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Abstract. With the development of urbanization, the construction of the subway has been greatly
developed. Meanwhile, the public concern of terrorist attacks on subway stations keeps driving
the related research. In this paper, the representative subway station of Wuhan Metro Line 8,
Mafangshan station, which is now under construction, is taken as a case, the dynamic finite
element numerical simulation software ANSYS/LS-DYNA is employed to establish finite element
model. The propagation law transmitting through the station structure and the dynamic response
of the station under different TNT charges are analyzed. It is indicated that the propagation of
shock wave is complicated due to the semi-closed environment of the station as well as the
reflection and transmission of the stress wave in the structure. Specifically, in the station structure,
the displacement of the platform plate was the largest, under the explosive action of different TNT
charge, the displacement of platform plate is 13.6 mm (5 kg), 22. 8mm (10 kg), 35.2 mm (20 kg),
45.6 cm (30 kg), 68.8 cm (40 kg), respectively. The middle part of the pillar was the largest
displacement on the pillar. Based on the dynamic stress response analysis of the station pillar, it
shows that the maximum value of the stress value in the pillar is located at the junction of the
pillar and the plate. Under the explosive action of 40 kg TNT charge, the maximum tensile stress
of the junction of the pillar and the plate reached 45.1 MPa. Therefore, more attention should be
paid to anti-explosion measures herein. Besides, through the analysis of the tensile stress value at
the bottom of the pillar under different charge quantity, the TNT charge quantity for the crack at
the bottom of the pillar is determined to be 6.77 kg by the formula fitting.

Keywords: subway station, numerical simulation, propagation of shock wave, displacement,
dynamic stress response.

1. Introduction

As of December 2019, the number of cities in China that have opened subways has reached
44, of which 13 cities have an operating mileage of more than 100 km. The total mileage of metros
built-in cities in China is nearly 4,600 kilometers. With the large-scale subway coming into
service, it also brings new public safety problems. Due to the characteristics of large passenger
flow and confined space, the internal explosion of subway stations often causes significant
damage. There have been several terrorist bombings in subway stations around the world.
Therefore, the analysis of the law of explosive shock wave and the dynamic response of the station
structure has important guiding significance for the design of the safety protection of the subway
station structure and the formulation of the contingency disposal plan of the explosion accident.

The shock wave generated by the explosion features nonlinearity highly, and the duration is
concise, so it is difficult to observe and analyze the deformation and failure process of the structure
under the explosion load through the experimental method [1]. In recent years, with the rapid
development of computer technology, numerical analysis software, such as ANSYS/LS-DYNA,
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AUTODYN, and FLAC3D, which are specializing in solving nonlinear problems, have been
widely used in explosion problems. A large number of scholars have studied explosion-related
issues through numerical simulation to obtain the data of the shock wave generated by the
explosion and its dynamic response to the structure. For example, Remennikov et al. used the
three-dimensional numerical simulation software AUTODYNA to simulate the air explosion of
explosives in T-shaped streets. Then analyzed the propagation and overpressure time-history
relationship of the explosion shock wave in urban streets [2]. Bretislav et al. carried out field
experiments and numerical simulations on confined explosions in ventilation tunnels [3]. Lannitti
et al. used LS-DYNA to analyze the dynamic response of concrete slabs under the same explosive
action with or without partitions and explained the impact of partitions on the anti-detonation
performance of concrete slabs [4]. Some scholars have studied explosion related problems by
combining numerical simulation with field experiments [5, 6].

Regarding the subway station, Yan established a finite element model to conduct the damage
assessment of the pillars of the subway station under the explosion [7]. He et al. used LS-DYNA
and ABAQUS to analyze the propagation law of explosion waves in subway stations and
conducted dynamic analysis on subway stations. At the same time, the influence of soil hardness
and buried depth on the dynamic response of the subway station was studied [8]. Qu et al.
established numerical models with AUTODYNA and LS-DYNA, then studied the propagation
law of shock wave and dynamic response of the station structure of explosives in the station,
respectively [9]. Li et al. used AUTODYNA to establish a subway station model and studied the
propagation law of explosive shock wave generated by the explosion of explosives in the station
platform center [10]. Besides, some studies focused on simulating the concrete and steel element
by finite element method [11-13]. Mohammad Reza Ghasemi et al. study the influence of the role
of slanted reinforcement on the bending capacity of SS beams [14]. Aydin Shishegaran et al. used
nonlinear finite element analysis and surrogate models to investigate the resistance of reinforced
concrete panels (RCPs) due to explosive loading [15]. Sun et al. used ANSYS / LS-DYNA to
establish a 3D numerical model, simulating the dynamic response of a concrete-filled steel tube
column under an explosive load, then obtained the overall response characteristics of the concrete-

filled steel tube column [16].
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The Mafangshan station of Wuhan Rail Transit Line 8 is taken as a case. In this paper, the
dynamic finite element numerical simulation software LS-DYNA is used to simulate the TNT
explosion process inside the subway station, and the propagation law of shock wave after the
explosion is analyzed. In addition, the structural displacement and stress response of the station
structure were analyzed under different TNT charge. The structure of the paper is shown in Fig. 1.

2. Numerical model and parameter selection
2.1. Numerical modeling

A numerical model is established based on the Mafangshan station of Wuhan metro line 8
project. Mafangshan station is a typical two-layer three-span island subway station with reinforced
concrete box frame structure. The width of the standard section of the station is 23.3 m, the length
is about 120 m, and the total construction area of the station is approximately 8196 m? the
overlying soil thickness of station is about 3.0 m. The dimensions of the main structure of the
station are shown in Fig. 2. The size of the pillar in Fig. 2 is 800 mmx1100 mm, and the distance
between pillars is 7.2 m, both vertically and horizontally.
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Fig. 2. The cross-section of Mafangshan station (unit: mm)

The numerical model of Mafangshan station is established by ANSYS/ LS-DYNA. The
established finite element model adopts the cm-g-pis unit system. Due to the location of accidental
explosions in subway stations is unpredictable. This paper is unable to conduct numerical
simulation research on setting explosives in every place of subway station. In order to facilitate
modeling calculation and research analysis, the explosion point is selected in the center of the
station platform layer, and the height of the platform is as 40 cm. The explosive source is TNT
square explosive, and different explosive charges of 5 kg, 10 kg, 20 kg, 30 kg, and 40 kg are
considered to analyze the dynamic responses of the structure under different explosion loadings.
The actual construction of the station is simplified in the numerical model, according to the
symmetry of the station, a quarterly model of the subway station is built. The depth of the station
is 3 m, the sidewall and lower part of the station are also made with a 3 m thick soil layer. The
rest of the dimensions are determined by the actual size of the subway station. Finally, we obtained
a numerical model of 6100x2180x%1465 (cm), as shown in Fig. 3(a). The X-axis is the longitudinal
direction of the station, the Y -axis is the vertical direction, and the Z-axis is the horizontal
direction. The gap in the middle floor is the station stairs and elevator shaft. The finite element
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model adopts Soild164 element. Material models include explosive, air, reinforced concrete and
soil. Explosive, air and reinforced concrete are modeled using Euler-mesh, and the soil layer is
modeled using Lagrange-mesh, as shown in Fig. 3(b). Fluid structure interaction (FSI) algorithm
is adopted to calculate the concrete, explosive and the air due to the interaction of them [17].

b)
Fig. 3. The finite element model of the subway station

The soil around the station is a semi-infinite space. Due to the limitation of modeling, it is
unable to build the whole soil around the station. Therefore, an only limited model with station
structure and its surrounding soil is established. However, there will be reflection superposition
of the stress waves at the model boundary without boundary conditions treatments, which will
lead to imprecise results of the simulation. Lysmer proposed a non-reflecting boundary algorithm
[18]. When non-reflecting boundary algorithm is set on the boundary, the boundary can be
simulated as an infinite field. As the wave propagates to the boundary, it can be transmitted to an
infinite distance. It is achieved by applying shear and viscous normal stresses on the boundary, as
shown in the following formula:

Sp = apCyly, 1
{S‘r =apCVy, M)

where S,, is normal stress, S; is Tangential stress, « is the damping coefficient, p is medium
density, C,, and C; are the velocities of longitudinal wave and transverse wave, respectively, 1,
and V; are particles on the boundary of the normal velocity and tangential velocity, respectively.

In this paper, the negative Z direction boundary surface, the negative Y direction boundary
surface of the model and the right boundary of the model in the X direction are set with the
non-reflective boundary algorithm. In addition, Both the negative X direction boundary surface
and the positive Z direction boundary surface impose symmetry constraints, the positive Y
direction boundary surface is free, as shown in Fig. 3(b).

2.2. The material model for explosive

In this paper, the high-energy explosive material model *MAT HIGH EXPLOSIVE BURN
[19] and the state equation of Jones-Wilkins-Lee [20] are used to simulate the TNT explosive. The
high-energy explosive material model used to specify the density, detonation velocity and
detonation pressure of explosive. The JWL equation of state is used to simulate the relationship
between specific volume and pressure during explosive detonation. The equation defines the
pressure as:
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W o) wE,
P=A<1——) ‘R1V+B(1——) RV 4 0 2
RV R,v)¢ v @)

where P is pressure, 4, B, R, R,, and w are material constants, V is the relative volume, E is the
initial specific internal energy.

The explosive, which is used in the numerical simulation, is TNT explosive, which relevant
parameters refer to relevant literature [21]. The explosive density is 1630 kg/m?, the detonation
pressure is 21 GPa, and the detonation velocity is 6930 m/s. The parameters of the explosive used
in the Eq. (1) are shown in Table 1.

Table 1. Related parameters of JWL equation of state
A(GPa) | B(GPa) | R, | R, w | Ey(GPa) | V (cm?)
374 3.23 4.15 ] 0.95 | 0.38 7.00 1.00

2.3. The material model for air

The air in station is defined as an ideal gas, which is simulated by *MAT NULL material
model and the LINEAR POLYNOMIA equation of state. The equation of state defines the
pressure as:

P = Co+ Cipt + Cou? + C3p® + (C4 + Csp + Copt®)E,, 3)

where C,-C, is the material constant, E, is the specific internal energy, u is the specific energy.
The air density is taken as 1.29 kg/m?>. The state equation of ideal air is referred to the literature
[22], and its parameters are shown in Table 2.

Table 2. Related parameters of LINEAR POLYNOMIA equation of state
Gy C |G| G| Cy | Cs | Cg | Eq(Im?)
-1x10°] 0 | 0 | 0 |04]04] 0 2.5x10°

2.4. The material model for soil

The soil around the subway station is simulated by *MAT DRUCKER PRAGER material
model [23], which is used to define the parameters of the yield surface as the friction angle ¢ and
cohesion c¢ of the soil. This material model uses the improved Drucker Prager yield criterion, so
that the shape of the yield surface can be distorted into a more realistic soil model. The expression
of yield surface is as follows:

F=T+3B0,—0,=0, 4)

where T is the shear stress intensity, o, is the average stress, [3, gy are the model parameters,
which can be determined by the friction angle ¢ and cohesion ¢ of soil:

2sing 6ccos@

k= V3(3 — sing)’ = V3(3 — sing)’

)

where ¢ is the friction angle, c is the cohesion.
The main parameters of the soil model around the station are shown in Table 3.

Table 3. Main parameters of soils model
Mass density (g-cm™) | Shear modulus (MPa) | Poisson’s ratio | Cohesion (kPa) | Friction angle (°)
1.80 32 0.32 10 25
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2.5. The material model for reinforced concrete

The primary structural material of the station is reinforced concrete. Reinforced concrete
consists of concrete and reinforcement, if the two materials are treated as different elements, the
calculation results are accurate, but the modeling is complex and challenging to achieve.
Therefore, we through the method of equal modulus to define the reinforced concrete as an
equivalent concrete material, which approximately simulates the reinforced concrete structure [24].
The material adopts *MAT PLASTIC KINEMATIC material model, which is suitable for
isotropic plastic follow-up strengthening material including strain rate effect. This model can be
used to simulate the stress-strain behavior of concrete material. The yield condition is as follows:

¢ =5¢5—707 =0, (6)

where ¢;;, 0y, can be determined by the following formula:

1
1+ (;)p

where S;; is Cauchy stress tensor, p and c are the input constant, f is hardening parameter, oy is
the yield stress, € and efff are strain rate and effective plastic strain respectively, Ep is the plastic

hardening modulus.
The parameters of reinforced concrete model are shown in Table 4.

612] = Si]' - aij’ O-y = (0-0 + ﬁEpgfff)J (7)

Table 4. Mechanical parameters of reinforced concrete materials

Mass density Young’s Poisson’s | Yielding stress Tangent Hardening
(g-ecm™) modulus (GPa) ratio (GPa) modulus (GPa) parameter
2.55 40 0.2 0.035 1 1

3. Reliability verification of numerical model

The explosion of explosives in the air is a process that is extremely fast, accompanied by light
and heat and releasing a large charge of energy. The detonation products produced by the
explosion features extremely high pressure in the air. It subsequently expands, diffuses and
squeezes the surrounding air from the center of the explosive to the periphery, thus generating the
explosion shock wave. With the increase of propagation time and distance, the energy of the shock
wave gradually dissipates, and the peak overpressure value attenuates rapidly. Which
characterizes the general propagation law of shock waves in the air.

In order to accurately simulate the stress characteristics of subway structure under explosive
load and the propagation of explosive shock wave, it is essential to determine the proper blasting
loads for the simulation calculation. Therefore, to ensure the rationality of the model mesh and
model parameters, the mesh sensitivity was analyzed. After analysis, the mesh size around the
explosive in the numerical model is selected as 5 cm, and the rest is 10-20 cm. With this mesh
size, the simulation result is ideal, as shown in Fig. 3(b). Besides, Considering that the peak
pressure is the main factor that affects the surrounding objects and the model is not feasible for
field test, to ensure the validity of the calculation model selected in this paper, the attenuation
curve of the peak value of overpressure in the numerical simulation is compared with the curve
obtained from the theoretical formula of TNT explosive explosion. The empirical formulas used
in this paper are as follows:

J. Henrych suggested the expression for the peak overpressure of the shock wave in the air is
as [25]:
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1.40717 0.55397 0.03572 0.00625

. < < ().3,
D , D= —= 4
I B = = .

Chengqing Wu and Hong Hao suggested an expression for the peak overpressure of the high
explosive shock wave is as [26]:

1.059
o |Zmmemoesteaszsa ;
s0=11.008 ©)
o 1<z <10

M. A. Sadovskyi suggested the expression of peak overpressure of the high explosive shock
wave was determined by experiments is as [27]:

1.07
——o1, 7<1, .
0.076 _ 0.255  0.65 egets (10)
7 Yzt sz=1,

Pgo =

where Pg, is the peak value of overpressure, Z is the scaled distance (Z = R/W '3 R is the
distance from the blasting center, W is the explosive mass).

The numerical model with a 5 kg explosive charge is analyzed. Since the farther distance away
from the blast center, the more energy dissipates and the smaller the overpressure peak is, resulting
in the difficulty of contrastive analysis of calculated results. Therefore, the points close to the
detonation source and along the X direction are selected for comparison as shown in Fig. 4.

X

.

Fig. 4. Monitoring point location

The peaks overpressure values obtained by numerical simulation and empirical formula at each
point are listed in Table 5. For the convenience of comparison, the data in Table 5 is drawn as
curves on the coordinate graph, as shown in Fig. 5. It can be seen from Fig. 5 that for a 5 kg charge,
when the scaled distance is less than 1 m/kg'?, the discrepancy between the numerical simulation
and the three empirical formulas for the peak overpressure values small. As the scaled distance
increases, the gap between the curves also decreases. Although there are some deviations in the
near explosion area, the variation trend is consistent in general. Therefore, it can be concluded that
the numerical model with 5 kg explosives has certain reliability. For other models, the explosive
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charge is several times of the 5 kg explosive charge, so the accuracy of other models is higher than
that of the 5 kg model, all the five numerical models are reliable [28].

Table 5. Peak overpressure values of different scaled distance obtained by various formulas (unit: MPa)

Scaled-distance (m/kg'?) | 0.5 0.6 0.7 0.8 0.9 1.0 1.5
J. Henrych 2.816 | 1.935 | 1.444 | 1.143 | 0.942 | 0.822 | 0.321
Chengqing Wu/Hong Hao | 6.202 | 3.865 | 2.594 | 1.828 | 1.333 | 1.038 | 0.443
M. A. Sadovskyi 8.463 | 4.854 | 3.026 | 1.995 | 1.374 | 0.977 | 0.354
Numerical results 3.214 | 2.722 | 2.113 | 1.884 | 1.135 | 0.946 | 0.340

Scaled-distance (m/kg'?) | 2.0 2.5 3.0 3.5 4.0 4.5 5.0
J. Henrych 0.175 ] 0.112 | 0.081 | 0.062 | 0.047 | 0.038 | 0.032
Chengqing Wu/Hong Hao | 0.255 | 0.166 | 0.113 | 0.083 | 0.062 | 0.053 | 0.042
M. A. Sadovskyi 0.184 | 0.112 | 0.075 | 0.052 | 0.044 | 0.035 | 0.032
Numerical results 0.172 ] 0.123 | 0.084 | 0.075 | 0.073 | 0.058 | 0.036

10

—=—J.Henrych
8L —e—Wu and Hao

M.A. Sadovskyi
—vy— Numerical results

Overpressure/MPa

Scaled distance/(m/kg""?)

Fig. 5. Overpressure peak curves of different scaled distances obtained by various formulas
4. Numerical simulation results
4.1. Propagation of shock wave

Different from the propagation law of shock wave in infinite space, the propagation law of
shock wave in subway station is complicated due to the characteristics of its semi-closed structure
[29]. In this paper, the shock wave propagation process of the 20 kg explosive model is analyzed
by the post-processing software LS-PrePost, as shown in Fig. 6.

The detonation source is set at a low height, after reaching the platform layer, the shock wave
reflected from the platform layer will overlap with the original shock wave before reflection.
Therefore, it can be seen from Fig. 6 that the initial propagation of the shock wave is in the shape
of a hemisphere. Then, at about 6ms, the shock wave propagates to the roof of the platform floor
and reflection will occur after the contact with floor. It can be found that the superimposed
pressure of the reflected wave and the incident wave is much higher than the pressure of the
incident wave.

As the shock wave continues to propagate, it will spread to the track travel area and the sidewall.
As the propagation distance increases, the energy of the shock wave will gradually decrease, and
the pressure value at the sidewall will obviously decrease. However, due to the small space in the
lower part of the track area, multiple reflections will occur between the track and the platform
structure, so the pressure in this area will increase significantly. In addition, there is a bulge on the
wavefront at the head of the stairs, indicating that the head of the stairs plays a role of explosion
relief, transmitting part of the pressure to the station hall floor.

Then, at about 90 ms, from the overall overhead view of the station shown in Fig. 7, it can be
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found that the wavefront of the shock wave gradually becomes a plane from the original spherical
or irregular convex surface and propagates to both ends of the station.

LS-DYNA user input Fringe Levels LS-DYNA user input Fringe Levels

Time = 17963 Time =  5999.2

Isosurfaces of Pressure = se s Isosurfaces of Pressure 5.877e-06 _

min=0, at elem# 213915 4.7820.06 _| min=0, at elem# 214738 5.289.06

max=5.31379¢.06, at elem# 351724 425106 max-5.87675.06, at elem# 214336 o
3.720e-06 _ 4.114.06 _
3.188e.06 _ 3.5260-06 _

2.657e.06 _| 2.9380.06 _

2.1260.06 _ 2.3510.06 _
1.594.06 _| 1.763e.06 _
1.063¢.06 1.1750.06 _
5.314e.07 5.877e.07
-0.000e+00 _| -0.000e+00 _|

b)t =6.0 ms
Fringe Levels
LS-DYNA user input Fringe Levels LS-DYNA user input finge Levels
Time= 14999 2.5020.06 Time= 32199 1.576¢.06
Isosurfaces of Pressure Isosurfaces of Pressure 1.4180.06
min=0, at elem# 215758 2.2520-06_| min=0, at elem# 214059 B0.06 |
max=2.50185¢.06, at elem# 351887 2.001e.06 _| max=1.5758¢.06, at elem# 370251 1.2610.06 _|
1.7510.06 _ 1.103e-06 _
1.501e.06 _ 9.4550.07 _
1.2510-06 _ 7.8790.07 _
1.001e.06 _ 6.3030.07 _
7.5060.07 _| 4721007 _

3.1520.07
1.5760.07
0.0000+00 |

c)t =15.0ms d)t =32.8ms
LS-DYNA user input Fringe Levels LS-DYNA user input Fringe Levels
Time = 43597 1.385¢.06 _ Time = 70396 9.133.07

o, at slomd 2140% 1246006 e, slom 2140% a.zzo.m:l

max=1.38474e.06, at elem# 372244 1.108e.06 _; max=9.13335e.07, at elem# 333328 7.307.07 _|
9.693e.07 _ 6.393e.07 _
8.308e.07 _ 5.480e-07 _
6.924e.07 _ 4.567e.07 _

5.539.07 _
4.154.07 _
2.769¢.07 _

3.6530.07 _
2.7400.07 _
1.8270.07 _
9.1330.08

0.000e+00 |

e)t =43.6 ms f)t =704 ms
Fig. 6. Nephogram of shock wave at different times (charge of TNT: 20 kg)

4.2. Structural displacement response of explosion

The numerical model with the explosive charge of 20 kg is shown and analyzed in LS-PrePost,
and it showed that the plate, pillar, wall of the station had an absolute displacement after the
explosive explosion. However, the charge of explosives is not very large, the range of structural
displacement response is limited, and the impact of shock wave on the structure becomes relatively
small after the fourth pillar. Therefore, only the structure within a specific range of the explosion
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is analyzed. Considering that the impact of shock wave on the pillar is mainly concentrated on the
pillar close to the explosive, the structure within the range of the two pillars close to the explosive
in the 1/4 model is analyzed. The upper and lower pillars are named as C;, C,, C3 and C,,
respectively (Fig. 3(a)).

LS.DYNA 2 t Fringe Levels
- user inpu

Time= 89398 8.5500.07_
Isosurfaces of Pressure 7.789e-07 _|
min=20, at elem# 214063 X 6.9236.07
max=8.6543e-07, at elem# 320852 IS0

1.731e-07

8.654¢-08 _I
-0.000e+00

Fig. 7. Nephogram of shock wave propagation at 90ms (charge of TNT: 20 kg)

We first analyze the platform plate in the station structure. Starting from the platform plate at
the bottom of the explosive, a node is taken every 5 m and a total of 4 points are considered to
obtain the displacement and time history curve of its Y -axis (plate displacement is mainly
y-direction displacement), as shown in Fig. 8. It can be seen from Fig. 8 that the platform plate
under the explosives has the maximum displacement, about 35.2 mm. As the distance between the
nodes and the explosive center increases, the energy of shock wave decreases, and the peak
displacement of the platform plate decreases. In addition, under the action of structural damping,
the peak value of displacement will also gradually decrease with time [30].

40

—=—0m
30 ——5m
—+—10m

Y-displacement/mm

0.0246. y 352 3 i i i
000 005 om o om0z

Time/s
Fig. 8. Platform plate nodes at different distances from the explosion center

displacement-time curve (charge of TNT: 20 kg)

Table 6 shows the maximum displacement response of the station structure under different
explosive charges. The plate displacement in Table 6 is taken from the position on the same
vertical axis as the explosive, and the plate structure displacement is mainly the vertical
displacement (Y-axis); The two ends of the pillar are constrained, so the displacement of the pillar
in Table 6 is primarily the horizontal displacement. (that is, the XZ plane displacement of the
model), and the maximum displacement is concentrated in the middle of each pillar. As can be
seen from Table 6, in different explosives, due to the closest distance to the explosion source, the
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displacement response under the platform board explosion center is the most significant, reaching
13.3 mm, 22.8 mm, 35.2 mm, 45.6 mm and 68.8 mm respectively. The second is the middle floor
directly above the explosion source, and the displacement of each pillar is mostly a few
millimeters. It is reasonable that the displacement response of the structure increases with the
charge of explosive.

Table 6. Maximum displacement response of structures under different explosive charges (unit: mm)

Structural position | 5kg | 10kg | 20kg | 30kg | 40 kg
Platform board 136 | 228 | 352 | 45.6 | 68.8
Middle floor 5.76 | 9.21 142 | 194 | 253
Middle of pillar C; | 1.30 | 2.41 | 3.83 | 4.53 | 5.13
Middle of pillar C; | 0.48 | 0.66 | 1.81 | 2.01 | 241
Middle of pillar C3 | 0.78 | 1.23 | 2.62 | 2.88 | 3.63
Middle of pillar C, | 0.22 | 047 | 1.21 1.41 1.72

4.3. Structural stress response of explosion

Fig. 9 shows the v-s stress nephogram of a 20 kg explosive model after the explosion.
According to the effective stress in Fig. 9, the stresses in the platform, middle floor and the pillar
near the explosive in the station structure are obvious after the explosion. Because the pillar closest
to the explosive is under more significant stress, the effective stress in pillar C; and C, under 20 kg
of explosive was studied. Fig. 10 is an effective stress nephogram on the pillar at different times.
It can be seen in Fig. 10 that stress first appeared at the bottom of the pillar about 9 ms after the
explosion. Then the stress propagated to both ends of the pillar, the obvious stress appeared at the
junction of the pillar and the board. Besides, it can be found that there is a regular vibration of the
stress value in the pillar, which is particularly obvious at the junction of the pillar and the middle
floor. Then the effective stress in the pillar gradually weakens and dissipates. The results obtained
with other explosives were similar.
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8.604e-05 ]
4.466e-09

Fig. 9. V-s effective stress nephogram of the subway station at 50 ms

Because the pillar plays the role of supporting the overall structure in the subway station, it is
the most important force-bearing component. The pillar C; located at the lower of the station is
the pillar with the most stress in the station, so to further obtain the stress of the structure in the
station, the pillar C; is taken for further analysis. The highest point, lowest point and middle point
of the centerline of each face of pillar C; are selected as monitoring points. A total of 12
monitoring points on the pillar, as shown in Fig. 11. After the explosion, the pillar is exposed to
the shock wave of the explosion, so tensile and compressive stress will be generated in the pillar.
The pillar material is a reinforced concrete material, and its tensile performance is far less than its
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compressive performance. Therefore, the tensile stress of each monitoring point is used as a
criterion for whether the pillar is damaged.
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Fig. 10. Effective stress nephogram of the pillar under explosion at different times (charge of TNT: 20 kg)

Table 7 is a statistical table of the maximum tensile stress at each monitoring point in the pillar
C;. It can be seen from Table 7 that under the same explosive charge, the tensile stress at each
monitoring point of the pillar is different and the tensile stress distribution is uneven. In addition,
by comparing the tensile stress of each monitoring point of the pillar under different explosive
charges, it can be found that the maximum tensile stress in the pillar is always at the bottom of the
pillar, followed by the top of the pillar, and the tensile stress in the middle of the pillar is the
smallest. Further analysis of the tensile stress at the bottom of the pillar, in the case of different
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explosive charges, the tensile stress at the monitoring point bs is the largest among the four
monitoring points at the bottom of the pillar. That is, the tensile stress at the bottom of the frontal
surface perpendicular to the Z axis is the largest. In the analysis of the explosion limit of reinforced
concrete structures, according to the theory of equal strength, the structural ultimate tensile stress
strength of concrete materials equivalent to reinforced concrete can be estimated to be 10.0 MPa
[31]. In the data in Table 7, under the action of the explosive shock wave of 5 kg TNT explosive,
the tensile stress values in pillar C; did not exceed the structural ultimate tensile stress, and the
structure was safe. Under the action of 10 kg TNT explosive, most areas in the pillar Destruction;
under the effect of TNT explosives of more than 20 kg, the structure in the pillar has been
destroyed.

Fig. 11. Selection of monitoring points

Table 7. Tensile stress of monitoring points (unit: MPa)

Monitoring point | 5kg | 10kg | 20kg | 30kg | 40 kg
a 58 | 10.8 | 194 | 234 | 305

a, 42 8.6 11.7 154 | 22.6

asz 62 | 11.6 | 20.8 | 26.8 | 325

by 57 | 124 | 192 | 25.6 | 326

b, 5.0 9.2 142 | 16.7 | 237

by 8.1 146 | 23.1 | 293 | 45.1

c 52 | 109 | 18.7 | 234 | 31.2

Cy 4.1 8.3 10.6 | 145 | 21.2

C3 59 | 11.2 | 20.6 | 245 | 34.6

dy 4.8 9.8 162 | 19.2 | 28.2

d, 3.8 7.8 102 | 14.1 19.6

dz 5.6 | 102 | 18.6 | 234 | 312
Maximum 8.1 146 | 23.1 | 293 | 45.1

According to the data in Table 7, it can be obtained that the value of the tensile stress generated
at b3 in the pillar is the largest under the impact of the explosive shock wave. Therefore, the tensile
stress at this point is used as the criterion for determining whether the pillar undergoes is damaged.
When the maximum tensile stress at point b; is greater than or equal to the structural ultimate
tensile stress of the material, the structure fails. According to the data in Table 7, the explosive
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charge and the tensile stress value at b; are linearly fitted, and the functional relationship between
the two is approximately determined from a statistical perspective. The relationship between the
tensile stress at the pillar b; and the charge of explosive can be obtained, as shown in Fig. 12, and
the formula is as follows:

o = 0.9891Q + 3.3079, (11)

where o is the tensile stress at bs, and @Q is the charge of TNT explosive.
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Fig. 12. The fitting formula of tensile stress value and explosive quantity at b

According to the ultimate tensile stress of the station pillar, combined with the fitting formula,
it can be roughly deduced that when the charge of TNT explosive is 6.77 kg, the tensile stress at
the bottom of the pillar is equal to the ultimate tensile stress of the structure. At this time, cracks
will occur at the bottom of the pillar, and the structure will be damaged.

The explosive model used in this paper is TNT, which is a simple substance explosive and has
a wide range of uses in the military. At present, with the development of explosive manufacturing
technology, the types of explosives used by terrorists have shown an increasing trend. In addition
to TNT explosives, such as RDX, rock emulsion explosives, ammonium nitrate explosives, and
various homemade explosives have also been used in terror. Therefore, in consideration of other
types of explosives, the TNT equivalent method is used to convert the charge of TNT explosives
that cause cracks at the bottom of the station pillar in this paper to other types of explosives.
According to the relevant literature [32], the formula for calculating the TNT explosive equivalent
of different types of explosives is:

_ WsQs
0’

w (12)

where W is the actual explosive charge, W is the explosive charge of the TNT explosive, Qs is
the explosive heat of the actual explosive, and Q is the explosive heat of the TNT explosive.

Table 8. The charge of different types of explosives required for cracking at the bottom of pillar C;

Type of explosive Explosive heat (kJ/kg) | Equivalent charge (kg)
TNT 4200 6.77
RDX 5350 5.31
HMX 5673 4.77
2# rock emulsion explosives 3182 8.93
Ammonium nitrate explosives 3896 7.30
Nitroglycerin 2800 10.1

According to the explosive heat of different types of explosives, combined with the formula,
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we can get the charges of explosives required to crack the bottom of pillar C; under the action of
different kinds of explosives, which are shown in Table 8.

5. Conclusions

In this paper, the Mafangshan Station of Wuhan Metro Line 8 is taken as a case to study the
propagation of shock wave and dynamic response of the structure under the effect of internal
explosion. The main research contents and conclusions are as follows:

1) The propagation law of shock wave: The propagation of shock waves in semi-closed
underground stations is a complex process. In this paper, the initiation height is low. After the
initiation, the explosion shock wave starts to propagate in the shape of a hemisphere. During the
propagation of the shock wave, the shock wave will reflect at the pillar, plate and wall of the
station, the pressure increase can be seen where the reflected and incident waves are superimposed.
The pressure at the entrance of the staircase will decrease, so the entrance of the stairs has a certain
vent effect. In addition, after propagating for a certain distance, the shock wave will propagate
forward as an approximately plane wave, and the peak value of overpressure will decrease as the
propagation distance increases, which should be due to the dissipation of energy.

2) Analysis of displacement response of subway station structures under the action of the
explosion. Under the effect of different explosive charges, the displacement at the platform plate
directly below the center of the explosive is the largest, followed by the middle floor directly
above the explosive, and the displacements of remaining structures are small. Because the two
ends of the pillar in the station are constrained, the displacement of the pillar is mainly horizontal.
The maximum displacement is in the middle of each pillar, and its value is about 1-3 mm.

3) Analysis of stress response of subway station structures under the action of the explosion.
Because the pillar is the most important structural part of a subway station, the stress of pillar is
taken as an analysis point in this paper. From the analysis results, the stress on the pillar closest to
the explosive is complex, and the stress distribution at each part of the pillar is uneven, the stress
at the bottom of the pillar is the largest. Because the tensile strength of a reinforced concrete pillar
is much smaller than the compressive strength, the tensile stress is used as a criterion for whether
the pillar is damaged. According to the relationship between the tensile stress at the bottom of the
pillar and the charges of explosives, combined with the ultimate tensile strength of the station
structure, it can be concluded that under the action of about 6.77 kg TNT, the bottom of the pillar
will crack. In addition, combined with the TNT equivalent method, the charge of explosives in
which the pillar cracks under different types of explosives are considered.
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