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According to the advantages of high tensile resistance and high shear strength of composite steel plate, a new antiexplosion
protection method of composite steel plate lining structure is put forward. (e numerical model of explosion impact of subway
tunnel with composite steel plate lining structure was established by dynamic analysis software.(e transient dynamic response of
lining structure with the composite steel plate was simulated when explosion occurred. (e research results show that the
influence of explosive quantity on each point of composite steel plate lining structure is different and the change of acceleration
near the centre of the detonation source is generally greater than the multiple of the increase of explosive quantity. (e increase of
velocity and displacement is basically consistent with the quantity of explosive.(e influence of axial stress on the lining structure
is the least, and the influence of the lining structure is greater in the y-direction than in the x-direction. (e research results can
provide the plan and basis for the emergency response of the subway tunnel.

1. Introduction

With the acceleration of the modernization process, the
construction of subway is not only the best solution to the
traffic jam problem but also the catalyst to promote the
modernization process. As an effective tool to solve the
inconvenience of citizens, subway tunnels sometimes be-
come places where terrorists carry out terrorist bombings. In
order to protect the safety of real citizens and reduce the loss
of public property, subway tunnel structures should have
sufficient antiexplosion capability. (erefore, it is of great
theoretical value to study the role of composite steel plates in
subway tunnel protection [1–3].

In the field of subway tunnel protection, scholars at
home and abroad have carried out a large number of ex-
periments and numerical simulation studies. Liu et al. [4]
used LS-DYNA software to carry out explosion numerical
simulation on equivalent explosive amounts of 10 kg, 20 kg,
and 30 kg TNT and obtained the results that the structure

cannot be damaged at 10 kg, the structure can be damaged at
20 kg, and the structure can be completely damaged at 30 kg.
Zyskowski et al. [5] studied the dynamic response of the
internal explosion load of the structure by using a reduced
scale model for internal explosion simulation and a nu-
merical simulation method. Yan and Cao [6, 7] obtained the
pressure variation curves when the explosion occurred in the
tunnel structure by constructing different structural models
of underground tunnels and tunnels and conducting a
numerical simulation of explosion and experimental re-
search in different proportions. However, there are still a lot
of gaps in the research on the protection of composite
materials in subway tunnels, especially its protection
characteristics and dynamic response analysis which still
need to be vigorously studied.

A new type of explosion-proof structure of composite
steel plate lining structure was proposed. Based on the
knowledge of explosion mechanics and fluid dynamics, a
numerical model of explosive-air-composite steel plate-
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lining-surrounding soil was established by dynamic analysis
software LS-DYNA.(e instantaneous dynamic response of
lining structure with composite steel plate when explosion
occurs was simulated, and the stress characteristics of lining
structure under different explosive equivalent are obtained.

2. Establishment of Numerical Model of
Composite Steel Plate Lining
Protection Structure

2.1. Composite Steel Plate Lining Protection Structure. (e
traditional composite steel plate is mostly used to prevent
vibration and noise. According to this characteristic, the
composite steel plate is extended to the tunnel protection.
(e two remarkable characteristics of the composite steel
plate are the difference of interface bond ratio and interface
shear strength, as well as the tensile, bending, hardness, and
other properties required by protective materials. (e
preparation methods of composite steel plate can be divided
into rolling method, surfacing method, explosive welding
method, and explosive welding rolling method. (e rolling
method is to seal the joint between the cladding and the base
and to weld and vacuum-roll. (e manufacturing process is
simple, but the disadvantages are obvious. (e steel plate
specification is small, and the quality of the interface joint is
poor. (e cost of using the surfacing method to make large-
area steel plate is too high. (e explosive welding rolling
method is similar to the explosive welding method. How-
ever, the explosive welding rolling method is used in China.
(e composite steel plate cannot be widely used due to poor
coordination. (e composite steel plate is composed of two
layers of steel plate and high-strength polyester fiber. (e
high-strength polyester fiber is between two layers of steel
plate, and its thickness ratio is 2 :1 : 2, which is made by the
explosive welding method. (e two basic characteristics of
composite steel plate, interface binding rate and interface
shear strength, have reached the relevant standards. (e
composite steel plate structure is as shown in Figure 1.

According to the nonlinear characteristics of shock re-
flection during the propagation of explosion shock wave in
explosion activities, the protection steel plate adopts the
model of ordinary steel plate and takes into account the
characteristics of laminated composite steel plate. (e
material model of protection steel plate adopts the bilinear
elastoplastic constitutive model [8]. (e strain rate effect of
composite steel plate material is expressed by Cow-
per–Symonds model [9], and its dynamic yield strength σy
can be expressed as follows:

σy � 1 +
ε
D

 
1/p

  σ0 + βEpε
eff
p , (1)

where σ0 is the initial yield strength; ε is the strain rate; Ep is
the plastic hardening modulus; εeffp is equivalent plastic
strain. β is the hardening parameter. When the parameter is
0, it means follow-up hardening occurs, and when the pa-
rameter is 1, it means isotropic hardening occurs. D and P

are strain rate parameters.

2.2. Establishment of Composite Steel Plate Lining Protection
Structure Model. According to the engineering background
of Nanjing subway tunnel, the explosive-air-composite steel
plate-lining-surrounding soil model is established by using
finite element software LS-DYNA [10]. Figure 2 is the
structural diagram of composite steel plate lining structure
model. In the numerical simulation, it is mainly divided into
five parts: explosive unit, air unit, composite steel plate unit,
lining structure unit, and soil unit. Each part of the unit is
divided by mapping grid, with the grid side length of
100mm and the grid side length of 300mm in the distance of
the soil unit. Since the whole model is an axisymmetric
model, it takes 1/2 of the model to save the calculation time.
(e whole model has 961767 elements.

(e model is a cylindrical shield tunnel with a soil depth
of 15m. (e shield tunnel has a lining thickness of 0.3m,
inner diameter of 5.4m, outer diameter of 6.0m, and
protective steel plate thickness of 0.1m. (e numerical
simulation of the model can be regarded as an axisymmetric
problem, so a 1/2 model is adopted for modeling and cal-
culation, and a 36×36×15 cube is taken to form a whole
model to reduce the influence of boundary effect. (e
equivalent TNT algorithm is used to simulate the point
source explosion at a distance of 1.1m from the bottom of
the tunnel lining structure under the equivalent of 10 kg
TNT and 30 kg TNT.

2.3. Explosive Combustion Model and Parameters.
Because of the short reaction time and the fast propagation
speed of the blast wave, the time of the blast wave propa-
gating to the interface between the charge and the medium is
very short, which can be ignored generally, so only the
external reaction of the explosion is studied.

(e equivalent TNT conversion is carried out by LS-
DYNA program, and the keyword “∗ MAT–HIGH–
EXPLOSIVE–BURN” is used to simulate the detonation of
high-energy explosives [11]. (e relevant parameters of
explosives are listed in Table 1.

In the numerical simulation of explosion, the explosion
source explosive is simulated by JWL equation of state [12],
and the pressure is expressed by the function of initial
volume and relative volume:

P � A 1 −
ω

R1V
 e

−R1V
+ B 1 −

ω
R2V

 e
−R2V

+
ωE0

V
, (2)

where P is pressure; A, B, R1, R2, and ω are the material
function coefficients, respectively; V is the relative volume;
E0 is the initial internal energy per unit volume. (e state
equation uses the “∗EOS-JWL” keyword provided by LS-
DYNA program, and the parameters are listed in Table 2.

Steel plate

Steel plate

High-strength
polyester

Figure 1: Composite steel plate structure.
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2.4. Model Parameters of Surrounding Soil. In numerical
simulation, the soil structure is chosen to be a flattened
plastic foammodel and a soil with failure characteristics, that
is, the MAT- SOIL-AND-FOAM model [13]. (e yield
function f of the model adopts the following formula:

f � J2 − a0 + a1p + a2p
2

 . (3)

(e soil in the numerical simulation is set by Druck-
er–Prager yield criterion, which can be obtained by the angle
of internal friction φ and cohesion c of soil:

α �
sinφ

���������

9 + 3 sin2 φ
 ,

k �

�
3

√
c cosφ

��������

3 + sin2 φ
 .

(4)

2.5. Lining Structure Model and Parameters. In the nu-
merical simulation, the lining structure adopts the h-j-c
model, which was initially used to simulate brittle materials,
such as glass and ceramics, before it was developed to
simulate concrete.(emodel can be well utilized to solve the
concrete and rock simulation problems in the case of high

strain rate and large deformation complex. (erefore, this
model is adopted. (e h-j-c model in LS-DYNA 3D is de-
fined as ∗MAT-JOHENS-HOLMUST-CONCRETE. (e
material number is 115.

2.6. AirModel and Parameters. In the numerical simulation,
the material model of air is assumed to be an ideal gas, and
the relationship between pressure P and energy E can be
expressed as follows:

P � (c − 1)E, (5)

where c is the specific heat ratio of gas, which takes the value
of 1.4, the relative density ρ0 of air takes the value of
1.29 ∗ 10−3 kg/m3, and the initial internal energy E of unit
volume takes the value of 0.25MPa.

3. Analysis of Numerical Calculation Results

3.1. Stress Changes of Explosion Shock Wave on Tunnel
Structure. For the shock wave generated by the explosion in
the subway tunnel, its propagation law is very complex [14].
In order to better study this kind of complex situation, LS-
DTYNA dynamics software is used, under the equivalent of
10 kg TNT and 30 kg TNT, respectively, 1.1m from the
bottom of the lining. When the explosion occurs, under the
protection of composite steel plate, the dynamic response of
the subway tunnel only observes the air part of the model.
For mechanical properties, Figures 3 and 4 are shock-wave
stress nephogram of lining structure under the action of
10 kg TNT and 30 kg TNT, respectively.

Table 1: Parameters of explosive material.

Density (g/cm3) Burst velocity (mm/μs) Pressure CJ Bulk modulus (Pa) Shear modulus (Pa)
1.63 0.693 0.27 0 0

Table 2: Parameters of JWL equation of state.

A B R1 R2 ω E0 V0

3.74 3.23 × 10− 2 4.15 0.95 0.3 0.07 × 1011 1.0

Lining structure

Composite steel Dynamite

Air

Soil

Figure 2: Composite steel lining structure mode.
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Considering the short action time and high frequency of
explosion shock, it only takes a few milliseconds from the
zero load to the maximum load, and the stress-strain be-
havior of the structure under the action of shock wave is
positively correlated with the action rate of shock wave.
(erefore, in order to better study the destructive effect of
the peak value of explosion load, the numerical model has an
explosion time of 50ms [15].

(e explosive propagates to all sides after the ex-
plosion. Under the influence of no obstacles, the blast
wave will form a spherical wave array and propagate
outwards. Because the explosion point is 1.1 m away from
the bottom lining, the distance is relatively short, so the
first contact with the bottom of the lining will increase
the pressure, generate the reflected wave, and propagate
to the distance. With the increase of the distance, the

pressure of the blast wave will continue to decrease
because of the superposition of the shock wave. (e
reflection wave at the bottom overlaps with the weakened
shock wave, which makes the propagation speed faster.
In about 5 ms, the shock wave propagates to the top
lining, and then it reflects downward and spreads to the
distance. Because the reflection wave overlaps many
times in the subway section tunnel, the reflection wave
experiences many peaks in each point inside the tunnel
and slows down its weakening effect. Because the shock
wave starts to spread as a spherical wave, it spreads in the
lining. (e shock wave at the top is composed of two
parts, the wave front of the spherical wave and the re-
flection wave of the lining at the top. (e reflection wave
will continue to reflect downward in the process of
propagation. In this process, some reflection waves will
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Figure 3: (e process of blast wave under 10 kg TNT at different time period.
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Figure 4: (e process of blast wave under 30 kg TNT at different time period.
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Figure 5: Observation points of tunnel liner.

0 0.01 0.02 0.03 0.04
Time (s)

0.05

0.3

0.2

0.1

0

–0.1

–0.2

–0.4

–0.3

D
isp

la
ce

m
en

t (
m

)

A1
A5

(a)

0 0.01 0.02 0.03 0.04
Time (s)

0.05

0.2

0.1

0

–0.1

–0.2

–0.3

D
isp

la
ce

m
en

t (
m

)

A6
A10

(b)

0 0.01 0.02 0.03 0.04
Time (s)

0.05

0

0.2

0.1

–0.1

–0.2

D
isp

la
ce

m
en

t (
m

)

A11
A15

(c)

0 0.01 0.02 0.03 0.04
Time (s)

0.05

0

0.1

0.05

0.1

D
isp

la
ce

m
en

t (
m

)

A16
A20

(d)

Figure 6: Changes of displacement in y-direction in sections. (a) Reference point of section one, (b) reference point of section two, (c)
reference point of section three, and (d) reference point of section four.
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propagate in the opposite direction, resulting in multiple
stress peaks on the explosion source section: 30 kg TNT.
Compared with 10 kg TNT, the blast energy is more
powerful, and the impact range of shock wave is wider.
For the explosion activities in the closed structure, the
peak value of shock wave is strengthened due to the
multiple reflection and superposition of blast wave, each
point experiences multiple peaks, its duration is in-
creased, and its shock propagation law is more complex.
In the early stage of explosion activities, the bottom blast
wave propagation is faster, and in the process of prop-
agation, when the upper shock wave undergoes reflection
and superposition, the propagation speed will be
accelerated, which also accords with the characteristics
that the blast wave is a spherical wave [16].

3.2. Dynamic Response of the Lining Structure under the Blast
Action. When an explosion occurs in the tunnel section, the
displacement, velocity, and acceleration of the lining
structure under the action of the explosion are important
parameters to measure the damage degree of the structure
[16]. In order to study the dynamic response of the lining
structure under the action of explosives equivalent to 10 kg
and 30 kg under the protection of composite steel plate, 20
reference points were selected where the influence of the
lining structure was obvious and divided into four groups.
(ese four groups were arranged on sections at different
distances from the explosion source centre, numbered
A1–A20, and were 0m, 3m, 6m, and 9m away from the
explosion centre. Figure 5 is the layout diagram of each
reference point of the lining structure [17–19].
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Figure 7: Velocity and acceleration curves in y-direction on each section. (a) Velocity in y-direction of section one, (b) velocity in y-
direction of section three, (c) acceleration of section one in y-direction, and (d) acceleration of section three in y-direction.
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3.2.1. Dynamic Response of Lining Structure under 10 kg TNT
Explosion. From the numerical simulation results, it can be
seen that the maximum vertical displacement points of each
section occur at two reference points at the upper wall and
the lower wall. Figure 6 is the y-direction displacement
change curve at the upper wall and the lower wall of the four
sections.

As can be seen from the y-direction displacement change
curve shown in Figure 6, the lining structure has a dis-
placement of 0.4 cm at section A1. (e displacement change
curve of the section closer to the explosion source decreases
rapidly after experiencing a peak value, and the change trend
is stable. As the distance from the centre of the explosion
source increases, the y-direction displacement gradually

decreases. Multiple displacement peaks appear at sections
two, three, and four since the shock wave energy decays
rapidly with the increase of distance. (ere is a large dif-
ference between the value and section one.(e displacement
of the reference point at a longer distance first appears as a
small amplitude oscillation change under the reflection
superposition effect of the shock wave. (erefore, under the
explosion of 10 kg of explosives, the deformation peak value
of the lining is 0.4 cm, and the influence on the lining
structure is within the elastic range. At the beginning of the
explosion, the lining structure was subjected to tensile stress
and had a maximum acceleration and velocity at point A1.
Figure 7 is a velocity and acceleration variation curve in the
y-direction of sections one and three.
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Figure 8: Changes of displacement in x-direction in sections. (a) Reference point of section one, (b) reference point of section two, (c)
reference point of section three, and (d) reference point of section four.
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From the velocity and acceleration change curves shown
in Figure 7, it can be seen that the displacement change of the
reference point of section one rapidly decays after experi-
encing a peak value, while the displacement change of the
reference point of other sections further away experiences
multiple peaks, showing an overall weakening trend and a
longer duration. (is also verifies that the velocity and
acceleration are affected by overpressure, and the magnitude
of the impact is positively related to the distance from the
explosive source. Under the action of explosion, the max-
imum horizontal displacement of five reference points in
each section occurs at three points on the side wall. Figure 8
is the x-direction displacement change curve of four sections
at three points.

From the x-direction displacement variation curve
shown in Figure 8, it can be seen that the maximum dis-
placement of 0.24 cm occurs at the reference point at the side

wall A4 instead of the reference point at the front side wall
A3. In addition, the impact of explosion shock wave on the
displacement of the lining structure side wall is generally
reflected in the second peak value, and the first peak value of
displacement variation is caused by the vacuum zone formed
by the sharp consumption of air during explosion. Under the
superposition of multiple reflections of the shock wave, the
displacement changes experienced multiple peaks and
showed a weakening trend. By comparing the maximum
velocity and acceleration in the x-direction with the maxi-
mum velocity and acceleration in the y-direction, we can see
that there is a big gap between the two.

3.2.2. Dynamic Response of Lining Structure under 30 kg TNT
Explosion. For the influence of explosion shock wave on
lining structure under the action of higher explosive
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Figure 9: Changes of displacement in y-direction in sections. (a) Velocity in y direction of section one, (b) velocity in y direction of section
three, (c) acceleration of section one in y-direction, and (d) acceleration of section three in y-direction.
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equivalent, 30 kg TNT is selected for analysis. Each reference
point is arranged in the same way as 10 kg TNT. Figure 9 is
the y-direction displacement change curve at upper and
lower walls of the four sections.

As can be seen from the y-direction displacement
change in Figure 9, the maximum vertical displacement of
each section occurs in two points on the upper and lower
walls. (e maximum displacement of A1 reference point of
section one in y-direction is more than twice as much as
that of section three under the action of 10 kg TNT. (e
displacement change curve shows a weakening trend as a
whole. (erefore, the displacement of the lining structure
close to the centre of the explosion source will increase at a
high magnification when the amount of explosive in-
creases exponentially. However, with the increase of dis-
tance, the displacement will increase at a lowmagnification

and the influence will decrease gradually. (ere is an
obvious plastic deformation at section one. It can be
known that 30 kg TNT explosive exceeds the critical point
of the plastic zone of the lining structure protected by
composite steel plates.

According to the change curve in Figure 10, the change
of velocity and acceleration in the y-direction is affected
differently by the change of explosive charge. (e multiple
increase of explosive charge has the greatest impact on the
area close to the explosive source. With the increase of
distance, the impact gradually weakens. Within the range of
3m from the explosive source, the velocity and acceleration
will rapidly decrease after experiencing a main peak value
and tend to be stable. Beyond the range of 3m from the
explosive source, the velocity and acceleration will slowly
decrease after experiencing a main peak value.
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Figure 10: Velocity and acceleration curves in y-direction on each section. (a) Velocity in y-direction of section one, (b) velocity in y-
direction of section three, (c) acceleration of section one in y-direction, and (d) acceleration of section three in y-direction.

Shock and Vibration 9



Under the action of 30 kg TNTexplosion, the maximum
horizontal displacement of five reference points in each
section occurs at three points on the side wall. Figure 11 is
the x-direction displacement change curve of four sections at
three points. By comparing the data of Figures 8 and 11, it
can be concluded that the maximum displacement at four
sections in the x-direction under the action of 30 kg TNT is
about twice as large as that under the action of 10 kg TNT,
slightly smaller than the maximum displacement increase in
the y-direction at the same distance. At the same time, it can
also be obtained through the displacement change curve of
section one, and the damage effect of 30 kg TNT equivalent
has exceeded the critical point, making the lining structure
produce a plastic zone.

3.2.3. Variation Curve of Axial Overpressure under
Explosion. For the variation of overpressure effect of ex-
plosion shock wave along the axial direction of lining
structure, the 20 reference points A1–A20 are divided into
five straight lines L1, L2, L3, L4,and L5, along the axial
direction: the L1 straight line includes A1, A15, A11, and
A16; L2 straight line includes A2, A7, A12, and A17; L3
straight line includes A3, A8, A13, and A18; L4 straight line
includes A4, A9, A14, and A19; L5 straight line includes A5,
A10, A15, and A20. Figures 12 and 13 are curves of axial
overpressure change under explosion of 10 kg TNT and
30 kg TNT.

According to the attenuation law of overpressure on
each straight line in Figure 12, the overpressure at the close
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Figure 11: Changes of displacement in x-direction in sections. (a) Reference point of section one, (b) reference point of section two, (c)
reference point of section three, and (d) reference point of section four.

10 Shock and Vibration



distance from the lining structure is the strongest. (e
overpressure will decrease sharply in the range of 3m, and
the overpressure will decrease slowly in the range of
3m∼9m as a whole. (is is due to the rapid compression of
air near the explosive at the initial stage of the explosion
reaction, concentration of energy, and overpressure phe-
nomenon. With the increase of distance, the energy will
gradually diffuse [20].(e axial overpressure of the reference
point within 6m away from the centre of the explosion
source will also increase slightly, which is due to the energy
received by individual reference points increasing after the
explosion shock wave is reflected and superimposed for
many times.

By comparing the overpressure changes in Figures 12
and 13, it can be seen that, at the beginning of the explosion,
the overpressure peak value of 30 kg TNT increased by about
six times compared with 10 kg TNT at the same reference
point, which is much larger than the increase of explosive
mass. Similar to the variation curve of overpressure of 10 kg
TNT, the overpressure is strongest at the close distance from
the centre of the explosion source. (e overpressure has

obvious attenuation at 3m from the centre of the explosion
source, and the overpressure keeps a slow attenuation trend
in the range of 3m∼9m. (e overpressure of the reference
point in the same straight line beyond 6m will also be
strengthened, which is also due to the superposition of
multiple reflections of the explosion shock wave.

4. Conclusions

(e instantaneous dynamic response of the lining structure
installed with composite steel plate when explosion occurs is
simulated by establishing a composite steel plate lining
structure model. Different influencing factors are deter-
mined, and parameterized analysis is carried out by using the
method of comparison of different explosive equivalent
explosion effects. (e following conclusions are obtained.

(1) (e change of velocity, acceleration, and displace-
ment of each reference point at the lining structure is
related to the action of overpressure and distance. A
main peak value will be formed within 3m from the
explosion source, and the peak value is obviously
higher than other peaks. With the propagation of
explosion shock wave, the function of lining struc-
ture will gradually decrease.

(2) (e effect of multiple increase of explosive quantity
on each point of lining structure is not the same. (e
acceleration near the distance is generally far greater
than the multiple increase of explosive quantity,
while the increase of velocity and displacement is
basically the same as the explosive quantity. (e
effect of multiple increase of explosive quantity on
acceleration, velocity, and displacement is reduced,
and the change is relatively stable at a distance (3m
away from the explosive source).

(3) By comparing the data changes of acceleration, velocity,
and displacement in each direction of the same refer-
ence point, it can be seen that, under the action of
explosion, when the distance is relatively close, the
influence is greater, the axial stress has the least influence
on the lining structure, and the influence of y-direction
of the lining section on the lining structure is greater
than the other two directions.

Data Availability

(e raw/processed data used to support the findings of this
study have not been made available because they form part
of the ongoing research.

Conflicts of Interest

(e authors declare that they have no conflicts of interest
regarding the publication of this paper.

Acknowledgments

(is work was supported by the Natural Science Foundation
of China (41372288) and Shandong Natural Science
Foundation (ZR2019MEE027).

2 8 1040 6
Displacement (m)

0

0.2

0.4

0.6

0.8

1

1.2

1.4
Pr

es
su

re
 (M

Pa
)

L1
L2
L3

L4
L5

Figure 12: Overpressure attenuation laws in lines of 10 kg TNT.
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