6 13.14 III 8.45 30° Bench method
7 13.14 III 25.35 30° Bench method
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Figure 2: ,e vibration velocity-time history of different parts of the existing tunnel: (a) condition 1 and (b) condition 2.
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values of 1.42 cm/s and 0.84 cm/s. ,is is due to the fact that
the left arch of the existing railway tunnel is mainly located
on the front side of the blasting, while the right arch waist is
mainly located on the back side of the blasting. Moreover,
compared with full-section method, an obvious decrease of
vibration velocity could be observed in the existing railway
tunnel structure constructed with the bench method.

After that, the stress nephogram is chosen to compare
the response of existing tunnel to the different blasting
methods applied in the newly built tunnel, as shown in
Figure 4. When the full-section method and the bench
method are used for cutting blasting, the maximum stress of
the existing railway tunnel lining structure appears at the left
arch waists, which are 5.43MPa and 4.02MPa, respectively.
,e minimum stress appears at the bottom of the tunnel
lining structure, which are 0.25MPa and 0.31Mpa, re-
spectively. ,is is the effect of the redistribution of soil stress
after the blasting action, and due to the principle of the arch
effect of the Earth pressure, the tensile stress at the arch
waists of the lining structure is the largest, and the tensile
stress at the bottom of the tunnel is the smallest. ,e
maximum stress value of different parts of the existing
railway tunnel lining structure caused by the bench method
cutting blasting is reduced by 25.97% compared with the
full-section method, which is located on the left and right
side of the tunnel. It can be found that the results obtained
from the stress nephogram are consistent with the response
law of vibration velocity.

Finally, the displacement nephograms of the lining
structure are compared under different excavation
methods, as shown in Figures 5 and 6. When the full-
section method and the bench method are used for cutting
blasting, the maximum displacement caused by the
blasting effect appears in the Z direction, with the value of
5.92mm and 5.85mm, respectively. ,e maximum Y-
direction displacement is 3.14mm and 3.10mm, and the
maximum X-direction displacement is 0.73mm and
0.88mm. It can be concluded that the vertical displace-
ment of tunnel lining structure is more sensitive to the

dynamic disturbance, but the influence of excavation
methods is not so obvious.

4.2. Different Surrounding Rock Conditions. ,is section
studies the influence of surrounding rock conditions on the
response of existing tunnel to the blasting activities. ,e
excavation method is specified as bench method, and the
clear distance and cross angle between newly built and
existing tunnels remain unchanged. Table 5 lists the vi-
bration velocity, stress, and displacement of lining
structure under different surrounding rock conditions.
,e similar law in the current simulation results could be
found, the maximum vibration velocity and maximum
stress both appear at the left arch foot, the minimum
vibration velocity and stress appear at the right arch waist,
and the maximum displacement occurs in the Z-direction.
Compared with the IV-class surrounding rock, the tunnel
built in the III-class surrounding rock tends to be more
sensitive to the blasting activities in the newly built tunnel.
,is is because the III-class surrounding rock has better
geological conditions and fewer joints and cracks in the
stratum, the attenuation of blasting vibration waves is
slower, and the adjacent tunnel structure responds more
obviously to cutting blasting.

4.3. Different Spatial Relations. In this section, the effect of
spatial relation (cross angles and clear distance) on the
response of existing tunnel to the blasting activities is
studied. ,e excavation method is specified as bench
method, and the surrounding rock is specified as III-class. By
the virtue of numerical simulation, the vibration velocity,
stress, and displacement under different spatial relations are
obtained.

,e cross angles between the existing tunnel and newly
built tunnel are set as 15°, 30°, and 45°, and then the vibration
velocity, lining stress, and displacement of structure are
collected as shown in Table 6. ,e maximum vibration
velocity all appears at the left foot of the existing tunnel
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Figure 3: ,e envelope diagram of the vibration velocity of existing tunnel: (a) condition 1 and (b) condition 2.
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Figure 4: ,e lining stress of the existing tunnel: (a) condition 1 and (b) condition 2.
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Figure 5: ,e displacement nephograms of the existing tunnel structure in condition 1.
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Figure 6: ,e displacement nephograms of the existing tunnel structure in condition 2.
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structure under three conditions. When the cross angle
increases from 15° to 45°, the maximum vibration velocity
decreases by 22%.,e considerable lining stress occurs at the
left arch waist and right arch waist, and the obvious decrease
can be also found for lining stress with the variation of cross
angle. For the index of the displacement of tunnel structure,
the maximum values occur in the Z-direction, but the cross
angle has little influence on such index.

,en the effect of clear distance between the existing
tunnel and newly built tunnel on the dynamic response of
the existing tunnel structure is studied. In the current
simulating process, the new tunnel is excavated by the bench
method, the surrounding rock condition is set as III-class,
the cross angle is set as 30°, the clear distance is set as 8.45m,
16.90m, and 25.35m, respectively. After the calculation of
the above numerical model under three different conditions,
the vibration velocity, lining stress, and structure dis-
placement were collected as shown in Table 7. It can be
found that the distribution of three indexes is similar to the
above research results, the maximum vibration velocity
appears at the left foot, the maximum lining stress occurs at
the arch waist, and the maximum displacement happens in
Z-direction. Moreover, the clear distance is proved to be
significant for weakening the dynamic response of the
existing tunnel to the blasting activities.

5. Optimal Indicator of the Dynamic Response

In this section, the blasting methods, surrounding rock
conditions, cross angle, and clear distance are selected to
distinguish the optimal index to indicate the dynamic re-
sponse of the existing tunnel to blasting activities. Hence, the
analytic hierarchy process is applied to calculate the con-
tribution weight of the vibration velocity P1, the lining stress
P2, and the structure displacement P3 (scheme layer) to the
dynamic response of existing tunnel (target layer). ,e

detailed analytic hierarchy process is arranged as follows
[27–30].

5.1. Establishment of Hierarchical Model. ,e model is
composed of three layers, as shown in Figure 7.,e top layer
is used to select the optimal indicator I. ,e bottom layer
consists of the vibration velocity P1, the lining stress P2, and
the structure displacement P3 of the existing tunnel. ,e
intermediate layer consists of the blasting methods R1,
surrounding rock conditions R2, cross angle R3, and clear
distance R4.

5.2. Construction of the Judgement Matrix. ,e importance
of the blasting methods R1, surrounding rock conditions R2,
cross angle R3, and clear distance R4 to the optimal indicator
I is compared on the basis of the published literatures
[20, 31–39]. Combined with Saaty’s scale table, the judge-
ment matrixes are constructed as follows:

A4×4 �

1 5 5 3

1
5

1 1
1
5

1
5

1 1
1
5

1
3

5 5 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (8)

5.3. Hierarchical Single Sorting and Consistency Check.
,rough the transformation of matrix, the maximum eigen-
value is calculated to be 4.1545, and the corresponding

Table 5: ,e dynamic response of the existing tunnel to blasting under different surrounding rock conditions.

Items
Vibration velocity

(cm/s) Lining stress (MPa) Displacement (mm)

Tunnel position III IV III IV Direction III IV
Vault 1.05 0.90 −3.20 −3.20 X 0.88 0.96Left waist 2.30 2.01 4.02 3.94
Left foot 5.30 4.95 1.13 1.06 Y 3.10 3.09Bottom 3.55 3.22 0.21 0.20
Right foot 1.68 1.42 1.13 1.06 Z 5.85 5.82Right waist 0.84 0.75 4.02 3.94

Table 6: ,e dynamic response of the existing tunnel to blasting under different cross angle conditions.

Items Vibration velocity (cm/s) Lining stress (MPa) Displacement (mm)
Tunnel position 15 30 45 15 30 45 Direction 15 30 45
Vault 1.34 1.05 0.68 −3.20 −3.20 −3.20 X 0.80 0.88 1.30Left waist 2.68 2.30 2.01 4.60 4.02 3.52
Left foot 5.95 5.30 4.66 1.65 1.13 0.51 Y 3.10 3.10 3.15Bottom 4.25 3.55 2.85 0.32 0.21 0.16
Right foot 2.12 1.68 1.22 1.66 1.13 0.51 Z 5.88 5.85 5.83Right waist 0.98 0.84 0.72 4.45 4.02 3.52
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eigenvector is extracted as W� [0.8564,0.1246,0.1246,0.4853]T;
after the normalization, the above vector is presented as
w � [0.5383,0.0783,0.0783,0.3050]T. Hence, the consistency in-
dex is calculated as CI� (λ− n)/(n− 1)� (4.1545− 4)/(4−1)�

0.0515, and the random consistency index RI is determined as
0.90. Consequently, the consistency rate of the hierarchical
single arrangement of the order CR�CI/RI� 0.0515/
0.90� 0.0572< 0.10, which means the order passes the
consistency check.

5.4. Hierarchical Total Sorting and Consistency Check.
Firstly, the importance of four factors, R1, R2, R3, and R4, in
intermediate layer to the target I in top layer is assumed as r1,
r2, r3, and r4, respectively, the importance of three factors, P1,
P2, and P3, to the target Rj in the intermediate layer is as-
sumed as p1j, p2j, p3j (j� 1, 2, 3,4). Hence, the hierarchical
total sorting of the bottom layer can be calculated though the
factors’ contribution to the overall target (4

j�1 rj pij).
,en the consistency check is carried out following the

step of consistency check in the single sorting. ,e im-
portance of the vibration velocity P1, the lining stress P2 , the
structure displacement P3, the factors R1, R2, R3, R4 in in-
termediate layer, and, the judgement matrixes are listed as
follows:

B
1
3×3 �

1 5 3

1
5

1 1

1
3

1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

B
2
3×3 �

1 3 3

1
3

1 1

1
3

1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

B
3
3×3 �

1 3 3

1
3

1 1

1
3

1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

B
4
3×3 �

1 5 3

1
5

1 1

1
3

1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(9)

After computing the maximum characteristic roots, the
corresponding weight vectors are calculated as w3

1
� [0.6586,0.1562,0.1852]T, w3

2 � [0.6000,0.2000,0.2000]T,
w3

3 � [0.6000,0.2000,0.2000]T, and w3
4 � [0.6586,0.1562,0.1852]T.

,en the combinedweight of P1, P2, and P3 to the targetRj in the
intermediate layer is calculated as 0.6494, 0.1631, and 0.1875, and
the corresponding weight vector is determined as
[0.6494,0.1631,0.1875]T. Consequently, the consistency rate of
the hierarchical overall arrangement of the order CR�CI/
RI� 0.0212<0.10 means the assumed order meets the re-
quirements of the consistency check. ,at is, the vibration
velocity is the optimal index for indicating the dynamic response
of existing tunnel to the blasting activities. Actually, the Safety
Technical Specification for Blasting Vibration of Railway Engi-
neering also adopts the vibration velocity as the safety index of
existing structure and points out that the vibration velocity of
single-line railway tunnel should be controlled lower than
6.0 cm/s, which is consistent with the methods adopted in the
practical engineering.

6. Conclusions

In this study, the effect of the blasting activities on the
existing tunnel structure is analyzed by the way of numerical
simulation. ,e blasting methods, surrounding rock con-
dition, cross angle, and clear distance are selected as four
influence factors for the dynamic response of the existing

Table 7: ,e dynamic response of the existing tunnel to blasting under different clear distance conditions.

Items Vibration velocity (cm/s) Lining stress (MPa) Displacement (mm)
Tunnel position 8.45 16.90 25.35 8.45 16.90 25.35 Direction 8.45 16.90 25.35
Vault 1.45 1.05 0.26 −3.20 −3.20 −3.20 X 1.71 0.88 1.12Left waist 3.54 2.30 1.29 5.32 4.02 2.90
Left foot 8.64 5.30 3.10 1.48 1.13 0.46 Y 3.25 3.10 3.10Bottom 5.76 3.55 2.06 0.35 0.21 0.08
Right foot 2.45 1.68 0.91 1.48 1.13 0.46 Z 6.00 5.85 5.81Right waist 1.26 0.84 0.38 5.32 4.02 2.90

I

R1

P1

R2

P2 P3

R3 R4

Figure 7: Hierarchical model of index for determining the optimal
indicator of dynamic response.
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tunnel, and the vibration velocity, lining stress, and the
displacement of structure are selected to evaluate the safety
condition of the existing tunnel when suffering the blasting
loads. After that, the analytic hierarchy process is adopted to
choose the optimal index to indicate the dynamic response
of the existing tunnel to blasting activities. ,e main con-
clusions can be summarized as follows:

(1) From the results of the numerical simulation, the
dynamic response of existing tunnel is proved to be
highly relevant to the blasting methods, surrounding
rock condition, cross angle, and clear distance. ,e
dynamic response tends to be stronger with the
increase of maximum charge per delay, the better
surrounding rock condition, and the decrease of
cross angle and clear distance.

(2) Comparing the dynamic response of different parts
of existing tunnel structure, the maximum vibration
velocity always appears at the left foot, the maximum
lining stress always occurs at the left and right arch
waist, and the maximum displacement always ap-
pears in the Z-direction. Hence, the above results can
be referred to for development of the protective
guideline of tunnel structure which is near to the
blasting activities.

(3) Combined with the analytic hierarchy process and
numerical simulation results, the vibration velocity is
picked as the optimal index to indicate the dynamic
response of the existing tunnel to blasting activities,
which is consistent with most safety control speci-
fication of tunnel structure.
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