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Abstract: Aiming at the problems of large capacity, narrow transverse width, large excitation, high
safety level, and difficulty in accurately grasping the working state of the cable‑stayed bridge for
the long‑span track, this research obtains the structural response data in real time by establishing a
health monitoring system. The adaptive filtering method was employed to separate the train load
response and the temperature load response. Then, a train load effect analysis method based on the
influence line and a temperature load effect analysis method based on the correlation were proposed
to assess the operational status of the bridge in real time and objectively. The Chongqing Nanjimen
Railway Track Bridge (hereinafter Chongqing Nanjimen track bridge) project was utilized as a case
study to demonstrate the application of these methods. The results show that the adaptive filtering
method can effectively separate the response of train and temperature loads. The normalized cross‑
correlation (NCC) results of the measured train load response and the influence line’s finite element
calculation show a high degree of fit between the measured values and the theory, proving that
no significant anomalies are found in the bridge. There is a strong correlation between the ambient
temperature difference and the Pearson correlation coefficient of structural response, which indicates
that the Chongqing Nanjimen track bridge is currently in normal working condition.

Keywords: special cable‑stayed bridge for track; adaptive filtering method; train effect; temperature
effect; Pearson correlation coefficient

1. Introduction
As urbanization progresses, rail transit is undergoing a period of rapid development,

with the construction of rail bridges in full swing. Cable‑stayed bridges are becoming increas‑
ingly prevalent due to their distinctive shape, robust span capacity, and well‑established con‑
struction technology.

The time‑varying coupling of material property parameters, environmental factors,
load action, and other factors makes the time‑varying characteristics of the operation and
maintenance state of the long‑span track special bridge extremely complicated. Because of
the characteristics of large traffic volume, narrow transverse width, large excitation, and
high safety level, the working state of rail bridges is difficult to accurately control, espe‑
cially for statically indeterminate rail cable‑stayed bridges [1]. Meanwhile, the tempera‑
ture of the bridge structure is not only subject to temporal fluctuations but also exhibits
temperature disparities at all points within the structure. However, the temperature field
is markedly uneven and a pronounced hysteresis phenomenon is evident. It is imperative
to distinguish between load effects when evaluating the performance state of the bridge
structure [2,3]. Therefore, it is important to figure out how to rely on a large amount of
bridge measurement data, accurately perceive the changes in bridge performance after
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separating temperature effects, and quickly and accurately evaluate the working status of
large‑span bridges, ensuring the safety of the bridge during its service stage. It is an urgent
and difficult issue that the engineering community needs to overcome [4].

Scholars at home and abroad havemade useful explorations in analyzing bridge struc‑
tural performance and load effect. Chen Fang et al. [5] proposed a web‑based and design‑
oriented structural health assessment system (SHES) for long‑span bridges equipped with
long‑term structural health monitoring systems. Mosbeh R. Kaloop et al. [6] investigated
using output‑only structural healthmonitoring (SHM) to evaluate the reliability and safety
of highway steel plate beams of Yuanxiao Bridge. Displacement, strain, and acceleration
measurements are used to assess the behavior of the bridge under designed static, semi‑
static, and dynamic truck load effects. ChuangChen et al. [7] designed and installed a long‑
term structural health monitoring system to monitor the behavior of the bridge during the
huge fluctuations in temperature between summer and winter. X.Y.Li et al. [8] analyzed
the data recorded by the suspension bridge structural health monitoring system (SHM)
and developed a series of indicators for evaluating future changes in the structure’s health
status. Bjørn T. Svendsen et al. [9] proposed a data‑based damage detection method for
steel bridges, which obtained data from real bridges under different structural conditions
and applied an unsupervised machine learning algorithm to evaluate the most detectable
damage types. Ju Hanwen et al. [10] proposed a calculation method for vehicle‑mounted
impact parameters based on the deflection influence line. A correlation model of vehicle‑
mounted impact parameters, ambient temperature, and bridge deflection was established
based on the GRU neural network. Li Xiaogang et al. [11] analyzed domestic and for‑
eign norms and standards and proposed evaluation criteria for the service performance of
long‑span track bridges. Chenyu Zhou et al. [12] introduced an FE(finite element)‑based
adaptive enhanced Kalman filter (AAKF) B‑WIM framework and adopted a new adaptive
noise filter optimized by a genetic algorithm to realize accurate load recognition by com‑
bining finite element (FE) model update and bridge motion weighing (B‑WIM). Premjeet
Singh et al. [13] proposed a bridge state assessment technology, which used the vibration
data collected by sensors, combined natural excitation technology (NExT) and empirical
Fourier decomposition (EFD), and adopted a hybrid method to analyze the environmental
vibration data of bridges and identify the bridge state for assessment. To separate vehicle‑
induced strain components from strain monitoring signals mixed with various loads, Dan‑
hui Dan et al. [14] proposed an online recursive sliding variational mode decomposition
method. T. Hielscher et al. [15] proposed a robust end‑to‑end optical fiber sensor (FOS)
monitoring prototype based on deep neural networks to convert FOS strain output into an
interactive digital twin (DT) visualization in response to the scale of structural deteriora‑
tion worldwide and the ineffectiveness of existing non‑destructive assessment techniques.
Xun Liu et al. [16] proposed a new method of real‑time time‑varying cable force identi‑
fication. The method updates the cable vibration signal by sliding the window and uses
adaptive chirpedmode decomposition (ACMD) to identify the instantaneous frequency of
the cable. Xiang Xu et al. [17] proposed a probabilistic anomaly detection method consid‑
ering the uncertainty model, aiming at the multi‑stage uncertainty modeling problem in
the anomaly detection process of long‑span bridges. To provide researchers with a clear
perspective on the field of health monitoring, Anis Shafiqah Azhar et al. [18] reviewed the
methods previously studied in the vibration characterization of SHM bridges. The future
potential of the vibration‑based approach as a structural characterization solution is signifi‑
cant, providing state‑of‑the‑art data‑drivenmeasures for damage detection. The increased
robustness of SHM also provides room for progress in the precise quantification and in‑
terpretation of vibration‑based techniques, providing a way for future research to extend
the vibration‑based frontier. To sum up, scholars at home and abroad have conducted
in‑depth studies in the fields of bridge health monitoring systems and bridge condition
evaluation, with fruitful results. However, there is little research on the load effect analy‑
sis of large‑span dedicated track bridges based on health monitoring systems.
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In view of this, this paper proposes the establishment of a dedicated track bridge
health monitoring system with the objective of acquiring structural response data in real
time. To address the specific characteristics of high frequency, large response, and pe‑
riodicity of the train load effect, an adaptive filtering method is put forth to differentiate
between train load and temperature load. The proposed system is validated through a real
bridge test conducted on the ChongqingNanjimen track bridge. The vertical displacement
of the main beam, the longitudinal displacement of the main tower, and the stress of the
main beam under the action of the train are studied and compared with the numerical sim‑
ulation results. Meanwhile, the influence of ambient temperature on the aforementioned
variables is analyzed. A linear regression equation was fitted by the least squares method,
and the correlation strength and direction were determined by the Pearson correlation co‑
efficient. Finally, the load effect analysis of the bridge was completed, providing scientific
and technical support for the maintenance of the bridge in a healthy manner.

2. Project and Finite Element
2.1. Project Overview

The Chongqing Nanjimen track bridge is the key control engineering of the sec‑
ond phase of Chongqing Rail Transit Line 10, and it is the world’s largest span rail‑
way special cable‑stayed bridge. The main bridge adopts a five‑span high–low tower
double‑cable‑plane semi‑floating system cable‑stayed bridge. The longitudinal arrange‑
ment is 34.5 + 180.5 + 480 + 215.5 + 94.5 = 1005.0 m, and the cross‑sectional arrangement is
2.8 m (cable area and access road) + 16.2 m (track zone) + 2.8 m (cable area and access
road) = 21.8 m (without air nozzles). Themain beam is of a steel‑hybrid type, with a height
of 3.3 m. The main structure of the steel beam is of the Q345qD variety, while the prefab‑
ricated bridge panel is of the C60 concrete variety. The main tower is constructed using a
door frame structure comprising upper, middle, and lower beams. The P2 tower is 158 m
tall, while the P3 tower is 227 m tall. The material used for the construction of these towers
is C50 concrete. There are 16 pairs of cable‑stayed cables at the P2 tower side and 27 pairs
of cable‑stayed cables at the P3 tower side. The cable‑stayed cables are HDPE‑sheathed
with Φ7.0 mm galvanized high‑strength and low‑relaxation parallel steel wire. The tensile
strength is not less than 1770 Mpa, and the tensile elastic modulus is not less than 195 GPa.
Figures 1–3 show the overall layout of the bridge. The design of the special bridge for
Chongqing Nanjimen track bridge adopts a train, with 6 sections in the near term and
7 sections in the long term. The axle weight is 150 kN, and the train loading is shown in
Figure 4.
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2.2. Health Monitoring System
The health monitoring system of the Chongqing Nanjimen track bridge structure is

composed of five parts: 1. sensor module, 2. application module, 3. data analysis mod‑
ule, 4. data processing and management module, 5. data acquisition and transmission
module. The overall distributed architecture (SOA) is the main one, and each component
(subsystem) supports cluster deployment [19–21]. The system takes load and environment,
overall static and dynamic response of the structure, and local response of the structure as
the main monitoring categories, including temperature and humidity, wind speed and
direction, vibration, deformation (displacement), angle, stress, cable force, and other mon‑
itoring items. The specific layout is shown in Figure 5 and details of the device of Figure 5
are shown in Table 1.
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Table 1. Equipment information table of the health monitoring system.

Category Monitoring
Item

Number in
Figure 5 * Main Parameter Device Type Sampling

Frequency

Load and
environmental
monitoring

Strike 12 , 13 , 14 Crash—Ship crash Unidirectional
acceleration sensor 20 Hz

Temperature
16 , 23 Temperature—Ambient temperature Hygrograph 1/600 Hz

6 Temperature—Temperature inside
the box girder Hygrograph 1/600 Hz

Humidness 16 , 23
Humidity—Ambient humidity Hygrograph 1/600 Hz

Humidity—Box girder inside wet Hygrograph 1/600 Hz
Rainfall 19 rainfall Hyetometer 1/60 Hz

Water level 17 Water level Radar water level
gauge 1 Hz

Wind 15 Wind speed and direction anemometer 1 Hz

Static and dynamic
response monitoring

of the whole
structure

Vibration
9 , 10 Vibration—Main beam vibration Unidirectional

acceleration sensor 20 Hz

20 , 21 Vibration—Tower vibration Unidirectional
acceleration sensor 20 Hz

Amorphosis
4 Deformation—Vertical change in the

main beam Static level 1 Hz

11
Deformation—Tower space

deformation (GNSS)
GNSS deformation
monitoring system 1 Hz

Static and dynamic
response monitoring

of the whole
structure

Amorphosis

11
Deformation—Main beam space

deformation (GNSS)
GNSS deformation
monitoring system 1 Hz

8 Deformation—Horizontal
displacement of the pier Inclinometer 1 Hz

1 Deformation—Displacement of
expansion joint

Fiber grating
displacement meter 1 Hz

Corner 2 Corner inclinometer 1 Hz

Structure local
response monitoring

Stress
5 Main beam stress Fiber grating strain

gauge 1 Hz

22 Main tower stress Fiber grating strain
gauge 1 Hz

Cable force 18 Cable force of the cable
Cable force

accelerometer 20 Hz

Transcore pressure
sensor 1/60 Hz

Structural
fatigue 7 Fatigue of steel structure Fiber grating strain

gauge 1 Hz

* Note: 3 in the figure is video surveillance.



Appl. Sci. 2024, 14, 7057 6 of 16

2.3. Finite Element Analysis
The general software MIDAS/Civil 2023 was used for the finite element analysis of

Chongqing Nanjimen track bridge. There were 1085 nodes and 1504 units in the whole
bridge, among which the inclined main tower and main beam were simulated by beam el‑
ements; the minimum length of the unit was 0.2 m, and a total of 1128 beam elements were
simulated by the cable‑stayed cable‑only tension element. There was a total of 376 tension‑
only units. The bridge panels andmain beams are simulated by the dual unit method. The
bridge panels are made of C60 concrete with a 36,500 MPa elastic model; the bridge tow‑
ers are made of C50 concrete with a 35,500 MPa elastic model; the steel beams are made of
Q345qD steel with a 210,000MPa elasticmodel, and the cable ismade of 205,000MPa galva‑
nized high‑strength low‑relaxation galvanized parallel wire strands. The cable anchorage
adopts a rigid connection; the bottom of the main tower adopts a general support solid
connection, and the boundary constraint between the main beam and the main tower and
bridge pier is an elastic connection. Train motion modeling method: Firstly, the axle load
and distance of the vehicle load and the position of the left and right lanes are defined and
the correlation between the two is established by defining the moving load condition. The
number of iterations of load conditions is set to 20, and the convergence error is 0.001. The
time‑varying effect mainly considers creep, and the number of creep iteration calculations
is set to 5 times, and the convergence error is 0.01. In the calculation of nonlinear analysis,
the maximum number of iterations in each load step is set by the convergence criterion,
which is 150 times, and the convergence error is 0.01. In the construction phase, nonlinear
analysis and time‑varying effect are considered, tangential assembly is considered for the
main beam, and the cable force of the cable is controlled by external force, as shown in
Figure 6.
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3. Load Effect Analysis Method
The real‑time structural response information obtained by the health monitoring sys‑

tem of the Chongqing Nanjimen track bridge is a composite value, including the train load
effect, temperature load effect, and deterioration effect, wherein deterioration effect [22,23]
is a long‑term process, including shrinkage and creep of concrete, corrosion and rust of
steel bars, etc. The response data obtained by the health monitoring system are real‑time
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data, which are mainly affected by train load and temperature effect. Therefore, the dete‑
rioration effect cannot be considered in load effect analysis. Considering that the signal
frequency and amplitude of the train load effect and the temperature load effect are dif‑
ferent, this paper adopts an adaptive filtering method to separate the train action from the
temperature load effect. The specific principle is as follows:
1. According to the period T of the train crossing the bridge and the monitoring data

acquisition frequency V, the number of data samples N = T.V required for analysis
is determined.

2. When the number of data samples N reaches theminimumvalue fmin and themedian
value fz of the data sample is obtained, where data sample f generally refers to struc‑
tural stress, displacement, and cable force. If fmin = fz, the program preliminarily
determines it as the train load effect data.

3. Based on the finite element model, the calculated value fm under train load is ob‑
tained, and the limit value f ′m = k ∗ fmf is set, where k is less than 1. The specific
value is determined by the sample data, and the initial value fc of the sample is ob‑
tained. If | fmin − fc| ≥ f ′m, it is confirmed that these data samples N are train load
effect data.

4. After the train load effect data are extracted, the initial sample value fc is subtracted
to carry out initialization processing and remove the influence of temperature load.
Taking the vertical displacement of the main beam at the mid‑span of the Chongqing

Nanjimen track bridge on 1 November 2023 as an example, the train load effect and tem‑
perature load effect are separated through the above steps and the results are shown in
Figures 7–9.

It can be seen from Figures 7–9 that the signal separation method proposed in this
paper is effective. At 16:50:49, the deflection caused by the train load is −88.3 mm, the
deflection caused by the temperature load is −179.9 mm, while the measured vertical dis‑
placement of themain beam is−266.7mm,with an error of 0.56%. At 3:24:00, the deflection
generated by the train load is 0 mm, the deflection generated by the temperature load is
−51.5 mm, while themeasured vertical displacement value of the main beam is−50.0 mm,
with an error of 3.0%, meeting the requirements.
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In conclusion, the composite structural response data derived from the health moni‑
toring system are inadequate for the accurate and effective evaluation of bridge behavior.
To achieve load effect analysis, it is essential to differentiate between the train load and
temperature load and utilize the data after the temperature effect has been isolated for tar‑
geted analysis of the operational state of the bridge under the influence of the train. This
will facilitate the assessment of the bridge’s performance and provide technical support
for the scientific management and maintenance of the bridge.

4. Load Effect Separation Experiment
4.1. Analysis of Train Load Effect Based on Influence Line

The stiffness or elastic modulus of the bridge structure will change after damage. As
an inherent characteristic of the bridge, the influence line [24–29] will also have different
degrees of influence with the change in the structural characteristics of the bridge.

The Chongqing Nanjimen track bridge’s health monitoring system enables the real‑
time acquisition of response data, including vertical displacement of the main beam, longi‑
tudinal displacement of the main tower, and stress of the main beam, during the operation
of a train. Considering that the train is running at a constant speed during the crossing of
the bridge (the impact of different speeds is minimal) and the duration is brief (the effect of
temperature and wind is stable), bridge influence lines of various indexes can be obtained
throughmonitoring data analysis and compared with the finite element analysis results to
achieve a bridge state assessment. The analysis results are shown in Figures 10–14.

As can be seen from Figures 10–14, based on the response data such as vertical dis‑
placement of the main beam, longitudinal displacement of the main tower, and stress of
themain beam collected by the healthmonitoring systemof theChongqingNanjimen track
bridge, the temperature load is removed by the above separationmethod and the response
data under the action of the train load are obtained. A comparison of the influence line ob‑
tained byMidas/Civil 2023 simulation with themeasuredmaximum vertical displacement
of the main beam reveals that the measured maximum vertical displacement of the main
beam is 92.00 mm and the theoretical maximum is 92.4 mm, both of which occur at 67.80 m
from the left side of the span. The measured maximum longitudinal displacement of the
P2 main tower is 34.00 mm, and the theoretical maximum is 34.4 mm, both of which occur
at 106.28 m from the left side of the span. The measured maximum longitudinal displace‑
ment of the P3 main tower is 18.80 mm, and the theoretical maximum is 19.20 mm, both
of which occur at 11.42 m from the left side of the span. The measured maximum stress
of the main beam roof is −0.70 Mpa, and the theoretical maximum stress is −0.70 Mpa at
67.80 m from the left side of the span. The measured maximum stress of the main beam
floor is 3.80 Mpa; the theoretical maximum stress is −0.70 Mpa, and the stress is 9.32 m
from the left side of the span.
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Meanwhile, normalized cross‑correlation (NCC) was employed to assess the degree
of similarity between the two entities [30,31].

For each lag (k), we calculated the number of normalized cross‑relations:

R(k) =
∑n

i=1(y1(i)− y1)·(y2(i + k − n)− y2)√
∑n

i=1(y1(i)− y1)
2 ·
√

∑n
i=1(y2(i + k − n)− y2)

2
(1)

where
n—Sample size;
y1, y2—Mean of samples y1 and y2, respectively.
The larger the NCC value, the better the fitting. As can be seen from Table 2, the nor‑

malized cross‑correlation values are 0.9457, 0.9531, 0.8873, 0.9098, and 0.9101 indicating
a high degree of fitting between the measured values and the theory. In summary, the
structural response under train load and the influence line results of finite element calcu‑
lation have small errors and a high fitting degree and no significant anomalies are found
on the bridge, which proves that the data obtained through the health monitoring system
can achieve the load effect analysis of the bridge and provide technical support for the
scientific management and maintenance of the bridge.

Table 2. Normalized relationship between measured and theoretical values (NCC).

Serial Number Structural Response Parameter NCC Similarity

1 Vertical displacement of the main beam 0.9457 High
2 Longitudinal displacement of the main tower (P2 side) 0.9531 High
3 Longitudinal displacement of the main tower (P3 side) 0.8873 High
4 Roof stress in the span of the main beam 0.9098 High
5 Middle floor stress of main beam span 0.9101 High

4.2. Analysis of Temperature Load Effect Based on Correlation
The cable‑stayed bridge dedicated to the long‑span track has an obvious response

to temperature load. Therefore, an accurate analysis of the correlation between ambient
temperature, displacement of the main beam and main tower, cable‑stayed cable force,
and main beam stress is of great significance for accurately identifying the structural state
of the bridge and ensuring the operation safety of the bridge [32,33]. In this paper, the
linear regression equation is fitted by the least squares method and the Pearson correlation
coefficient [34,35] is used to determine the strength and direction of its correlation. The
formula is shown as follows:

R =
∑n

i=1
(
Xi − X

)(
Yi − Y

)[√
∑n

i=1
(
Xi − X)2 ∗

√
∑n

i=1
(
Yi − Y)2

] (2)
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where
RPearsoncorrelationcoefficient;
Xi, Yi—Values of X and Y variables for the ith sample;
X, Y—Sample average of X variable and Y variable;
n—Sample size.
According to the stress characteristics of the track bridge, one‑day monitoring data

with small and stable wind speed in the bridge area are selected to separate the train load
response data and the correlation between daily temperature difference and vertical dis‑
placement of the main beam, longitudinal displacement of the main tower, longitudinal
displacement of the main beam, cable force of the cable, and stress of the main beam is
analyzed, as shown in Table 3 and Figures 15–23.

Table 3. Results of correlation analysis between ambient temperature and structural response.

Serial Number Structural Response Parameter Pearson Correlation
Coefficient R Strength of Correlation

1 Vertical displacement of the main beam −0.9634 strong
2 Longitudinal displacement of the main tower (P2 side) 0.9384 strong
3 Longitudinal displacement of the main tower (P3 side) −0.8951 strong
4 Longitudinal displacement of the main beam (A0 side) −0.9421 strong
5 Longitudinal displacement of the main beam (P5 side) −0.7853 strong
6 SMC1 Cable −0.8980 strong
7 NMC1 Cable −0.9625 strong
8 Roof stress in the span of the main beam 0.9658 strong
9 Middle floor stress of main beam span 0.9326 strong
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Figure 19. Correlation between ambient temperature and longitudinal displacement of the main
beam on the P5 side (unit: mm).

Figures 15–23 show the following: The ambient temperature has a strong negative
correlationwith the vertical displacement of themain beam, the longitudinal displacement
of the main tower (A0 side, P3 side, and P5 side), and the Pearson correlation coefficient
R < −0.7 of the SMC1 stay cable andNMC1 stay cable. When the temperature rises, the ver‑
tical displacement of the main beam, the longitudinal displacement of the P3 main tower,
and the longitudinal displacement of the A0 side main beam show a downward torsion
trend. The SMC1 andNMC1 cable bodies become longer, and the tension becomes smaller.
The Pearson correlation coefficient R > 0.7 shows a strong positive correlation between the
longitudinal displacement of the main tower (P2 side), the roof stress in the main beam
span, and the stress in the middle floor of the main beam span. When the temperature
rises, the longitudinal displacement of the main tower (P2 side) shows an upward bending
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trend, and the roof stress in the main beam span and the stress in the middle floor of the
main beam span increase. The results show that temperature has a significant effect on the
cable‑stayed bridge with a long‑span track and there is a significant correlation with the
response of each part of the structure.
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5. Conclusions and Prospects
Based on the characteristics of track bridges, such as large volume, narrow transverse

width, large excitation, high safety level, and clear load response, this paper proposes for
the first time a method to obtain temperature load and train load from the composite re‑
sponse data of track bridge through an adaptive filter separation monitoring system. Re‑
lying on the structural health monitoring system of the Chongqing Nanjimen track bridge
to analyze the load effect of train and temperature effects, this paper obtains the follow‑
ing conclusions:
1. The adaptive filtering load effect separation method proposed in this paper is both

feasible and effective. Based on the characteristics of high frequency, large response,
and periodicity of train load effect, a method for separating load effect is proposed.
Through the signal separation of the composite structure response data obtained by
the monitoring system, the respective effects of train load and temperature load at
the same time are obtained, which provides scientific support for the state evaluation
of the bridge and makes the evaluation results more accurate and reliable.

2. Themeasured values of the structural influence line of the vertical displacement of the
main beam, the longitudinal displacement of the main tower, and the stress index of
the main beam under the action of train load are compared with the theoretical influ‑
ence line obtained by simulation, based on the train load effect analysis method of the
influence line. The normalized cross‑correlation (NCC) of the two indexes was found
to be 0.9457, 0.9531, 0.8873, 0.9098, and 0.9101. This demonstrated a very high degree
of fit, indicating that no significant anomalies were found in the bridge and verifying
the direct evaluation of the structural state of the line affected by the train load.

3. The impact of ambient temperature on the cable‑stayed bridge with a long‑span track
is profound, and there is a clear correlation between the response of each structural
component. The temperature exhibits a strong negative correlation with the vertical
displacement of the main beam, longitudinal displacement of the main tower (A0
side, P3 side, and P5 side), and Pearson correlation coefficient R < −0.7 of the stay
cable. Conversely, the longitudinal displacement of the main tower (P2 side), roof
stress in the main beam span, and floor stress in the main beam span exhibit a strong
positive correlation coefficient R > 0.7. It has been demonstrated that the structural
state can be evaluated indirectly by temperature load correlation.
Based on the bridge health monitoring system, the load effect analysis and evaluation

of long‑span track special bridge structure are studied to some extent, but there are still
the following deficiencies:
1. Comprehensive consideration of long‑term effects: In addition to the load effect, the

durability of the long‑span track special cable‑stayed bridge is also an important con‑
sideration. Therefore, in the future, a durability analysis will be carried out by mon‑
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itoring the corrosion and fatigue of bridge materials to ensure the long‑term safe op‑
eration of the bridge.

2. Optimize the monitoring system: In the future, the combination of artificial intelli‑
gence and big data analysis technology with the establishment of a decision support
system will facilitate more accurate real‑time monitoring, analysis, and prediction
of the load effect of long‑span track special cable‑stayed bridges. Through system‑
atic data management and analysis, the efficiency and safety of bridge operation and
maintenance will be enhanced.
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