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ABSTRACT
The high-speed railway has become an important passenger transport mode. Relying on the abun-
dant passenger transport experience and expansive railway network, the high-speed freight train
(HSFT) is feasible to be developed and has great application potential. As a critical component of
HSFT, the cargo plays an important role in the overturning safety of HSFT under strong wind condi-
tions. Previous studies about the aerodynamic performance of the high-speed train usually regarded
the loaded carbody as an individual rigid body. Limited attention was paid to the variability inside
the vehicle. In order to improve the running safety of HSFT under strong wind conditions, the multi-
bodydynamics simulation is adopted todemonstrate the effect of cargoproperty on theoverturning
risk of HSFT under the aerodynamic loads obtained through the computational fluid dynamics (CFD)
simulations. It is demonstrated that the inner side crosswind is more dangerous than the outer side
crosswind. The speed of HSFT should be limited according to the cargo quantity, and the maximum
speed for a fully loaded HSFT can be 305 km/h when the crosswind velocity is 20m/s. The larger
cargo density should be encouragedbecause it is good for train overturning safety in severeworking
conditions.
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1. Introduction

The high-speed train has become a superior means of
passenger transportation all over the world. Consider-
ing its remarkable performance in running safety, trans-
port efficiency, and low-carbon energy generation, the
high-speed train can also be the potential solution to
modern freight transportation, especially for low-density
high value (LDHV) goods (Boehm et al., 2021; Zhang
et al., 2023). Shifting freight traffic from roads and air
to the high-speed railway has attracted attention because
of the increased concern about incremental fuel prices,
congestion, and environmental pollution (Watson et al.,
2018; Watson et al., 2019). In Germany, a logistics con-
cept based on the specially designed freight train, NGT
CARGO, was proposed and is being developed by DLR
(Schubert et al., 2014). China Railway has better progress.
The prototype of Chinese HSFT, which is designed based
on the current high-speed passenger train, was off the
assembly line at the end of 2020 (China Youth Inter-
national, 2020). The LDHV goods and fluid cargo are

CONTACT Zheng-Wei Chen zhengwei.chen@polyu.edu.hk Z105, 1/F, Block Z, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong
Kong

planned to be transported using containers loaded on
HSFT. Thus, it is pressing to formulate the technical spec-
ifications of HSFT for its safe operation in the future
(Figure 1).

The running safety of high-speed train is seriously
affected by crosswind (Deng et al., 2020). Although the
operation requirements on the high-speed passenger
train have been well developed, they are not enough for
HSFT because there are significant differences between
these two kinds of trains. For HSFT, the cargo mass can
be quite large and fluctuate sharply so as to have an signif-
icant effect on the response of the train in a strong wind
area (Liu et al., 2018). Thus, it is very necessary to investi-
gate the requisite cargo properties for HSFT under strong
wind conditions.

As an innovative transportation mode, the study on
the HSFT is just getting started. The mounting system
between containers and the vehicle was proven to play
an important role in the vertical vibration of vehicle-
container coupled system (Xue et al., 2022). Considering
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Figure 1. Innovative high-speed freight trains: (a) conceptual graph of NGT CARGO (German Aerospace Center, 2018); and (b) photo of
Chinese HSFT (Optoelectronics Science And Technology, 2020).

the unique characteristic of transporting both solid and
fluid goods, it was demonstrated that overturning safety
for HSFT could be significantly affected by liquid slosh-
ing (Deng et al., 2021). However, regrettably, the former
studies didn’t take into account the effect of strong wind
which is a key threat to the running safety of HSFT.

Before the appearance of HSFT, the traditional high-
speed freight vehicle was designed through improve-
ments in the running gear of wagons (Iwnicki et al.,
2013) and could run as fast as 160 km/h (Watson et al.,
2018). When studying the aerodynamic performance of
the traditional high-speed freight train, freight trains
with special geometry were primarily focused on, such as
the double-stacked wagon and container wagon (Maleki
et al., 2020; Soper, 2016). As can be seen, although the
effect of crosswind on the traditional high-speed freight
vehicle was considered, the role of cargo properties was
not studied.

Because theHSFTwill be used for transporting LDHV
goods and fluid cargo, the goods inside the carbody can
be deemed distributed symmetrically. Thus, more cargo
will result in larger cargo mass and higher gravity cen-
ter in the meantime. For a conventional freight wagon,
the height of gravity center obviously has a significant
influence on the running safety (Yang et al., 2021; Zhang
et al., 2021, 2022). Similarly, decreasing the height of
gravity center has been widely recognized as a benefi-
cial solution for the high-speed passenger train in case
there are strong winds (Thomas et al., 2010). On the
other hand, increasing the vehicle mass is necessary for
guaranteeing the overturning safety of a high-speed pas-
senger train (Heleno et al., 2021). Hence, the increase in
cargo quantity may play a positive role in vehicle running
safety because the vehicle mass rises, but may conversely
play a negative role because the gravity center height is
also affected. It is necessary to clarify the relationship
between the running safety and cargo quantity for a high-
speed train under strong wind conditions. Because the

research objective is cargo quantity, which can determine
the height of gravity center and vehicle mass simulta-
neously, the loaded carbody should not be modelled as
an individual body as the former studies did. The cargo
will be variable and connected with the carbody by a
fixed joint to highlight the characteristics of HSFT. The
cargo density could be an important parameter in this
model. Moreover, due to the action of centrifugal force
on the curve track, the vehicle speed, wind direction, and
curve radius have significant effects on the dynamic per-
formance of HSFT. Thus, different simulation cases will
be considered in this paper.

The overturning coefficient can be adopted as the cri-
terion for evaluating vehicle running safety under strong
wind conditions (Chen et al., 2022; EN, 2010). The com-
putational fluid dynamics method can be used to obtain
the aerodynamic loads of HSFT (Chen et al., 2020).

In the second part of this work, a crosswind-vehicle
vibration model is developed to reveal the correlation
between the overturning coefficient and representative
vehicle and cargo parameters, such as cargo quantity,
cargo density, and vehicle speed. In Section 3, the aero-
dynamic loads for HSFT are obtained based on the com-
putational fluid dynamics results and get validated by the
wind tunnel test. In Section 4, the multibody dynamics
model of HSFT is established and verified by the in-situ
test data. The dynamic response of HSFT negotiating
the curve track with the maximum aerodynamic load is
simulated and investigated.

2. Vibrationmodel of the vehicle with
crosswinds

Due to the super elevation and centrifugal force, the
vehicle running safety will get worse when HSFT goes
through the curve track. Furthermore, under strong
wind, the carbody vibration will be amplified to induce
the risk of overturning. In order to reveal the influencing
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Figure 2. Front elevation of the vehicle model, where O and O’
denote the initial and current car body gravity centers respec-
tively, OW and OW’ denote the initial and current wind force
centers respectively, OB denotes the bogie gravity center.

factors of the train overturning safety, the lateral vibra-
tion model of the vehicle when it is on a left-curved track
is illustrated in Figure 2.

As an example, the crosswind is from the right-hand
side and the vibration of the carbody is toward the right
direction. The lateral movement of bogie can be ignored
in the model because it is slight compared with the car
body (Hibino et al., 2010).

The overturning coefficient is defined as:

D = PL − PR
PL + PR

(1)

where PLand PR are the vertical wheel-rail force on the
left track and right track respectively.

In order to figure out the expression of overturning
coefficient, all the forces andmovements shown in Figure
2 are analyzed in the coordinate system of rail track.

When the whole vehicle is regarded as the calculation
objective, the internal force is not considered. Because it
is proved that the rolling and lateral movement of the car
body are significantly greater than the vertical movement
induced by the rolling motion (Liu et al., 2020), the sum
of vertical wheel-rail forces can be calculated as:

PL + PR = GZ + FIZ + GBZ + FIBZ − FLZ − FTZ (2)

whereG is the gravity force of car body, FI is the centrifu-
gal force of car body,GB is the gravity force of bogie, FIBis
the centrifugal force of bogie,FL is the lift wind force,FT is

the side wind force, the subscript Z denotes the compo-
nent force of these forces in the vertical direction of the
track.

As illustrated in Figure 2, the rolling of the car body
around its gravity center, which is represented by O, will
result in the rolling acceleration of the vehicle’s gravity
center around the wheel-rail contact point on the right
track. The vertical displacement of the wind force cen-
ter can be neglected because its value is tiny. Hence, the
rolling equation of the vehicle can be expressed as:

PL · 2b + (FLZ + FTZ) · (b + y + θh0) + (FLY − FTY)

· h1 − (GZ + FIZ) · (b + y) + (FIY − GY)

· h2 − (GBZ + FIBZ) · b
+ (FIBY − GBY) · h3 − γMx = Ixxφ̈R (3)

where subscript Y denotes the component force of these
forces in the lateral direction of the track, b is half of the
distance between the wheel-rail contact points, y is the
lateral displacement of the car body, θ is the rolling angle
of the car body around its gravity center, h1, h2 and h3
are the heights of the wind force center, car body gravity
center and bogie gravity center from the rail top respec-
tively, h0 is the height of the wind force center from the
car body gravity center,Mx is the rollingmoment induced
by wind force and is expanded by γ when calculating the
moment around the wheel-rail contact point, Ixx and φ̈R
are the inertia moment and rolling acceleration around
the contact point.

Under strong wind conditions, the vibration fre-
quency of the car body is below 1Hz (Wang, 1994). Thus,
the damping force is not considered in this model. Then
the lateral motion equation of the car body is:

FIY − GY + FLY − FTY + FSLY + FSRY = MLay (4)

where FSL and FSR are the secondary suspension forces on
the left side and right side respectively,ML is the mass of
loaded car body, ay is the lateral acceleration of car body.

By combining Equations (2) and (3), the following is
obtained:

D = y
b

+

Ixxφ̈R − γMx − (GBZ + FIBZ) · y
−(FLZ + FTZ) · θh0 − (FLY − FTY) · h1
−(FIY − GY) · h2 − (FIBY − GBY) · h3

b · (GZ + FIZ + GBZ + FIBZ − FLZ − FTZ)

(5)

It is obvious that

h0 = h1 − h2 (6)
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Equation (5) can be expressed as:

D = y
b

+

Ixxφ̈R − γMx − (GBZ + FIBZ) · y
+[(FIY − GY) − (FLZ + FTZ) · θ] · h0

−(FLY − FTY + FIY − GY) · h1
−(FIBY − GBY) · h3

b · (GZ + FIZ + GBZ + FIBZ − FLZ − FTZ)

(7)

If the lateral stiffness of the secondary suspension for
each side is defined as K, it can be obtained that:

FSLY + FSRY = 2Ky (8)

By substituting Equations (4) and (8) into Equation
(7):

D = y
b

+

Ixxφ̈R − γMx − (GBZ + FIBZ) · y
−[(FIY − GY) − (FLZ + FTZ) · θ] · h0
−(MLay − 2Ky) · h1 − (FIBY − GBY)

·h3
b · (GZ + FIZ + GBZ + FIBZ − FLZ − FTZ)

(9)

Because θ is usually smaller than 0.05 rad (Liu et al.,
2022), Equation (9) can be simplified as:

D = y
b

+

Ixxφ̈R − γMx − (GBZ + FIBZ) · y
−(FIY − GY) · h0 − (MLay − 2Ky)

·h1 − (FIBY − GBY) · h3
b · (GZ + FIZ + GBZ + FIBZ − FLZ − FTZ)

(10)

According to Figure 2, it is easy to calculate the com-
ponent forces of each gravity force and centrifugal force,
as well as the lift and side wind force:

A = GBZ + FIBZ = MBg cosα + MB
v2

R
sinα (11)

B = FIY − GY = ML
v2

R
cosα − MLg sinα (12)

C = FIBY − GBY = MB
v2

R
cosα − MBg sinα (13)

E = GZ + FIZ + GBZ + FIBZ − FLZ − FTZ

= MLg cosα + ML
v2

R
sinα + MBg cosα

+ MB
v2

R
sinα − FL cosα − FT sinα (14)

whereMB is the mass of bogie, v is the train velocity, R is
the radius of curve track, α is the cant angle.

Figure 3. The height of a loaded car body.

By substituting Equations (6) and (11)–(14) into
Equation (10), a complex calculation expression of over-
turning coefficient can be obtained as:

D = y
b

+
Ixxφ̈R − γMx − Ay − (B + MLay

−2Ky) · h1 + Bh2 − Ch3
Eb

(15)

For a high-speed freight train, the values of MB, b, h1
and h3 are constant, and the cargo properties determine
the values of ML and h2. Because the cargo transported
by the vehicle is liquid or in small pieces, a symmetrical
cube is adopted to represent the cargo in Figure 3.

where OC is the cargo gravity center, OE is the gravity
center of the empty car body,H is the height of the cargo,
hcargo, hempty and hfloor are the heights to OC, OE, and car
floor from the top of rail respectively.

The mass of cargo in a unit height can be assumed as
η. If themass of the empty car body is represented byME,
values ofML and h2 can be calculated as:

ML = ME + ηH (16)

h2 = ME · hempty + ηH(0.5H + hfloor)
ME + ηH

(17)

Based on Equations (15)–(17), it can be found that
the cant deficiency, which is reflected in B and C, has a
significant effect on the overturning coefficient. The lift
and side wind force should also be focused on. Further-
more, cargo quantity and density play critical roles in
train overturning safety.

3. Aerodynamics simulation of the
crosswind-vehicle model

HSFT is designed based on the current high-speed pas-
senger train by adjusting the usage mode of inner space.
In this work, the Chinese eight-car CRH2C high-speed
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train is regarded as the substitution of HSFT. The curve
radius of track is 7000m and the super elevation is
150mm (National Railway Administration of People’s
Republic of China, 2014). The maximum design speed
of CRH2C is 350 km/h. Based on the analysis in Section
2, the cant deficiency has a significant effect on over-
turning coefficient. In order to cover a wide range of
cant deficiency, the running speeds of the CRH2Cmodel
are designed as 69.83, 77.61, 84.68, 91.20, and 97.20m/s
respectively, while the wind velocity is 20m/s in all cases.

3.1. Computational models

The CRH2C model is shown in Figure 4. Its total length,
width and height are 201, 3.38 and 3.70m, respectively.
As shown in Figure 5, underneath the train, a simpli-
fied single track ballast bed was adopted, which is 0.02m
(the height of the track) away from the train. Figure 6
presents the relative positions of the train in computa-
tional domain. To avoid the boundary serious effect of
flow fields around the train, the windward inlet (surface
ABEF) is 60m from the train, the head inlet (surface

ABCD) is 80m, the leeward outlet (surface CDHG) is
100m, and the tail outlet (surface EFHG) is 200m. In the
simulation, the windward and head inlets were treated
as the uniform velocity inlet boundary conditions, while
the leeward and tail outlets being treated as the zero-
pressure outlet boundary conditions. The train, ballast
bed and ground were assigned as no-slip wall boundary
conditions, while the symmetry boundary condition was
used on the top of the computational domain (surface
ACEH).

As mentioned above, there are five possible velocities
for the train, while the velocity of the wind keeps con-
stant. In order to reveal the interaction between the train
and wind, a relative velocity was applied to the velocity
inlet boundary conditions. As shown in Figure 7, relative

velocityVα is equal to
√
V2
w + V2

tr, whereVw andVtr rep-
resent the wind velocity and train velocity, respectively.
In addition, the relative wind angle β can be calculated by
tanβ = Vw sinβw/(Vtr + Vw cosβw), where βw refers to
the actual wind angle, which is equal to 90◦. Accord-
ing to the formulation above, Table 1 lists corresponding
parameters in each case.

Figure 4. Train model and its parameters (Unit: m).

Figure 5. Ballast bed and its parameters (Unit: m).

Figure 6. Computational domain and its parameters (Unit: m).
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Figure 7. Relative velocity between the train and wind.

Table 1. The aerodynamic simulation parameters in each case.

Vtr (m/s) Vw (m/s) Vα (m/s) βw (°) β (°)

Case1 69.83 20.00 72.64 90 15.98
Case2 77.61 20.00 80.15 90 14.45
Case3 84.68 20.00 87.01 90 13.29
Case4 91.20 20.00 93.37 90 12.37
Case5 97.20 20.00 99.24 90 11.63

3.2. Computational mesh and numerical methods

APoly-Hexacoremesh in Fluent meshing was adopted in
all simulations of this Section. The surface meshes on the
head car are shown in Figure 8, while the volume meshes
around the head car are illustrated in Figure 9. To predict
the turbulent boundary layer, ten prism layers are con-
structed on the surface of the train. In addition, because

the vortices in the wake region and leeward side region
are the main factors affecting the aerodynamics of the
train, the meshes in these regions are refined to capture
the corresponding vortices as much as possible. The total
number of elements is approximately 30 million.

All the simulations in this study were performed
in FLUENT 2020R2, a commercial computational fluid
dynamics software. An unsteady, uncompressible solver
was used, which is based on the shear stress transport
(SST) k-ω turbulence model. The Semi-Implicit Method
for Pressure-Linked Equations (SIMPLE) algorithm was
chosen for coupling the pressure and velocity field. The
Least Squares Cell Based algorithm was applied to com-
pute gradient terms in all equations. To ensure compu-
tational accuracy, second-order accuracy discretization
schemes were employed in all equations. To realize the
time advance process, the second-order implicit scheme
was used in time terms, and the time step was set as
1×10−4 s.

To verify the reliability of the mesh strategy and cal-
culation settings of this study, the numerical results from
this article are compared with a CRH2 wind tunnel test
(Zhang et al., 2018). Figure 10(a) and (b) show a 1/8
scale CRH2 high-speed train in the large-scale low-speed
wind tunnel with dimensions of 16m×8m×6m. The

Figure 8. Surface meshes on the head car.

Figure 9. Volume meshes around the head car: (a) side view; and (b) top view.
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Figure 10. Results comparison between CFD simulation and wind tunnel test of CRH2 train: (a) train model in the wind tunnel; (b)
location of the train model; (c) comparison of lateral force coefficient; and (d) comparison of lift force coefficient. The wind tunnel test
data are obtained from Zhang et al., (2018).

ground of the wind tunnel was covered by a circular
rotating slab with a diameter of 7m to test the influence
of different wind angles on the train aerodynamics. The
train aerodynamics were monitored by a balance located
inside its body. Figure 10(c) and (d) show a comparison
between the numerical simulation results and the exper-
iment results of different cars, regarding the lateral force
coefficientCy and lift force coefficientCz. Thewind speed
is 60m/s, and the yaw angle is 19.8°. Figure 10 shows the
comparison of the lateral force coefficientCy and lift force
coefficient Cz between the numerical simulation of the
head, middle, and tail cars and the experiment results. It
should be noted that Cy = Fy

0.5ρV2A , Cz = Fz
0.5ρV2A , where

Fy and Fz are respectively the lateral and lift forces, ρ is
the air density of 1.225 kg/m3, V is the incoming flow
speed of 60m/s with a wind angle of 19.8°, and A is the
train cross-sectional area of 11.23m2. It can be found that
the numerical simulation is very close to the experimen-
tal results, and themaximumerror is less than 3%. It indi-
cates that the calculation method and the grid strategy
in this paper are reliable and can be used for subsequent
analysis.

3.3. Computational results

Figure 11 compares the different vehicle aerodynamics
under different train speeds. The aerodynamics of the
first vehicle is significantly greater than the others, espe-
cially for the side force, rolling moment, pitch moment,
and yawmoment. Except for the pitchmoment, the aero-
dynamic signs of different vehicles are the same. In the
pitch moment, the aerodynamic sign of the first vehicle
is negative, while the aerodynamic signs of other vehicles
are positive, which is related to the flow field around the
first vehicle. In addition, with the growth of train velocity,
the side force of the first vehicle increases obviously, while
the rolling, pitch and yaw moments decrease clearly. In
contrast, the lift exhibits only a slight change, which
means that the train velocity mainly affects other aerody-
namics rather than the lift force under crosswind. Over-
all, the aerodynamic variations among different vehicles
of HSFT are similar to the findings of (Chen et al., 2018).
Chen et al. (2018) found that in a strong wind environ-
ment, the aerodynamic drag coefficientwas largest for the
tail car, whereas the side force coefficient, lift coefficient,
and roll moment coefficient were largest for the head car.
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Figure 11. Vehicle aerodynamics under different train velocities: (a) side force; (b) lift force; (c) rolling moment; (d) pitch moment; and
(e) yawmoment.

Figure 12 presents the velocity field at the half height of
the train. It should be noted that the velocity is used as the
variable of the contour. As the train velocity Vtr rises, the
magnitude of the velocity fields around the train becomes
larger and larger, which is related to the change in the
relative velocity Vα . Moreover, the distributions of the
velocity fields are obviously different under different train
velocities, especially the separation region at the leeward
of the train. The size of the separation region experiences
a reduction during the increase of the train velocity Vtr,
which corresponds to the variation of the relative wind
angle β .

Since the aerodynamics of the first vehicle under the
crosswind is the largest among all the vehicles, all the fol-
lowing analyses are based on the first vehicle. As shown
in Figure 13, the windward and leeward pressure distri-
butions of the first vehicle under different train velocities
are compared. As the velocity of the train rises, the high-
pressure regions on the windward vehicle head expand.
For the leeward side, the low-pressure regions expand in
head regionwith the rising train velocity. Those phenom-
ena are related to the relative wind angle. As shown in
Figure 12, with the enhancement of train velocity, the rel-
ative wind angle decreases to result in concentration of

Figure 12. Velocity contour on the plane at the half height of the train for different train velocities Vtr: (a) 69.83; (b) 77.61; (c) 84.68; (d)
91.20; and (e) 97.20m/s.
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Figure 13. Pressure contour on the first vehicle for different train velocities Vtr: (a) and (f ) at 69.83; (b) and (g) at 77.61; (c) and (h) at
84.68; (d) and (j) at 91.20; and (e) and (j) at 97.2m/s. The windward side of the vehicle at the left column, and the leeward of the vehicle
at the right column, pressure unit is Pa.

the direct crosswind action on the head of the first vehi-
cle. It also corresponds to the aerodynamic variation in
Figure 11. For instance, the absolute values of the side
force and rolling moment increase with the expansions
of the high-pressure regions on the windward side and
the low-pressure regions on the leeward side. Moreover,
the expansions of the high-pressure area and the low-
pressure area at the head of the first vehicle lead to the
gradual rise of the absolute values of the pitchingmoment
and yaw moment.

To further verify the pressure distribution on the first
vehicle, the pressure distributions on the plane x1 (at the
head of the vehicle) and x2 (at the middle of the vehicle)
are depicted in Figures 14 and 15, respectively. Among
them, plane x1 is situated 4.44m away from the nose
of the train, while plane x2 is located 13.19m away. As
shown in Figure 14, the high-pressure regions on the
windward change slightly. Meanwhile, the low-pressure
regions on the head increase progressively. In Figure 15, it
can be found out that although the pressure fields around
the train do not differ a lot with different train veloci-
ties, the separation vortices at the leeward side become
smaller and close to the train gradually.

4. Multibody dynamics simulation of the
crosswind-vehicle model

The multibody dynamics simulation software VI-Rail
is used to establish the crosswind-vehicle model. Based
on the calculation results in Section 3, the first car in
HSFT is adopted as the research objective because it is
accompanied by the largest aerodynamic load.

4.1. Establishment of the crosswind-vehicle
model

The crosswind-vehicle model of HSFT is made up of the
CRH2C vehicle, cargo shipped by the vehicle, and the
applied aerodynamic load.

4.1.1. Dynamics simulationmodel of CRH2C vehicle
fixed with cargo
The vehicle model contains a car-body, two bogie frames,
four wheelsets, and eight alxeboxes. All these parts are
regarded as rigid bodies, which are connected by joints
or constraints. The axle box is linked with the wheel by
a revolute joint. The primary suspension, which con-
tains a helical spring and a vertical damper, connects
the axle box to the bogie frame. The second suspension,
which contains three-dimensional springs and dampers,
connects the bogie frame with the carbody. The main
parameters of the vehicle model have already been intro-
duced in (Zhai et al., 2015). The cargo is represented by a
symmetrical cube, fixedwith the carbody. In order to ver-
ify the accuracy of the established vehiclemodel, themass
of cargo is set as 22 t to meet the experimental conditions
described in (Zhai et al., 2015). The German high-speed
track irregularity is adopted as the track excitation in this
work. The simulation result of the vertical carbody accel-
eration is compared with the in-situ test result in Figure
16. It can be seen that the simulation and test results show
a good similarity, and the maximum error is small. Thus,
the established vehicle model meets the requirements of
this work.
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Figure 14. Pressure contour on the plane x1 for different train velocities Vtr: (a) 69.83; (b) 77.61; (c) 84.68; (d) 91.20; and (e) 97.20m/s.

Figure 15. Pressure contour on the plane x2 for different train velocities Vtr: (a) 69.83; (b) 77.61; (c) 84.68; (d) 91.20; and (e) 97.20m/s.
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Figure 16. Comparison between the test and simulation results
(Zhai et al., 2015), where the black line represents the test result
and the red line represents the simulation result.

4.1.2. The action of aerodynamic load
The side wind force and lift wind force act at the geom-
etry center of the vehicle model. The rolling, pitch and
yaw moments induced by the crosswind act at the point
located on the rail top in the centerline of the track. The
aerodynamic load enhances to a stable level from 2 s to
12 s for each wind force and moment, as illustrated in
Figure 17.

The imposed wind loads are the average values of
the aerodynamic load for the first vehicle based on the
calculation results in Section 3, as listed in Table 2.

The sign of the aerodynamic load denotes its direc-
tion in the coordinate system of the wind, as is shown in
Figure 18.

In this Section, the vehiclemodel goes through a right-
curve track. The left rail is higher than the right rail on
curve for better curve negotiation performance. When

Figure 17. The action process of crosswind.

Table 2. Aerodynamic load for the vehicle model.

v(m/s) FT (N) FL(N) Mxx (N·m) Myy (N·m) Mzz(N·m)

69.83 55406.06 35630.67 −87094.90 −80346.13 −229004.44
77.61 59469.87 37298.96 −93206.56 −108024.89 −250889.89
84.68 63155.31 36519.31 −98027.63 −129869.43 −274503.61
91.20 66471.62 36268.39 −102441.25 −149152.54 −296820.78
97.20 69466.39 36084.58 −106219.54 −166283.33 −320075.21

the wind blows from the right side, we assume that the
peak values are as large as the values listed in Table 2.
Only the signs of FT , Mxx, and Mzz should be revised
according to the direction of wind.

4.2. Simulation results for transporting light weight
cargo

4.2.1. Design of simulation cases
In this study, the cargo is regarded as a symmetrical cube
because of the transport object of HSFT. It can be seen
from Equations (16) and (17) that the density and height
of the shipped cargo play a critical role in the overturning
safety by determining the mass and gravity center height
of the vehicle. In order to take full advantage of the trans-
port capacity, we assume that the light weight cargo with
low density can fill the inner space of HSFT sufficiently
when its mass reaches the requirement of maximum axle
load. The geometry characteristics of the assumed inner
space based on the size of CRH2C car are illustrated in
Figure 19.

Because the maximum axle load is 15 t, the maximum
allowed cargo mass is 26 t. Hence, the minimum den-
sity of cargo is 250 kg/m3 to realize full load, which is
adopted as the density of light weight cargo in the sim-
ulation. Considering the value of H’, the selected values
ofH for the light weight cargo are designed as 0.26, 0.52,
0.78, 1.04, 1.30, 1.56, 1.82, 2.08, 2.34, and 2.60m.

The crosswind-vehicle model will go through a track
which has the length of 7560m and contains straight line,
transition curve line, and 3000-meter right curve line,
as illustrated in Figure 20. Five vehicle velocities will be
considered and the aerodynamic load varies as Table 2
shows.

4.2.2. Dynamic response of HSFTwith light weight
cargo
As an example, when the wind blows from the left side,
the overturning coefficient of the fully loaded HSFT
model with the speed of 69.83m/s is illustrated in
Figure 21.

Combined with the track layout shown in Figure 20
and the vehicle velocity, the trend in Figure 21 demon-
strates that the train overturning safety has a close rela-
tionship with wind force and track conditions. From 2 s
to 12 s, the safety index significantly increases with the
enhancement of aerodynamic load. Then the fluctuation
converges gradually on straight track from 12 s to 34 s.
When the vehicle runs into the curve track through the
transition curve from 34 s to 44 s, the overturning coeffi-
cient rises by degrees. After negotiating the curve track,
the safety index keeps in a low level on the straight track
after 97 s. In this study, we focus on the dynamic response



12 D. ZHANG ET AL.

Figure 18. The direction of aerodynamic load: (a) front view; and (b) top view.

Figure 19. Schematic of the inner space of the vehicle for HSFT,
where L = 20m, W = 2m, H’ = 2.6m, H denotes the height of
the loaded cargo, the red cube denotes the inner space of the
vehicle for HSFT.

Figure 20. The layout of the test track, where R represents the
curve radius, u represents the value of cant, and X represents the
running direction of vehicle.

of HSFT in a steady strong wind field. Hence, the data on
the curve track is collected for analysis.

The relationship among the overturning coefficient,
cargo height, and vehicle velocity can be shown in Figure
22.

It is demonstrated that enhancing the cargo quan-
tity is good for overturning safety, no matter the wind

blows from which side. It should be noted that the cor-
relation between cargo quantity and overturning coef-
ficient is not as strong as the correlations between the
overturning coefficient and the height of vehicle grav-
ity center (Thomas et al., 2010) or vehicle mass (Heleno
et al., 2021). This special phenomenonoccurs because the
increase of cargo quantity will generate larger cargomass,
as well as higher vehicle gravity center. These two factors
have opposite effects on the overturning coefficient.

As is shown in Figure 22, D basically rises with the
improvement of vehicle velocity because of the enhance-
ments of centrifugal force and aerodynamic load. When
the wind blows from the left side, which is the outer
side of the curve track, the lateral aerodynamic load can
weaken the effect of unbalanced centrifugal force at a
high level of speed. Thus, the overturning safety of HSFT
under high velocity can be significantly improved with
the growth of cargo quantity, as illustrated in Figure
22(a). According to the Chinese standard (GB-5599-85)
(China Standard Bureau, 1986), the overturning coeffi-
cient should be smaller than 0.8 for the sake of vehi-
cle running safety. Based on the data shown in Figure
22, HSFT speed should be decreased according to the
shipped cargo mass. For a fully loaded HSFT, the max-
imum vehicle speed can be up to 305 km/h under the
steady wind whose speed is 20m/s. Niu et al. (2018)
introduced that the operational speed of CRH2C high-
speed train is 300 km/h when the average wind speed is
20m/s. Because the establishedHSFTmodel in this paper
is based on CRH2C high-speed train, the conclusions
about the operational speed forHSFTbasically agreewith
previous experience.

Based on the contrast as illustrated in Figure 23, it is
obvious that the wind from right side is a greater threat
to overturning safety for most cases. The worse influence
of wind from left side occurs only when the HSFT runs
safely with a heavy cargo mass and low speed. Thus, we
can use the values of overturning coefficient under the
strong wind from right side to evaluate the overturning
safety of HSFT under the crosswind.
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Figure 21. Times history of the overturning coefficient.

Figure 22. The peak overturning coefficient of HSFT in the strong wind field: (a) wind from left side; and (b) wind from right side.

Figure 23. Dynamic responses with different wind directions.

The influence of wind direction on curve track is
highlighted in Figure 24. It should be noted that the dif-
ferences are very small when H is small and v is large
because the train could overturn in this situation, nomat-
ter the wind blows from which side. Hence, this part of
data should not be considered when the effect of wind
direction is investigated. As analyzed in Section 2, the
combined action of cant deficiency and aerodynamic
results in different dynamic responses under different

wind directions. With the growth of vehicle speed, the
aerodynamic load enhances significantly.When the wind
blows from inner side of the curve track and there is cant
deficiency, the direction of side wind force is in accor-
dance with unbalanced centrifugal force which is in pro-
portion to cargo mass. Thus, the crosswind from inner
side would aggravate the train overturning at high speed.
Chen et al. (2009) likewise demonstrated that when the
wind blows from the inner rail to the outer rail, the run-
ning speed of high-speed train should be reduced, com-
pared with the situation when the wind blows from the
outer rail to the inner rail. As revealed in Figure 24, the
wind from inner side is good only for theHSFTwith large
cargo mass and low speed, because the side wind force
can neutralize the unbalanced gravity in lateral direction
in this situation.

4.3. Comparison results for different cargo densities

Figure 22 illustrates that the growth of cargo quantity
plays an active role in vehicle overturning safety. Based on
Equations (16) and (17), both the cargo mass and vehicle
gravity center heightwill change alongwith the variations
in cargo quantity and density. In 4.2, the overturning
safety of HSFT with light cargo has been evaluated. Then
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we double the density of cargo to 500 kg/m3 and regard
such cargo as the heavy cargo. The possible heights of
heavy cargo are designed as 0.13, 0.26, 0.39, 0.52, 0.65,
0.78, 0.91, 1.04, 1.17, and 1.30m. Thus, the heavy cargo
has the same mass as the light cargo with the same rank
of cargo height. Because the HSFT will overturn with the
speed of 97.2m/s, as shown in Figure 22(b), the dynamic
response of the HSFT with heavy cargo is tested under 4
speed levels. Considering the larger effect on train over-
turning safety, the simulation results for the HSFT with
the inner side wind are illustrated in Figure 25. Due to
the same maximum shipped cargo mass, the proportion
of cargo mass to the maximum value is used to describe
the value of cargo mass. Obviously, the height for heavy
cargo is half of that for light cargo with the same mass.

Same as Figure 24, some data in Figure 25(b) shouldn’t
be considered because the overturning coefficient equals
1.0. According to inherent cognition, the enhancement
in cargo density has a positive role in overturning

Figure 24. Difference of D values between the inner side wind
and outer side wind.

safety because the vehicle gravity center height can be
decreased. Whereas Figure 25 proves that decreasing the
cargo density, which means increasing the cargo gravity
center height, can overcome the negative effect of inner
side wind at a low vehicle speed. In this situation, the
overturning moment induced by wind load is weakened
by themoment which is induced by the unbalanced grav-
ity and rises with the increase of cargo quantity. However,
when the vehicle is not adequately loaded or the vehicle
speed is large, it is necessary to improve the cargo density
for the sake of train overturning safety. Hazrati Ashtiani
et al. (2015) proposed that the higher cargo density would
lead to better dynamics performance for a railway tank
car, which is in agreement with the conclusions drawn in
this paper.

5. Conclusions

In order to reveal the relationship between cargo prop-
erties and the overturning safety of HSFT under strong
winds, the crosswind-vehicle vibration model is estab-
lished and validated by the wind tunnel test and in-situ
test. Based on the results of dynamics simulations with
the maximum aerodynamic load, optimization strategies
of cargo properties are proposed. The conclusions are
drawn as follows:

(1) For an eight-car CRH2C train, the aerodynamics of
the first vehicle is obviously the highest among all the
vehicles. As the train velocity rises, the absolute val-
ues of the side force, rolling moment, pitch moment,
and yaw moment increase obviously, while the lift
force does not change significantly.

(2) The inner side crosswind is a greater threat to train
overturning safety than the outer side crosswind.
The direction of the resultant force for the lateral

Figure 25. The contrast ofHSFTwithdifferent cargoesunder inner sidewind: (a) peak valuesof overturning coefficient; and (b) difference
between the vehicle with light cargo and the vehicle with heavy cargo.
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components of gravity and centrifugal force depends
on the vehicle velocity. The synergistic action of
unbalanced centrifugal force and the side wind force
from the inner side aggravates the risk of overturn-
ing under high velocity.

(3) The cargo quantity plays a positive role in train over-
turning safety. When the HSFT is fully loaded, the
vehicle speed can be as large as 305 km/h under the
condition of a 20m/s steady crosswind. If the cargo
quantity decreases, the HSFT should slow down
accordingly.

(4) Enhancing the cargo density has a good effect on the
train overturning safety with high vehicle speed or
low load factor, which are severe working conditions
under strong winds. Hence, it should be encouraged
to transport high-density cargo by HSFT.

The quantitative conclusions drawn in this paper are
conservative because the maximum aerodynamic load is
imposed on the crosswind-vehicle model. The require-
ments of cargo properties for each vehicle of a high-speed
freight train should be different with their respective
aerodynamic loads. How to assign the cargo among all
the vehicles in a high-speed freight train deserves further
investigation.
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