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Abstract: In order to study the coupling vibration between a bridge and a train under the action
of crosswind loads, a dynamic interaction model of the wind–train–bridge system is established
considering the geometric nonlinear factors of a long-span suspension bridge. A calculation frame
is composed, and a corresponding computer program is written. A long-span highway–railway
suspension bridge scheme is studied as an example. The linear and nonlinear vibration responses of
the bridge under the simultaneous action of both train loads and wind loads are compared using the
self-written program, and the influence of wind velocity and train speed on the dynamic responses
of the bridge is studied. The results show that the large displacement nonlinearity of the structure
does not influence the changing tendency of bridge displacement and acceleration time histories,
but reduces the maximum values of the responses. The geometric nonlinear influence on the bridge
accelerations is more obvious than that on the displacements. The natural frequencies of this long-
span suspension bridge are very low and it is sensitive to wind action. The changes in train speed
and average wind velocity have a great influence on the maximum value of bridge displacement,
especially when the lateral deformation and acceleration increase sharply with the wind velocity, and
the coupling vibration between wind, train, and the bridge can easily occur. The research results can
provide references for the safe operation and maintenance of long-span bridges.

Keywords: long-span suspension bridge; wind; train; geometric nonlinearity; vibration

1. Introduction

With the rapid development of high-speed railways, many long-span bridges are being
constructed to cross rivers and the sea [1]. Suspension bridges are usually the first choice
due to their long-spanning capacity, beautiful appearance, and little influence on navigation.
However, the wind loads are strong along the river and sea [2], and the structure will be
susceptible to considerable deformations due to the action of external loads such as moving
vehicles, wind, and ships, which affects the safety of vehicles on the bridge. As the railway
bridges have stricter rigidity restrictions, most of the long-span suspension bridges built in
China and abroad are highway bridges, such as the Akashi Kaikyo Bridge in Japan with a
main span of 1991 m, and the Xihoumen Bridge in Zhoushan with a main span of 1650 m,
and less long-span railway suspension bridges are built.

At present, the specification of the bridge stiffness limit is based on the dynamic
analysis and the measured data of bridges with moderate and small spans. For long-span
suspension bridges, a special analysis model must be established to study the dynamic
responses of the structure under the action of external loads such as trains, vehicles, wind,
and ships, to ensure the serviceability of the bridge and the running safety and stability
of the vehicles [3–5]. There are some achievements in the vibration research of long-span
bridges under train loads in China and abroad.
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In terms of wind–vehicle–bridge research, Li et al. [6–9] used the wind tunnel test of the
vehicle–bridge system section model and self-developed software, BANSYS, to investigate
the longitudinal vibration characteristic of the stiffening girder under wind and traffic
loads, and analyzed the wind dynamic characteristics of bridges and the coupling vibration
characteristics of the wind–vehicle–bridge system. Guo and Montenegro et al. [10,11]
studied the train–bridge coupling vibration of trains with a rendezvous under crosswind
and presented a framework for evaluating the stability of trains moving over a bridge
subjected to crosswinds. Wang and Liu et al. [12,13] simulated the random wind field of
a long-span railway suspension bridge using the numerical wind tunnel technology and
analyzed the influence of the wind attack angle on the dynamic responses of the wind–train–
bridge system. Li et al. [14] established a coupled dynamic model of train, track, and bridge,
analyzed the dynamic responses of long-span suspension bridges under a high-speed train,
and compared the dynamic responses of the bridge and vehicles under different cable
forces on the main cable and sling. Zhai and Han et al. [15,16] studied more complex
situations such as train intersections and wind field changes in bridge tower areas. Zhang
and Olmos et al. [17,18] established an effective dynamic interaction model, discussed
the dynamic responses of the CRH380BL high-speed train, and carried out experimental
verification to study the high-speed traffic safety of a viaduct with high piers under the
transverse turbulent wind. Xiong et al. [19] considered realistic traffic behavior and vehicle
inertia force and proposed a wind-traffic-bridge (WTB) interaction model for predicting the
dynamic performance of the long-span bridge and running vehicles under the crosswind.
Bao et al. [20] established an analytical model of vehicle–bridge coupled vibration for a
suspended monorail system and studied several influencing factors affecting the system’s
health. Bonopera et al. [21] investigated the short-term vibration response of uncracked
prestressed concrete (PC) members under long-age conditions by free vibration tests and
compression tests. Wu et al. [22] developed an iteration algorithm using a finite element
model to find the convergent tension for the suspender with a fixed constraint at the arch
end and verified the feasibility and accuracy of the proposed method with demonstrative
numerical examples, laboratory experiments, and practical applications in real bridges.

For the study on the influence of nonlinear factors, Wang and Zhou [23,24] stud-
ied the dynamics of long-span railway suspension bridges with complex structures and
significant geometric nonlinearity and calculated the displacement and acceleration of
the bridge under different wind loads during the train running on the bridge. Xu and
Huo [25] took the maximum deflection of the main span, the girder end rotation angle,
and the longitudinal deformation of the girder end under live load as the evaluation
indices to analyze the multiparameter influence analysis of the live load geometric non-
linear effect of the main span of 1560 m. Guan, Zhang, and Shan et al. [26–28] used
the finite element numerical simulation method and analyzed the nonlinear aerostatic
responses. Almutairi et al. [29] researched the control problem of nonlinear vibrations
in suspended cables and the bridge deck due to vertical loads moving on the bridge
deck at a constant speed. Nino and Luongo [30] formulated a nonlinear continuous
model of the bridge and analyzed the nonlinear aeroelastic behavior of suspension bridges.
Boonyapinyo et al. [31] formulated the analytical modeling of wind-induced aerostatic
instability, taking into account the three components of displacement-dependent wind
loads, as well as geometric and material nonlinearities. Liu et al. [32] studied a bridge
flutter model with cubic nonlinear stiffness and carried out the qualitative and quantitative
flutter analysis of a long-span suspension bridge with strong nonlinearity in structural
stiffness by an approximate equivalent analytical linearization method. Choi et al. [33]
performed the static analysis of multi-span suspension bridges using deflection theory
and studied it parametrically using influencing line analyses. Petrini [34] assumed that
the slings were damaged elements and studied the action principle of train loads and
wind loads.

Summarizing the research in the current references, it is found that some of the
references calculated the vibration responses of the suspension bridge under the action of
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the vehicle in detail, but few nonlinear factors of the bridge structure were introduced, and
railway suspension bridges were seldom used. Some considered the nonlinear factors of
the structure to a certain extent, but the analyses of the bridge and the trained model were
mainly focused on static analysis, which cannot realistically reflect the dynamic action of
the running train. In addition, the wind’s fluctuating action on the bridge is ignored in
some references. In all of these, this omission creates large gaps between the calculated
results and the actual vibration state of the structure.

In this paper, a long-span suspension bridge scheme with a main span of 1120 m is
taken as an example, and the vibration responses of the bridge considering the influence
of geometric nonlinear factors and both train and wind dynamic actions are calculated by
establishing the dynamic analysis model of the wind–train–suspension bridge coupling
system. A comprehensive analysis frame is formed, and a calculating program is written.
The dynamic responses are simulated in detail, which gives significant reference to ensure
the structural safety, running safety, and comfort of the bridge under wind loads.

2. Long-Span Suspension Bridge Analysis
2.1. Bridge Model

A suspension bridge with a four-lane railway and an eight-lane expressway is designed
to cross the Yangtze River, with a twin-tower and steel-truss girder for the highway and
railway. The design speed of the railway is 250 km/h and the design speed of the highway
is 100 km/h. The total length of the bridge line is 6408.909 m, of which the main span is
1120 m. The configuration of the suspension bridge is shown in Figure 1. The stiffening
girder of the suspension bridge is a Warren-type steel-truss girder with a height of 16 m,
the internode length is 14 m, the main girder width is 26 m, and the bridge tower height is
160 m. The cross-section of the bridge is a double-deck layout scheme, as shown in Figure 2.
The main tower of the bridge structure is shown in Figure 3.
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The finite element model (FEM) of the suspension bridge was established using the
large-scale structural analysis software MIDAS [35], as shown in Figure 4. It is assumed
that the geometry of the main cable is a quadratic parabola under the action of a dead
load, and the finite element types of the bridge model are listed in Table 1. The bound-
ary conditions of the FEM are in consolidation. The values of the first-phase dead load
in the calculated load use the main girder included in the uniform load, calculated at
450 kN/m. In the main cable, the winding wire load is 2.11 KN/m; the inspection aisle load
is 2.0 kN/m; the sling load is 2.8 kN/m; and the cable clamp loads are 3.5 KN/m (midspan)



Buildings 2023, 13, 277 4 of 24

and 1.5 KN/m (side span). The weight of the main tower is automatically calculated by the
MIDAS program according to the section, and the structural coefficient is 1.05. The whole
bridge model has a total of 7777 nodes and 18,532 elements.
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Table 1. FEM types of bridge model.

Bridge
structures

Main
cable

Suspension
cables

Bridge
towers

Bridge
piers

Stiffening
beams

Highway/railway
bridge deck

FEM
types

Link elements
(tension only)

Link elements
(tension only)

Beam
elements

Beam
elements

Beam
elements

Plate elements
(with different

thicknesses)

2.2. Geometric Nonlinearity

The stiffness of the suspension bridge mainly comes from the cables with a consider-
able initial tension of the dead load, and the stiffness of the main beam contributes a small
proportion to the whole bridge. Therefore, the main difference in mechanical properties
between suspension bridges and other bridge structures is that the cables have gravita-
tional stiffness, and they will produce large deformations under the action of external loads.
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Therefore, the internal force and deformation cannot be analyzed by linear theory, and the
influence of component internal force and structural displacement should be considered,
that is, a nonlinear analysis must be used [36].

The geometric nonlinear effects of long-span suspension bridge structures are mainly
reflected in three aspects: the influence of the weight of the main cable, the initial internal
force of the cables, and the large displacement of the structure [37], which will be introduced
as follows:

• Influence of the weight sag of the main cable

The relatively simple method to deal with this nonlinear effect is to correct the elastic
modulus of the cable material, that is, the equivalent elastic modulus is used to reflect the
actual ability of the cable to resist the elastic deformation of the material and the weight
sag. The Ernst formula is used for calculation, and the nonlinear weight sag effect problem
is transformed into a linear problem for analysis. The specific form of the formula is
as follows:

Eeq =
Eeff

1 + (WL)2 AEeff
12F3

(1)

where the meaning of each variable can be found in the reference [38] and will not be
described in detail here.

• Influence of the initial internal force of the cable

The main cable has a certain initial internal force under a constant load so that it can
maintain a certain geometric shape. When the following load is applied, the geometric
shape of the main cable changes, and the internal force of the dead load is resistant to the
deformation of the following state, which is usually called gravity stiffness. Usually, when
the suspension bridge is analyzed, the weight of the main cable and the initial internal
force generated by the dead load in the main cable and sling under the completed state is
calculated, and the structural stiffness is obtained by applying the initial internal force and
changing its geometric shape.

• Influence of a large displacement of the structure

A suspension bridge structure is usually discretized into a three-dimensional finite
element model consisting of beam, rod, and plate elements.

As an example, the displacements corresponding to the x, y, and z coordinate axes
of the spatial beam element are represented by u, v, and w, respectively. The geometric
nonlinear relationship between strain and displacement is considered [39]:

εx =
∂u
∂x

− y
∂2v
∂x2 − z

∂2w
∂x2 +

1
2

[(
∂u
∂x

)2
+

(
∂v
∂x

)2
+

(
∂w
∂x

)2
]

(2)

where the last term in the formula is the nonlinear term, which represents the strain due to
the interaction of bending and axial deformations, and the first three terms are the strain
due to axial and bending displacement.

Considering Hooke’s law σ = Eε, the potential energy of the element can be calculated
using the following formula

V =
1
2

∫ ∫ ∫
V

σxεxdV (3)

where the items in Equation (3) are expanded and simplified, and the stiffness matrix of the
element can be obtained as

Ke= Ke
E+Ke

G (4)

where Ke
E represents the element stiffness matrix during bending deformation, and Ke

G
reflects the geometric nonlinear characteristics of the element, and is called the element
geometric stiffness matrix.
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The nonlinear relationship between the displacement and strain of the bridge structure
is considered to calculate the vibration responses of the bridge by considering the influence
of large structural displacement to a certain extent. Therefore, the dynamic equilibrium
differential equation in the finite element calculation should be rewritten as:

Mb
..
Xb+Cb

.
Xb+Kb(Xb)Xb= Fb (5)

where Kb(Xb) represents the stiffness matrix related to structural deformation, and is a
function of displacement, Kb(Xb) = KE + KG(Xb).

Since the displacement of the bridge is always changing with the action of the train
and wind loads, the stiffness matrix of the bridge Kb is a function of the displacement Xb.
In the nonlinear dynamic calculation of the structure, it is necessary to obtain the stiffness
matrix through repeated iterative calculations. The other matrices, such as Mb and Cb, are
consistent, and the fixed values remain unchanged throughout the calculation process.

Because suspension bridges are widely used in highway bridges, the dead load ac-
counts for a large proportion of the external load of the structure, and the cables of the
bridge have been tightened under the action of the dead load. There is little possibility of
large deformation caused by the action of car load, so the current calculation of the geo-
metric nonlinear dynamic problems of suspension bridges is limited to the initial internal
force under constant load and the effect of cable sag. The train loads on the suspension
bridge will cause a large deformation of the structure, so ignoring the influence of the large
displacement would cause a relatively large deviation in the calculated results.

2.3. Bridge Modal Analysis

• The structural internal forces caused by weight and dead load are applied to the
cables of the suspension bridge, and the elastic modulus of the suspension bridge
is iteratively calculated and corrected by the Ernst formula. The first 50th natural
frequencies and vibration modes of the bridge are solved by the subspace iteration
method. It can be seen from the calculation results that the first 50th natural frequencies
of the suspension bridge are very close, varying between 0.0898 Hz and 1.3563 Hz.
The first 10th vibration frequencies and the main vibration mode characteristics are
listed in Table 2, and the schematic diagram of some vibration modes is shown in
Figure 5. The first mode of the bridge is the lateral vibration of the main girder, with
a corresponding frequency of 0.0898 Hz. The vertical vibration of the main girder
appears in the fourth mode, with a frequency of 0.1885 Hz. The first torsional of the
main girder appears in the 10th mode of the structure at a frequency of 2.3720 Hz.
Through finite element modeling and natural vibration analysis, it can be seen that
the natural frequencies of the bridge are very low, and it is prone to vibrate due to the
excitation of external vehicle loads and wind loads.

Table 2. Mode of vibration and frequency.

Mode Shape Frequency (Hz) Mode Shape Characteristics

1 0.0898 Lateral symmetrical vibration of the main beam and main cable, half-wave
2 0.1784 The vibration of the main cable, half-wave
3 0.1804 Lateral vibration of the main cable, half-wave
4 0.1885 Vertically symmetrical vibration of the main beam, half-wave
5 0.1893 Vertical antisymmetric vibration of the main beam, whole-wave
6 0.2266 Lateral antisymmetric vibration of the main beam, whole-wave
7 0.3174 lateral vibration of the main cable, whole-wave
8 0.3235 Vertical symmetrical vibration of the main beam, whole-wave and half-wave
9 0.3312 Lateral vibration of the main cable, whole-wave

10 0.3720 Torsional symmetrical vibration of the main beam, accompanied by lateral vibration, half-wave
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3. Wind–Train–Bridge Interaction Model

The dynamic interaction between vehicle, wind, and bridge is quite complicated. A
corresponding analysis model consisting of three relatively independent and mutually cou-
pled parts, the trained model, the bridge model, and the wind loads model, is established,
as shown in Figure 6. The bridge model has been introduced in the previous section, and
will not be repeated in this section.
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Figure 6. Dynamic model of the coupled wind–train–suspension bridge system.

3.1. Wind Loads Model

The rivers and strait areas where suspension bridges are built generally have large
winds, and the dynamic effects on the suspension bridge and the running train cannot
be underestimated.
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The wind loads acting on the bridge can be divided into three parts: static wind,
buffeting wind, and self-excited wind.

The static wind force is related to the average wind velocity, the cross-sectional size,
and the configuration of the bridge. It is constant in the whole calculation process and can
be directly applied on the right side of Equation (5). The buffeting wind force is caused by
the fluctuating wind and it is the random function of the change in the domain which is
related to the fluctuating wind velocity, the external dimensions of the bridge structure,
and other parameters. The self-excited wind force is a function of the bridge movement
and displacement, which can only be considered in the iterative calculation of the program.

The buffeting wind forces acting on each point of the bridge are calculated according to
the formula in [4]. In the calculation, the width of the bridge deck is 26 m, and the distance
between the simulated wind velocity points is 14 m. The drag, lift, moment coefficients,
and their first derivatives at zero attack angle are 0.904, 0.301, 0.044, 0.1268, 9.827, and
0.9705, respectively, determined by reference [40]. The wind loads acting on the bridge are
simplified as the static wind force Fst caused by the average wind, the buffeting wind force
Fbf caused by the pulsating wind, and the self-excited wind force Fse due to the interaction
between the wind and the bridge or vehicle motion. Usually, the static wind force Fst and
the buffeting wind force Fbf are considered acting on the vehicle, and the formulas are
as follows:

Fst
vi =


Fst

vD
Fst

vL
Fst

vM

 =


1
2 ρAU2

RCD(ψ)
1
2 ρAU2

RCL(ψ)
1
2 ρAU2

RHCM(ψ)

(6)

where Fst
vD, Fst

vL, and Fst
vM are the drag, lift, and moment caused by static wind on the centroid

of the car-body surface, respectively; ρ is the air density; A is the effective windward area,
which is approximately equal to the whole windward area of the car body; H is the height
from the centroid of the car-body surface to the bridge deck; and CD, CL and CM are
the coefficients of drag, lift, and moment, respectively, which are functions of the wind
direction. Additionally,

Fbf
vi =


Fbf

vD
Fbf

vL
Fbf

vM

 (7)

where, Fbf
vD, Fbf

vL, and Fbf
vM are, respectively, the drag, lift, and moment acting on the centroid

of the car-body surface and caused by buffeting wind.
In this paper, the wind velocity simulation of 109 nodes on the main girder of the

long-span suspension bridge was carried out. To consider the wind effect before the train
arrives and after it leaves the bridge, 30 wind velocity points were added both in front
of the bridge and along the rear of the bridge. The distance between the nodes is 14 m,
kept the same as the beam trusses, and the wind velocity sample length is 600 s. When
the average wind velocity is 20 m/s, the simulated lateral and vertical wind velocity time
histories are shown in Figure 7, and the buffeting wind load time histories at the main span
of the bridge are shown in Figure 8.

3.2. Train Model

Railway trains are composed of locomotives and passenger cars, so the train can be
discretized into a series of train models with different structural parameters. Each train
is composed of one car body, two bogies, four wheelsets, and the spring and damping
connections between the three components. The train model is shown in Figure 9 [41]. It
is assumed that the car body, bogie, and wheelsets are all rigid components, neglecting
their elastic deformation during vibration. Each car body or bogie has five DOFs to be
considered, including lateral, roll, yaw, float, and nod. The three DOFs of lateral, roll, and
float are to be considered for each wheelset. The calculation DOFs of each train are 27.
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In the model, it is assumed that the wheelset displacement of the train model is
composed of the displacement of the bridge at its location, and the corresponding wheel
hunting and track irregularity. The three DOFs of the wheelsets are not independent and
they need to be calculated. Therefore, each train has 15 independent DOFs for the car body
and front–rear bogies.

The dynamic equilibrium differential equation of one train model can be derived from
the Lagrange equation [4] as follows:Mcc 0 0

0 Mt1t1 0
0 0 Mt2t2




..
Vc..
Vt1..
Vt2

+

Ccc Ct1c Ct2c
Cct1 Ct1t1 0
Cct2 0 Ct2t2




.
Vc.
Vt1.
Vt2

+

Kcc Kt1c Kt2c
Kct1 Kt1t1 0
Kct2 0 Kt2t2


Vc
Vt1

Vt2

 =


Fc
Ft1

Ft2

 (8)

where M, C, and K represent the mass, damping, and stiffness matrix of the train subsystem,
respectively; the subscripts c, t1, and t2 represent the car body, front bogie, and rear bogie,
respectively; V,

.
V and

..
V represent the displacement, velocity, and acceleration vector,

respectively; and F is the external force vector on the train. The specific form of each matrix
in the formula can be found in reference [42], which will not be repeated in this paper.

When the parameters of one train model are given, its mass matrix, damping matrix,
and stiffness matrix are all constant. For different types of locomotives and trailers, the
corresponding parameters such as mass, stiffness, damping, size, etc., can be written into
an input text for the calculating program according to their actual grouping.

3.3. Wind–Train–Suspension Bridge System Calculation

When the geometric nonlinear factors of the bridge are considered, the motion equation
of the wind–train–bridge system can be expressed as{

Mb
..
Xb+Cb

.
Xb+Kb(Xb)Xb = Fbv + Fst

b + Fbf
b + Fse

b
Mv

..
Xv+Cv

.
Xv+KvXv = Fvb + Fst

v + Fbf
v

(9)

where the subscripts b and v represent bridge and train, respectively; Fst, Fbf, and Fse are
the static wind force, buffeting force, and self-excited force, respectively; and Fvb and Fbv
are interaction forces between the train and the bridge.

The train model and the bridge model are coupled through the forces acting on the
bridge deck by the wheelsets. The wind and bridge systems are coupled through the
iterative calculation of the self-excited wind force. The interaction between the three is
shown in Figure 10.
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The bridge data input files are formed by the bridge’s natural vibration frequency
and vibration shape calculated by the MIDAS. The train parameters, track irregularity,
and wind loads data are written in the input file to be read by the written FORTRAN
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program. According to the formula in reference [42], the M, C, and K matrix, and the F load
vector of the bridge and vehicle are calculated and the vehicle–bridge dynamic equilibrium
differential equation of Equation (9) is formed and solved. The specific calculating process
is shown in Figure 11. Finally, the bridge calculation program NWVB.FOR is developed by
the FORTRAN Language.
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Figure 11. The function of the FORTRAN calculation program.

The train runs for 10 s under the excitation of track irregularity before boarding. The
calculation process of solving the dynamic responses of the train and the bridge in each
time step is shown in Figure 12, where cycle j is used to recalculate the structural stiffness
based on the bridge displacement. Compared with the constant-value structural stiffness
in the linear calculation, the nonlinear calculation is relatively slow, and the integration
process is prone to nonconvergence, so the calculated efficiency is quite low.
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4. Wind–Train–Bridge Coupling Vibration Calculation

In this section, the influence of geometric nonlinear factors on the vibration responses
of the suspension bridge is studied by calculating the long-span suspension bridge.
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4.1. Analysis of the Nonlinear Influence of the Large Displacement of the Structure

In the design stage of the suspension bridge scheme, the internal force state of the
structure under the action of weight is approximately taken as the initial state of the nonlin-
ear analysis, and the weight sag of the main cable is corrected by the Ernst formula. The
influence of these two nonlinear factors is fully considered when establishing the finite
element model. The large displacement factor of the suspension bridge structure is calcu-
lated in the integration process. In order to analyze the influence of the large displacement
effect on the vibration characteristics of the system, the wind–train–bridge coupling vibra-
tion calculation program WVB.FOR and the nonlinear train–bridge calculation program
NWVB.FOR are written. In the calculation, the main point number of the key positions of
the bridge is shown in Figure 13.
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Figure 13. Output points of the bridge’s dynamic responses.

The train running on the bridge is composed of one SS8 locomotive followed by
18 passenger cars; the train speed is 100 km/h; the track irregularity is the American
class-5 spectrum; the bridge structure damping ratio is 2%; the average wind velocity is
10 m/s. The integral step is 0.005 s, which is determined according to the running speed
and program convergence. The maximum displacements of each bridge node obtained
by the linear and nonlinear calculation programs are listed in Table 3, and the displace-
ment and acceleration time history curves of some nodes at the main span are drawn in
Figures 14 and 15.

Table 3. Maximum dynamic responses of the bridge.

Calculation Conditions
Node Location

¬ ­ ® ¯ °

Linear
calculation

results

Vertical displacement/cm 0.13 2.10 58.62 40.29 59.68

Lateral deformation/cm 0.40 0.44 11.13 18.56 11.28

Torsional displacement/(×10−3/(◦)) 1.17 0.37 3.94 7.08 52.22

Vertical acceleration/(cm/s2) 0.15 2.33 27.93 26.88 28.78

Lateral acceleration/(cm/s2) 2.46 1.07 4.19 4.56 4.91

Torsional acceleration/(×10−3/(◦/s2)) 4.66 2.33 25.45 36.50 25.61

Nonlinear
calculation

results

Vertical displacement/cm 0.13 2.01 52.98 37.93 52.72

Lateral deformation/cm 0.39 0.43 10.85 18.09 11.00

Torsional displacement/(×10−3/(◦)) 1.16 0.36 3.93 7.03 51.33

Vertical acceleration/(cm/s2) 0.15 2.30 27.91 26.63 27.97

Lateral acceleration/(cm/s2) 2.45 1.04 4.01 4.35 4.82

Torsional acceleration/(×10−3/(◦/s2)) 4.66 2.29 25.37 36.50 25.73

Nonlinear
difference

Vertical displacement (%) 0 4.3 9.6 5.9 11.7

Lateral deformation (%) 2.5 2.3 2.5 2.5 2.5

Torsional displacement (%) 0.3 1.1 0.4 0.7 1.5

Vertical acceleration (%) 0 1.3 0.1 0.9 2.8

Lateral acceleration (%) 0.4 2.8 4.3 4.6 1.8

Torsional acceleration (%) 0 1.7 0.3 0 −0.5

Note: Difference = 100% × |linear result-nonlinear result|/linear result; train speed 100 km/h, wind velocity 10 m/s.
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It can be seen from Figures 14 and 15 that:

• As the first lateral vibration mode of the bridge structure is symmetrical, the maximum
lateral deflection occurs at point ¯, which is in the middle of the main span of the
bridge. Since the first vertical mode of the bridge is the antisymmetric vibration, the
maximum vertical displacement occurs, therefore, at points ® and ° in the middle of
the 1/4 span. The calculation results keep the same with the vibration tendency of the
bridge, which shows that the calculation program has good reliability.

• The large displacement nonlinear factor has little effect on the changing tendency of
the displacement and acceleration time history curves of the suspension bridge.

• After considering the nonlinear factors of the suspension bridge structure, the dis-
placements and accelerations of the bridge will be significantly smaller than the linear
ones. The maximum difference of lateral deformation is 2.53%, and the vertical dis-
placement is 9.62%, which indicates that when the large displacement effect of the
structure is considered, the total stiffness of the structure increases due to the existence
of geometric stiffness, and the vibration responses are slightly lower than that when
nonlinear factors are not considered.

• Compared with the change in acceleration time history curves of each node in
Figures 13 and 14, the bridge displacement curves are more obviously changed. Since
the first mode of the bridge is lateral, the lateral mode appears more frequently in the
first 50th vibration modes. It can be found from the comparison between b and d that
the lateral vibration acceleration of the bridge changes more obviously.

Through the above calculation, it can be seen that the nonlinear factors of large
displacement have an obvious influence on the dynamic behavior of the suspension bridge
structure under the train and wind loads, which should be considered in the calculation.
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4.2. Analysis of the Influence of Wind Velocity Changes

The vibration responses of the bridge are calculated when the vehicle speed is
100 km/h and the average wind velocity increases from 0 to 30 m/s. The time history
curves of displacement and acceleration are at points ®, ¯, and °, and their changing
tendency with wind velocity are shown in Figures 16–19. The corresponding maximum
responses of each node are shown in Table 4.
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It can be seen from the lateral deformation time history curve of the bridge in Figure 16
that the lateral deformation of the midspan point ® is much larger than that of the 1/4
midspan point ¯, which conforms to the vibration law of bridge natural vibration modes.
Based on the data in Table 3, it can be seen that without considering the wind loads, the
lateral deformation of point ® caused by the yaw force of the train is 3.0 cm, and the dis-
placement of point ¯ and point ° is close to the maximum of 1.7 cm and 2.1 cm, respectively.
However, if the wind velocity increases to 30 m/s, the maximum displacement of point
® reaches 114.8 cm, and points ¯ and ° also reach 73.9 cm and 75.5 cm, respectively, an
increase of 38 times, 43 times, and 36 times. The slope of the maximum lateral deformation
with wind velocity in Figure 16c is very large, which proves the sensitivity of the long-span
suspension bridge lateral deformation to wind loads.

• The vertical displacement time history curves of the bridge and the changing tendency
of the maximum with the wind velocity are plotted in Figure 17. It can be seen that
when the wind velocity is small (≤20 m/s), the vertical displacement of the bridge is
not very sensitive to the wind loads. The time history curves of vertical displacement
under different wind velocities in Figure 17a,b are close. The maximum vertical
displacement of the bridge decreases slightly due to the wind loads. The maximum
vertical displacement of the bridge at point ® and point ¯ is 39.8 cm and 53.5 cm,
respectively, without wind load. However, when the wind velocity increases to
20 m/s, the maximum vertical displacement of the bridge decreases to 35.2 cm and
53.0 cm, which can reflect the lift effect of the wind loads. However, when the wind
velocity exceeds 20 m/s, the suspension bridge appears buffeted under the effect
of the wind loads and the vertical vibration will intensify. The maximum vertical
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displacement of some nodes will show an increasing tendency, which can be clearly
seen in Figure 17c.
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(a) Point ④ 

Figure 17. Changing tendency of the bridge’s vertical deflection with the wind.

The lateral and vertical vibration acceleration time history curves of the bridge and
the changing tendency of the maximum with the wind velocity are plotted in
Figures 18 and 19, respectively. It can be seen that when there are no wind loads, the
maximum lateral acceleration at point ® is 3.9 cm/s2, and at point ° it is 0.5 cm/s2, but
when the wind velocity increases to 30 m/s, the maximum values of points ® and ° are
increased to 51.0 cm/s2 and 43.1 cm/s2, an amplification of 13 times and 86 times, respec-
tively; the amplification of the corresponding maximum vertical acceleration is 7 times and
8 times, respectively. The maximum values of vertical and lateral acceleration of the bridge
increase sharply with the wind velocity.
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Figure 18. Changing tendency of the bridge lateral acceleration with the wind.

It can be seen from Figures 18 and 19 that the influence of the train on the vibration
acceleration responses of the bridge has completely subsided due to the responses caused
by the wind loads, which once again proves the sensitivity of the long-span suspension
bridge to wind load.

4.3. Comprehensive Analysis of Wind Velocity and Train Speed

When the train passes the bridge at the speed of 100–200 km/h and the corresponding
mean wind velocity ranges from 0 to 30 m/s, the vibration responses of the bridge under
the action of different train speeds and average wind velocity are calculated. The changing
tendency of the maximum responses of the bridge with train speed and wind velocity are
plotted in Figures 20 and 21.
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Figure 19. Changing tendency of the vertical acceleration with the wind.

Figures 20 and 21 show that the vibrating responses of the long-span suspension
bridge under the simultaneous action of the train and wind loads are as follows:

• The vertical displacement of the bridge is mainly caused by the weight of the train,
and the train speed and the average wind velocity have little influence on it.

• When the wind loads are not considered, the maximum lateral deformation of the
bridge under the action of the train loads is 25.34 cm, while under the action of wind
loads, the lateral deformation increases greatly, and its maximum value reaches 114.8 cm.

• Wind velocity and train speed have a great influence on both the vertical acceleration
and lateral acceleration of the bridge.

It can be seen from the above analysis that the lateral deformation of the bridge is more
prone to be affected than the vertical displacement under wind load actions. Both the train
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speed and wind velocity have a great influence on the vibration responses of the long-span
suspension bridge. When the vibration response analyses of the wind–train–bridge system
are carried out, all kinds of working conditions should be fully considered. Therefore,
the most dangerous load combination can be obtained, and the most effective wind and
vibration resistance design can be implemented accordingly.

Table 4. Maximum bridge responses vs. wind velocity.

Node Responses
Wind Velocity (m/s)

5 10 15 20 25 30

Point ®

Vertical displacement/cm 53.5 53.1 53.0 53.1 53.0 55.0 63.5
Lateral deformation/cm 1.7 3.4 10.9 23.3 42.6 69.3 73.9

Vertical acceleration/(cm/s2) 5.5 26.8 27.9 30.0 32.4 37.9 44.6
Lateral acceleration/(cm/s2) 2.3 1.9 4.0 18.8 22.1 39.3 47.9

Point ¯

Vertical displacement/cm 39.8 39.3 37.9 36.3 35.2 32.6 30.3
Lateral deformation/cm 3.0 5.7 18.1 38.6 67.9 100.8 114.8

Vertical acceleration/(cm/s2) 4.5 25.6 26.6 28.4 30.9 30.3 34.1
Lateral acceleration/(cm/s2) 3.9 3.3 4.4 19.9 28.8 32.1 51.0

Point °

Vertical displacement/cm 53.8 53.0 52.7 5 2.9 53.3 58.3 71.7
Lateral deformation/cm 2.1 3.6 11.0 3.4 40.2 59.0 75.5

Vertical acceleration/(cm/s2) 5.5 27.0 28.0 29.3 31.2 34.9 48.0
Lateral acceleration/(cm/s2) 0.5 1.3 4.8 19.4 19.6 33.7 43.1
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5. Conclusions

In this paper, the geometric nonlinear factors of the suspension bridge structure are
considered, a wind–train–suspension bridge dynamic analysis model is established, and
the influences of the large displacement factor of the structure, wind velocity, and train
speed on the dynamic responses of the suspension bridge are calculated in detail. The
conclusions are as follows:

• The large displacement nonlinear factor of the structure does not affect the changing
tendency of the displacement and acceleration time history curves of the bridge, but it
will reduce the calculated value more than those under the linear factors. The error in
the vibration acceleration of the bridge is smaller than that of the displacement when
considering the large nonlinear displacement of the structure.

(1) The suspension bridge’s natural frequency is very low; it is very sensitive to wind
loads and it is easy to produce wind–train–bridge coupling vibration. When the
wind velocity is small, the vertical displacement of the bridge is mainly affected
by the gravitational force loading of the vehicle; when the wind velocity is large
(≥20 m/s), the buffeting effect of the bridge caused by the wind will induce a large
vertical displacement.

(2) The changes in train speed and average wind velocity have a great influence on the
maximum bridge displacement. The vertical and lateral accelerations of the bridge
increase sharply with the wind velocity, and the bridge vibration caused by wind
loads far exceeds the train’s effect.

Therefore, when long-span railway suspension bridges are designed, the vibration
responses under the simultaneous action of the wind and train loads should be simulated,
and the nonlinear coupling effect of the wind–train–bridge system should be considered to
ensure the safe operation of the bridge and train. This research can provide a reference for
the design and operation of long-span suspension bridges. For the long-span suspension
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bridge, the coupling effects of multilane traffic load conditions, as well as field testing will
be further studied in the future.
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