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A B S T R A C T   

To study the aerodynamic effects and load spectra caused by high-speed trains passing through double-track 
tunnels, this paper uses unsteady, viscous, compressible Navier-Stokes equations and the Re-Normalization 
Group k-ε turbulence model with sliding grid technology for simulation. A dynamic model test is carried out 
to verify the calculation method and grid. This study considers the impact of the three main factors of the tunnel 
aerodynamic effect when the train passes through the tunnel. The peak of the aerodynamic load spectrum when 
the train is coupled to the tunnel is mainly concentrated in the range of 0–5 Hz. The results show that as the train 
speed increases, the peak pressure and pressure gradient increase significantly, and the maximum pressure 
gradient appears in the time between the peak and trough of the head wave. When two trains meet in the middle 
of the tunnel, the peak pressure and its position change significantly, and the maximum pressure gradient peaks 
reach 80.58 kPa/s. When two trains exit the tunnel, the pressure presents a fixed period of fluctuations, and the 
maximum pressure peak is only 0.09 kPa less than the peak when a single train passes through the tunnel at the 
same monitoring point.   

1. Introduction 

In an actual train test of Beijing-Shanghai high-speed rail, the top 
speed reached 486.1 km/h (Zhao et al., 2012). In 2007, during the trial 
operation of the improved Train à Grande Vitesse (TGV, the French 
high-speed railway system) train on the eastern line of the French 
high-speed railway, the maximum speed reached 575 km/h. As railways 
continue to reach higher speeds, research on the aerodynamic effects of 
high-speed railways is particularly important (Zhao et al., 2012). 
High-speed railways are being constructed in many parts of China, and 
they will inevitably include cross-mountain areas and incorporate tun-
nels. By the end of 2019, China had built 3442 high-speed railway 
tunnels with a total length of 5515 km; the cumulative length of 
high-speed railway tunnels under construction with a design speed 
target value of 250–350 km/h is about 2560 km, out of a total of about 
7975 km (Tian and Gong, 2020). The length and growth rate of 
high-speed railway tunnels in China have become the highest in the 
world (Tian and Gong, 2020), and the number of high-speed railway 

tunnels in other countries has also shown an upward trend. When a 
high-speed train enters a tunnel from an open line, the space around the 
train will suddenly become smaller, and the gas pressure in front will 
rise, forming a compression wave at the entrance of the tunnel that 
propagates to the exit at the speed of sound. When the rear of the train 
enters the tunnel, the space originally occupied by the car body at the 
tunnel entrance is suddenly vacated due to its passage. The gas origi-
nally squeezed by the car body at the tunnel entrance is released, and the 
pressure drops suddenly to form an expansion wave, which will travel 
across the train to the tunnel exit at the speed of sound. At this time, the 
compression and expansion waves repeatedly circulate in the tunnel. 
Combined with the train wind in the tunnel, the coupled aerodynamic 
load is likely to cause fatigue damage to the tunnel and train structures. 

Some scholars have studied the durability and mechanical properties 
of tunnel linings and the strength of train bodies based on aerodynamic 
loads. Ji (2017) used the fluid mechanics analysis method of tunnel 
aerodynamics and the structural mechanics analysis method to study the 
force when there are cavities in different areas behind the secondary 
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lining of the vault. It is concluded that the change law of the transient 
stress generated on the lining structure is consistent with the change law 
of the aerodynamic load. When the train speed is 350 km/h, the 
maximum transient stress on the secondary lining structure is about 39 
times the aerodynamic load at the same time. Ma et al. (2011) selected 
the lining concrete within 6◦ of the lining vault of the tunnel section as 
the research object. A meso-mechanical model of concrete with initial 
pores was established to simulate the mechanical properties of the 
concrete of the tunnel’s mid-section lining and vault under high-speed 
train operation. It is found that the fatigue damage of the tunnel lin-
ing concrete structure under repeated compression-tension loads affects 
the durability of the tunnel lining concrete. Based on the fact that when a 
high-speed train passes through a tunnel, the air pushed by the running 
car body is constrained by the tunnel wall to form a strong impact 
airflow. Yang and Cui (2020) analyzed the process of damage caused by 
aerodynamic effects in high-speed rail tunnels to facilities at special 
locations and the characteristics of the formation of traces, which can 
provide a theoretical basis for accurately determining the nature of the 
incident and the cause of the accident. Lu et al. (2014) evaluated the 
fatigue strength of high-speed train bodies under the influence of 
aerodynamic loads. The study found that the safety factor of the door 
and window corners of the side wall of the car body is relatively small, 
and the aerodynamic load has a greater impact on the side wall, and 
fatigue failure is prone to occur under the action of aerodynamic load. 
Gong and Zhu (2018) studied the response mechanism of the tunnel 
lining under the coupling effect of the flow field and the surrounding 
rock, and concluded that the time course of the displacement decrease 
when the train passes through the tunnel in a single time fluctuates. In 
the vertical direction of the lining, the dynamic load response decreases 
as the depth increases, and the tunnel lining is more likely to be 
damaged under tensile stress. The above research can well illustrate that 
the aerodynamic effect in the tunnel cannot be ignored. The literature 
mostly focuses on the aerodynamic effects inside and on the tunnel wall, 
and there are few studies on the pressure gradient and load spectrum of 
the tunnel wall. Because the pressure at the same monitoring point in a 
tunnel changes constantly, the change time from the peak of the positive 
pressure to the trough of the negative pressure is very short. Further, 
sometimes the pressure is small, and the load spectrum and pressure 
gradient vary greatly, so it is not sufficient to study the peak pressure 
alone. Under different working conditions, the pressure gradient and 
frequency spectrum of the tunnel wall should also be analyzed in depth, 
including the aerodynamic effect of the wall after the train passes 
through the tunnel. 

How to study the aerodynamic effects of tunnel walls under high- 
speed train operation is very important. To achieve this goal, in recent 
years, many scholars have conducted extensive research on the aero-
dynamics of trains passing through tunnels. Some scholars have studied 
the aerodynamic effects in the tunnel based on numerical simulation. 
Wang and Liu (2013) studied the aerodynamic pressure of a single train 
passing through a 70 m2 single-track tunnel and a 100 m2 double-track 
tunnel based on numerical simulation. The pressure at the head and tail 
of the train varies greatly, and the pressure at the center of the train is 
basically the same. It also reveals that the wall pressure of the tunnel 20 
m before the entrance of the tunnel increases rapidly with the increase of 
the distance between the measuring point and the tunnel entrance, and 
the increase becomes slower after 20 m, and reaches the maximum 
around 200 m. However, the article does not give a detailed explanation 
of the changing law of aerodynamic pressure on the tunnel wall. Wei 
et al. (2019) also analyzed the aerodynamic effect when the train passed 
through a 70 m2 single-track tunnel at 300 km/h based on numerical 
simulation, and found that the positive peak, negative peak, and 
peak-to-peak pressures of the tunnel wall were the largest in the middle 
of the tunnel, which verified The three-dimensional effect of a 
single-track tunnel is not obvious. Through three-dimensional numerical 
simulation, the dynamic process of single-car driving and meeting of 
trains in the tunnel is calculated, and the superposition relationship 

between the pressure wave effect and the pressure wave effect at the 
entrance of the tunnel is proved. The research has obtained the possible 
maximum positive and negative gas pressure in the tunnel and its 
occurrence location; the relationship between gas pressure fluctuations 
and train speed, and the relationship between the maximum positive 
pressure value and the maximum negative pressure value and the train 
speed (Li and Guan, 2012; Li and Yuan, 2014). Chen et al. (2017) used a 
three-dimensional compressible turbulence model to simulate the flow 
and pressure waves of two trains passing each other in the tunnel. The 
analysis found that the positive peak value of the initial compression 
wave on the tunnel wall decreased logarithmically with the increase of 
the length of the nose. During the entire crossover process, the 
peak-to-peak amplitude of the body surface pressure decreases with the 
increase of the longitudinal distance from the anterior nose tip. The front 
of the short train has the greatest influence on the surface pressure, 
lateral force, overturning moment and the total resistance of the train. 
Chu et al. (2014) used a three-dimensional compressible model to study 
the effects of tunnel length, blockage ratio, train speed and crossing 
position on the interaction of train aerodynamic waves when two trains 
pass each other in a tunnel. The study found that the train/tunnel 
interaction, the pressure coefficient and drag coefficient of the train 
increase with the increase of train speed and blockage ratio. The side 
force coefficient is affected by the train/train interaction. When two 
trains are arranged side by side, the side force coefficient reaches the 
maximum value. 

Some scholars have studied the aerodynamic effects in the tunnel 
based on indoor experiments and field measurements. Wan and Wu 
(2006) tested the aerodynamic force of the 200 km/h tunnel on the 
Sui-Yu line and found that in the design of the passenger dedicated line 
tunnel, it is recommended to consider the aerodynamic effects in the 
tunnel based on the most unfavorable tunnel length; the comfort crite-
rion for the Chinese high-speed railway tunnel is proposed. Chen et al. 
(2014) conducted a field test on a high-speed train, and revealed that 
when the train passes through the tunnel and crosses in the tunnel at 
speeds of 350 km/h and below, the maximum axle is 41.28 kN hori-
zontally, and the maximum derailment coefficient is 0.70. The heavy 
load reduction rate is a single peak value of 0.79, the maximum pressure 
difference between inside and outside the vehicle is 3224Pa, and the 
maximum change value of the air pressure inside the vehicle is 1064Pa 
for 3 s. Liu et al. (2018) obtained the aerodynamic pressure at different 
test points in the tunnel based on on-site measurements; analyzed the 
pressure formation mechanism, amplitude distribution and pressure 
attenuation. At the same time, it is pointed out that the pressure atten-
uation coefficient has nothing to do with the train speed, but is related to 
the length of the tunnel, the test location and the number of tunnel 
ventilation holes. Ko et al. (2012) conducted a series of on-site mea-
surements near the opening, shaft or tunnel based on the normal oper-
ation of the high-speed train in the tunnel. It was found that the 
compression wave generated at the entrance and exit of the train led to a 
sharp increase in the pressure in the tunnel; while the entrance and exit 
of the train produced an expansion wave that caused the pressure to 
drop. The spatial variation law of the pressure peak induced by the train 
in the tunnel is discussed, the relationship between the train speed and 
the pressure peak is established, and the influence of the cross-sectional 
area of the tunnel on the train speed is given. Gilbert et al. (2013) and 
Baker et al. (2014) analyzed the influence of the load transient pressure 
on the railway structure under different conditions (open air, one-sided 
vertical wall, double vertical walls, partially enclosed spaces, short 
tunnel and long tunnel) based on the dynamic model test platform. It 
reveals the changing law of aerodynamic pressure, discusses the rela-
tionship between aerodynamic pressure and tunnel length, train length, 
distance from tunnel entrance, and the law of aerodynamic pressure in 
different situations. At the same time, the existing European standard 
formula was revised and evaluated based on the experimental results, 
and the predicted results are closer to the experimental results. 

The literature mostly focuses on the aerodynamic effects inside and 
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on the tunnel wall, and there are few studies on the pressure gradient 
and load spectrum of the tunnel wall. Because the pressure at the same 
monitoring point in a tunnel changes constantly, the change time from 
the peak of the positive pressure to the trough of the negative pressure is 
very short. Further, sometimes the pressure is small, and the load 
spectrum and pressure gradient vary greatly, so it is not sufficient to 
study the peak pressure alone. Under different working conditions, the 
pressure gradient and frequency spectrum of the tunnel wall should also 
be analyzed in depth, including the aerodynamic effect of the wall after 
the train passes through the tunnel. 

This paper uses theoretical analysis, dynamic model tests, and nu-
merical simulation methods to compare the peak pressure, pressure 
gradient, and aerodynamic load spectrum of a tunnel wall under 
different working conditions. Commercial software is used to process the 
results, to provide a basis for studying the fatigue and damage mecha-
nism of a fabricated lining structure under aerodynamic loads in high- 
speed railway tunnels. 

2. Control equations 

The Reynolds number in the aerodynamic effect of the high-speed 
railway tunnel exceeds 106, and it is in a turbulent state. Therefore, 
the turbulence model and the Navier-Stokes equation must be coupled to 
solve the problem (Luo et al., 2020; Liu et al., 2020; Zhang et al., 2018). 
formulas (1) ~ (3) are Navier-Stokes’ continuity equation, momentum 
conservation equation and energy conservation equation, respectively, 
and (4) is the gas state equation. Formulas (5) ~ (9) are the theoretical 
basis for calculation of the RNG K-ε turbulence model. All the above 
equations provide a theoretical basis for the numerical calculation of the 
aerodynamic effect of high-speed trains entering the tunnel, as follows. 

2.1. The continuity equation is 

∂ρ
∂t

+
∂

∂xi
(ρui)= 0, (1)  

where t, ρ, xi, ui represent the time, density, coordinate components, and 
velocity components, respectively. 

The momentum conservation equation, i.e., the compressed N–S 
equation, is 

∂
∂t
(ρui)+

∂
∂xj

(
ρuiuj

)
= −

∂P
∂xi

+
∂

∂xj

[

μ
(

∂ui

∂xj
+

∂uj

∂xi
−

2
3

δij
∂ui

∂xi

)]

, (2)  

where P is the pressure, μ is the dynamic viscosity coefficient, and δij is 
the second-order unit tensor, where δij = 1.0 when i = j, and δij =

0 when i ∕= j. 

2.2. The energy conservation equation is 

∂
∂t
(ρE)+

∂
∂xj

[ui(ρE+ p)]=
∂

∂xj

(

K
∂T
∂xj

+ uiτij

)

, (3)  

where τij = μ
(

∂ui
∂xj

+
∂uj
∂xi

)

− 2
3 μ ∂ui

∂xj
δij; K is the thermal conductivity; E =

CνT, where T is the absolute temperature; E is the total energy per unit 
volume; and Cν is the specific heat of constant volume. 

Assuming that the fluid is a perfectly ideal gas, the equation of state 
is 

p= ρRT, (4)  

where R is the gas constant. 
The above four equations can form a closed equation group, which 

can be solved numerically. 
Based on the Re-Normalization Group (RNG) k-ε model, let μt =

ρCμ
k2

ε and Cμ be the model constant 0.0845. The transport equations for 
the increased turbulent flow energy k and the turbulent dissipation rate ε 
are as follows (Wang et al., 2012): 

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂
(

αkueff
∂k
∂xj

)

∂xj
+ Gk + Gb − ρε − YM + Sk, (5)  

∂(ρε)
∂t

+
∂(ρεui)

∂xi
=

∂
(

αεueff
∂ε
∂xj

)

∂xj
+ C1ε

ε
k
(Gk +C3εGb) − C2ερ

ε2

k
− Rε + Sε,

(6)  

where αk, αε is the reciprocal of the effective turbulent Prandtl constant 
of k,ε, 

Rε =
Cμρη3(1 − η/η0)

1 + βη3 ⋅
ε2

k
, (7)  

where η = Sk/ε, η0 = 4.38, β = 0.012. The turbulence viscosity coeffi-
cient satisfies: 

d
(

ρ2k
̅̅̅̅̅εμ√

)

= 1.72
ν̃

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ν̃3

− 1 − Cυ

√ dν̃, (8)  

where ν̃ = μeff /μ and Cν ≈ 100. 
In addition, the model constants for basic turbulent flow, including 

air and water obtained from experiments, are: 

C1ε = 1.42,C2ε = 1.68. (9)  

3. Numerical model 

3.1. Basic assumption  

(1) The tunnel takes a single-hole, double-line section with a cross- 
sectional area of 100 m2. Assuming that the tunnel lines are all 
straight sections and have no slope, the line spacing is 5 m.  

(2) The study ignores the detailed structures of the upper part of the 
train, such as the pantograph, bogie, and car body connection. 
Due to the influence of the surface layer effect on the train sur-
face, the train surface is set as a frictional wall boundary (non-slip 
boundary), and the train surface roughness is 0.0045 mm. These 
conditions allow more accurate calculations of the friction 
resistance and other parameters of the train surface (Xi et al., 
2010). Ignoring the detailed structure of the drainage ditch, 
safety channel, and track in the tunnel, it is assumed that the 
reinforced concrete wall of the tunnel has a certain roughness, 
and the equivalent roughness height of the tunnel wall is taken as 
5 mm (Li, 2010).  

(3) When trains meet at a constant speed in the tunnel at 400 km/h, 
the relative speed exceeds Mach 0.6, so the air is calculated as a 
compressible fluid in the three-dimensional numerical 
simulation. 

3.2. Calculation model 

This article adopts the CRH380A high-speed train model, which 
comes as an 8-car or a 3-car (leading car + middle car + tail car) train. 
The length, width, and height of the 8-car (3-car) are 201.4 m (77 m), 
3.38 m, and 3.7 m, respectively, and the cross-sectional area is 11.2 m2. 
The distance to the bottom of the train is 0.2 m, which is used to simulate 
the height of the top surface of the rail, as shown in Fig. 1. The unsteady, 
viscous, compressible N–S equations and RNG two-equation turbulence 
model are used for simulation. This model has been proven to be 
effective in the study of aerodynamic effects in high-speed railway 
tunnels (Liu et al., 2018; Niu et al., 2018b; Tian, 2004). 
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In addition to section 5.3 discussing the aerodynamic pressure on the 
tunnel wall under different train lengths, the other main discussions are 
the train length of 8-car and the train speed of 400 km/h. In order to 
facilitate the comparative analysis of peak pressure and pressure 
gradient, based on the maximum operating speed of an 8-car CRH380A 
at 400 km/h and the industry standard (BS EN, 2010, National Railway 
Administration of the People’s Republic of China, 2018), the tunnel 
length can be calculated as: 

Ltu,1 ≈
Ltr,A

4
⋅

c
vtr,A

(

1+
c

vtr,A

)

, (10)  

Ltu,2 ≈
c
2

(
Ltr,A

vtr,A
+

Ltr,B

vtr,B

)

, (11)  

where Ltu,1 and Ltu,2 are the most unfavorable tunnel lengths when a 
single train passes through the tunnel and when trains meet at the same 
speed in the tunnel, respectively; Ltr,A and Ltr,B are the lengths of high- 
speed trains A and B, respectively; vtr,A and vtr,B are the speeds of high- 
speed trains A and B, respectively; and c is the empirical coefficient, 
which approximates the local speed of sound, and its value is 336 m/s. 

Therefore, the most unfavorable tunnel lengths when a single train 
passes through the tunnel and when trains meet at the same speed in the 
tunnel are 612.7 m and 609.04 m, respectively, and the final tunnel 
length is 620 m. 

3.3. Computational domain and boundary conditions 

To ensure that the flow field around the train is fully developed 
before entering the tunnel, the nose tip of the train head is 100 m from 
the tunnel entrance. To ensure the full development of the flow field and 
avoid the influence of boundary conditions on the flow field structure 
around the train, taking the train’s height H as the characteristic length, 
the calculation domain length × width × height on the entrance side and 
exit side of the tunnel is the same, which is 122 H × 30 H × 16.2H 
(British Standards Institution, 201). Fig. 2 is a schematic diagram of the 
calculation domain when the train passes through the tunnel. The Car-
tesian coordinate system is adopted, whose origin is at the tunnel 
entrance, where the x-, y-, and z-axes represent the respective longitu-
dinal, transverse, and vertical directions of the tunnel. The entire area of 
the tunnel and the train is discretized with a hexahedral structure grid. 
The minimum grid size of the train surface and tunnel are 0.006 m and 
0.1 m, respectively, as shown in Fig. 3. Among them, Fig. 3(c) shows the 
geometric models of 8 - car and 3 - car. 

The calculation domain and boundary conditions are shown in Fig. 4. 
The length of the moving area in Fig. 4 is 4000 m, not only long enough, 

but also ensures that the two end faces of the moving area will not enter 
the static area. The area is divided into three parts, where zones 1 and 2 
are sliding areas, and zone 3 is a static area. The boundary conditions are 
marked in different colors. The red, purple, and black lines represent the 

Fig. 1. Schematic diagram of the cross section of a high-speed railway tunnel.  

Fig. 2. Schematic diagram of calculation domain when train passes 
through tunnel. 

Fig. 3. Grid model of train and tunnel entrance. (a). Train head model. (b). 
Mesh model at tunnel entrance. (c). 8-car and 3-car models. 

Fig. 4. Schematic diagram of boundary conditions.  
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far field, pressure inlet, and wall boundaries, respectively, and the light 
blue and green lines represent the interface boundary. 

3.4. Monitoring point layout 

To study the aerodynamic effect and load spectrum of the tunnel 
wall, 11 monitoring sections were set up in the longitudinal direction, 
each with two monitoring points. According to Liu et al. (2016), the 
pressure peak-to-peak value is larger near the middle of the tunnel, so 
there are relatively more monitoring sections arranged in the middle of 
the tunnel. At the same time, when the train is just entering the tunnel, 

due to the piston effect and friction effect, the pressure changes rapidly, 
so relatively many measuring points are arranged at the entrance of the 
tunnel. At other locations, a monitoring section is arranged every 100 m; 
see Fig. 5(a) for details. Combining with the literature Chu et al. (2014), 
this paper selects the height of 2.5 m from the track on the tunnel wall to 
the track for research, as shown in Fig. 5(b). In Fig. 5(a), the two rows 
represent the left and right lines, respectively, in the tunnel. The mea-
surement points are 25 m, 50 m, 100 m, 200 m, 250 m, 300 m, 310 m, 
350 m, 400 m, 500 m, and 600 m from the tunnel entrance. As shown in 
Fig. 5(b), two monitoring points, A and B, are arranged in the cross 
section. For clarity, we analyze only some of the monitoring points 

(a)

(b)
Fig. 5. Arrangement of the monitoring points. (a) Layout drawing of monitoring points in longitudinal section of tunnel. (b) Layout of cross-section moni-
toring points. 
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below. 

3.5. Numerical calculation method 

In this paper, the fluid calculation software Fluent is used to solve the 
problem, and the control equations are solved discretely by the finite 
volume method. The fluid pressure and velocity are coupled using the 
SIMPLE algorithm, and the pressure is corrected by the iterative method. 
The second-order upwind style is used to discretize the convection and 
diffusion terms, and the second-order implicit format is used to dis-
cretize the time derivative for unsteady flow calculations. The calcula-
tion time step is 0.002 s, and the number of iterations for each time step 
is 50. 

To avoid regenerating the grid during calculation, ensure the con-
servation of flow field flux, and reduce the calculation cost, the sliding 
mesh is used for numerical calculation (Jiang et al., 2019; Ricco et al., 
2007). We simulate the relative movement between the train and tunnel. 
When area 2 moves forward and area 1 remains stationary, there will be 
an exchange surface between the stationary and moving areas, and the 
information of the two flow fields is transmitted through the interface in 
the middle, thereby solving the flux ϕentering the two-region unit, 
which ensures the conservation of flow field flux. In the analysis, the 
boundary surfaces of areas 1 and 2 are A-B-C and D-E-F, respectively. 
During the calculation process, the two boundaries slide relative to each 
other to form an exchange surface a-d-b-e-f. The information of unit 4 is 
transmitted to unit 1, unit 2, and unit 3 through plane d-b-e. The in-
formation of unit 5 is transferred to unit 3 through face e-f. In the end, 
simulation by sliding grid technology ensures the conservation of the 
flow field flux. Fig. 6 is a schematic diagram of the sliding mesh tech-
nique used to compute the flux across two parts of each grid interface. 

In any control volume, when simulating a sliding grid of a moving 
boundary, the integral conservation equation of a generalized scalar ϕ is 

d
dx

∫

VρϕdV +

∫

∂V
ρϕ

(
u − ug

)
dA=

∫

∂V
Γ∇ϕ ⋅ dA +

∫

V
SϕdV, (12)  

where ∂V is the boundary of the control volume, ug is the slip velocity of 
the slip grid, u is the velocity vector, V is the control volume, A is the 
control area, Γ is the diffusion coefficient, and Sϕ is the source term. 

4. Experimental verification of algorithm 

We used 1:8 dynamic model experimental data to verify the cor-
rectness and reliability of the numerical method in this paper. The nu-
merical simulation used the unsteady, viscous, compressible N–S 
equation and the RNG two-equation turbulence model. During the nu-
merical verification, the shape and size of the tunnel in the simulation 
model are completely consistent with the 1:8 dynamic model test pa-
rameters, as shown in Fig. 7(a). In the dynamic model test and the nu-
merical simulation, the train length is 9.9 m, and the train model is the 
same, and the train speed is the same, both are 304 km/h. This can 
ensure that the train enters the tunnel to produce the same initial 

compression wave. In the numerical simulation, the distance between 
the starting point of train operation and the tunnel entrance is 25.332 m. 
The aerodynamic pressure monitoring points were arranged on the 
tunnel side 20 m and 55 m away from the tunnel entrance, and the 
measuring points are 0.4 m away from the track surface. The dynamic 
model test device is shown in Fig. 7(b). The measuring range of the 
pressure sensor on the tunnel wall was 7000 Pa, the sampling frequency 
of the data acquisition system was 5 kHz, and the A/D sampling accu-
racy was 16 bits. 

Fig. 8 is a comparison diagram of the dynamic model test data and 
numerical calculation results of the tunnel wall pressure, and Fig. 8 (a) 
and (b) are the comparison curves of the wall pressure at a distance of 
20 m and 55 m from the tunnel entrance, respectively. There is a certain 
deviation between the measured data of the dynamic model and the 
calculated results. This may be due to the difference between the actual 
measurement reference calibration value and the numerical calculation 
reference pressure. The main purpose of dynamic model data verifica-
tion is to compare the pressure values. The main indicators for evalu-
ating the pressure change of the measured and calculated values are the 
positive peak pressure (P max), negative peak pressure (P min), and 
pressure peak-to-peak, as shown in Table 1, whose deviations at 20 m 
from the tunnel entrance are observed to be 0.36%, 0.59%, and 0.22%; 
the deviations at 55 m from the tunnel entrance are observed to be 
8.61%, 0.84%, and 4.04%, respectively, all of which are within the 
allowable deviation range. 

According to Niu et al. (2018a), the numerical simulation of the in-
fluence of Reynolds number on the aerodynamic pressure of the tunnel 
was carried out and it was found that the Reynolds number effect has an 
influence on the average amplitude of the pressure wave. According to 
Baker et al. (2019) and Tian (2007), it can be known that the fluid has 
two self-simulation zones, namely the first and second self-simulation 
zones. When the model and the prototype are in the second 
self-simulation zone, the Reynolds numbers of the two do not have to be 

Fig. 6. Schematic diagram of sliding grid method.  

Fig. 7. (a) Sectional dimension of the tunnel model, and (b) mobile model 
test device. 
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equal, and the model test results can be used for the prototype. The first 
self-mode zone is when Re is less than the first critical value, the flow 
presents a laminar flow state. The second self-simulation zone refers to 
the situation where the Reynolds number is very large (close to 106) 
after the flow has fully developed into turbulent flow. For the high-speed 
train dynamic model test, the model contour length L = 9.9 m, the air 
density ρ = 1.225 kg/m3, the dynamic viscosity coefficient of the air μ =
1.8 × 10− 5 kg/m.s, and the test speed is 84.44 m/s (304 km/h), Re =
5.69 × 107>106, the air flow field is in the second self-simulation zone, 
and the test meets the Reynolds criterion, which can be directly applied 
to the prototype size. 

5. Results and analysis 

5.1. Transient pressure analysis 

Fig. 9 shows the pressure time-history curve of monitoring point A 
near the tunnel side at 25 m, 100 m, 300 m, and 600 m from the tunnel 
entrance when an 8-car enters and exits the tunnel at a speed of 400 km/ 
h from 100 m from the tunnel entrance. Since monitoring point A is near 
the train, the pressure of monitoring point A is slightly greater than the 
pressure of monitoring point B when the train passes through the tunnel, 
only the transient pressure of measuring point A is analyzed. As shown 
in Fig. 9, as the monitoring point approaches the center of the tunnel, the 
pressure is greater, and the positive and negative pressure waveforms 
are square; the monitoring point is close to the tunnel exit. Due to the 
friction effect of the tunnel wall, the pressure is small, the peak value 
drops, and the shape tends to be flat. When the train leaves the tunnel, 
the pressure A at the monitoring point 600 m in the longitudinal di-
rection of the tunnel is 200 Pa higher than the pressure B when the train 
passes through the tunnel; the aerodynamic pressure on the tunnel wall 
will continue for a period of time. According to the form of aerodynamic 
load, it can be determined that when the train passes through the tunnel, 
the pressure wave on the tunnel wall presents an acyclic state. This is 
because the pressure changes from squeezing and exhausting air to 
leaving a vacuum when the train moves. At the same time, the 
compression wave generated by the train head entering the tunnel (and 
the expansion wave generated by the tail entering the tunnel) is re-
flected back and forth at the entrance and exit of the tunnel, which also 
produces pressure changes. The superposition of the two causes the 
pressure wave on the tunnel wall to appear non-periodic. When the train 
completely exits the tunnel, the compression and expansion waves 
continue to propagate and superimpose in the tunnel, and when they are 
affected by the friction of the tunnel wall, they continue to decay peri-
odically. Therefore, when analyzing the aerodynamic effect of the tun-
nel wall, not only the aerodynamic effects of the train passing through 
the tunnel must be analyzed; the effects of the aerodynamic load on the 
tunnel wall structure after the train exits the tunnel cannot be ignored. 

Fig. 10 shows the pressure time history curve and wave system di-
agram when the train passes through the tunnel at 400 km/h. The red 
solid line and light green solid line are the running trajectories of the 
train head and rear, respectively; the black solid line is the compression 
wave generated by the train head entering the tunnel, and the black 
dashed line is the expansion wave formed by the compression wave 

0.0 0.2 0.4 0.6 0.8 1.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

Note: the monitoring point curve at 55m

(b)Experimental data
Numeriacal result

Pr
es

su
re

(k
Pa

)

Time (s)

0.0 0.2 0.4 0.6 0.8 1.0
-3

-2

-1

0

1

2
(a)

Pr
es

su
re

(k
Pa

)

Time (s)

Experimental data
Numeriacal result

Note: the monitoring point curve at 20m

Fig. 8. Comparison of dynamic model test and numerical simulation results.  

Table 1 
Main indicators for evaluating pressure changes.  

Variable Mobile 
model test 
index (kPa) 

Numerical 
calculation 
index (kPa) 

Deviation 
(%) 

Monitoring 
point at 20 
m 

Pmax  1.377 1.372 0.36% 
Pmin  − 2.193 − 2.206 0.59% 
peak − to − peak  3.57 3.578 0.22% 

Monitoring 
point at 55 
m 

Pmax  0.917 0.996 8.61% 
Pmin  − 1.309 − 1.32 0.84% 
peak − to − peak  2.226 2.316 4.04%  
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generated by the train head reflected at the tunnel exit; the blue dashed 
line is the expansion wave generated by the train’s rear entering the 
tunnel, and the blue solid line is the compression wave formed by the 
reflection of the expansion wave from the train’s rear at the tunnel exit. 

The formation mechanism of the aerodynamic pressure wave when 
the train passes through the tunnel is shown in Fig. 10. When the 
compression wave generated by the train head entering the tunnel 
propagates to the monitoring point, the air pressure rises rapidly, cor-
responding to (1). As the train continues to enter the tunnel, under the 
combined action of the tunnel wall and the train, the frictional resistance 
gradually increases and the aerodynamic pressure rises slowly, corre-
sponding to the small gray mark. When the train passes through the 
monitoring point, the pressure suddenly decreases because the train 
induces slipstream to make the airflow speed suddenly increase, and the 
pressure suddenly decreases, as seen at (2). When the expansion wave of 
the train’s rear reaches the monitoring point, the aerodynamic pressure 
suddenly drops, corresponding to (3). When the rear of the train passes 
through the monitoring point, the pressure there suddenly rises, corre-
sponding to (4). After the train exits the tunnel, the pressure time history 
wave is the result of the back-and-forth transmission and superposition 
of the entrance compression wave or expansion wave, which corre-
sponds to the large gray mark. 

5.2. Aerodynamic effects of train speed 

To study the aerodynamic effects of the tunnel wall at different train 
speeds, we analyze the pressure time history, peak pressure, and pres-
sure gradient changes at monitoring point A in the middle of the tunnel 
wall when the train passes through the double-track tunnel at three 
speeds. The peak pressures at different longitudinal monitoring points 
on the tunnel wall are shown in Fig. 11, and the pressure gradient time 
history curve of central monitoring point A on the tunnel wall at 
different speeds is shown in Fig. 12. Table 2 compares the peak pressure 
and peak pressure gradient of the tunnel wall when the train passes 
through the tunnel at different speeds. 

From the calculation results, it can be seen that from the tunnel 
entrance to 200 m, the peak-to-peak pressure (maximum positive pres-
sure peak − maximum negative pressure peak) of the tunnel wall is 
small, but the rate of change is large. Because it is close to the tunnel 
entrance, the compression and expansion waves at the monitoring point 
at the tunnel wall have a relatively close action time, and are prone to 
interfere with each other, resulting in small pressure peaks at the 
monitoring point. As the train continues to enter the tunnel, the pressure 
wave is greatly affected by the propagation mode, but less so by the 

dissipation effect of the external open space, resulting in an increase in 
the rate of change of the peak pressure from the tunnel entrance to 200 
m. However, the maximum pressure peak-to-peak value is mainly 
concentrated in the range of − 110 m to +90 m from the central moni-
toring point of the tunnel because the central space of the tunnel is more 
limited than the entrance space. At this time, the compression or 
expansion wave is concentrated and lasts longer. The waveform can 
develop fully but does not diverge, which will generate stronger pres-
sure. As the train speed increases, the peak-to-peak pressure gradually 
increases. The maximum pressure peak-to-peak values when the train 
passes through the tunnel at 300 km/h and 350 km/h, respectively, are 
only 26.4% and 36.1% of the maximum pressure peak-to-peak value 
when the train passes through the tunnel at 400 km/h. Thus, the 400 
km/h train speed results in a significant increase in the peak-to-peak 
pressure. 

Because the aerodynamic pressure (including the pressure at the 
same monitoring point) formed when the train passes through the tunnel 
changes all the time, it is not enough to study the pressure peak; the 

Fig. 10. (a) Wave system at the monitoring point 250 m from the tunnel 
entrance, and (b) diagram of pressure time history. 
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speed of the pressure change, i.e., the pressure gradient, should also be 
considered. Since the peak-to-peak pressure at central monitoring point 
A is close to the maximum value, this point on the central wall of the 
tunnel is used to analyze the pressure gradient peak value at different 
speeds. From Fig. 12 and Table 2, when the train is monitored by the 
tunnel wall surface, the speed increase from 300 km/h to 400 km/h, the 
positive pressure peak increases from 1.45 kPa to 2.55 kPa, and the 
growth rate is 75.8%; the negative pressure peak increased from 1.93 
kPa to 4.0 kPa, and the growth rate was 107.3%. The absolute value of 
the negative pressure peak is not only greater than the positive pressure 
peak, but also its growth rate is greater than the positive pressure peak. 
The positive pressure of the head car is higher than that of the negative 
pressure is due to the rapid expansion of the compressed air flow caused 
by the train through the tunnel measuring point, and therefore generates 
a certain energy loss, so the negative pressure formed is less than the 
positive pressure impact. The positive pressure of the tail is caused by 
the airflow impact carried by the train, so the absolute value is mini-
mized in four pressure waves. From Table 2, it can be revealed that as 
the train speed is gradually increased, the pressure gradient gradually 
increases. When the train passes through the tunnel at 300 km/h and 
350 km/h, the pressure gradient peaks at monitoring point A are only 
29.7% and 52.5%, respectively, of the peak pressure gradient when the 
head of train passes through at 400 km/h. While the train passes through 
the tunnel at 300 km/h and 350 km/h, the pressure gradient peaks at 
monitoring point A are only 18.04% and 26.75%, respectively, of the 
peak pressure gradient when the tail of train passes through at 400 km/ 
h. It can be revealed that the maximum pressure gradient appears be-
tween the peak and valley of the head wave, which is due to the growth 
time of the train head wave longer than the reduction time, and the 
increase time of the tail wave is shorter than the short time. 

5.3. Aerodynamic effects of train length 

To explore the aerodynamic effects of the tunnel wall under different 
train lengths, we analyze the pressure time history, peak pressure, and 
pressure gradient changes at monitoring point A in the middle of the 
tunnel when the train passes through at 400 km/h. The pressure time 
history curve of the central monitoring point on the tunnel wall is shown 
in Fig. 13, the peak pressure at the longitudinal monitoring point is 
shown in Fig. 14, and the pressure gradient time history curve of the 
longitudinal monitoring point is shown in Fig. 15. Table 3 compares the 
peak-to-peak pressure and pressure gradient peak at the monitoring 
points when different train lengths pass through the tunnel. 

The calculation results show that when trains of different lengths 
pass through the same tunnel, the pressure time history curves within a 
section of the entrance are almost the same, because different train 

lengths run at the same speed and head shape, and therefore cause the 
same compression wave. The 8-car train can cause greater pressure on 
the tunnel wall because the longer friction effect makes the pressure rise 
more. At the same time, the time interval between the head and tail of 
the 8-car train passing through the tunnel is large, making the time in-
terval of the compression or expansion wave longer, so the pressure rises 
or falls to a greater extent. The 3-car’s tail enters earlier than the 8-car’s 
tail, and it can be seen from Fig. 14 that the peak negative pressure of the 
3-car is greater than that of the 8-car within a certain range of the tunnel 
entrance; these negative pressure peaks are all affected by the expansion 
wave generated at the rear of the car. As the train moves further into the 
tunnel, the peak-to-peak pressure of the 3-car reaches the maximum at 
the central monitoring point, while that of the 8-car is mainly concen-
trated in the range of − 110 m to +90 m at the central monitoring point. 
Overall, the average pressure peak-to-peak value of the monitoring 
points near the center of the tunnel is greater for the 8-car than for the 3- 
car, for the reasons described above. 

Table 2 
Aerodynamic effect parameters of tunnel wall under different train speeds.  

Different speeds 
Pressure and pressure gradient 

Train speed (km/h) 

300 350 400 

Tunnel wall pressure 
when train passes 

Peak-peak value (kPa) 3.79 5.20 14.40 
Ratio (%) 26.4 36.1 100 

Pressure gradient of 
tunnel wall when train 
passes 

Peak value of the head 
(kPa) 

1.45 1.95 2.55 

Negative peak value of 
the head (kPa) 

− 1.13 − 1.85 − 2.35 

Pressure gradient of the 
head - Peak value (kPa/s) 

15.59 27.58 52.53 

Ratio (%) 29.7 52.5 100 
Negative peak value of 
the tail (kPa) 

− 1.93 − 2.96 − 4.0 

Peak value of the tail 
(kPa) 

1.22 1.62 2.02 

Pressure gradient of the 
tail (kPa/s) 

4.97 7.37 27.55 

Ratio (%) 18.04 26.75 100  
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Based on the above analysis, monitoring point A at different longi-
tudinal positions from the entrance of the tunnel is selected for pressure 
gradient analysis. As shown in Fig. 15, the pressure gradients of the 

monitoring points at different longitudinal positions of the tunnel under 
different train lengths are similar, and the peak pressure gradient of the 
3-car is slightly larger than that of the 8-car. This is because the 3-car is 
relatively short, which causes the change time from the peak moment to 
the valley moment of the head wave to be shorter than that of the 8-car. 

Table 3 selects two different train lengths to analyze the peak pres-
sure and pressure gradient on the wall when the train passes through the 
tunnel. It can be seen from Table 3 that when different train lengths pass 
through the same tunnel, the positive peak pressures all appear at the 
peak of the train’s head, and the negative peak pressures all appear at 
the valley of the train’s tail, which is consistent with the rule analyzed in 
Section 4.2. By analyzing the pressure gradient of the train passing 
through the tunnel wall, it can be found that the maximum pressure 
gradient caused by 3 car passing through the center of the tunnel and 
nearby wall measurement points (200 m, 310 m and 400 m) is relatively 
close, which is 51.53–55.65 kPa/s, the maximum pressure gradient oc-
curs in the middle of the tunnel. However, the peak pressure gradient 
caused by 8-car changes greatly. Taking the maximum pressure gradient 
52.53 kPa/s caused by the train’s head on the central wall of the tunnel 
as a benchmark, the peak pressure gradients at the measuring points 
200 m and 400 m from the tunnel entrance are only 78.1% and 71.73%. 
The peak pressure gradient produced by the train’s head is significantly 
stronger than the peak pressure gradient produced by the train’s tail. 
The maximum pressure gradient produced by the train’s tail is 31.68 
kPa/s, which is only 56.9% of the train’s head peak pressure gradient. 
So, such a large peak pressure gradient caused by the train’s head will 
cause fatigue damage to the tunnel structure and temporary facilities 
under long-term cycling. Therefore, when considering the peak-to-peak 
pressure of the tunnel wall, the peak pressure gradient cannot be 
ignored. 

5.4. Influence of single train and midpoint intersection on aerodynamic 
effects 

To analyze the influence of aerodynamic effects on the tunnel wall 
under different train driving modes, we analyze the pressure time his-
tory, peak pressure, and pressure gradient changes at central monitoring 
point A when the 8-car passes through the tunnel at 400 km/h, with a 
single train or two trains at a constant speed. The pressure time history 
curve of the central monitoring point is shown in Fig. 16, the peak 
pressure of the longitudinal monitoring point is shown in Fig. 17, and 
the pressure gradient time history curve is shown in Fig. 18. Table 4 
compares the peak-to-peak pressure of the tunnel wall and the pressure 
gradient when the 8-car passes through the tunnel in different operating 
modes. 

As shown in Figs. 16 and 17, the pressure changes at the same 
monitoring point are similar. When two trains pass through the tunnel at 
the same speed, the pressure at the same monitoring point on the tunnel 
wall is much stronger than the pressure wave when a single train moves 
and differs at the central monitoring point on the tunnel wall by a factor 
of 1.117. This shows that the heads meet at the midpoint of the tunnel, 
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Fig. 15. Time history curve of pressure gradient at different longitudinal 
monitoring points in tunnel. (a) Pressure gradient time history curve of 3-car- 
400 km/h. (b) Pressure gradient time history curve of 8-car-400 km/h. 

Table 3 
Aerodynamic effect parameters of tunnel wall under different train lengths.  

Different train lengths 3-car 8-car 

Monitoring point location (m) 200 310 400 200 310 400 

Tunnel wall pressure when train passes Peak-peak value (kPa) 4.64 6.51 4.71 6.75 6.55 6.45 
Ratio (%) 71.3 100 72.4 103.1 100 98.5 

Pressure gradient of tunnel wall 
when train 
passes 

Peak value of the head (kPa) 2.24 2.23 2.22 2.76 2.55 2.40 
Negative peak value of the head (kPa) − 2.25 − 3.96 − 2.16 − 3.48 − 3.52 − 3.44 
Pressure gradient of the head - Peak value (kPa/s) 51.83 55.65 51.53 41 52.53 37.68 
Ratio (%) 93.4 100 92.6 78.1 100 71.73 
Negative peak value of the tail (kPa) − 2.4 − 4.28 − 2.48 − 3.99 − 4.0 − 4.04 
Peak value of the tail (kPa) 1.81 1.84 1.80 2.14 2.06 1.91 
Pressure gradient of the tail (kPa/s) 20.34 31.68 18.66 12.2 27.56 8.85 
Ratio (%) 64.2 100 58.9 44.27 100 32.11  
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which causes the interaction of the two pressure fields, generating a 
large pressure wave in the environment around the midpoint of the 
tunnel. When two trains intersect at the same speed in the tunnel, the 
tunnel wall not only bears a higher intensity of aerodynamic pressure, 
but the pressure wave changes in a short time. Therefore, we must still 
pay attention to the pressure gradient of the tunnel wall under working 
conditions. It can be seen from Fig. 18 and Table 4 that when two trains 
pass through the tunnel at the same speed, the peak pressure gradient at 
the center of the tunnel wall is 1.534 times that of a single train, and the 
maximum pressure gradient reaches 80.58 kPa/s; on the whole, the 
change ratio of the pressure gradient peak in the range of − 110 m to 90 
m near the center of the tunnel wall is smaller than the pressure peak-to- 
peak ratio. Therefore, it is necessary to consider the most unfavorable 
conditions when analyzing the fatigue and damage of the tunnel lining 
structure by aerodynamic loads. 

5.5. Influence of aerodynamic effects after train passage 

Based on the above analysis, the pressure gradient peak and pressure 
peak-to-peak value of the tunnel wall under different train lengths and 
speeds are smaller than when two trains pass through the tunnel at the 

same speed. At the same time, the pressure gradient peak and pressure 
peak-peak value at the central monitoring point of the tunnel are the 
largest, and the force at this position is in the most unfavorable state. 
Combined with the periodic pressure decay of the tunnel wall pressure 
after the train exits the tunnel, the analysis of the tunnel wall aero-
dynamic effect after the train passes through the tunnel focuses mainly 
on central monitoring point A of the tunnel wall under different oper-
ating modes. Fig. 19 shows the peak pressure distribution characteristics 
of central monitoring point A when the 8-car passes through the tunnel 
at 400 km/h, and Fig. 20 shows the corresponding pressure gradient 
time history curve. 

Two trains intersect at the same speed in the middle of the tunnel. 
After the train exits the tunnel, the pressure peak and pressure gradient 
at the monitoring point of the tunnel wall are less than the pressure peak 
and pressure gradient when two trains pass through the tunnel. But 
when the two trains intersect at the midpoint, the maximum pressure 
gradient and pressure peak-to-peak value of the tunnel wall can reach 
− 12.17 kPa/s and 6.66 kPa, respectively. This is only 0.09 kPa less than 
the peak-to-peak pressure of 6.75 kPa at the central monitoring point of 
the tunnel wall when a single train passes through the tunnel. Therefore, 
within 10 min after the train leaves the tunnel, attention should be paid 
to the aerodynamic pressure on the tunnel wall, especially at the 
monitoring point in the middle of the tunnel. 

5.6. Aerodynamic load analysis 

According to relevant research literature (Zhang, 2007; Liu, 2018; 

Fig. 16. Pressure time history curve of central monitoring point A on the 
tunnel wall. 
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Table 4 
Aerodynamic effect parameters of tunnel wall under different working 
conditions.  

Situation Monitoring point 
location (m) 

Tunnel wall pressure 
when train passes 

Pressure gradient of 
tunnel wall when train 
passes 

Peak-peak 
value 
(kPa) 

Ratio 
(%) 

Peak value 
(kPa/s) 

Ratio 
(%) 

Single 
train 

310 6.75 100% − 52.53 100% 

Two 
trains 

200 12.03 178.2% − 50.33 95.8% 
310 14.29 211.7% − 80.58 153.4% 
400 13.2 195.6% 36.84 70.1%  
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Ying, 1983), the engineering applications of spectrum, power spectrum 
analysis and random data processing are very extensive, and almost all 
scientific and engineering departments have applications. Based on the 
nature of the aerodynamics of high-speed railway tunnels, the study of 
the fatigue damage of aerodynamic loads to the tunnel lining structure 
and various facilities in a tunnel should also focus on the aerodynamic 
load spectra. Based on the pressure time history curve of the tunnel wall 
obtained by numerical analysis, the pressure spectrum is obtained 
through a Fourier transform, which can lay the foundation for research 
of the fatigue damage of the lining structure caused by aerodynamic 
loads in a high-speed railway tunnel. 

The aerodynamic effect of the tunnel wall when a high-speed train 
passes through the tunnel is generally higher than after the train passes 
through the tunnel. Central monitoring point A of the tunnel wall when 
the train passes through is used for analysis, and the frequency- 
amplitude curve is obtained through theoretical knowledge, as shown 
in Fig. 21. Since the time-history curve of tunnel wall pressure when the 
train passes through is a non-periodic discrete function, F(t), which 
satisfies the Fourier integral theorem, we apply a Fourier transform to 
obtain the spectrum function F(ω) of F(t), 

F(ω)=
∫ ∞

− ∞
F(t)e− jwtdt or F(t) =

1
2π

∫ +∞

− ∞
F(ω)ejwtdt, (13)  

where ω = 2πf is the circular frequency, f is the periodic frequency, j =
̅̅̅̅̅̅̅
− 1

√
, F(t) is the waveform decomposed into a sum of sine functions, and 

the modulus |F(ω)| of the spectrum function is the amplitude spectrum of 
F(t). 
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Fig. 19. Distribution characteristics of peak pressure at point A at the center of 
the tunnel wall. 

Fig. 20. Time-history curve of pressure gradient at point A at the center of the 
tunnel wall. 

Fig. 21. Frequency amplitude curve of pressure when the vehicle and tunnel 
are coupled under different working conditions. (a) Frequency-amplitude curve 
at different train speeds. (b) Frequency-amplitude curve under different train 
lengths. (c) Frequency-amplitude curve under different train operation modes. 
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Although the pressure-time history curve is non-periodic when the 
train passes through the tunnel, the Fourier principle shows that any 
continuously measured time sequence or signal can be expressed as an 
infinite superposition of sine wave signals of different frequencies. Ac-
cording to this principle, the original signal directly measured is used to 
perform Fourier transform, and the frequency and amplitude of different 
sine wave signals in the signal can be obtained in an accumulation 
manner. At the same time, we can also know from the formula: the 
projection of F(t) on ejwt, the integral value is the integral of time from 
negative infinity to positive infinity, the components of the signal in ω 
are superimposed at each time, and the result of the superposition is the 
component of frequency ω, which forms the frequency spectrum. The 
advantage is that the frequency resolution of the signal is very good, and 
the frequency components contained in the signal can be clearly ob-
tained, that is, the frequency spectrum. Although the spectrum time is a 
superposition from negative infinity to positive infinity, when a certain 
frequency is known, the time location of that frequency cannot be 
judged. However, for safety reasons, all aerodynamic pressure spectra 
can be considered as the most unfavorable situation. 

When analyzing the aerodynamic characteristics of the train passing 
through the tunnel, especially the frequency characteristics, it is often 
difficult to achieve a global quantitative analysis, whether in experi-
ments or numerical calculations. For example, in experiments or nu-
merical calculations, the aerodynamic characteristics are obtained by 
measuring several local measuring points (such as pressure sensors, or 
other monitoring means) and performing Fourier analysis. Although it is 
a quantitative analysis, the calculation results are indeed limited, but it 
still has a guiding significance for actual engineering. It can better 
analyze the amplitude characteristics. If the frequency value is coupled 
with the natural frequency value of the system, it will pose a greater 
threat to driving safety. It can be seen from Fig. 21 that in the frequency 
domain, the frequencies with large pressure fluctuations are mainly 
concentrated in the low frequency range, which are distributed in the 
range of 0–5 Hz, reflecting the speed of pressure fluctuations. As the 
frequency increases, the spectral density rapidly decays to 15% of the 
peak value or even lower. The greater the spectral density, the faster the 
attenuation. As the train speed increases and the train length increases, 
the frequency of pressure fluctuations at the measuring point is accel-
erating, and the magnitude of the pressure fluctuations at the measuring 
point is also increasing. The peak value of the frequency spectrum of the 
constant speed two-way train is approximately twice that of the one-way 
train, and the maximum frequency spectrum can reach 4215 Pa/Hz. The 
two-way train is more dangerous than other operating conditions. 

6. Conclusions 

In view of the aerodynamic effects and load spectrum of a high-speed 
railway tunnel wall, through research and analysis, the following con-
clusions are drawn.  

(1) When a train passes through a tunnel, the pressure wave on the 
tunnel wall is in a non-periodic state. When the train completely 
exits the tunnel, the compression and expansion waves continue 
to propagate and superimpose in the tunnel, they are affected by 
the friction of the tunnel wall, and the compression wave and 
expansion wave continue to decay periodically. At the same 
measurement point on the tunnel wall, the maximum peak-to- 
peak pressure on the tunnel wall may occur when the train 
passes through, or after the train leaves the tunnel.  

(2) When the train passes through the tunnel at 400 km/h, the peak- 
to-peak pressure of the tunnel wall and the peak pressure gradient 
increase significantly, and the maximum peak-to-peak pressure is 
mainly concentrated in the range of − 110 m to +90 m at the 
central monitoring point of the tunnel; the pressure gradient 
appears in the time between the peak and trough moments of the 
head wave.  

(3) The pressure peak of the monitoring point at the center of the 
tunnel wall when an 8-car passes through the tunnel is greater 
than that of a 3-car. This is due to the longer interval between the 
compression wave and the expansion wave generated by the 8- 
car, resulting in a larger cumulative impact, and the longer 
duration of the induced friction effect when the 8-car enters the 
tunnel. When an 8-car passes through the tunnel, the peak-to- 
peak pressure of the tunnel wall is at a distance of 200 m from 
the tunnel entrance, and the peak pressure gradient appears at 
the central measuring point of the tunnel. Therefore, when 
analyzing the peak-to-peak pressure of the tunnel wall, the 
pressure gradient cannot be ignored. 

(4) When two trains meet in the middle of the tunnel, the aero-
dynamic effect of the tunnel wall is significant. The peak-to-peak 
pressure of monitoring point A in the middle of the tunnel is 
about 2.12 times that of a single train; the peak pressure gradient 
is 1.534 times that of a single train, with a maximum value of 
80.58 kPa/s, which is important when studying the damage 
mechanism of aerodynamic loads on the tunnel lining.  

(5) When the two trains meet at the central monitoring point of the 
tunnel and exit the tunnel at a constant speed of 400 km/h, the 
peak-to-peak pressure of the monitoring point in the middle of 
the tunnel wall is only 0.09 kPa less than when a single train 
passes through the tunnel. Therefore, within a period of time after 
the train passes through the tunnel, attention should still be paid 
to the influence of aerodynamic pressure in the tunnel on the 
damage of the tunnel lining structure.  

(6) The spectral density is mainly concentrated in the range of 0–5 Hz 
under different working conditions. The influence of different 
tunnel lengths on the frequency of aerodynamic loads in the 
tunnel needs to be further studied. 
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