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Abstract: In light of the rapid development of electrified railways, the safety and stability of train oper-
ations, as well as the catenary’s interaction with current quality, have garnered widespread attention.
Electrified train operation with additional track irregularities serves as a principal excitation source
within the vehicle–bridge–catenary system, significantly influencing the vibration characteristics of
the system. Addressing the aforementioned issues, we first established the vehicle–track dynamics
model and the bridge–catenary finite element model based on the principles of coupled dynamics
of the vehicle–track system. These models are interconnected using dynamic forces between the
wheel and rail. Subsequently, within the vehicle–track coupled system, track random irregularities
are introduced as input excitations for the coupled model, and the dynamic response of the system
is simulated and solved. Then, the obtained wheel–rail forces are applied to the bridge–catenary
coupled system finite element model in the form of time-varying moving load forces. Finally, the
dynamic response characteristics of the catenary portal structure under different conditions are deter-
mined. Meanwhile, a study on the vibration characteristics of the truss-type pillar portal structure
was conducted, and the results were compared with those of existing models. The results indicate
that the vertical and lateral forces between the vehicle and track are positively correlated with the
speed and irregularity amplitude. Response values such as the derailment coefficient and wheel load
reduction rate are within the specified range of relevant standards. The low-order natural resonant
frequency of the truss-type pillar structure has, on average, increased by 0.86 compared to the existing
pillar structure, which signifies improved stability. Furthermore, under various conditions, the
average reductions in maximum displacement and stress response of this pillar structure are 13.2%
and 14.19%, respectively, in comparison to the existing pillar structure, rendering it more suitable for
practical engineering applications.

Keywords: vehicle–track–bridge system; track irregularity; overhead contact system; dynamic
response

1. Introduction

In a certain segment of the Lanzhou Hub of the Lan-Yu Railway, a four-line continuous
beam super-large bridge experiences significant vibration phenomena in both the bridge
itself and the catenary portal structure when trains pass on the upstream four-lane track,
under the influence of irregularities in the additional track. This severely impacts the
stable contact between the pantograph and the catenary, posing a significant threat to
the stability and safety of train operation [1,2]. Optimizing model parameters to main-
tain stable and robust contact between the train and the overhead contact system during
high-speed operations stands as a crucial direction for future research in the high-speed
overhead contact system domain [3]. Meanwhile, increasing train speed can deteriorate the
interactive performance between the pantograph and the contact system [4,5]. Experimen-
tal trials and numerical simulations were conducted on the pantograph–contact system
interaction at various speeds, and the contact quality was optimized using neural network
optimization algorithms [6]. A dynamic approach to the energy-harvesting system was
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proposed based on finite element and multibody dynamics methods, integrated through a
combined simulation framework.

As the electrified railway transportation industry develops rapidly, to better adapt to
the complexity of railway networks, railway construction often employs elevated railway
bridges instead of traditional roadbeds, significantly increasing the proportion of bridges in
the railway network. Therefore, research on the dynamics of vehicle–track–bridge coupled
systems becomes more necessary and urgent [7–9]. Models of railway bridges and vehicles
based on three-dimensional finite element and multibody dynamics were constructed, and
the influences of speed, load, and damping on the dynamic response of the system were
studied through numerical analysis [10]. The dynamic response between the track and the
train was studied in bridge and tunnel environments at different speeds, and compared
with measurements from traditional ballasted track lines [11]. An analytical method for a
coupled system of train–track–bridge–foundation based on lumped parameter models was
proposed, and the coupling of subsystems was achieved using a modified component mode
synthesis method [12]. Based on the established finite element simulation model of bridges,
the deformation of the track caused by bridge deformation was added as an excitation to
the coupled system, and the influence of additional bridge deformation on the dynamic
response characteristics of the vehicle–track–bridge coupled system was analyzed [13].
The fatigue characteristics of railway bridges with different spans (25 m and 30 m) under
train loads were analyzed, and recommended operating speeds corresponding to the spans
were provided. It can be seen that, in previous studies on vehicle–track–bridge coupled
systems, the analyzed objects were mainly bridge or vehicle subsystems, with less research
on the vibration characteristics of the catenary portal structure on the bridge [14–17]. When
trains pass over railway bridges, the effect of track irregularities disturbs the dynamic
contact state between the wheel and rail, deteriorating the coupled vibration behavior in the
system, thereby affecting the stability and safety of train operations [18]. Nowadays, many
scholars have conducted research and discussions on the dynamic response characteristics
of vehicle–track–bridge coupled systems under the excitation of electrified train track
irregularities. Ref. [19] first simulated seismic and track irregularity spectra, then selected
samples with better performance characteristics using number theory methods, and finally
analyzed the time-domain dynamic response of the coupled system under two types of
excitation. Ref. [20] established a probability model to efficiently select a high-precision
set of track irregularities and, combined with vehicle–track coupling dynamics and finite
element analysis, revealed the mechanism of interaction between the track and vehicle in
the coupled system.

Regarding the abovementioned problem, this article takes the overhead contact system
of a four-line continuous beam bridge as the research object; analyzes the low-order
natural vibration characteristics of the structure; and then, considering the additional track
irregularity excitation from moving loads, respectively, explores the dynamic characteristics
of existing portal structures and truss-type pillar portal structures under different vehicle
speeds, different irregularity amplitudes, and different driving conditions. The dynamic
response results of the two structures are compared and analyzed.

2. Construction of Models
2.1. Modeling of Bridge–Portal Structure

Detailed structural parameters of the bridge’s catenary portal structure are illustrated
in the accompanying Figure 1.
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Figure 1. Bridge–portal structure parameters: (a) main view and (b) side view.

The continuous beam bridge, consisting of segments of 40 + 64 + 40 m, is designed
in a linear fashion. Both left and right piers are single-box, single-cell, variable-height
straight web box-sections made of prestressed concrete C50. The bearings employed are
TPZ bowl-type rubber bearings. The main pier cap of the continuous beam is 5.2 m high,
while the straight section beam height is 3.0 m, with a bottom curve following a quadratic
parabola. The box beam has a top width of 11.5 m and a bottom width of 6.5 m. The bridge
segments extend laterally to form platforms, where the overhead contact system’s rigid
cross support pillars are fixed. The material for the portal structure on the bridge is Q345
carbon structural steel, with the angle steel being ∠80 × 8. The portal structure support
pillars are made of steel pipes with a uniform diameter of 350 mm and a wall thickness of
14 mm.

The main material parameters are configured as shown in Table 1.

Table 1. Material parameter settings.

Number Material Young’s Modulus
/MPa Poisson’s Ratio Density

/kg·m−3
Bulk Modulus

/MPa
Shear Modulus

/MPa

1 Concrete 50 3.45 × 104 0.20 2500 1.92 × 104 1.44 × 104

2 Q345 steel 2.06 × 105 0.28 7850 1.56 × 105 0.80 × 105

3 45Mn steel 2.10 × 105 0.27 7850 1.72 × 105 0.79 × 105

4 DN350 1.77 × 105 0.30 7850 1.48 × 105 0.68 × 105

When conducting finite element modeling for the system, the main consideration
includes structures such as steel rails, sleepers, ballast, bridges, bridge piers, rigid cross-
beams, and pillars. The element type selected is the solid186 element with mid-side nodes.
When setting displacement boundary conditions, ground settlement is neglected, and
fixed constraints are applied to the bottom surfaces of the four bridge piers. To ensure the
accuracy of finite element analysis calculations, specific additional components, such as
nuts and washers used in the structure, are ignored; and relatively small features, such as
bolts and elastic clips, are simplified. A three-dimensional model of the bridge–catenary
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portal structure crossbeam structure is constructed in the ANSYS finite element simulation
platform, as shown in Figure 2.

Energies 2024, 17, x FOR PEER REVIEW 4 of 20 
 

 

 
Figure 2. Bridge–portal structure simulation model. 

2.2. Modeling of Vehicle–Track Coupling System 
The vehicle–track coupling system is divided into vehicle subsystem and track sub-

system, with the wheel–rail contact surface as the boundary, and the coupling of the sys-
tem model is achieved through the wheel–rail contact relationship [21,22]. A certain type 
of high-speed train single-car model can be simplified into a multi-rigid body system con-
sisting of a vehicle subsystem model, including a car body, two bogies, and four wheel-
sets. Each structure is considered as a rigid body with 6 degrees of freedom. Thus, the 
entire vehicle model has 42 degrees of freedom [23,24]. The main component degrees of 
freedom of the system are shown in Table 2, and the model schematic is shown in Figure 
3. 

Table 2. Degrees of freedom of the vehicle model. 

Structure Forms of Motion 
Longitudinal Lateral Bounce Roll Pitch Yaw 

Car body xc yc zc φc βc ψc 
Bogie frame xt yt zt φt βt ψt 

Wheelset xw yw zw φw βw ψw 

Mc Icy

Zc

Cpz

Z01
Mr EI

Zw1Zw2Z02
Zw3Z03

Zw4Z04

Zt1Zt2
Kpz

Csz Ksz

βc

βt2 βt1Mt Ity

(a)

Zc

Yc
ϕc

Csz

Ksz

Csz Ksz

Zt

Mc Icy

Mt Ity ϕt

Zw

Yt

Kpy
Cpz

Cpy

Kpz

ϕw

Yw

(b) (c)

CpyKpy

IczMc

Kpy

Cpy

Cpy
Cpy

Kpy

KpyCpy

ψc

Yc

Mt
ψw2 ψt1

Yw2
Yt1

Yw1

ψw1

Itz Mw Iwz
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resent car body, bogie, and wheelset, respectively; EI is the elastic modulus of the steel 
rail; Kt and Kp represent vertical stiffness of one side of the two-series suspension and one-
side vertical stiffness of the one-series suspension, respectively; Ct and Cp represent verti-
cal damping of one side of the two-series suspension and one-side vertical damping of the 
one-series suspension, respectively; and Z0i represents track irregularities. 

Figure 2. Bridge–portal structure simulation model.

2.2. Modeling of Vehicle–Track Coupling System

The vehicle–track coupling system is divided into vehicle subsystem and track subsys-
tem, with the wheel–rail contact surface as the boundary, and the coupling of the system
model is achieved through the wheel–rail contact relationship [21,22]. A certain type of
high-speed train single-car model can be simplified into a multi-rigid body system consist-
ing of a vehicle subsystem model, including a car body, two bogies, and four wheelsets.
Each structure is considered as a rigid body with 6 degrees of freedom. Thus, the entire
vehicle model has 42 degrees of freedom [23,24]. The main component degrees of freedom
of the system are shown in Table 2, and the model schematic is shown in Figure 3.

Table 2. Degrees of freedom of the vehicle model.

Structure
Forms of Motion

Longitudinal Lateral Bounce Roll Pitch Yaw

Car body xc yc zc φc βc ψc
Bogie
frame xt yt zt φt βt ψt

Wheelset xw yw zw φw βw ψw
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In Figure 3, M represents mass; X, Y, Z, φ, β, and ψ represent longitudinal, lateral,
vertical, roll, pitch, and yaw degrees of freedom, respectively; subscripts c, t, and w
represent car body, bogie, and wheelset, respectively; EI is the elastic modulus of the steel
rail; Kt and Kp represent vertical stiffness of one side of the two-series suspension and
one-side vertical stiffness of the one-series suspension, respectively; Ct and Cp represent



Energies 2024, 17, 2510 5 of 20

vertical damping of one side of the two-series suspension and one-side vertical damping of
the one-series suspension, respectively; and Z0i represents track irregularities.

We built a vehicle–track coupled simulation model using Simpack dynamics 2021
software, as shown in Figure 4.
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3. Dynamic Response of Vehicle–Track Systems
3.1. Simulation of Track Irregularities

The China Railway Science Research Institute has proposed track spectra applicable
to China’s main trunk lines and different types of track structures through data collection,
processing, calculation, and analysis of track spectra. These spectra unify the expressions
of track irregularities in elevation, lateral, and alignment using different coefficients. The
expression is as follows:

S( f ) =
A · ( f 2 + B · f + C)

f 4 + D · f 3 + E · f 2 + F · f + G
(1)

where S(f ) represents power spectral density; f represents spatial frequency; and A–G are
characteristic coefficients of track irregularity power spectral density, with different values
corresponding to different line grades and types.

In the vehicle–track coupled system, using the seven-parameter track irregularity
power spectral density function of China’s three main trunk lines as excitation, irregular
excitations with lengths of 200 and frequencies of 1920 in the range of 1–200 m long waves
are obtained. The temporal samples of vertical and lateral irregular disturbances are shown
in Figure 5:
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From Figure 5, it can be seen that, in the temporal samples of track irregularities
simulated by the seven-parameter track irregularity power spectral density function in
China, the vertical irregularity amplitudes of the left track range from −5.12 to 5.98 mm, and
the lateral irregularity amplitudes range from −5.96 to +5.67 mm. The vertical irregularity
amplitudes of the right track range from −5.04 to 5.69 mm, and the lateral irregularity
amplitudes range from −7.79 to +5.74 mm.
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3.2. Different Driving Speeds

Considering that the maximum speed limit of the target line is 120 km/h, three
operating conditions are set with speeds of 80 km/h, 100 km/h, and 120 km/h, respectively,
to analyze the impact of varying train speeds on the interaction between the wheel and rail
in the vehicle–track coupled system. The dynamic response results are shown in Figure 6.
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Since the length of the target bridge is 144 m, when the train runs over the bridge at
speeds of 80 km/h, 100 km/h, and 120 km/h, the response curves end at 6.48 s, 5.18 s,
and 4.32 s, respectively. Taking the first wheelset of the leading bogie of the train as an
example, the dynamic response curve of wheel–rail interaction at different speeds is shown
in Figure 6.

From Figure 6, it can be observed that, under the influence of additional track irregu-
larity excitation, both vertical and lateral forces between the wheel and rail increase with
the increase in train speed. Specifically, at a speed of 120 km/h, the maximum vertical
forces on the left and right tracks are 63.83 kN and 62.67 kN, respectively. Compared
to the maximum vertical forces at 80 km/h, these values increased by 3.07% and 2.62%,
respectively. Additionally, the maximum lateral forces on the left and right tracks are
1.71 kN and 1.79 kN, respectively, at 120 km/h, showing increases of 8.23% and 16.9%
compared to those at 80 km/h. Furthermore, by comparing these response values with
the previously mentioned electrified railway operational safety verification standards, all
obtained values are within the specified limits [25,26].
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By comparing the respective response values in Reference [27], the relative errors were
consistently below 10%, validating the correctness of the vehicle–track model. The specific
data comparison results are shown in Table 3.

Table 3. Comparison of vehicle–track response results.

Response
Values

Left Rail
Vertical

Force (kN)

Right Rail
Vertical

Force (kN)

Left Rail
Lateral

Force (kN)

Right Rail
Lateral

Force (kN)

Derailment
Coefficient

Wheel Load
Reduction Rate

Simulation 63.83 62.67 1.71 1.79 0.023 0.068
Reference [27] 69.09 69.07 1.88 1.63 0.027 0.07
Relative error 7.61% 9.27% 9.04% 9.82% 14.81% 2.86%

3.3. Different Track Irregularities

Figure 7 simulates different levels of track irregularity by scaling the amplitude of the
input irregularity samples. Assuming trains are running over the bridge at the same speed
(100 km/h), scaling factors of 0.5 (Condition 1), 1 (Condition 2), and 1.5 (Condition 3) are
used to represent better, initial, and worse track smoothness, respectively.
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From Figure 7, it can be observed that there is a positive correlation between track 
irregularity amplitudes and the wheel–rail contact forces in the system. For the left rail, 
when the irregularity amplitudes are 0.5, 1, and 1.5 times the standard deviation, the max-
imum measured vertical wheel–rail forces are 60.68 kN, 62.89 kN, and 64.34 kN, respec-
tively. When the irregularity amplitude increases to 1.5 times the standard deviation, the 
maximum vertical wheel–rail force increases by approximately 6.03% compared to 0.5 
times. The maximum lateral wheel–rail forces are 0.51 kN, 1.13 kN, and 1.60 kN, respec-
tively, showing a significant increase of 213.45% from 0.5 to 1.5 times the standard devia-
tion. Additionally, for the right rail, the maximum vertical wheel–rail forces under the 
corresponding irregularity amplitude conditions are 60.37 kN, 61.71 kN, and 63.20 kN, 

Figure 7. (a) Left rail vertical force. (b) Right rail vertical force. (c) Left rail lateral force. (d) Right rail
lateral force. (e) Derailment coefficient. (f) Wheel load reduction rate.

From Figure 7, it can be observed that there is a positive correlation between track
irregularity amplitudes and the wheel–rail contact forces in the system. For the left rail,
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when the irregularity amplitudes are 0.5, 1, and 1.5 times the standard deviation, the
maximum measured vertical wheel–rail forces are 60.68 kN, 62.89 kN, and 64.34 kN,
respectively. When the irregularity amplitude increases to 1.5 times the standard deviation,
the maximum vertical wheel–rail force increases by approximately 6.03% compared to
0.5 times. The maximum lateral wheel–rail forces are 0.51 kN, 1.13 kN, and 1.60 kN,
respectively, showing a significant increase of 213.45% from 0.5 to 1.5 times the standard
deviation. Additionally, for the right rail, the maximum vertical wheel–rail forces under the
corresponding irregularity amplitude conditions are 60.37 kN, 61.71 kN, and 63.20 kN, with
an increase of 4.70% from 0.5 to 1.5 times the standard deviation. The maximum lateral
wheel–rail force increases from 0.89 kN to 2.21 kN, representing an increase of 146.07%.
Comparing these results, it can be seen that the influence of track irregularity amplitudes
on lateral wheel–rail contact forces is more significant than that on vertical wheel–rail
forces, and the significant increase in wheel–rail contact forces leads to an exacerbation of
the vehicle–track system’s amplitude, consistent with reality.

4. Dynamic Response of Existing Portal Structure
4.1. Modal Analysis of Existing Portal Structure

The natural characteristics of portal structure are mainly reflected by its low-order
modes. The purpose of modal analysis is to study the inherent vibration characteristics of
the structure. Each mode has its unique natural vibration frequency, damping ratio, and
mode shape, and the modal analysis is the process of determining these modal parameters.
ANSYS software v19.2 provides various modal analysis methods, such as subspace itera-
tion and modal reduction [28]. Subspace iteration is particularly suitable for large-scale
structural problems, especially for solving symmetric eigenvalues. When the frequency
range of the structure is difficult to estimate and the primary degrees of freedom cannot be
pre-selected, this method can demonstrate good applicability.

M
{ ..

u
}
+ C

{ .
u
}
+ K{u} = F (2)

where M, C, and K are, respectively, the mass, damping, and stiffness matrices; {u}, {
.
u},

and {ü} are the displacement, velocity, and acceleration vectors; and F is the road load. The
displacement vector, {

.
u}, and the acceleration vector, {ü}, are as follows, respectively:

{u} = λ sin(ωt + θ) (3){ ..
u
}
= −ω2λ sin(ωt + θ) (4)

where ω represents the natural frequency, φ represents the structural mode shape, and θ
represents the initial phase.

When damping is neglected, the equation for the natural frequency of portal structure
is as follows:

λ sin(ωt + θ)K − ω2λ sin(ωt + θ)M = 0 (5)

Since the sine term can take any value, it can be eliminated; thus, Equation (5) can be
further written as follows: ∣∣∣K − ω2M

∣∣∣ = 0 (6)

By solving Equation (6), the first n natural frequencies of the structure are as follows:

ω1 ≤ ω2 ≤ ω3 ≤ · · · ≤ ωn (7)

In the ANSYS simulation software, taking the portal structure at the midspan position
of the system bridge as an example, a modal analysis was conducted on the structure to
obtain the mode shapes of low-order modes and the corresponding natural frequencies
of each mode. Based on the modal parameters of the structure vibration obtained, the
vibration forms and characteristics of the portal structure under each natural frequency
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state were analyzed. The first six mode shapes of the structure and their corresponding
natural resonance frequencies are shown in Figure 8.
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The first mode shape of the portal structure transverse structure manifests as a lon-
gitudinal vibration between the beam and the pillar, with the beam structure showing
a tendency to overturn along the Z direction; the second mode shape exhibits a lateral
vibration of the beam and the pillar along the X direction; the third mode shape shows
an anti-symmetric longitudinal vibration of the two end pillars; the fourth mode shape
shows a vertical vibration of the beam and the contact line suspension structure; the fifth
mode shape exhibits an anti-symmetric longitudinal vibration of the pillar top, the middle
position of the beam, and the contact line suspension structure, with the pillar top along
the -Z direction and the middle of the beam along the Z direction; the sixth mode shape
demonstrates symmetric longitudinal vibration of the beam driving the contact line suspen-
sion structure. The self-vibration forms of the portal structure are primarily longitudinal
vibrations, with fewer horizontal and vertical mode shapes, which are secondary vibration
forms. Moreover, torsional mode shapes do not appear in the lower-order modes, indicat-
ing that the structure has significant torsional stiffness and meets requirements easily. The
resonant frequencies corresponding to each mode shape are listed in Table 4.
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Table 4. The resonant frequencies of existing portal structure.

Mode 1 2 3 4 5 6

f (Hz) 1.2742 1.9745 2.2432 3.8697 4.0206 5.4278
T (s) 0.7848 0.5065 0.4458 0.2584 0.2487 0.1842

4.2. Dynamic Response of Existing Portal Structure under Different Conditions
4.2.1. Different Driving Speeds

Selecting the node located at the midpoint along the bridge direction on the surface of
the rail as the trajectory for load movement, a vertical load force is applied to a single node.
As the load moves to the next node, the load on the previous node is removed to simulate
the movement of a vehicle on the bridge. For example, in Figure 9, the load distribution is
depicted for when a train travels at 120 km/h and reaches 2.16 s.
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Figure 9. Example illustration of train load application.

Analyzing the vibration characteristics of the catenary portal structure on the con-
tinuous girder bridge under the excitation of electrified trains, we can see that the trains
are designed to operate along Line 3, with a speed range from 80 to 120 km/h. The track
irregularities adopt the track spectrum recommended by the China Academy of Railway
Sciences. A dynamic response simulation analysis was conducted on the catenary portal
structure, obtaining its dynamic response results of displacement and stress, as shown in
Figure 10.

From Figure 10, it can be observed that, as the train speed increases, the dynamic
response of the portal structure gradually increases. However, regardless of the train
speed, the dynamic response of the #3 portal structure at the mid-span of the bridge under
the moving train load is always the most intense. When the train speed increases from
80 km/h to 120 km/h, the maximum displacement of this portal structure increases from
12.544 mm to 17.789 mm. When the train speed reaches 100 km/h, the displacement
amplitude of the structure increases by 25.14, and when the train speed is 120 km/h, the
displacement amplitude increases by 41.81% compared to the speed of 80 km/h. The
maximum stresses are 13.308 MPa, 15.617 MPa, and 18.730 MPa, respectively, increasing by
17.35% and 40.74%, respectively. Compared to stress response, the displacement response
of the portal structure is more sensitive to changes in train speed, and when the train speed
increases to 100 km/h, the change in displacement response is significantly greater than
the change in stress response.
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4.2.2. Different Driving Conditions

Analyzing the dynamic response characteristics of the catenary portal structure under
different operating conditions, setting the train to operate at the same speed (100 km/h), re-
spectively, along Line 1 and Line 3, and crossing the bridge with two lines intersecting, three
operating conditions are considered. Displacement and stress analyses were conducted on
the portal structure. The dynamic response values during single line operation on Line 3
are the same as in Figure 10a,b, so they are ignored here. The dynamic response results
of the portal structure during single-line operation on Line 1 and double-line intersection
operation are shown in Figure 11.
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From Figure 11, it can be seen that, when the train operates along the outer Line
1 of the bridge, the maximum displacement and maximum stress reach 16.366 mm and
16.642 MPa, respectively. Compared to when operating on Line 3, the dynamic response
values of the structure under this operating condition are larger, with increases of 4.26%
and 6.56%, respectively. Meanwhile, when the train operates with double lines intersecting,
the structural dynamic response is greater than when operating on a single line. The
impact of the train’s double lines intersection on the structural displacement and stress
response is most significant at the mid-span of the portal structure. It reaches 19.494 mm
and 24.889 MPa, respectively. The maximum displacement response during the double-line
intersection is approximately 1.24 times that of single-line operation, while the maximum
stress response is 1.59 times that of single-line operation. Compared to the displacement
response, the changes in operating conditions have a more pronounced effect on the stress
response of the portal structure.

4.2.3. Different Track Irregularities

Taking the track spectrum recommended by the China Academy of Railway Sciences
as excitation, and selecting the same speed (100 km/h), the vibration characteristics of
the portal structure under different irregularity amplitudes (0.5~1.5 times) are analyzed.
Among them, the dynamic response values under the irregularity amplitude of 1 times
are the same as in Figure 10a,b, so they are ignored here. The dynamic response curves of
portal structure displacement and stress under irregularity amplitudes of 0.5 and 1.5 times
are shown in Figure 12.
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From Figure 12, it can be observed that the maximum displacement and stress response
of the portal structure are both located at the mid-span of the bridge at the 3# portal
structure. At irregularity amplitudes of 0.5 and 1.5 times, the maximum displacements
of the portal structure are 13.659 mm and 16.045 mm, respectively. Compared to the
1 times irregularity amplitude, these represent reductions of 14.93% and an increase of
2.21%, respectively. The maximum stresses are 11.975 MPa and 17.546 MPa, respectively,
representing reductions of 30.41% and an increase of 12.35% compared to the 1 times
irregularity amplitude.

By comparing the maximum displacements and stress response values from Refer-
ence [29], relative errors were found to be below 10%, validating the correctness of the
finite element model for the bridge–portal structure. The specific data comparison results
are shown in Table 5.

Table 5. The resonant frequencies of truss-type pillar portal structure.

Response Values Maximum Displacement (mm) Maximum Stress (MPa)

Simulation 19.494 24.889
Reference [29] 21.08 24.24
Relative error 7.52% 2.68%

5. Dynamic Response of Truss-Type Pillar Portal Structure
5.1. Modal Analysis of Truss-Type Pillar Portal Structure

We modeled the truss-type pillar portal structure in ANSYS finite element simulation
software and analyzed the first six vibration modes and corresponding natural frequencies
of the structure, as shown in Figure 13. Based on the system modal parameters obtained



Energies 2024, 17, 2510 14 of 20

from the structural vibration, we analyzed the vibration forms and characteristics of the
portal structure under various natural frequency states.
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Figure 13. The first six mode shapes of truss-type pillar portal structure: (a) first mode, (b) second
mode, (c) third mode, (d) fourth mode, (e) fifth mode, and (f) sixth mode.

As seen from Figure 13, the first vibration mode of the portal structure exhibits the
longitudinal vibration of the beam, with the structure tilting in the Z direction. The second
vibration mode shows the anti-symmetric longitudinal vibration between the beam and the
pillar. The third vibration mode exhibits the anti-symmetric vertical vibration at the tops of
the two end pillars. The fourth vibration mode shows the longitudinal vibration of the tops
of the two end pillars and the contact line suspension structure, with the pillar tops along
the Z direction and the beam along the Z direction. The fifth vibration mode shows the
anti-symmetric longitudinal vibration of the contact line suspension structure. The sixth
vibration mode exhibits the symmetric longitudinal vibration of the contact line suspension
structure driven by the middle of the beam. The corresponding natural frequencies for
each mode are listed in Table 6.
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Table 6. The resonant frequencies of truss-type pillar portal structure.

Mode 1 2 3 4 5 6

f (Hz) 1.7056 3.1006 4.2799 4.4587 5.1725 5.2404
T (s) 0.5863 0.3225 0.2337 0.2243 0.1933 0.1908

Compared to existing portal structure, the truss-type pillar portal structure has higher
low-order natural frequencies, indicating that the structure is less susceptible to external
disturbances and vibrations and, thus, exhibits better stability.

5.2. Dynamic Response of Truss-Type Pillar Portal Structure under Different Conditions
5.2.1. Different Driving Speeds

We analyzed the vibration characteristics of the truss-type pillar portal structure when
a train passes over a continuous beam bridge at different speeds. The design speed range is
from 80 to 120 km/h, with speed increments of 20 km/h each time. The track irregularity
adopts the track spectrum recommended by the China Academy of Railway Sciences. The
dynamic response results of displacement and stress are shown in Figure 14.
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As seen from Figure 14, when the train’s operating speed increases from 80 km/h to
120 km/h, the dynamic response of the truss-type pillar portal structure still shows a
positive correlation with the speed variation. The maximum displacement increases from
10.864 mm to 15.176 mm, reaching a 39.69% increase. The maximum stress increases
from 10.220 MPa to 17.128 MPa, showing a 67.59% increase. Compared to the displace-
ment response, the stress response of this structure is more sensitive to changes in train
operating speed.

5.2.2. Different Driving Conditions

Set the train to run at a constant speed (100 km/h). Analyze the displacement and
stress response of the truss-type pillar portal structure when the train passes the bridge
along the single track of Line 1 and the intersection of Lines 1 and 3, as shown in Figure 15.
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When the train runs along Line 1, as shown in Figure 15, the maximum displacement
and maximum stress values are 13.997 mm and 14.134 MPa, respectively. Compared to
running along Line 3, they increased by 2.18% and 4.92%, respectively. When running at
the intersection of two lines, the displacement and stress response values are significantly
increased, reaching 18.657 mm and 21.704 MPa, respectively.

5.2.3. Different Track Irregularities

From Figure 16, it can be observed that, at irregularity amplitudes of 0.5 and 1.5 times,
the maximum displacements of the rigid structure are 11.255 mm and 15.293 mm, respec-
tively, decreasing by 21.71% and increasing by 11.64% compared to the amplitude of 1.
The maximum stress increases from 11.271 MPa to 16.030 MPa, decreasing by 19.52% and
increasing by 19.01% compared to the amplitude of 1. When the track smoothness dete-
riorates, the fluctuation of the interaction force between the wheel and rail has a greater
impact on the stress of this structure.
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5.3. Comparison Analysis

By comparing the displacement and stress dynamic response values of the truss-type
pillar portal structure and the existing portal structure under various working conditions,
the influence of the changes in the portal structure on the overall dynamic response of the
structure was analyzed. Figure 17 provides the dynamic response extreme values of the
two portal structures and the difference between them.
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As shown in Figure 17, compared with the existing portal structure, the truss-type pil-
lar portal structure has an average reduction of 15.76% in maximum displacement response
values under different operating speeds. Especially when the speed reaches 120 km/h,
the reduction in displacement response is most significant, up to 17.22%. Similarly, the
maximum stress response values of the structure decreased by an average of 18.50%, with
the highest reduction occurring at a speed of 80 km/h, reaching 30.22%. Under different
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operating conditions, the average reduction in maximum displacement response values is
13.14%, with a smaller average reduction in maximum stress response, only 7.85%. Under
different track irregularity amplitudes, the average reduction in maximum displacement
response is relatively small, at 10.71%, while the average reduction in maximum stress
response values is 16.21%. Compared to changes in track irregularity amplitudes, the
structure demonstrates better adaptability to higher vehicle speeds and more complex
operating conditions.

6. Conclusions

This article takes the electrified elevated railway of a certain quadruple-track continu-
ous beam on the Lanzhou–Chongqing line as the background. Based on establishing the
dynamics simulation model of the vehicle–track system and the finite element simulation
model of the bridge–catenary portal structure system, the track random irregularity time-
domain samples are used as internal excitation for the vehicle–track coupled system. By
solving the simulation, the dynamic response results of the vehicle–track coupled system
are obtained. Subsequently, a finite element simulation analysis of the bridge–catenary
portal structure system is conducted, and the dynamic response characteristics of the portal
structure under various working conditions are obtained. The research results provide
theoretical support for the construction of a portal structure between bridges and catenary
systems in electrified railways and offer certain references for practical engineering design.
The main work and conclusions of this study are as follows:

(1) By using the SIMPACK dynamic analysis platform and the ANSYS finite element
analysis platform, the dynamics models of the vehicle–track system and the finite ele-
ment model of the bridge–catenary portal structure were, respectively, built. Based on
the track irregularity power spectral density function, track irregularity samples were
obtained to input driving excitation, and then the dynamic response characteristics of
the vehicle–track coupled system were analyzed.

(2) Based on the track irregularity time-domain samples, the dynamic response charac-
teristics of trains under different operating speeds and different track irregularity
amplitudes were analyzed. The results show that the lateral and vertical forces
between the vehicle and the track are positively correlated with the speed and ir-
regularity amplitude. Moreover, the vertical force is more sensitive to changes in
train speed than the lateral force. Meanwhile, the response values of the derailment
coefficient and wheel load reduction rate are within the specified range of relevant
standards, validating the rationality of the model.

(3) The low-order modes of the existing portal structure were analyzed, showing that
the predominant vibration mode of the structure is longitudinal vibration, with
fewer lateral and vertical vibration modes, which are secondary vibration forms.
Additionally, torsional vibration modes do not exist in the low-order modes, indicating
that the structure has a high torsional stiffness and can meet the requirements. The
vibration characteristics of the catenary portal structure on the bridge were analyzed,
obtaining displacement and stress response values under different conditions. The
results indicate that, compared to the effects of train speed and irregularity amplitude,
the increase in the complexity of operating conditions has a more significant impact
on the dynamic response of the structure.

(4) The low-order modes of the truss-type pillar portal structure were analyzed, and
the results indicated that this structure has relatively high natural frequencies for
low-order modes and good stability. The dynamic response of the truss-type pillar
portal structure under different conditions was also analyzed, showing an average
reduction of 15.76% and 18.50% in maximum displacement and stress, respectively,
compared to the existing model. This structure demonstrates good adaptability to
higher vehicle speeds and more complex operating conditions.
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