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Abstract: Based on the paucity of studies on the analysis of the coupled vibration response of the
train-track-overhead System, in this article, finite element software ABAQUS was integrated with
multi-body dynamics software, Universal Mechanism (UM), to construct a joint simulation model
of the train-track overhead system under a railway line, with the focus on the investigation of
the influence of different track irregularity levels, speeds and damping coefficients on the coupled
vibration response of the vehicle-track-overhead system. The findings demonstrate that the response
of the train body is sensitive to track irregularity, which primarily impacts the safety index of train
operation. The results also suggest that the level of track irregularity should be rigorously regulated
above AAR5 during construction. The train-track-overhead system functions well and satisfies the
overhead system’s design requirements when the train travels through the reinforced line at a speed
of no more than 60 km/h. When the train speed is 100 km/h, the vertical acceleration exceeds the
limit for the “I” overhead system. There is a possibility of excessive lateral acceleration of the train
body and excessive lateral force of the wheel and rail when the train speed is greater than 60 km/h,
which endangers the safety of the driver. While it has little effect on the mid-span and vertical
displacements, the damping factor of the bridge has a substantial impact on the vertical acceleration
and mid-span acceleration of the vertical and horizontal beams. The study’s findings provide
useful guidance.

Keywords: overhead system; train-track-overhead system; vibration response analysis; finite element;
dynamic interaction

1. Introduction

The earliest study on the vibration of the train bridge coupling system of a railway
bridge is the research paper on train bridge vibration that Willis submitted in 1849. The
report made note of the fact that the effect of a moving load will cause the bridge to
vibrate and that, under the same circumstances, the stress and displacement induced
by the moving load are greater than those caused by a static load. Therefore, it may be
concluded that the vibration brought on by a train passing through the bridge is what
caused the Chester railway bridge in England to collapse. A three-dimensional (3-D) model
for train-track-bridge interaction was put out by Xu and Zhai [1] using novel techniques
and the foundations of strongly coupling theory. They also built a coupling matrix for
the track-bridge finite element system and developed a flexible method for coupling the
track and the bridge and solved the matrix formulations by taking wheel-rail separations
into account. Zhang and Xia [2] proposed an inter-system iteration method for dynamic
analysis of coupled train–bridge systems. In this approach, the dynamic responses of
the training subsystem and bridge subsystem are solved independently; iteration within
time-step is avoided, computation memory is saved, programming effort is decreased, and
the bridge subsystem may easily be implemented using commercial structural analysis
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tools. Zhu et al. [3] proposed a linear complementary method to describe the wheel-rail
separation in train bridge dynamic interaction, which can avoid the traditional trial and
error iterative process in two-dimensional space. Fedorova and Sivaselvan [4] created a
robust algorithm for analyzing train track structure interaction, in which the train and
substructure are modeled separately and then coupled by contact force via the Lagrange
multiplier. Subsequently, Zeng et al. [5] proposed a train bridge interaction dynamic
analysis scheme based on a local Lagrange multiplier that allowed for the partitioning and
non-iterative dynamic analysis of train and bridge subsystems. Azimi et al. [6] proposed a
new structural characteristic formula of train bridge interaction elements that can more
realistically capture the response of the bridge and train.

Except for the advancement in coupling train-bridge interactions, recently, the focus
of research has shifted to the vibration of structures subjected to train bridge coupling.
Deshan [7], based on the background of the Yujiang bridge in the Nanguang line, established
a refined numerical simulation model for coupled vibration analysis of a train-bridge
system. The space vibration responses are calculated by co-simulation based on multi-body
system dynamics and the finite element method when the ICE EMU train passes the long-
span cable-stayed bridge at different speeds. Cheng [8] established a complete vertical
analysis model of the train track bridge coupling system and the vibration differential
equations of the coupling system. The influence of track irregularity level, train running
speed, and train suspension parameters on the dynamic response of the train track bridge
coupling system are analyzed and compared, and the sensitive irregularity wavelength
range of trains at different speeds is obtained. The results show that the higher the train
speed, the greater the ride comfort index, and the longer the irregularity wavelength, the
larger the influence range. Zeng [9] transformed the track irregularity excitation into virtual
excitation using the virtual excitation method of random vibration, and by using MATLAB
software, he was able to resolve the virtual response problem with the system by employing
numerical separation and iteration. Later, the time-varying power spectrum and standard
deviation of the train and bridge subsystem’s random response were obtained, and the
system’s random vibration properties were examined. Gao [10] developed a dynamic
analysis model for the spatial coupling system of a high-speed train ballast-less track
bridge based on the construction background of Guangzhou Zhuhai railway’s Xi Jiang
extra-large continuous beam bridge and performed a vibration simulation analysis of the
train track bridge system, with track irregularity serving as a vibration excitation source.
The dynamic responses of trains and bridges at various speeds and track irregularity levels
are calculated, and a preliminary discussion of the relationship between dynamic response
values and train speed and track irregularity levels is conducted. Based on nonlinear Hertz
contact theory, Yang [11] developed a finite element model of train track bridge vertical
vibration, derived the rail bridge coupling element of arbitrary length combination, and
investigated the impact of track and bridge element length. The findings indicate that using
a larger bridge element and improving the track element can achieve the required accuracy
and efficiency and that the length of the track element affects the calculation’s outcome.
There must be a minimum of two-track units per minimum train wheelbase. Chu [12]
and Batti [13] divided the train bridge system into two subsystems, established train and
bridge motion equations for each, and connected them through wheel-rail interaction to
study the vibration response of a truss bridge under train action. This model has been
widely adopted and applied by researchers worldwide, having a significant impact on
modern train bridge vibration theory. Zhai [14] used numerical analysis techniques and
track irregularity samples as systematic excitation to investigate the dynamic performance
of a large steel truss arch bridge and track under train operation. The findings show that
the train track bridge dynamic interaction theory can be used to assess and evaluate the
dynamic behavior of complex bridge structures in actual high-speed railway engineering.

It is clear from the published works that the theory and method of train-track-bridge in-
teraction have been gradually perfected. The theoretical investigation establishes a research
foundation for the vibration response of train-track-bridge interaction to bridge structure
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and train. However, there are still some gaps in the study of dynamic characteristics of
temporary structure railway line reinforcement systems under train-track-bridge coupling
during construction in terms of coupled response. This paper takes the Longhai railway
overpass project on Jingjiu road as an example, with the overpass project adopting the
structural form of a framed underpass. To ensure the safety of the upper and lower struc-
tures during the construction of the underpass bridge structure, it is necessary to study the
dynamic performance of the overhead system of the superstructure. This paper combines
MIDAS/civil software, ABAQUS finite element software, and multi-body dynamics soft-
ware Universal Mechanism (UM), analyzes the vibration response of the overhead system
under the coupling effect of the vehicle track overhead system, and investigates the impact
of track irregularity, train speed and bridge damping coefficient on the dynamic response
of the train track overhead system to provide a new modeling idea for the research of
train-track -bridge systems, guiding the design of this type of structure, and guaranteeing
the structural safety.

1.1. Overhead System Model
1.1.1. Overhead System Parameters

The Jingjiu-Longhai railway overpass is built in the form of a crossing ground bridge.
During construction, horizontal and vertical beams are used to reinforce the existing
track. Meanwhile, the train passing through this section is limited to a maximum speed of
45 km/h. The overhead railway line is 80 m long, with 10 × 8 m continuous steel structural
beams used for reinforcement. The longitudinal beam is made of I100 I-beam, and the
transverse girder is made of I56b I-beam, with four transverse spans (12 m and 9 m) and
four ordinary beret plates forming a group. The transverse spans (12 m and 9 m) are
referred to as “I aerial system” and “II aerial system”, respectively. Figures 1 and 2 show
cross-sections and elevations.
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Figure 1. Cross-section of an overhead system (unit: mm): (a) Cross-section of type I overhead sys-
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(b) Cross-section of type II overhead system.
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(b) Elevation of type II overhand system.

This study uses the T60 rail type, which has the equivalent rectangular section,
equivalent height h, and equivalent width b. The T60 rail has an elastic modulus (E) of
2.059 × 1011 MPa. Then:

b h = A (1)

bh3/12 = Jy (2)

where: A-rail section area, value A = 77.45 cm2.
Jy-second moment of area, value Jy = 3217 cm4.
Simultaneous Equations (1) and (2) are obtained. b = 0.0347 m, h = 0.223 m. The rail

equivalent is shown in Figure 3.
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Figure 3. Model of equivalent rectangular rail beam (unit: m).

The sleeper type is the speed-up line sleeper (type II), and the basic parameters are
shown in Table 1.
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Table 1. Basic parameters of sleeper.

Main Type Sleeper Quality
Ms (kg)

Sleeper Length
Ls (m)

The Average
Width of the

Bottom Surface
lb (m)

Effective
Support Length

(Half Pillow)
le (m)

Speed-up line
sleeper (type II) 251 2.5 0.273 0.95

Tables 2 and 3 display the precise dimensional parameters of I100 I-beams and I56
I-beams. Material 16 Mn; chord 2I10a; channel steel (C100 48 5.3/8.5, spacing 8 cm); web
I8 (H = 80 mm, B = 50 mm, Tf = 4.5 mm, Tw = 6.5 mm) are the specifications for the
Bailey plate transverse beam. The Bailey plate’s connection is made with a pin. The “W”
arrangement of T-shaped steel is used to reinforce the reinforcement system, and the type of
T-shaped steel used is T75-150 × 7 × 10 (h = 75 mm, b = 150 mm, Tf = 10 mm, Tw = 7 mm).
This ensures the transverse stability of the longitudinal and transverse beams. Figure 4
illustrates specific material dimension information.

Table 2. Calculation parameters of the strengthened longitudinal beam.

Name Type
Elasticity
Modulus

(Pa)

Poisson’s
Ratio

Moment of
Inertia

(m4)

Acreage
(m2)

Altitude
(m)

Density
(kg/m3)

I-beam I100 2.1 × 1011 0.3 9.23 × 10−3 6.56 × 10−2 1 7800

Table 3. Calculation parameters of reinforced beam.

Type
Size (mm) Acreage

(cm2)h b d t r r1

I56b 560.0 168.0 14.5 21.0 14.5 7.3 146.635
I100 1000 360 40 40 / / 656.00
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Figure 4. Material dimension details (unit: mm): (a) I100-I beam. (b) I56b-I beam. (c) T75 steel.
(d) Steel sleeper beam (B200 × 200 × 480). (e) A section of Bailey.

1.1.2. Model Building and Boundary Processing

The overhead system has a total length of 80 m and a standard span of 8 m. For the
consideration of calculation efficiency, the influence of the three-span overhead system
was calculated. The total length of the overhead architecture model along the track line
direction is 24 m, which is divided into 12 m and 9 m along the road direction of the
frame bridge. The 12 m transverse girder was arranged in two spans of 7 m + 5 m. A B32
three-dimensional beam element was used to discretize the structure. The concrete sleeper
has little effect on the stiffness of the structure, which is simplified in the model as a mass
element applied to the relevant rail beam joints. The joints are rigidly joined, and nodal
plates and rivets were not taken into consideration. The finite element numerical models of
the two types of overhead systems are shown in Figure 5.

1.1.3. Model Validation

Software for finite element analysis of the overhead system model was created using
Midas/Civil and ABAQUS. The two calculation models underwent eigenvalue analysis,
and the validity of the models was confirmed by contrasting the analysis’s findings. The
first ten main modes of the “I” overhead system are shown in Table 4.
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aerial system. (b) A cross model diagram type II aerial system.

Table 4. Vertical forward tenth order modal characteristic frequency.

Modality Midas/Civil (Hz) ABAQUS (Hz) Deviation

1 23.206 24.239 4.44%

24 25.892 27.705 3.17%

3 26.841 28.981 4.25%

4 29.367 30.568 4.09%

5 30.818 32.625 5.87%

6 33.298 37.538 3.72%

7 36.877 41.804 2.55%

8 46.620 45.762 1.84%

9 48.576 48.211 0.74%

10 50.310 53.507 6.34%

The first five primary modes of the overhead system are compared in Figure 6a–e.
On the left is the result of the ABAQUS calculation, and on the right is the result of the
MIDAS/civil calculation. The first ten natural vibration periods of the models created by
the two software programs are not different, as can be seen from the eigenvalue analysis
data and vibration mode diagram in the above table. This shows that the simulation of the
overhead system’s mass and stiffness is essentially consistent, and it can be determined
that the models created by Midas/civil and ABAQUS are essentially accurate.
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Figure 6. Comparison of vibration modes calculated by ABAQUS and Midas: (a) First order mode.
(b) Second order mode. (c) Three order mode. (d) Four order mode. (e) Five order mode.
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1.2. The Training Model

There are two different types of single-section train modeling, for freight trains and
passenger trains, respectively. The choice of normal-speed trains and heavy-load trucks is
mentioned in reference [15]; the heavy-load truck uses C80 in this paper. The trained model
is created to determine the characteristics of each train component as well as the connection
relationships between each component based on the rigid body establishment, force element
definition, constraints application, and determination of wheel and rail contact. Later, the
equation for the dynamics of the train system is assembled and created [16]. The train
modeling makes three assumptions: (1) the train body, bogie, and wheel equivalent train
components are rigid bodies; (2) each part of the train body is symmetric about the train
body’s axis; and (3) the connection between bogie and wheelset, bolster, and train body only
considers linear performance, which is simplified as the spring plus damping structure.

The train is composed of three parts: wheelset, bogie, and body. One train has two
bogies, each bogie has two wheelset systems, bogies, and wheelset between the suspension
for a suspension system, the suspension between the train body and the bogie for two
suspension systems (freight train, only one suspension), and body weight through the
bogies and wheelset to the rail to bridge structure. To summarize, a train is made up of
seven rigid bodies: the body, the front and rear frames, the first-round pair, the second-
round pair, the third-round pair, and the fourth-round pair. Each rigid body is thought
to have six degrees of freedom. Figure 7 depicts the degrees of freedom of the wheelset.
Each rigid body in the system has five degrees of freedom, while each passenger train or
truck train has 35 degrees of freedom (not including the rigid body’s telescopic degrees
of freedom).
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Figure 7. Wheel set with six degrees of freedom.

Figure 8 represents the bogie model. UM employs substructure modeling, defining
the bogie and its attached wheelsets and suspension as a substructure that is repeatedly
invoked in subsequent modeling. The front view and side view of the train dynamics
model are shown in Figure 9. The passenger train and freight train entire train models have
been established in UM, and the model diagram is shown in Figure 10.
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1.3. Wheel-Rail Contact and Track Model

Hertz’s nonlinear elastic contact theory is used to make wheel-rail contact. The contact
surface of two elastomers is thought to form an ellipse, and the pressure inside the contact
spot is distributed as a parabolic cylinder. The normal compression between wheel and rail
determines the normal contact force. For the track model, the continuous elastic foundation
beam model was chosen. The rail is regarded as an elastic continuous beam, the vertical
foundation under the rail as a parallel linear spring damping system, and the lateral
foundation as a series linear spring damping system. Only the stiffness and damping of the
rail are considered, while both the inertial effect and the longitudinal deformation along
the rail direction are not considered. The standard model CHN60 is adopted, and the orbit
model is shown in Figure 11.
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1.4. Coupling of Train Line Overhead System

ABAQUS was used to calculate and output the mass matrix, stiffness matrix, and
modal information of the overhead system, with a format of *.FIL. A 3D train model
is established in UM, and the overhead system model established is imported through
the ABAQUS interface provided by UM. The training model in UM is coupled through
wheel-rail contact. The established train-track-bridge multi-body system model is shown
in Figure 12. The process of joint simulation is shown in Figure 13.
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2. System Dynamics Theory of Train-Track Overhead System
2.1. Vibration Analysis Model of Overhead Structures

The train bridge coupling system assumes no relative displacement between the track
and the beam, as well as no elastic deformation of fasteners such as the base plate and
fastener under the track. Then, the differential equations of motion of the nodes in the
overhead system are as shown in Equations (3) and (4) [17–20].

M
..
X + C

.
X + KX = F (3)

F = Fe + Fw (4)

where: Fe = External forces on bridge joints. In the paper, only the interaction between the
train rail bridge system is considered, so Fe = 0.

Fw = Wheel rail force transmitted from the vehicle to bridge through track structure.

2.2. Vibration Analysis Model of Accelerated Train

Any rigid body in space has six degrees of freedom, according to rigid body dynamics.
Without taking into account the rigid body’s axial expansion and contraction, each rigid
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body has five degrees of freedom: Horizontal, vertical, rolling, nodding, shaking. The
train dynamics model has 35 degrees of freedom per vehicle, based on the number of rigid
bodies. The differential equations of motion of the train body and the two bogies can be
expressed by Equation (5).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


(5)

where: c = train
t1, t2 = the front and rear bogies
v = Displacement of train body
.
ν = Moving speed of train body
..
ν = Moving acceleration of train body
M = Mass submatrix
C = Damped submatrix
K—Stiffness submatrix.

The load vector consists of two parts, which are expressed as shown in Equation (6).
Fc
Ft1

Ft2

 =


Fce
Ft1e

Ft2e

+


0

Ft1w
Ft2w

 (6)

where: Fce, Ft1e, Ft2e = External force acting on train body and bogie; Ft1w, Ft2w = The force
of the wheelset transmitted to the bogie through primary suspension.

2.3. Vibration Analysis Model of Track Structure

The track type is a ballasted track. The Ritz method is used to introduce the normal
mode coordinates of rail. Considering the vertical (qVk(t)), transverse (qLk(t)) and torsion
(qTk(t)) modes of the rail, the two order ordinary differential equations of rail vibration are
obtained as shown in Equation (7):

..
qVk(t) +

EIY
mr

(
kπ
l

)4
qVk(t) = −

N
∑

i=1
FViZk(xsi) +

4
∑

j=1
PjZk

(
xwj
)
( k = 1 ∼ NV)

..
qLk(t) +

EIZ
mr

(
kπ
l

)4
qLk(t) = −

N
∑

i=1
FLiZk(xsi) +

4
∑

j=1
QjYk

(
xwj
)
( k = 1 ∼ NL)

..
qTk(t) +

Gr It
ρr I0

(
kπ
l

)2
qTk(t) = −∑N

i=1 MsiΦk(xsi) + ∑4
j=1 MwjΦk

(
xwj
)
( k = 1 ∼ NT)

(7)

where: IY, IZ = the moment of inertia of rail section to y and z axes, respectively
It= the moment of inertia of rail torsion
I0 = the polar inertia moment of the rail section
ρr = the rail density
Gr = the rail shear modulus
FVi, FLi = the vertical and horizontal reaction force of the i-th fulcrum
Pj, Qj = the vertical and transverse load of the jth wheel acting on the rail
Msi = the rail reaction moment at the ith fulcrum
Mwj = the moment of the jth wheel acting on the rail
xwj = the jth coordinate
xsi = the coordinate of the ith fulcrum
NV , NL and NT = the highest order of rail vertical, laterial, and torsional,
L = the rail length
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Zk, Yk, and Φk = the vertical, transverse, and torsional mode functions of rail, respectively.

3. Coupling Vibration Analysis of Train-Track-Overhead System
3.1. Response Performance Evaluation of Train-Bridge System

The overhead system, train, and track are all considered in the coupling vibration
analysis of the train-track-overhead system. The coupling vibration of the train bridge is
influenced by a variety of factors. In this study, three variables—track irregularity level,
speed, and damping coefficient—are used to analyze the dynamic response of the vehicle-
bridge coupling system. This study examines the dynamic behavior of a freight train and a
bus traveling at standard speed through an 80 m continuous beam overhead system with
10 spans. Bus and freight train axle weights are 12.5 t and 25 t, respectively. Table 5 provides
a summary of the corresponding dynamic performance evaluation index limits. Refer-
ring to [17–20], Table 1 summarizes the corresponding dynamic performance evaluation
index limits.

Table 5. Standard limits for dynamic performance evaluation of train-bridge systems.

Classification Index Passenger Train Freight Train

Security Index

derailment coefficient 0.8 0.8

Wheel load reduction rate 0.9 0.9

Axle lateral force (kN) 48 84

Riding index

Body
acceleration (g)

transverse 0.10 0.5

vertical 0.13 0.7

Sperling index
transverse 3.0 4.25

vertical 3.0 4.25

Bridge dynamic
performance

Lateral amplitude (mm) 2.00

Vertical amplitude (mm) 10.00

Lateral acceleration (g) 0.20

vertical acceleration (g) 0.35

3.2. Influence of Track Irregularity on the Dynamic Response of Train Track Overhead System

Orbital irregularities are variations in orbital geometry, space position, and size from
their typical states. Direction, gauge, height, and level irregularity are the four fundamental
types of track irregularity that are typically discussed [20–22]. Short wave irregularity,
medium wave irregularity, and long wave irregularity are the three levels of irregularity that
can be classified based on wavelength [23–25]. The North American Railway Association
(AAR) obtained the power spectral density curve of track irregularity based on a significant
amount of observed data, and fitted it into an even function indicated by roughness constant
and cutoff frequency. The track level is separated into six levels, with the first level being
the worst and the sixth level being the best. The wavelength range is 1.524–304.8 m.

(1) Uneven height:

Sv(Ω) =
kAvΩ2

c
Ω2(Ω2 + Ω2

c )
(8)

(2) Uneven direction

Sa(Ω) =
kAaΩ2

c
Ω2(Ω2 + Ω2

c )
(9)

(3) Uneven level and gauge:
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Sc(Ω) = Sg(Ω) =
4kAvΩ2

c
(Ω2 + Ω2

c )(Ω2 + Ω2
s )

(10)

where: S(Ω) is the power spectral density (W/Hz); Ω is the spatial circular frequency of
the track smoothness (rad/m); Av, Aa is the roughness constant (cm2·rad/m); Ωc, Ωs is the
cutoff frequency (rad/m); k is the safety factor, and A is the safety factor, which can range
from 0.25 to 1.0 as needed, but is usually 0.25. Table 6 contains the parameter values.

Table 6. US AAR orbital spectral parameters.

Parameters
Line Grade

Class One Class Two Class Three Class Four Class Five Class Six

Av (cm2·rad/m) 1.2107 1.0181 0.6816 0.5376 0.2095 0.0339

Aa (cm2·rad/m) 3.3634 1.2107 0.4128 0.3027 0.0762 0.0339
Ωs (rad/m) 0.6046 0.9308 0.8520 1.1312 0.8209 0.4380
Ωc (rad/m) 0.8245 0.8245 0.8245 0.8245 0.8245 0.8245

Maximum allowable
speed (km/h)

Truck 16 40 64 96 128 176
Passenger 24 48 96 128 144 176

For simulation purposes, the American orbital irregularity spectrum was used [26,27].
The track smoothness wavelength is set at 1–80 m, and the number of harmonics is set
at 3000, taking into account the influence of medium and long waves and ignoring the
influence of short waves. The train load takes some time to reach steady-state balance. In
the model calculation, the first distance of the overhead system was set at 20 m. Simulation
analysis was performed on the passenger train for the I and II overhand systems, and six
different levels of irregularity for the train’s 45 km/h design speed were chosen. Since
the dynamic response therein is fairly obvious, this section concentrates on the dynamic
response in the middle of the span. Tables 7 and 8 list the maximum value for each response,
and a “*” is displayed for any data that do not meet the specifications.

Table 7. The dynamic response of the train under various track irregularity grades. (“*” is displayed
for any data that do not meet the specifications).

Overhead
System

Grade of
Irregularity

Derailment
Coefficient

Horizontal
Force (kN)

Vertical
Acceleration

(m/s2)

Lateral
Acceleration

(m/s2)

Wheel Weight
Load Shedding

Rate

Sperling Index

Vertical Lateral

I

Level 1 *1.98* *154.91* 0.87 *2.41* *2.48* 2.38 2.69
Level 2 *1.37* *126.78* 0.22 *2.53* *1.92* 1.56 2.54
Level 3 *1.63* *71.93* 0.30 *1.44* *1.27* 1.34 2.47
Level 4 *1.21* 42.82 0.47 *1.43* *0.78* 1.58 2.41
Level 5 0.65 32.82 0.35 0.56 0.59 1.26 2.16
Level 6 0.56 31.34 0.09 0.70 0.46 1.12 1.62

II

Level 1 *1.56* *152.41* 0.53 *2.74* *2.42* 1.85 2.80
Level 2 *1.82* *115.31* 0.43 *2.66* *2.08* 1.24 2.71
Level 3 *1.65* *87.42* 0.38 0.85 *1.63* 1.14 2.63
Level 4 0.82 *58.79* 0.41 *1.41* *1.54* 1.60 2.42
Level 5 0.51 26.68 0.37 0.84 0.60 1.43 1.91
Level 6 0.32 20.00 0.11 0.51 0.27 1.09 1.64
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Table 8. The dynamic response of the aerial system under various track irregularity grades.

Overhead
System

Grade of
Irregularity

Vertical
Displacement

(mm)

Lateral
Displacement

(mm)

Vertical
Acceleration

(m/s2)

Lateral
Acceleration

(m/s2)

I

Level 1 2.39 0.65 1.63 0.47
Level 2 2.28 0.63 1.75 0.82
Level 3 2.29 0.53 1.64 0.54
Level 4 2.17 0.48 1.72 0.18
Level 5 2.16 0.14 1.83 0.18
Level 6 2.07 0.11 1.71 0.18

II

Level 1 3.13 0.54 1.48 0.68
Level 2 3.04 0.69 2.48 0.56
Level 3 3.04 0.40 1.42 0.72
Level 4 2.95 0.39 1.59 0.45
Level 5 2.83 0.21 1.47 0.22
Level 6 2.82 0.12 1.29 0.21

Tables 7 and 8 show that the dynamic performance of the two types of overhead
systems gradually improves as the track irregularity level decreases. The two overhead
systems’ performance improvements are minimal but fall within the normative limit
listed in Table 5, demonstrating that the overhead systems’ sensitivity to the level of track
irregularity is low. Under the same irregularity level, the dynamic deflection of the I
overhead system is less than the II aerial system response.

The dynamic response of trains is significantly influenced by the unevenness level,
and the dynamic response indices gradually rise as the unevenness level decreases. Table 7
demonstrates that the risk of a derailment is decreased when the level of track irregularities
is controlled above AAR5.

The safety indexes of train operation are primarily impacted by track irregularity, and
the Sperling indexes of train bodies satisfy all levels of the requirements. In order for the
smoothness of the track to meet the requirements of the AAR5 standard, the change in
track line must be strictly monitored during the construction of this road bridge.

To assess the system’s safety, the dynamic response of the overhead system under
a load of freight trains was computed. The target speed was set at 45 km/h, and AAR5
was used to adjust for track unevenness. Figures 11 and 12 represent the overhead sys-
tem’s dynamic response, while Table 9 shows the highest value of the matching train
body response.

Table 9. Dynamic response of freight train under AAR5 track irregularity.

Overhead
System

Derailment
Coefficient

Lateral
Force (KN)

Vertical Acceleration
(m/s2)

Lateral Acceleration
(m/s2)

Wheel Weight
Reduction Rate

Sperling Index

Vertical Lateral

I 0.77 73.60 2.08 2.60 0.78 3.07 3.56
II 0.58 50.60 1.02 1.82 0.54 2.05 2.38

Figures 14 and 15 demonstrate that, under the aforementioned circumstances, the verti-
cal peak deflection of the two types of train moving across the I overhead system is 4.97 mm,
the maximum lateral displacement is 0.21 mm, the vertical acceleration is 2.81 m/s2, and
the lateral acceleration is 0.27 m/s2. Regarding the II overhead system, the peak’s vertical
deflection is 6.03 mm, the lateral displacement is 0.69 mm at its maximum, 1.41 m/s2 is the
vertical acceleration, and 0.21 m/s2 is the lateral acceleration. The structural graph shows
that the II aerial system’s harmonic vibration, lateral displacement, and horizontal displace-
ment all cross aside. This is due to the II aerial system’s torsional deformation, which is
brought on by a partial load carried by the horizontal lift beam. Under the influence of the
train’s dead weight, the structure’s midspan transverse amplitude generates transverse
static displacement, which causes the midspan to transversely deviate to one side.



Appl. Sci. 2022, 12, 9053 16 of 24

Appl. Sci. 2022, 12, x FOR PEER REVIEW 16 of 25 
 

To assess the system’s safety, the dynamic response of the overhead system under a 

load of freight trains was computed. The target speed was set at 45 km/h, and AAR5 was 

used to adjust for track unevenness. Figures 11 and 12 represent the overhead system’s 

dynamic response, while Table 9 shows the highest value of the matching train body re-

sponse. 

Figures 14 and 15 demonstrate that, under the aforementioned circumstances, the 

vertical peak deflection of the two types of train moving across the I overhead system is 

4.97 mm, the maximum lateral displacement is 0.21 mm, the vertical acceleration is 2.81 

m/s2, and the lateral acceleration is 0.27 m/s2. Regarding the II overhead system, the peak’s 

vertical deflection is 6.03 mm, the lateral displacement is 0.69 mm at its maximum, 1.41 

m/s2 is the vertical acceleration, and 0.21 m/s2 is the lateral acceleration. The structural 

graph shows that the II aerial system’s harmonic vibration, lateral displacement, and hor-

izontal displacement all cross aside. This is due to the II aerial system’s torsional defor-

mation, which is brought on by a partial load carried by the horizontal lift beam. Under 

the influence of the train’s dead weight, the structure’s midspan transverse amplitude 

generates transverse static displacement, which causes the midspan to transversely devi-

ate to one side. 

  

(a) (b) 

  

(c) (d) 

Figure 14. I Overhead system dynamic response: (a) Mid−span vertical deflection (unit: mm). (b) 

Mid−span vertical acceleration (unit: m/s2). (c) Mid−span lateral displacement (unit: mm). (d) 

Mid−span lateral acceleration (unit: m/s2). 

20 30 40 50 60 70 80
-3

-2

-1

0

1

M
id

 s
p
an

 v
er

ti
ca

l 
d
ef

le
ct

io
n
 (

m
)

Train running position (m)

20 25 30 35 40 45 50 55 60
-4

-2

0

2

4

M
id

 s
p

an
 v

er
ti

ca
l 

ac
ce

le
ra

ti
o

n
 (

m
/s

2
)

Train running position (m)

20 30 40 50 60

-0.2

-0.1

0.0

0.1

0.2

M
id

 s
p
an

 l
at

er
al

 d
is

p
la

ce
m

en
t(

m
m

)

Train running position (m)

20 30 40 50 60
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

M
id

 s
p
an

 l
at

er
al

 a
cc

el
er

at
io

n
 (

m
/s

2
)

Train running position (m)

Figure 14. I Overhead system dynamic response: (a) Mid−span vertical deflection (unit: mm).
(b) Mid−span vertical acceleration (unit: m/s2). (c) Mid−span lateral displacement (unit: mm).
(d) Mid−span lateral acceleration (unit: m/s2).
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Figure 15. II Overhead system dynamic response: (a) Mid−span vertical deflection (unit: mm)
(b) Mid−span vertical acceleration (unit: m/s2). (c) Mid−span lateral displacement (unit: mm).
(d) Mid−span lateral acceleration (unit: m/s2).
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As seen in Table 9, when there is a significant wheel/rail lateral force that is close to
the specification limit, freight trains can cross the I aerial system. In general, both overhead
systems can carry the necessary loads at their intended speeds.

3.3. Influence of Train Speed on the Dynamic Response of Train Bridge System

AAR5 was chosen to examine the impact of train speed on the dynamic response of
the train bridge system to track irregularity. A 20 km/h increment was used to increase the
train’s speed from 20 km/h to 100 km/h. Since the train’s loading must be stable for some
time, the train is programmed to begin loading at 20 m from the overhead system. The
system’s dynamic indexes are shown in Tables 10 and 11, with the nonconformity index
represented by “*”.

Table 10. Response of trains crossing the bridge at different speeds. (“*” is displayed for any data
that do not meet the specifications).

Overhead
System

Speed
(km/h)

Derailment
Coefficient

Lateral
Force (kN)

Vertical
Acceleration

(m/s2)

Lateral
Acceleration

(m/s2)

Wheel Weight
Reduction Rate

Sperling Index

Vertical Lateral

I

20 0.71 21.45 0.17 0.27 0.53 0.97 0.57
40 0.64 33.08 0.30 0.88 0.54 0.98 1.93
60 0.69 41.69 0.29 *1.04* 0.60 1.65 2.82
80 0.73 *48.55* 0.29 *1.38* 0.73 1.31 2.42

100 0.81 *56.06* 0.31 *1.98* *1.07* 1.73 2.89

II

20 0.49 18.90 0.09 0.19 0.38 0.78 1.32
40 0.50 23.20 0.39 0.74 0.43 1.18 1.77
60 0.51 30.96 0.25 *1.17* 0.67 0.92 1.62
80 0.61 38.02 0.31 *1.26* 0.75 1.54 2.31
100 0.83 45.10 0.34 *1.40* 0.95 1.71 2.72

Table 11. The response of the overhead system at different speeds.

Overhead
System

Speed
(km/h)

Vertical
Deflection

(mm)

Lateral
Displacement

(mm)

Vertical
Acceleration

(m/s2)

Lateral
Acceleration

(m/s2)

I

20 2.06 0.13 0.62 0.06
40 2.15 0.14 1.75 0.10
60 2.20 0.19 2.71 0.15
80 2.35 0.20 3.20 0.27
100 2.62 0.16 *3.88* 0.41

II

20 2.83 0.19 0.27 0.13
40 2.84 0.21 0.79 0.08
60 2.79 0.21 1.04 0.12
80 2.87 0.24 1.41 0.17
100 2.93 0.26 1.82 0.21

According to the above table, all of the indexes of the two types of structures generally
increase with speed, with the transverse force of wheel and rail being the most sensitive to
speed change, owing to the large loading force on the overhead system at high train speeds.
Additionally, according to the train’s response, the lateral acceleration of the train body has
exceeded the limit when the speed reaches 60 km/h, which could result in the train body
overturning. When the speed reaches 80 km/h, the lateral force of the wheel and rail is
greater than the permissible limit of 48 kN, which is easily capable of resulting in wheel-rail
stripping. The II overhead system performs superbly, according to observations of the
two different types of overhead systems. At a speed of 100 km/h, the I aerial system’s
span experiences a vertical acceleration greater than 0.35 m/s2, in accordance with the
standards for vertical acceleration, specifically the maximum vertical acceleration threshold.
In general, the train bridge system functions well and satisfies the design specifications of
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the overhead system when the train speed is less than 60 km/h. Then, I overhead system
data is chosen, various index changes with speed curves are examined, and a thorough
analysis of the outcomes is carried out under various intuitive reaction conditions.

Figure 16a shows that, when a passenger train is operating, the maximum deflection
of the mid-span vertical and horizontal girders rises along with the rise in train running
speed, which first increases gradually and then quickens. The maximum deflection is
2.62 mm, which is less than the specification’s 10 mm maximum deflection limit. As seen in
Figure 16b, the overhead system’s lateral displacement is more sensitive to train speed than
its horizontal displacement, which is easily altered. As the speed rises, the overall lateral
displacement increases, also. According to the study, the speed range is much smaller
than the standard requirements of the transverse displacement limit of 2 mm, going up to
0.20 mm.
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Figure 16. Mid-span displacement response under different speed levels (unit: mm): (a) Mid-span
maximum vertical deflection. (b) Mid-span lateral displacement.

The mid-span of the structure’s maximum vertical acceleration is depicted in
Figure 17a. Additionally, it shows that the vertical acceleration of the aerial system’s
midspan is roughly linear but still directly proportional to the increase in velocity. This
vertical acceleration’s maximum value of 3.88 m/s2 is higher than the 0.35 m/s2 specified
by the specification [20].
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Figure 17. Mid-span acceleration response under different speed levels (unit: m/s2): (a) Mid-span
vertical acceleration. (b) Mid-span lateral acceleration.

Figure 17b shows the change in the mid-span transverse acceleration of the overhead
system, which rises slowly at the beginning with the change in the train speed, rises sharply
after the train speed reaches 60 km/h, and reaches the maximum value of 0.41 m/s2 at
100 km/h. However, the transverse acceleration does not exceed the limit value of 0.2 m/s2,
as required by the specification.
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3.4. Influence of Damping on the Dynamic Response of Train Track Bridge System

Due to track irregularities, wheel rail wear, and other factors, the train will have a
dynamic impact on the bridge structure when it travels at a certain speed. The internal force
and deformation of the bridge will be greater as a result of this impact than they would be
under a static live load. The key concept is: the maximum dynamic deflection caused by
excitation and wheel rail force to the maximum static deflection caused by applying the
same train load at low speed or static state when the train crosses the bridge at a certain
speed [28]. Its formula is as follows:

µ =
Yd
Yp

− 1 (11)

where Yd = the maximum dynamic deflection of the beam response when the train passes
through the bridge structure at a given speed. Yp = the maximum static deflection of the
structure when the train is loaded.

Damping refers to all forms of friction and other obstacles that lessen free vibration. In
the fields of civil engineering, machinery, aerospace, and other related fields, the damping
ratio is a crucial concept of structural dynamics. It describes the standard damping size of
structures and expresses the relationship between damping coefficient and critical damping
coefficient. The value of damping is determined by the structure’s shape, material, type of
support, and other factors. In practice, structural damping is expressed as the damping
ratio, which is frequently measured using extremely complex experiments. The damping
ratio can be calculated by definition, shown in Formula (12).

ξ = C/C0

C0 = 2mw1
(12)

where: C = the damping coefficient, C0 = the critical damping coefficient, m = weight of
object, w1 = natural frequency of structure.

The damping ratio is defined in Reference [29] as the ratio between the actual resistance
of damped vibration and the resistance necessary to produce critical damping. The damping
ratio, which has no units and shows how the structure vibrates after being excited, is
attenuated. It can be broken down into four categories: greater than 1, greater than 0, equal
to 1, and between 0 and 1. All structures have typical damping ratios between 0 and 1. It is
specified in Reference [30] that the structural damping ratio is 0.05. Reference [30] states
the steel structure’s seismic damping ratio should be between 0.01 and 0.1.

The damping factor affects the vibration of the aerial body. When the damping
value of the aerial body is large, the energy dissipation increases, and the corresponding
vibration energy of the beam body decreases. The damping ratios are 2.5 percent, 5 percent,
7.5 percent, and 1 percent, respectively, under five groups of working conditions, according
to research on the overhead system damping effect. The test is conducted using the
piers (1 m in diameter) of the II aerial system structure, and a freight train traveling at
45 km/h is used to determine whether the irregularity level complies with AAR5. The chart
displays various damping ratios under the influence of structure vibration response and
vibration response.

Figures 18–20 show that the free vibration of the train leaving the bridge primarily
reflects the impact of damping on the overhead system. The repeating vibration has a
minor amplitude with a large damping ratio, and a comparatively large amplitude with no
damping. The vibration mode essentially stays the same, the wave peaks and troughs are
comparable to how they were in the case of each damping ratio, and the damping has no
discernible impact on the vibration frequency.
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Figure 18. Mid−span vibration response of structure with damping ratio of 0.025: (a) Mid−span
deflection (mm). (b) Mid−span vertical acceleration (m/s2). (c) Mid−span transverse amplitude
(mm). (d) Mid−span lateral acceleration (m/s2).
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Figure 19. Mid−span vibration response of structure with damping ratio of 0.05: (a) Mid−span
deflection (mm). (b) Mid−span vertical acceleration (m/s2). (c) Mid−span transverse amplitude
(mm). (d) Mid−span lateral acceleration (m/s2).
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Figure 20. Mid−span vibration response of structure with damping ratio of 0: (a) Mid−span
deflection (mm). (b) Mid−span vertical acceleration (m/s2). (c) Mid−span transverse amplitude
(mm). (d) Mid−span lateral acceleration (m/s2).

Table 12 shows that the mid-span deflection, vertical acceleration, lateral amplitude,
and transverse acceleration of the aerial body of horizontal and vertical beams gradually
decrease with an increase in damping ratio. When there is no damping, the range of
response indices is maximized, and the vibration response is most pronounced. The mid-
span vertical acceleration and transverse acceleration are more sensitive to the change in
damping ratio than the mid-span deflection and transverse amplitude.

Table 12. Maximum response in lower span with a different damping ratio.

Damping Ratio Across the
Deflection (mm)

Lateral
Displacement

(mm)

Vertical
Acceleration

(m/s2)

Lateral
Acceleration

(m/s2)

none 6.682 0.735 3.138 0.586
0.025 6.605 0.709 2.235 0.336
0.050 6.620 0.690 1.862 0.278
0.075 6.621 0.673 1.633 0.232
0.100 6.618 0.658 1.484 0.200

Figure 21 shows the variation in the impact coefficient of the structure with the change
in train speed under different damping ratios. The damping effect is not obvious because
of the low speed. Speeds from 100 km/h to 200 km/h are selected in this section. Multiple
conditions can be found in the figure with the change in the damping ratio. The changing
trend does not alter significantly, there are two peaks, and the respective peak times are
close while the impact coefficient curve is developing.The first peak appears at 125 km/h
and the second peak near 190 km/h. When the damping ratio is small, the curvature at the
peak value is large, while the impact coefficient at the neighboring points is relatively small.
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With the increase in damping ratio, the peak value decreases. Increasing the damping ratio
of the beam can reduce the impact coefficient and fulfill a good shock absorption role.
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Figure 21. The impact coefficient varies with the damping ratio of trains crossing the bridge.

4. Conclusions

In this study, the vertical and horizontal lifting girder overhead system model was
created using finite element software, and the corresponding freight and passenger train
models and track models were created using the multi-body dynamics software Universal
Mechanism. An external flexible body was brought into UM together with the overhead
system in order to conduct the train bridge joint simulation. The dynamic reaction of the
train track overhead system was investigated by the UM post-processing program. These
are the results.

(1) The analysis concluded that the response of the train body is more sensitive to
track irregularity, which mainly affected the safety index of train operation, and that the
Sperling index of the train body met the requirements at all levels. When the irregularity
level was lower than AAR5, there was a risk of derailment and overturn of the train.
For the construction process of this road bridge, the linear change of the track should be
strictly controlled to ensure that the smoothness of the track meets the AAR5 standard. The
calculation showed that the train-track-overhead system works well and meets the design
requirements of the overhead system when the train passes through the reinforced line at a
speed not exceeding 60 km/h.

(2) The vibration response of the two types of overhead systems increases with speed,
and the wheel rail lateral force is the most sensitive, when taking into account the impact
of vehicle speed on the entire system at the AAR5 irregularity level. Tracking the train’s
reaction, the risk of the vehicle body overturning increased when the vehicle speed hit
60 km/h, as the lateral acceleration of the vehicle body had exceeded the limit. When the
vehicle was traveling at 80 km/h, the wheel rail lateral force was more than the permissible
limit of 48 kN, which was readily capable of resulting in wheel rail peeling. The II overhead
system had exceptional overall performance; however, the I overhead system’s vertical
acceleration in the middle of the span surpassed the specification’s maximum vertical
acceleration limit of 0.35 g when the vehicle was traveling at 100 km/h. In general, the
vehicle bridge system functioned well and satisfied the design specifications of the overhead
system when the vehicle speed was less than 60 km/h.

(3) The damping factor of the bridge had a significant influence on the transverse
and vertical acceleration of the transverse and vertical spans but had little influence on
their transverse and vertical displacement. It can be concluded that increasing the bridge
damping ratio can improve the structure’s seismic performance.

(4) It is challenging to fully take into account the actual wheel-rail contact’s complexity
as well as the numerous factors that have an impact on the train track bridge coupling
system. The resonance of the train bridge caused by train load requires further discussion
because only one train model was taken into consideration in this paper, and neither the
no-load nor heavy-load grouping of the train was taken into account.
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