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Abstract: The problem of vibration in urban rail transportation has become a current research hotspot.
When a train passes through a bridge line at high speed, it interacts with the rail, leading to vibration
energy transfer and causing issues such as vibration and noise in the line infrastructure. To propose
a more targeted vibration-damping track structure, it is necessary to explore the vibration charac-
teristics of urban rail transit bridge lines and understand the regulations governing the distribution
of vibration energy. This paper employs the theory of vehicle-rail-bridge interaction to establish
a coupled dynamics model for a subway A-type vehicle-integral ballast bed—box girder bridge.
Based on the proposed model, the transmission characteristics and distribution of vibration energy
in the rail-bridge system are systematically analyzed and the influence of the parameters of the
track structural components on the power flow of the system are investigated. The results of this
study indicate that low-frequency vibration energy in the track system of urban rail transit bridges is
primarily concentrated within the track structure, whereas high-frequency vibration energy is mainly
focused on the rail. The fastener, as a component connecting the rail and the overall roadbed, has
different effects on the peak value of the power flow and the accumulation of vibration energy in
various components such as the rail, the overall roadbed, the top plate of the box girder bridge, and
the bottom plate in different frequency bands due to its own stiffness and damping. An appropriate
increase in fastener damping is beneficial for reducing the accumulation of low-frequency vibration
energy in the track structure.

Keywords: vibration power flow; integral ballast bed; box girder bridge; vibrational energy

1. Introduction

The rapid development of urban rail transport has greatly facilitated travel for resi-
dents in large cities. However, the vibration and noise issues arising from trains passing
through densely populated areas along rail transit lines have increasingly drawn public
attention. Prolonged and frequent vibrations can lead to structural damage in tracks, harm
buildings situated near the rail lines, and interfere with the operation of high-precision
instruments, thus impacting people’s daily lives and productivity. In order to reduce
the vibration problem of urban rail transit, vibration-damping tracks have been imple-
mented on numerous rail lines [1,2]. The effects of mobile vehicle impact and damping
on the vibration of rail-bridge systems were verified by experiments on test-bed method
by Jian Yu [3]. Caiyou Zhao analyzed the impact of vibration isolator effectiveness on the
vibration-damping effect of floating plate rail by establishing a vehicle-rail steel-spring
floating-plate rail interaction model [4]. Xin Zhou studied the effects of three track structure
forms, namely, ordinary monolithic track bed, slab track bed, and floating-slab track, on
the vibration of rail transportation [5]. Paul analyzed the effect of track irregularities on
the dynamic response of bridges, taking into account the stiffness and damping of the soil
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base [6]. These studies have analyzed the vibration response transmitted to the bridge
structure from various phenomena, such as vehicles, vibration isolators, and track structure
forms. However, the studies have not systematically revealed the vibration transmission
problem among the structures of the bridge line.

As people’s demand for higher operating speeds in urban rail transport increases, the
intensity of vibration sources in urban rail transport also intensifies. The development
of more targeted measures to dampen vibrations on the tracks has become an urgent
requirement to address this issue. The key to solving this problem is identifying track
structure components with significant vibration energy accumulation and understanding
how changing structural parameters affects this energy accumulation.

The power flow method, based on the theory of vibration isolation, has proven highly
effective in analyzing energy transfer and accumulation within structures. This method
offers a comprehensive reflection of vibration energy traits within the structure. Notably, its
advantage lies in frequency domain analysis, allowing precise representation of vibration
energy distribution across each layer of the structure. Following Goyder’s description
and discourse on a continuum-dynamics-centered power flow analysis approach [7-9], the
power flow theory finds extensive application in diverse fields like marine, aerospace, and
machinery [10-12]. This approach is equally relevant in the context of rail transportation,
constituting a continuous dynamics challenge. Sudheesh Kumar examined the impact of
velocity on vibration power flow within simply supported beams subjected to multipoint
dynamic loading, estimating bridge vibration power distribution [13]. Na Fu explored
the vibration energy characteristics of a double-block ballasted track through a power
flow method rooted in a train—track-bridge interaction model [14]. Dhananjay proposed a
subway tunnel vibration power flow calculation method, comparing power flow between
ordinary monolithic track beds and floating-slab tracks [15].

The application of the vibration power flow method to address the dynamics issues
of urban railway bridge lines allows for solving structural vibration problems involving
multiple damping layers and components. This approach offers the opportunity to analyze
the energy transfer dynamics of each section of the track structure on the bridge. Building
on this foundation, more targeted rail transit vibration-damping products can be developed
according to the vibration accumulation of each component, providing certain theoretical
support for the subsequent design of vibration-damping track.

Therefore, based on the vehicle-track-bridge interaction theory [16], this paper con-
siders the vehicle subsystem, the track structure subsystem, and the bridge subsystem as
a dynamic system problem with an interactive relationship. We establish a track-bridge
power flow calculation model to analyze the transfer characteristics and distribution of
vibration energy in the track-bridge system. And we study the influence of the parameters
of the track structure components on the power flow of the system.

2. Theoretical Analysis Model and Calculation Method

The train is assumed to be a complex system with multiple rigid body components
that are connected to each other by springs and dampers. Both the track and the bridge
are considered as elastomers with continuously distributed masses. Based on the theory of
vehicle-track-bridge interaction [17], this paper begins by establishing a coupled dynamics
model of a subway A-type vehicle-integral ballast bed-box girder bridge [18-20]. The
model employs the six-level power spectrum of the U.S. railroads as the input condition
for resolving the subsequent power flow analysis of external excitation. Subsequently, a
power flow analysis model of the railroad track bridges is established to investigate the
vibration energy transfer characteristics of the entire system.

2.1. Establishment of Vehicle Model and Determination of Parameters

Based on the multi-rigid body system dynamics theory, the subway A-type vehicle
is mainly considered as a multi-rigid body system with the vehicle body, two bogies and
four wheel pairs, and the main motion states of the vehicle structure in the study include
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the vehicle body, the front and rear bogies” sinking and nodding motions, and the pendant
vibration and nodding of the four wheel pairs, with a total of 14 degrees of freedom. The
vehicle-track-bridge coupled dynamics model and its dynamics parameters are as shown
in Figure 1 and Tables 1 and 2.
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Figure 1. Vehicle-railway-bridge coupling dynamics model.

Table 1. Freedom of vehicle dynamics model.

Degrees of Freedom Hang Down Rise and Fall Nods
Train body Zc Bc
Front bogie Ztl Btl
Rear bogie 72 pt2

First wheelset w1l - pwl
Second wheelset Zw?2 - Bw2
Third wheelset Zw3 - Bw3
Fourth wheelset Zw4 - Pw4

Table 2. Numerical values of system dynamics parameters of subway A-type vehicle.

Parameters Numerical Value
Body mass/kg 4566 x 10*
Height of vehicle center from track surface/m 1.852
Vehicle fixing distance/m 15.7
Quality of wheelsets/ (kg~m2) 1,985,110
Fixed wheelbase/m 1093
Framing quality/kg 2.5
Primary longitudinal/transverse/vertical damping 2081
Two-system vertical /transverse/ vertical damping (Ns/m) 0/0/10,626
Axlebox spring longitudinal /transverse stiffness 0/2.9 x 10*/1.1 x 10*
Wheel radius/m 0.42
Traction tie rod longitudinal stiffness (N/m) 4.16 x 10°
Height of the upper plane of the gas spring from the track 0.89
surface/m ’
Torsion bar spring stiffness (N/m) 2.5 x 106

2.2. Finite-Element Model of Track—Box Girder Bridge

In the dynamics model of the vehicle-track-bridge system, this study primarily em-
ploys Ansys to create the finite-element model encompassing the track-fastening-integral
ballast bed-box girder bridge. Specifically, the track is simulated using Beam188 elements,
the fastener system is represented by Combin14 elements, and the entire track bed is de-
fined using Solid45 elements. Box girder bridges are mainly composed of top, web, and
bottom plates, which are made of the same material and have basically the same thickness.
To enhance computational efficiency, the model incorporates Shell63 elements, which take
into account the actual thickness of the box girder bridge. The finite-element model of the
line infrastructure, along with its dynamic parameters, is depicted in Figure 2 and detailed
in Table 3.
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Figure 2. Track-integral ballast bed-bridge finite-element model.

Table 3. Track structural parameters and bridge structural parameters.

Track Component Cell Type Correlation Numerical Value
Parameter
Cross-sectional
moment of 2.1 x 101
Track Beam188 inertia/(m*)
Elastic modulus/(Pa) 3.215 x 10°
Poisson’s ratio 0.3
Linear
. 60.64
. density/(kg-m~1)
Fastener Combin14 Stiffness/(N-m~1) 4% 107
Damp/(N-sm™~1) 2.26 x 10*
, Density/ (kg-m~3) 2251
Integrated ballast bed Solid45 Elastic modulus/GPa 21
Elastic modulus/Pa 3 x 1010
Bridge Shell63 Poisson’s ratio 0.25
Density/ (kg-m~3) 2500

In the numerical simulation, the operating speed of the subway A-type car is estab-
lished at 83 km/h, and the sixth-grade power spectral density of the American railway
is adopted as the external excitation, depicted in Figure 3. The dynamic response of the
comprehensive vehicle-track-bridge system is computed, and the resultant node velocities
and node forces are employed as input parameters for subsequent power flow analysis.

2.3. Method for Calculating Vibration Power Flow

Since this paper mainly studies the vibration energy transfer of the vibration-damping
track on the bridge line, the frequency domain average power is selected to evaluate its
transmission characteristics. The average power calculation formula is as follows.

P(w) = %Re(FV*) (1)

where P(w) is the power flow, and its unit is N-m/s, that is, W. The complex values of
F and V represent the velocity in the frequency domain. Re represents the real part of a
complex number. The superscript * represents conjugation.

The velocity and force of the track, integral ballast bed, and box girder bridge joints
obtained from the vehicle-track-bridge coupling dynamics model are used as input condi-
tions for power flow analysis. However, in the dynamic analysis modeling presented in
this paper, beam elements and plate shell elements are used for the track and box girder
bridge, respectively. This approach makes it impossible to directly extract the nodal forces
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of each node. Therefore, the internal stress of the node is extracted from the element in
which the node is situated, rather than directly from the node force.
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Figure 3. Numerical simulation utilizing the sixth-level spectrum of American railroads: (a) Random
vertical irregularity of the left rail; (b) Random vertical irregularity of the right rail; (c) Random lateral
irregularity of the left rail; (d) Random lateral irregularity of the right rail.

In the power flow analysis, if the entire span of the overhead line is used for solving, a
significant number of nodes are involved in the calculation process, leading to a notable
reduction in solving efficiency. Given that this paper primarily analyzes the power flow
transmission characteristics of elevated lines, a finite-element model of 1/6 of the lines
can be selected for analysis. In other words, the 5 m track and bridge structure can be
calculated to effectively improve the calculation efficiency while ensuring the accuracy of
the calculation structure. The total power flow can be expressed as follows.

Pu(k) = ;_le (B vio)] @

where i is the node number of the desired power flow. n is the total number of nodes. k is
the calculation frequency point, the unit is Hz.

The power flow characteristics of the track, integral ballast bed, and box girder bridge
can be obtained individually. The power flow characteristics of the entire system can then
be determined by summing the characteristics of each subsystem.
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To facilitate a more intuitive comparative analysis, the evaluation employs the relative
power flow of the structure, which is expressed as follows.

P(k) = 20log {P“;)gk)} ®)

where Py, (k) is the total power flow of the structure corresponding to frequency k, and the
unit is N-m/s; P is the reference power flow, and the reference power flow on the bridge
under the action of track irregularity is Py = 1 x 1071?, and the unit is N-m /s.

3. Vibration Transmission Characteristics of Urban Track Transit Bridge Lines
3.1. Vibration Energy Transfer Characteristics of Integral Ballast Bed Damping Track
Figure 4 displays the power flow transmission characteristics of a track bridge line

with an integral ballast bed. Based on the power flow spectrum curve, the following
conclusions can be drawn.
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Figure 4. Power flow of integral ballast bed.

Firstly, the initial peak of the ballast bed and the roof of the box girder bridge are
evident at approximately 250 Hz. The natural frequency of the first mode of vertical track
bending is 200 Hz. Consequently, a coupling effect exists between the track, integral ballast
bed, and the top plate of the box girder bridge at 200 Hz.

Secondly, the second peak in power flow is observed in the track, integral ballast bed,
box girder bridge roof, and bottom plate at around 600 Hz. Among these, the integral
ballast bed exhibits the highest cumulative power flow, reaching approximately 300 dB,
while the lowest cumulative power flow is found in the bottom plate, at approximately
175 dB.

Thirdly, within the frequency domain below 2000 Hz, notable power flow peaks are
additionally present near 800 Hz, 1200 Hz, and 1400 Hz.

Fourthly, within the entire line system, the power flow distribution diminishes in the
sequence of the integral ballast bed, bridge roof, track, and bridge bottom plate. Among
these, the power flow characteristics of the integral ballast bed exhibit the most significance,
indicating a substantial accumulation of vibration energy within the ballast bed.

During the transfer of vibration energy within the track structure, certain structural
elements may either consume or store a portion of the energy. As a result, potential issues
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can arise, such as the attenuation of vibration energy or the amplification of vibrations in
specific components due to energy storage. The fastener, functioning as a component that
links the track and the integral ballast bed, exerts a noticeable impact on the power flow of
both the track and the ballast. The disparity in power flow between the track and the ballast
can serve as an indicator of the influence of the fastener on power flow transmission. In the
lower frequency range, the amplitude of attenuation of vibration energy in the fastener and
ballast increases as the frequency rises. The highest attenuation occurs near 100 Hz and
300 Hz. In the middle- and high-frequency bands, the amplitude of attenuation of vibration
energy decreases as the frequency increases. This indicates that vibration energy within
the low-frequency range is more readily absorbed or stored within the fastener system.
Through a comparison of the power flow transmission characteristics between the bridge
roof and the floor, it becomes evident that the power flow behaviors of the bridge roof and
the floor significantly diverge within the low-frequency range. This observation suggests
that, in the low-frequency band, the vibration energy primarily concentrates in the bridge
roof. Moreover, it underscores the fact that, within the low-frequency range, the bridge
roof constitutes the principal source of low-frequency sound in the bridge structure. This
characteristic aligns with the structural focus of the current study.

Based on the above analysis, it is evident that the power flow characteristics of the
entire track bed are more significant than those of the track. In the vibration transmission
process, the fastener system serves as a crucial connection component closely related
to the track bed and the track. Hence, the relevant parameters of the fastener system
are expected to have a significant impact on the power flow transmission characteristics.
Consequently, the effects of fastener stiffness and damping parameters on power flow
transmission characteristics will be further analyzed and systematically studied in the
following paragraphs.

3.2. Effect of Fastener Parameters on System Power Flow Characteristics

The fastener, serving as the connecting component between the entire track bed and
the track, holds a crucial role in governing the power flow transmission within the track
structure. The stiffness and damping of the fastener have a significant impact on this
process. Exactly based on the concept of control variables, two methods are employed in
this study to analyze the influence of fastener parameters on the transmission character-
istics of power flow within the system. The first method involves changing the stiffness
of the fastener while maintaining its damping constant. The second method entails al-
tering the damping of the fastener while keeping its stiffness constant. Through these
approaches, the influence of deduction parameters on power flow transmission characteris-
tics is thoroughly investigated.

3.2.1. Effect of Fastener Stiffness on Power Flow Transmission Characteristics

Figure 5 illustrates the spectrum curve depicting the variation of power flow for the
track, integral ballast bed, bridge roof, and bridge bottom plate in relation to changes in
fastener stiffness.

With the fastener damping set at 40 kN/s/m and unchanged, the power flow of each
subsystem is individually analyzed for fastener stiffness values of 20 kN/mm, 40 kN/mm,
and 60 kN/mm. Indeed, the figure demonstrates that the power flow characteristics of the
track are significantly impacted by the stiffness of the fastener within the frequency range
of 0-1200 Hz. In essence, there is a high sensitivity between track power flow and fastener
stiffness, particularly within the middle- and low-frequency domain. The track power
flow reaches its maximum at 1160 Hz, with power flow peaks for the three stiffness values
registering at 297 dB, 277 dB, and 256 dB. Regarding the influence of fastener stiffness on
ballast power flow, it is primarily concentrated within the frequency range of 100-700 Hz,
peaking at 600 Hz. However, it is worth noting that the power flow of the entire ballast
remains consistent within the high-frequency band. This indicates that the power flow of
the whole ballast at high frequency is not affected by the stiffness of the fastener.
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Figure 5. Power flow of track, integral ballast bed, bridge roof, and bridge bottom plate varies with
the stiffness of coupler: (a) Power flow of track; (b) Power flow of integral ballast bed; (c) Power flow
of bridge roof; (d) Power flow of bridge bottom plate.

The power flow characteristics of the box girder bridge roof within the 0-400 Hz range
display significant variation, with changes in fastener stiffness. Within the 0-200 Hz range,
a higher fastener stiffness facilitates more effective transfer of vibration energy to the bridge
roof. At 230 Hz, the power flow of the bridge roof reaches its maximum value. In the
200-400 Hz frequency band, the impact of fastener stiffness on the power flow of the bridge
roof becomes more pronounced as the fastener stiffness increases. For fastener stiffness
values of 20 kN/mm and 40 kN /mm, the power flow of the bridge roof is similar, with an
increase of less than 10%. Beyond 400 Hz, fastener stiffness has minimal influence on the
power flow of the bridge roof, and the spectrum curve remains relatively consistent.

The influence of fastener stiffness on the power flow of both the bridge bottom plate
and bridge roof plate exhibits similar patterns. However, a notable distinction arises in
the fact that fastener stiffness has a more pronounced effect on the power flow of the
bridge bottom plate within the low-frequency band. The frequency range where fastener
stiffness affects power flow is primarily between 0 and 270 Hz. Within this range, the
power flow of the bridge bottom plate increases with higher fastener stiffness. When the
fastener stiffness increases from 20 kN/mm to 40 kN/mm, the power flow increases by
approximately 10%. Similarly, when the fastener stiffness increases from 40 kN/mm to
60 kN/mm, the power flow experiences an approximately 50% increase. These outcomes
underscore the significant impact of fastener stiffness on the power flow of the bridge
bottom plate in the low-frequency range. Within the frequency range of 270-520 Hz,
fastener stiffness exerts minimal influence on the bridge bottom plate’s power flow. For
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Power flow / dB

Power flow / dB

frequencies exceeding 520 Hz, the impact of fastener stiffness on the bridge becomes minor,
and power flow characteristics tend to stabilize. With fastener stiffness values of 20 kN/mm,
40 kN/mm, and 60 kN/mm, the power flow of the bridge stabilizes at 102 dB, 105 dB, and
148 dB, respectively.

3.2.2. Impact of Fastener Damping on Power Flow Transmission Characteristics

Figure 6 illustrates the spectrum curves depicting the power flow of the track, integral
ballast, bridge roof, and bridge bottom at 30 kN-s/m, 40 kN-s/m, and 50 kN-s/m for
fastener damping conditions. This analysis aims to further examine the impact of fastener
damping on the energy transfer dynamics of the overall system.

320 280
—— 30kN s/m —— 30kN s/m
300 260
- = = 40kN s/m - = - 40kN s/m
280 1| .. .. 50kN s/m 2401 |- 50kN s/m
260 m 220f
=
240 |- = 200f
. o
220 180
[
200 g 160f
o
180 140 +
160 120
140 - 100
120 1 1 1 80 1 1 1
10 10? 10° 10* 10? 10°
Frequency / Hz Frequency / Hz
(a) (b)
280 260
—— 30kN s/m —— 30kN s/m
260 |- - - 40kN s/m 240 1 L 40kN s/m
----- 50kN s/m oo
240 1 220 50kN s/m
L 200}
220 -~
3 180}
200 F =
50 % 160
O 40t
160 120 |
aof " 100L-"" 7T
120 1 1 1 80 1 1 1
10* 102 10° 10* 102 10°
Frequency / Hz Frequency / Hz

(c) (d)

Figure 6. Power flow of track, integral ballast bed, bridge roof, and bridge floor varies with the
damping of coupler: (a) Power flow of track; (b) Power flow of integral ballast bed; (c) Power flow of
bridge roof; (d) Power flow of bridge bottom plate.

As observed in Figure 6, within the low-frequency range of 0-100 Hz, fastener damping
exerts minimal influence on track power flow, and the spectrum curves for the three
operating conditions align closely. As frequency rises, the peak values of track power flow
emerge at 300 Hz, 600 Hz, 800 Hz, 1200 Hz, and 1600 Hz. Fastener damping significantly
impacts the peak values at 600 Hz and 800 Hz, thereby chiefly influencing the power flow
transmission characteristics within the high-frequency band for the track.

The influence of fastener damping on ballast power flow is primarily evident in the
80-600 Hz range, exhibiting a diminishing trend with increasing fastener damping. The
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power flow transfer characteristics of the ballast are inversely proportional to fastener
damping. Nevertheless, beyond 600 Hz, the relationship becomes proportional.

Fastener damping notably affects the power flow of the bridge roof, particularly the
vibration energy transferred to the bridge roof within the 0-200 Hz range, which decreases
with rising fastener damping. The impact magnitude diminishes with increasing frequency.

4. Vertical Vibration Transmission Characteristics of Urban Track Transit Integral
Ballast Bed—-Box Girder Bridge

4.1. Analysis of Transmission Characteristics Based on Average Vibration Energy Level

Figure 7 illustrates the average vibration energy levels of the track, track bed, bridge
roof, and floor of the box girder bridge. The power flows of these four components in the
track structure are recorded as 275.59 dB, 207.37 dB, 184.32 dB, and 122.86 dB, respectively.
The transmission rates of vibration energy from the track, integral ballast bed, box girder
bridge roof, and box girder bridge floor are 75.2%, 88.9%, and 66.3%, respectively.

300
275. 58581 Tracak
Bridge bottom plate
orq k- Bridge roof
250
Integral ballast bed
207. 3688
- 200 184. 32098
=] L
5 150
o .
= 122. 86325
5,
Z 100
Q
=B
50 F
0 1 | ' L 1 1 1

Frequency / Hz

Figure 7. Average vibration energy level of integral roadbed and box girder bridge.

When considering the law of energy conservation, it becomes evident that 24.8% of
the vibration energy from the common integral ballast bridge segment in urban track
transit is stored in the fastener system. This portion of energy can significantly impact the
wheel-track contact state and the service performance of fasteners.

Concurrently, 33.7% of the total vibration energy transmitted to the box girder bridge
is retained within the box girder bridge. This stored vibration energy is subsequently
converted into low-frequency noise within the bridge, influencing the acoustic environment
along the urban track transit route.

4.2. Impact of Fastener Parameters on the Power Flow Transfer Rate of the Entire System

Figure 8 presents the power flow transfer rate between the components of the integral
ballast bed for fastener stiffness values of 20 kN/mm, 40 kN/mm, and 60 kN/mm. The in-
fluence of fastener stiffness on power flow transfer varies across different frequency bands.
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Figure 8. Impact of different fastener stiffness values on power flow transfer of the bridge system:
(a) Power transfer rate from the track to overall ballast with different fastener stiffness values;
(b) Power transfer rate form the integral ballast bed to the bridge roof with different fastener stiffness
values; (c) Power flow transfer rate from the bridge roof to bridge bottom with different fastener
stiffness values.

As shown in Figure 8a, in the frequency range of 0-100 Hz and 650-1600 Hz, the
downward vibration energy transmitted by the track increases with the rise in fastener
stiffness. However, within the 100-650 Hz frequency band, the power flow transfer of
track strengthens as the design value of fastener stiffness decreases. This indicates that
the stiffness design within this frequency band should not be excessively small, as it could
weaken the damping effect of the fastener system.

Figure 8b shows that the impact of fastener stiffness on the power flow transfer rate
from the ballast bed to the bridge roof primarily occurs in the frequency band above 700 Hz.
Within the 100-700 Hz range, vibration energy transfers more readily downward with
increasing fastener stiffness. However, in the frequency range of 700-1600 Hz, a smaller
fastener stiffness results in a stronger power flow transfer efficiency.

Figure 8c shows that the influence of fastener stiffness on the power flow transfer
rate in the box girder bridge is comparatively weaker than in the track structure. Fastener
stiffness mainly affects the high-frequency transmission of the box girder bridge.

In summary, the stiffness of the fastener system significantly influences the vibration
energy transfer within the integral ballast. Considering that the vibration noise of the bridge
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primarily concentrates in the low-frequency band, the fastener stiffness design should not
be excessively small when considering the vibration noise suppression of the bridge.

Figure 9 illustrates the influence of the fastener system’s damping on the vibration
energy transfer within the bridge system for fastener damping of 30 kN-s/m, 40 kN-s/m,
and 50 kN-s/m.
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Figure 9. Impact of different fastener damping levels on power flow transfer of the bridge system:

(a) Power transfer rate from the track to overall ballast with different fastener damping levels;
(b) Power transfer rate form the integral ballast bed to the bridge roof with different fastener damping
levels; (c) Power flow transfer rate from the bridge roof to bridge bottom with different fastener
damping levels.

As seen in Figure 9a, the damping of fasteners has minimal impact on the vibration
energy transfer from the track to the ballast within the 0-650 Hz frequency range, with
a more pronounced effect observed in the frequency band above 650 Hz. This suggests
that greater damping in the fastener system promotes the transmission of high-frequency
vibration energy.

From Figure 9b, it is evident that within the frequency band above 650 Hz, fastener
damping exerts little influence on the energy transfer rate of the ballast bed to the bridge.
However, during this period, vibration energy accumulates within the ballast bed, poten-
tially affecting its service performance.

Figure 9c illustrates that fastener damping significantly affects the transfer of vibration
energy within the box girder bridge. Within the 0-812 Hz damping range, the fastener
damping is inversely proportional to the overall power flow transfer rate. This suggests
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that opting for fasteners with higher damping can attenuate the transfer of vibration energy
within the box girder bridge. And this choice can effectively mitigate vibration noise within
components such as the bottom plate and other structural elements of the box girder bridge.

5. Conclusions

This paper establishes the vehicle-track-bridge coupled dynamics model to system-
atically investigate the transmission patterns of vibration power flow induced by train
operations within the track structure. The principal findings of this study can be summa-
rized as follows.

(1) The vibration energy caused by train operation in the low-frequency band is mainly
concentrated in the integral ballast bed and the bridge roof and bottom plate of the
box girder bridge. Most of the vibration energy will accumulate in the ballast bed.
The vibration energy in the middle- and high-frequency band is mainly concentrated
in the track position.

(2) The fastener system, as the main vibration reduction component of the ordinary
integral ballast, has a greater impact on the power flow in the low frequency range.
Strategically reducing the stiffness of fasteners can effectively attenuate the transmis-
sion of low-frequency vibrations to the bridge, consequently leading to a reduction in
the low-frequency vibrations experienced by the bridge structure. In the range of mid-
dle and low frequency, the accumulation of vibration energy of ballast decreases with
the increase in damping of the fastener. However, with the increase in frequency, the
accumulation state of vibration energy of the ballast bed and bridge will be intensified.

(38) The fastener is the vibration reduction component of the ordinary integral ballast
bed. In order to reduce the vibration and noise of the bridge on the bridge line, it
is recommended to set the stiffness and damping of the fastener to 40 kN/mm and
50 kN-s/m, respectively.

Based on the above conclusions, future studies can apply the vibration power flow
research method to different forms of urban rail transit track structures, such as flexible long
sleeper tracks, steel-spring floating-plate tracks, and trapezoidal sleeper tracks. Vibration
power flow studies can also be conducted on other modes of rail transport, such as high-
speed railways, intercity railways, and urban light railways.
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