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Abstract: The structural safety of high-speed trains is significantly endangered by increasing operating speeds. The objective of
this research was to investigate the evolution of the flow field in trains passing through a tunnel while there is a strong crosswind at
the tunnel entrance and exit. Moreover, the effect of acrodynamic pressure waves on structural strength was analyzed to
evaluate the safety of the carbody. In this study, we selected the improved delayed detached-eddy simulation (IDDES) method
as a turbulence model. The mechanism of interaction among the train, tunnel, and crosswind was evaluated through a complex
computational fluid dynamics (CFD) model, simulating high-speed trains moving through tunnels at various crosswind speeds.
Additionally, the dynamic stress response of the carbody was calculated using a sequential coupling approach, where integral
aerodynamic forces were applied as substitutes for direct CFD pressure loads. We assessed the effect of aerodynamic loads on
the dynamic stresses of the carbody at different crosswind velocities (0, 10, 15, and 20 m/s). The results indicate that crosswinds
exert a substantial influence on the fluid structure surrounding the train. Consequently, the aerodynamic forces contribute

significantly to potential damage to the carbody, posing increased safety risks for high-speed trains.
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1 Introduction

The expansion of high-speed trains (HSTs) into
mountainous regions necessitates extensive tunnel net-
works to maintain operational efficiency. However, the
aerodynamic challenges associated with tunnel transit,
particularly under crosswind conditions, have emerged
as critical barriers to ensuring structural safety and
ride comfort (Deng et al., 2023; Zhou et al., 2023; Liu
et al., 2024; Wang et al., 2024; Hu et al., 2025). When
HSTs traverse tunnels at high speeds, transient pres-
sure waves and turbulence intensify aerodynamic loads
on the carbody (Baker, 2014). This phenomenon ne-
cessitates urgent investigation, as crosswinds fur-
ther amplify these loads, creating complex, unsteady
flow fields that could compromise structural integrity
(Mohebbi et al., 2024). Studies confirm that tunnel
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exits under crosswinds induce dramatic fluctuations
in aerodynamic pressure and velocity, significantly el-
evating mechanical stress on critical carbody compo-
nents (Deng et al., 2020; Wang et al., 2022). Such in-
teractions have been linked to structural fatigue and
localized cracking, as observed in field reports
(Liu et al., 2021; Niu et al., 2023). The specific dam-
age site is shown in Section S1 of the electronic sup-
plementary materials (ESM).

While prior research has advanced understand-
ing of isolated aerodynamic or mechanical loads, criti-
cal knowledge gaps persist in quantifying their coupled
effects. For instance, Liu et al. (2019) identified altered
dynamic responses in tunnels but omitted crosswind-
turbulence coupling. Similarly, Lu et al. (2019) high-
lighted the scarcity of transient aerodynamic load inte-
gration in fatigue assessments, yet their sequential cou-
pling method lacked crosswind variability. Although
Jing et al. (2019) advocated for transient load model-
ing, their zonal approach did not address crosswind-
modified pressure wave propagation. Furthermore, bidi-
rectional fluid—structure interaction (FSIT) methods (Dou
et al., 2019) remain computationally prohibitive for
practical applications, while simplified unidirectional
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models fail to capture crosswind-induced flow asym-
metries (Cui and Zhang, 2011). Crucially, no study has
systematically resolved the interplay between aerody-
namic excitation, tunnel pressure dynamics, and track-
induced vibrations. The multi-source coupling mecha-
nism is the main determinant of structural strength.

In this study, we established a complex computa-
tional fluid dynamics (CFD) model to examine train—
tunnel—crosswind interactions by simulating high-speed
trains moving through tunnels at various crosswind
speeds. Using a sequential coupling approach, integral
aerodynamic forces replace direct CFD pressure loads
to compute the carbody’s dynamic stress response
under crosswinds of 0, 10, 15, and 20 m/s, thereby ex-
ploring aerodynamic load contributions to carbody dy-
namic stresses across variable crosswind intensities.

The structure of this paper is organized as follows:
Section 2 presents the methodology for the CFD and
finite element analysis (FEA), and introduces the es-
tablishment of the acrodynamic model and carbody fi-
nite element (FE) model. Section 3 reveals the distri-
bution of aerodynamic loads on the carbody surface,
and the dynamic response of the carbody is also ana-
lyzed for different side wind conditions. Finally, Sec-
tion 4 provides a summary and a short discussion of
this study.

2 Numerical simulation details
2.1 CFD simulation
2.1.1 Numerical method

In compressible inflow scenarios characterized
by Mach numbers exceeding 0.3, coupled with com-
plex aerodynamic phenomena observed in HSTs oper-
ating under crosswind conditions and tunnel environ-
ments, turbulence and unsteady behavior are consis-
tently observed within the flow field. To ensure com-
putational accuracy, the selection of an appropriate tur-
bulence model is deemed essential. The shear stress
transport (SST) k-o model is widely used due to its
demonstrated capability in resolving flow separation
phenomena (Wang et al., 2021). However, the Reynolds-
averaged Navier-Stokes (RANS) approach is recog-
nized to preclude the capture of transient flow fea-
tures and vortex dynamics due to its inherent averag-
ing of fluctuating components. While large eddy simu-
lation (LES) has been shown to enable the resolution
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of instantaneous flow structures, significant computa-
tional resources are required for its implementation.
The detached eddy simulation (DES) methodology,
formulated through the integration of RANS and LES
advantages, enables the resolution of transient large-
scale vortex evolution within practical computational
constraints. Nevertheless, the predictive accuracy of this
approach was found to be critically dependent on near-
wall mesh resolution characteristics. The improved de-
layed detached-eddy simulation (IDDES) was devel-
oped as an advanced hybrid numerical methodology,
in which core methodologies from delayed detached-
eddy simulation (DDES) and wall-modeled large eddy
simulation (WMLES) are synergistically integrated.
Notable advantages were shown in the mitigation of
modeled-stress depletion (MSD) and grid-induced sep-
aration (GIS) phenomena, accompanied by a signifi-
cant reduction in Reynolds number dependency with-
in near-wall flow regimes while physical consistency
was preserved. A computational framework incorpo-
rating the IDDES approach with the SST k- turbu-
lence model was subsequently established. This mod-
eling paradigm has been extensively validated in
rail transit aerodynamics research, with successful
implementation documented in vortex characteriza-
tion studies spanning diverse HST configurations (Deng
et al., 2023; Wang et al., 2024). The specific equa-
tions of the IDDES turbulence model are presented
in Section S2 of the ESM.

2.1.2 Computational model and boundary conditions

The HST surface was assumed to be aerodynam-
ically smooth, with geometric details of door handles,
pantographs, and suspension equipment being system-
atically neglected. A three-car model incorporating bo-
gie assemblies, windscreen profiles, and wiper geome-
tries was developed with dimensional accuracy to rep-
resent the operational HST configuration. This trun-
cated configuration was selected in preference to the
full eight-car arrangement based on the aerodynamic
stability observed in the middle sections of conven-
tional HSTs, where consistent cross-sectional profiles
are maintained. The characteristic vertical dimension
was standardized at 4=4.05 m. A simplified geomet-
ric representation and corresponding dimensional pa-
rameters are presented in Fig. 1.

The numerical domain was rigorously constructed
in compliance with BS EN 14067-6 standards (CEN,
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2018), featuring an obstruction ratio of 0.112 and geo-
metric parameters detailed in Fig. 2.
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Fig. 1 Geometric model of the HST
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Fig. 2 Computational domains and boundary conditions

This schematic employs a top-down perspective
to facilitate the visual representation of a train’s move-
ment along the x-axis within a tunnel environment,
where V_, denotes both the train’s direction of travel
and its operating speed. A straight tunnel configuration
with 60.5H length was implemented, positioned 98.7H
downstream from the train nose initialization point.
Simultaneously, by establishing extended open areas
upstream of the tunnel at 173H and downstream at
143H, with a width of 70H and height of 35H, the
stability of boundary conditions is ensured. The HST
operated at 400 km/h under four crosswind scenarios
(0, 10, 15, and 20 m/s), selected through synthesis of
the China Railway Corporation regulatory guidelines
and contemporary aerodynamic research (CR, 2014;
Niu et al., 2022; Wang et al., 2022). The HST surface
and the ground are bounded by no-slip walls, the cross-
wind inlet is bounded by a uniform wind velocity inlet
boundary condition, and the remaining boundaries are
pressure far-field.

2.1.3 Grid generation and solution process

Previous studies have extensively used overset
grid methods to simulate object motion, as demon-
strated by Zhou et al. (2019). Overset meshes are par-
ticularly advantageous for modeling intricate, wind-
ing flows around complex shapes and for scenarios in-
volving multiple objects moving in opposite directions.

Additionally, there have been successful implementa-
tions of these methods in parallel computing environ-
ments. In this study, regions experiencing substantial
flow field variations—such as the bogie area, carbody
flow region, and windscreen—were individually re-
fined with an enhanced surface mesh size of 0.012 m.
The overset mesh technique was applied to simulate
the motion of the train, with the overset and back-
ground regions arranged as depicted in Fig. 3a.

The initial boundary layer mesh size (4,) was set
to 0.25 mm, with a growth rate of 1.2. Considering
the computational model in this study is a full-scale
HST with complex 3D external flow characteristics,
the total grid count is exceptionally large. To control
the grid quantity while referencing the methodologies
of numerous scholars (Liu et al., 2020), standard wall
functions were used for near-wall turbulence treat-
ment. By setting the first-layer grid height at the wall
boundary to maintain y" values of about 30, the accu-
racy of standard wall functions in turbulent boundary
layer simulations was ensured. As shown in Fig. 3b,
the average y' distribution on the train surface was
about 30, which is similar to the results obtained by
Liu et al. (2020). Due to crosswind effects, the gradi-
ent of flow field variables on the leeside of the train
was notably high, necessitating further mesh refine-
ment in designated regions (Region B) with a grid size
of 0.12 m. The overall computational model, in its final
configuration, included no fewer than 37.39 million
grid cells. In this paper, the control equations are dis-
cretized into algebraic equations using the finite vol-
ume method. The semi-implicit method for pressure-
linked equations (SIMPLE) algorithm is used to per-
form the pressure—velocity interaction. Second-order
implicit format discrete-time terms are used for un-
steady flow calculations. The momentum and turbu-
lence equations are solved using an algebraic multi-
grid (AMG) linear solver (Wang and Xu, 2023). The
Courant number (Co) is chosen based on the actual
physical properties reflected, and the Co is taken to
be about 1 to satisfy interpolation precision of the
overset mesh, so that the distance travelled by the
train at each time step is one grid length. The mesh
size at the junction of the overlapping grid and the
background grid is 0.12 m. The time step is calculated
from Eq. (1) to be 0.001 s, similar to the time step ad-
opted in previous studies (Wang et al., 2021). The re-
siduals of the continuity, momentum, and turbulence
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Fig. 3 Computational domain mesh setting and wall y* distribution: (a) grids of computational domain and boundary
layers; (b) wall y" distribution of the train. References to color refer to the online version of this figure

equations are all less than 10~ with 20 iterations per
time step, and the Courant number Co can be formu-
lated as follows:

UMt

Co o

)
where At is the time step, dx is the length of the grid

in the overset region, and U is the velocity with re-
spect to the grid.

2.1.4 CFD verification: grid independence and
experimental validation

To verify the accuracy of the numerical results
provided in this study and validate the appropriateness

of the turbulence model selection, we referenced wind
tunnel test results conducted by Xia et al. (2017) at the
Shanghai Automotive Wind Tunnel Center (SAWTC),
China. This wind tunnel test was carried out using a 1:8-
scale train model with a maximum speed of 250 km/h,
turbulence intensity of less than 0.5%, and a test Reyn-
olds number ranging from 7.5x10° to 1.9x10°. The ge-
ometry of the numerical model described in this paper
is the same as that of the wind tunnel tests. To elimi-
nate the influence of grid resolution on calculation ac-
curacy, the mesh density and the numerical algorithm
are set as in Section 2.1.3. The scaled model height is
defined as the characteristic length D (Fig. 4a). In
Figs. 4b and 4c, EXP denotes experimental data for
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Fig. 4 Comparison of data from CFD numerical simulation and wind tunnel tests: (a) wind tunnel test diagram and
computational domain configuration for numerical simulation verification; (b) comparison of drag coefficients for
leading and trailing vehicles predicted by different turbulence models against wind tunnel test results; (¢) comparison of
pressure distribution on streamlined vehicle front ends. References to color refer to the online version of this figure

the train, C,, ., represents the head car drag coeffi-
cient, C,,, denotes the tail car drag coefficient, C, de-
notes the surface pressure coefficient, and L denotes
the train length. A comprehensive comparison was con-
ducted between the pressure distributions across the
streamlined nose section predicted by various turbu-
lence models and the drag coefficients of both the head
car and tail car, benchmarked against wind tunnel test
results. The comparative analysis revealed that the im-
plementation of the IDDES turbulence model showed
superior predictive accuracy in capturing both pres-
sure gradients and aerodynamic drag characteristics.
To verify the grid independence, the time-statistical
averaging results of the aecrodynamic force of the head
car before entering the tunnel at a crosswind speed of
15 m/s were compared for four different grid numbers.
The differences among the four grids are shown in
Table 1, where Az is the thickness of the first layer of
the mesh and An is the size of the HST surface mesh.
When an HST operates under a crosswind, it will be
subjected to fluid drag, lift, and lateral forces. The
drag coefficient C,, lift coefficient C;, and lateral

force coefficient C; in this study are shown in Eq. (2).
After the operation is stabilized, data selection is car-
ried out, as detailed in Section S3 of the ESM.

F
Cp= 02—,
P 0.5pU2S
F
C=—2Lt—,
" 0.5pU2S 2)
F
Co=——>—,
5T 0.5pU2S

where £, is the drag force, F| is the lift force, Fj is the
lateral force, the air density parameter p is equal to
1.225 kg/m’, U, is the freestream velocity, and S is
the maximum cross-sectional area of the HST.

The number of grids is controlled by controlling
the range of y'. The error is the aerodynamic difference
between neighbouring grid densities. Table 1 shows
that the results for G-0 and G-1 deviate significantly
from the others. The error represents the discrepancy
between the results of two adjacent dense grids and
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Table 1 Grid convergence study

Item Az(mm) An(m) Total grid number (million) C, Errorof C,(%) C, ErrorofC (%) C, Error of C, (%)
G-0 031 0.022 18.54 0.179 - 0.236 - 0.644 -
G-1 0.28 0.017 26.32 0.169 59 0.223 5.8 0.601 7.1
G2 025 0.012 37.39 0.163 3.6 0.227 1.7 0.580 3.6
G-3 022 0.010 41.13 0.159 25 0.229 0.8 0.591 1.8
Ref - - - 0.158 - 0.231 - 0.587 -

sparse grids. The results of the other grids are very
close, and G-2 was finally chosen to discretize the
model, considering the computational accuracy and
resources. In the table, Ref denotes the findings from
another study (Tang et al., 2024). Comparing these re-
sults with the G-2 result reveals that the error margin
is less than 5%.

To validate the robustness of the algorithm and
settings used in this study, a comparative analysis was
conducted using dynamic model test data from Miyachi
et al. (2016). The details are given in Section S4 of
the ESM.

2.2 Dynamic stress simulation of the carbody
2.2.1 Numerical setup of the FE model of the carbody

In this study, an HST body with a length of 25 m
and a width of 3.4 m was selected as the research sub-
ject. Constructed from large aluminum alloy hollow
extrusion profiles, the HST body is designed without
a longitudinal center beam or cross beams in the un-
derframe. Due to the thin plate thicknesses of the body
profiles and load-bearing structures relative to the
body’s longitudinal and transverse dimensions, stresses
from mutual extrusion along the thickness direction
can be neglected.

The FE model of the carbody incorporates both
structural and stress characteristics, given the complex
loading conditions encountered during operation, in-
cluding vertical bending, transverse aerodynamic forces,
longitudinal tension, and compression. To accurately
represent these multi-axial loads, plate and shell ele-
ments are used, as they meet the engineering require-
ments for strength calculation (Lu et al., 2019). The
FE model comprises 1166926 cells and 1087587 nodes,
with plate thicknesses defined by cell-specific con-
stants. Mass is represented by 0D elements, while 1D
spring elements model the air springs. The stiftness
of the plate-shell model closely aligns with that of
the solid structure, ensuring fidelity in the FE model

(Fig. 5). Section S5 of the ESM gives the content of
the irrelevance verification of the finite element mesh.

The mechanical properties of aluminum alloys for
an HST body are shown in Table 2. Aluminum alloy
materials, which can be strengthened through heat
treatment, exhibit moderate strength along with excel-
lent weldability and corrosion resistance. They also
show excellent performance in extrusion and pressure
quenching, and can be used to produce large structures
with complex shapes.

Element: 1166926

Fig. 5 FE model setup of the carbody. References to color
refer to the online version of this figure

Table 2 Setting of the material properties of the carbody

Performance parameter Value

6082-T6 alloy 5083 alloy
Density (kg/m’) 2710 2660
Elastic modulus (MPa) 710000 703000
Poisson’s ratio 0.33 0.33
Tensile strength (MPa) 279 270
Yield strength (MPa) 260 200

In this numerical simulation, key components
such as the air conditioner, pantograph, transformer,
auxiliary converter, and brake control box are incorpo-
rated in accordance with railway standard EN 12663-1
(CEN, 2010). These components are modeled as cen-
tralized mass points using couplings, while the sus-
pension equipment is connected via multi-point con-
straints (MPCs). Passengers and seats are represented
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as uniformly distributed mass points. Based on these
considerations, the total mass of the carbody is calcu-
lated to be 46.45 t, as shown in Eq. (3):

Fo= (m,+nm,+sm,)g, 3)
where F, denotes the vertical distributed load in the
operation state, m, is the unload mass of the vehicle in
kg, n is the number of passengers, m, is the mass of
each passenger, assumed to be 80 kg, s is the area of
the luggage cabinet in m’, m, is the mass of luggage
per unit area of the luggage cabinet, assumed to be
300 kg, and g is the acceleration due to gravity, taken
as 9.81 m/s’.

To accurately simulate actual operating conditions,
it is essential to combine aerodynamic loads with ver-
tically distributed loads, which are uniformly applied
to the chassis. Mechanical loads are introduced at the
positions of the four air springs, while also taking into
account the dead weight of the body. The green area
in Fig. 5 shows that the body glass receives aerody-
namic loads. These are treated by adding coupling
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The coupled load application methodology is il-
lustrated in Fig. 6 and is based on the vehicle system
dynamics model established by Wang et al. (2025).
Real track irregularity data measured in China (Zheng
et al., 2024) were used as excitation input to the dy-
namic model. This enabled the calculation of loads
acting on the air springs during straight-section travel.
The computed loads were then applied to the finite el-
ement model. The resulting mechanical load data are
given in Section S6 of the ESM.

2.2.2 Method of aerodynamic loading

The difference in mesh scale between the FEA
model and the CFD model of the carbody is signifi-
cant, and the direct flow-solid coupling is difficult. In
this study, we investigated the impact of aecrodynamic
forces on the dynamic stresses of the carbody, while
the effect of elastic deformation on the flow field struc-
ture was out of scope. Previous studies (Jing et al.,
2019; Lu et al., 2019) applied aerodynamic pressure
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waves to the carbody by sweeping, assuming that in
the carbody’s longitudinal region, pressure waves prop-
agate sequentially with only a time lag between re-
gions. However, as shown in Section S7 of the ESM,
the pressure distribution on the longitudinal face of the
carbody is different due to vortex interactions. There-
fore, the above method is not able to characterize the
effect of longitudinal pressure distribution on a vehicle
body structure when subjected to crosswinds. Build-
ing on prior research, in this paper, we introduce a
pneumatic load application method tailored to assess
dynamic stresses on the carbody under crosswind con-
ditions (Fig. 7), based on the principles of flow-solid
coupling data transfer. The specific pneumatic load
loading process is described in Section S8 of the ESM.

3 Results and discussion

3.1 Analysis of the train—tunnel—crosswind interaction
mechanism

Section S7 of the ESM gives the location of the
measurement points on the surface of the carbody and
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the results of the pressure wave at different measure-
ment points on the carbody. The pressure waves do
not affect the surface of the train simultaneously and
have distinct longitudinal propagation characteristics.
The differences between the upwind, leeward, and
upper surfaces are large, but there are smaller differ-
ences between adjacent measurement points. The aero-
dynamic load on the train shows greater variation after
exiting the tunnel than when entering. This result is
consistent with the findings of other researchers (Liu
et al., 2019). The measurement points are arranged in-
side the tunnel, with some shown in Fig. 8. All mea-
surement points are 2.2 m above the track.

Fig. 9a shows sensors d,/D, (windward) and e,/E,
(leeward) at the tunnel entrance. Windward peak
pressure (d,) decreases with crosswind velocity. Lee-
ward pressure (e,) increases significantly. At the exit
(Fig. 9b), windward pressure fluctuates slightly. Lee-
ward variations dominate, showing crosswind-driven
flow changes. Fig. 9c reveals large leeward pressure
oscillations 10 m upstream of the entrance. This indi-
cates crosswind-induced flow disturbances during train
ingress. Similarly, Fig. 9d shows amplified leeward
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fluctuations 10 m downstream of the exit. These scale
with crosswind intensity. Crosswind is a critical driver
of unsteady aerodynamic forces. It significantly alters
flow structures during tunnel entry/exit. The flow
structures at measurement points 1, 6, and 11 were
analyzed during two critical phases: when the leading
car enters the tunnel entrance and when the trailing
car exits. The positions of the measuring points are
derived from Section S7 of the ESM. Measurement
point 1 aligns with section S; point 6 with S,; point
11 with S, (Fig. 10). Pressure distributions across S,—
S, (Fig. 10a) show maximum negative pressure oc-
curs at the upper windward corner. Airflow separation
occurs on the leeward side under crosswinds. Vortex
V, forms upstream and expands downstream. Vortex
V, develops near the leeward ground. Vortex V, re-
sults from interactions with the track and terrain. Dur-
ing tunnel exit (Fig. 10b), the increasing distances Ax,
and Ax, between vortex V, and the train lead to V, dis-
sipation and altered V, dynamics. Crosswind-induced

transverse vortices (V,, V,, V,, and smaller-scale struc-
tures) emerge leeward as the train exits the tunnel.
These vortices shed backwards and interact, with their
morphology and trajectory modulated by tunnel and
carbody obstructions.

Post-exit, transverse vortices undergo mutual in-
terference, backward shedding, and tunnel-induced re-
direction, shifting toward the windward side near the
portal. Notably, vortices remain unobstructed prior to
tunnel entry. Pressure wave fluctuations arise mainly
from flow field alterations driven by train—tunnel-
crosswind coupling. Section S9 of the ESM describes
the structure of the transient flow field as the train
leaves the tunnel. The pressure wave dynamics origi-
nate mainly from changes in the flow field driven by
the train—tunnel—crosswind coupling mechanism.

The power spectral density (PSD) of the pressure
waves of the intermediate train is shown in Fig. 11.
Frequencies ( /') in the range of 0.5-4.0 Hz can cause
trains to be more likely to vibrate.
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Fig. 10 Flow field structure in different sections of the intermediate car: (a) at the moment the train enters; (b) at the
moment the train leaves. References to color refer to the online version of this figure
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Fig. 11 Power spectral density of pressure waves on a
train entering and leaving the tunnel

For the condition when the HST leaves the tun-
nel, the peaks of PSD are at f=1.46 and 2.68 Hz. They
are both larger than when the HST enters the tunnel.
In the range of 815 Hz, the frequency is close to the
intrinsic frequency of the train, and the carbody struc-
ture is prone to elastic vibration. The maximum PSD
value of the train leaving the tunnel corresponds to a
frequency (9.52 Hz) closer to the intrinsic frequency
of the train (NRA, 2019).

3.2 Contribution of the aerodynamic load to the
structural stress of the carbody

In this study, the modal superposition method
was used to simulate the dynamic response of the car-
body under five working conditions. The five cases
were as follows: Case 1 was to apply only mechanical
loads, and Cases 2—5 were to apply aerodynamic

loads corresponding to wind speeds of 0, 10, 15, and
20 m/s, respectively.

The scattering of carbody stress at different mo-
ments for Case 1 and Case 2 is presented in Fig. 12.
Given the relatively minor variation in mechanical
load, the dynamic stress distribution in the carbody is
limited; thus, the stress distribution at ~=1.8 s is pro-
vided for Case 1. It is evident that stresses near the
windows at both ends of the sidewalls are significantly
higher, while those near the central windows are com-
paratively lower. Upon entering the tunnel, the nega-
tive pressure on the carbody surface increases rapidly
due to the “piston effect” of the tunnel, which ele-
vates the aecrodynamic load on the carbody’s strength.
At =1.8 s, the stress in Case 2 is notably greater
than in Case 1, particularly around the corners of the
windows.

- -
. g go M . -

Mechanical load

l £=1.80 ?‘-‘- e

il |

Coupled loads

Fig. 12 Stress distribution in the carbody under different
operating conditions. References to color refer to the online
version of this figure
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In accordance with the principle of stress concen-
tration, five points of interest were selected (Fig. 13)
based on the component connection parts that repre-
sent the load application locations, as well as the dis-
tribution depicted in the stress cloud map. Subse-
quently, the dynamic responses of the five points (M,—
M,) of interest were calculated and analyzed.

Paint 5 Point 4

Point 3 Point 2 Point 1

Fig. 13 Location of carbody points of interest

Fig. 14 illustrates the variation in stress at the
carbody points of interest under different working con-
ditions. For points M,—M., the stress trends are gener-
ally consistent. Notably, the stresses under coupled
loads are higher than those under mechanical loads,
with mean stress values increasing as crosswind speed
rises. However, at the moment of tunnel entry, the
stresses under coupled loads decrease, falling below
those from mechanical loads. Stress levels peak within
the tunnel, and the amplitudes of stress fluctuations
at the points of interest after exiting the tunnel are
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greater than those during entry. Variations in stress
among the points of interest are reflected mainly in
the mean values and magnitudes of fluctuating stresses
outside the tunnel, as well as the maximum peak
values inside. Differences between the points of inter-
est within the tunnel under coupled loading conditions
are minimal.

Dynamic stress is an integral parameter in the
strength analysis and safety evaluation of HSTs. In
this paper, we propose an index to represent the con-
tribution of aerodynamic forces to the dynamic stresses
in the carbody. The aerodynamic contribution rate (1)
is defined in Eq. (4) as:

Oiotal — O

B Cow @

where o, is the maximum stress at each monitoring

point on the carbody under mechanical loading, and

0, 18 the maximum stress at each monitoring point

under coupled mechanical and pneumatic loading.

Section S10 of the ESM shows the maximum iso-

efficacy data for the three points of interest (M, —M,)

for different time periods (before the tunnel, out of
the tunnel, and in the tunnel).
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Fig. 14 Time course of stress at the points of interest under different working conditions. References to color refer to the

online version of this figure



Fig. 15 shows 7 increasing with crosswind speed
at all attention points. Inside the tunnel, # is very large
(aerodynamic force dominant), but unaffected by cross-
wind speed. Before entering the tunnel, Case 5 in-
creases the # of the three concerns by 33.6%, 11.5%,
and 21.6%, respectively, compared to Case 2. Similarly,
after exiting the tunnel, # increases by 15.1%, 4.6%,
and 9.3%, respectively. For Case 2, leaving versus en-
tering, # increases by 26.7%, 11.8%, and 16.9%.
Equivalent force data (magnitude and mean) entering/
leaving under different crosswinds are in Section S11
of the ESM. Dynamic stress amplitude is significantly
higher near the exit than near the entrance across all
crosswind conditions. Monitoring point M, shows the
most pronounced crosswind effects. At location M,,
the mean stress increased by 0.6—67.0 MPa after exit-
ing the tunnel, creating a critical fatigue zone under
combined high static and intense dynamic loading.

80

729724723726 [ Case 2
2 Case 3
Case 4

B Case 5

M,

In tunnel Out of tunnel

Train location

Before the tunnel

80 I Case 2
M, B Case 3
Case 4
60 189 B Case 5
474468 T47.3
g 40
<
20 13.413.715.

Out of tunnel

In tunnel
Train location

Before the tunnel

80

[ Case 2
B Case 3
Case 4
B Case 5

Ms

62462.192 1624

60

40

n (%)

20

In tunnel Out of tunnel

Train location

Before the tunnel

Fig. 15 Dynamic stresses on the carbody caused by
aerodynamic loads as the train travels through the tunnel
in various crosswinds
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Meanwhile, both the dynamic stress amplitude and
mean stress at the tunnel entrance progressively in-
creased with stronger crosswinds, demonstrating cu-
mulative structural loading from sustained wind ac-
tion. To mitigate fatigue risks, implement localized
stiffness reinforcement at M,. Future studies should
apply Goodman correction models to assess perime-
ter fatigue performance under operational conditions,
clarifying wind—structure interaction mechanisms.

4 Conclusions

A complex CFD model was established to research
the mechanism of train—tunnel-crosswind interaction
and the characteristics of the flow field structure. Fur-
thermore, the contribution of aerodynamic pressure to
the dynamic stress response was investigated under
different crosswind conditions. Our main conclusions
are as follows:

The crosswind—tunnel coupling effect induces
asymmetric vortex shedding. At the tunnel exit, com-
pared to scenarios without crosswind conditions, trans-
verse vortices generated by crosswinds increase the
pressure fluctuation amplitudes on the leeward side.
These vortices create localized low-pressure zones
around the train, amplifying dynamic stress concentra-
tions at window corners. Concurrently, as wind speed
increases, the vibration response of the train shows a
sustained increase. The aerodynamic load variation
during the vehicle’s exit from the tunnel under cross-
wind conditions significantly impacts the structural vi-
bration response.

Spectral analysis identified two critical frequen-
cies: 1.46 Hz (piston effect) and 9.52 Hz (vortex shed-
ding), with the latter closely matching the bending
mode of the carbody. This frequency coupling results
in an increased stress amplitude on the sidewalls dur-
ing the tunnel exit phase compared to the entry phase.
Such resonance effects amplify stress responses,
thereby increasing the likelihood of structural fatigue
and long-term degradation, particularly at critical con-
nection points such as window frames and joints.
These findings suggest that unsteady aerodynamic
loads must be fully considered in the design of ve-
hicle structural strength.

Stress analysis of the carbody revealed that cross-
wind effects elevated stress concentrations at window
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connections by 33.4%. Stress amplitude values after
the tunnel exit exhibited a strong correlation with
crosswind speed. Higher wind speeds led to greater
contributions of aerodynamic loads to the carbody, es-
pecially when exiting the tunnel. Higher crosswind
speeds resulted in higher dynamic stress peaks, sug-
gesting that safety margins may be exceeded under
extreme crosswind conditions. Future research should
combine the Goodman correction model to evaluate
fatigue life under these conditions and further eluci-
date the mechanisms of interaction between wind and
structural dynamics.

We propose two strategies to reduce aerodynamic
stress on high-speed train carbodies: optimizing alu-
minum alloy structural design at stress-critical zones to
lower peak stress and installing roof-mounted vortex
baffles to disrupt crosswind—tunnel coupling via inter-
ference mechanisms. Combined, these materials and
aerodynamic enhancements mitigate risks efficiently,
advancing next-generation reliability of carbodies in
harsh wind environments.
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