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The analysis of bridge vibration response under train loads is crucial for the operational safety of railway bridge structures. In this study, a three-dimensional coupled dynamic model of train-track-truss arch bridge is established. Based on the numerical simulation results, the effects of different train axle loads and speeds on the vibration response of the truss arch bridge are analyzed, and the time-history changes of the displacement and stress at critical sections of the bridge are revealed. The results show that: during the train operation, the maximum vertical dynamic stress and maximum vertical displacement are linearly related to the train axle load and speed. The greater the train axle load and speed, the larger the maximum vertical dynamic stress and maximum vertical displacement. The maximum vertical acceleration generated during train operation increases linearly with train speed and exponentially with train axle load. The most unfavorable section occurs at the mid-span of the bridge, where the maximum vertical displacement, maximum vertical dynamic stress, and maximum vertical acceleration are all at their peak. This research has significant implications for engineering safety and operation.
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1 INTRODUCTION
In recent years, with economic development, high-speed railways have become the primary mode of transportation for people in various countries (Lin et al., 2016). In China, as of the end of 2023, the mileage of high-speed railways has reached 45,000 km, with the length of railway bridges exceeding 11,500 and totaling about 18,800 km, accounting for 45.9% of the total length of high-speed railway lines (Liangjiang, 2022). It can be seen that bridges play a significant role in high-speed railways. As China’s high-speed railway network continues to extend into mountainous areas, there is a growing demand for bridges with greater span capacity. Suspension bridges, truss arch bridges, and other large-span bridge types are gradually increasing in proportion among railway bridges (Levin et al., 2022). Large-span bridges, especially those with truss arch and other complex structural systems, are directly affected by the vibration response of the bridge under train loads, which directly impacts the safety of high-speed railway operation. Therefore, it is necessary to conduct research on the vibration response of network truss arch bridges under train loads in high-speed railway systems.
Currently, a number of scholars have conducted research on the vibration response of railway bridges. The main research methods include field testing (Xia et al., 2003; Zhang et al., 2008; Brunetti et al., 2017; Galvín et al., 2021), theoretical calculations (Cheng et al., 2001; Majka and Hartnett, 2008), and numerical simulation analysis (Liu et al., 2009; Ribeiro et al., 2012; Malveiro et al., 2018). Field testing is the most direct and effective means of studying the vibration response of railway bridges. Currently, field tests on the vibration response of railway bridges mainly focus on aspects such as track structure vibration velocity and acceleration (Zou et al., 2019; Xiaoyan et al., 2022), with relatively fewer studies on the stress and displacement of bridge critical sections. Moreover, field tests are mainly conducted on simple supported beams (Chen et al., 2022), with little involvement in complex bridge types such as network truss arch bridges. Theoretical calculations, compared to field testing, are more convenient and can analyze more operating conditions. However, theoretical calculations are primarily used to study the dynamic response of simple supported beams and cannot be applied to investigate the vibration response of complex structural bridges like network truss arch bridges. Compared to theoretical calculations, numerical simulation, although demanding in terms of computational resources, allows for the study of more complex bridge types. Due to limitations in computational capabilities, early researchers utilized numerical simulation software to investigate the dynamic and vibration responses of railway bridges under train loading (Cheng and Pengzhen, 2018; Xiangrong and Yifan, 2021). With the advancement of computer technology, research efforts have gradually expanded to include complex bridge types such as arch bridges (Pan et al., 2023), cable-stayed bridges (Zhang et al., 2024). However, numerical simulation studies on the dynamic response of suspension truss arch bridges are currently lacking. In summary, current research on the vibration of railway bridges mostly focuses on simply supported beams, with limited attention to the vibration response of network truss arch bridges. Therefore, there is a need to conduct research on the vibration response of network truss arch bridges under high-speed train loading.
This study established a three-dimensional coupled dynamic numerical model of high-speed train-track-network truss arch bridge system and analyzed the impact of different train axle loads and speeds on the vibration response of the network truss arch bridge. It revealed the temporal variations in displacement, stress, acceleration, and other parameters at critical sections of the network truss arch bridge during train operation. The findings of this research provide theoretical data support for the safe operation and improved design of high-speed railway network truss arch bridges.
2 THE FINITE ELEMENT NUMERICAL SIMULATION
2.1 3D train-track-subgrade FEM
Using ABAQUS finite element software, a three-dimensional bridge-track-train coupling dynamic numerical model was established for a certain engineering project, as shown in Figure 1. Figures 2A, B display the side view and the cross-section of the box girder of this model, respectively. Among them, points A and B displace the upper top surface and the lower bottom surface of 1/2 section respectively. Points D and C are located on the top and bottom surfaces of the 1/4 section, respectively. The length and width of the model are 148 m and 19.2 m, respectively. The model mainly includes: concrete box girder, arch ribs, hangers, train track system, and train. The train track system consists of the track, sleepers, track plate, and cushion layer from top to bottom, as shown in Figure 3A. The train primarily includes: train body, bogie, and wheelsets from top to bottom, as shown in Figure 3B. During the modeling process, the train body and bogies are treated as discrete rigid bodies, and the wheelsets are treated as rigid analytical bodies. The hangers are modeled as truss elements, and the arch ribs are made of steel-concrete composite, with a steel pipe on the outside and concrete filled inside. The material properties of the model components are listed in Table 1. It should be noted that the attenuation of materials under the action of fatigue is not considered in the selection of material properties, so the model is suitable for dynamic response analysis of new railway Bridges.
[image: Figure 1]FIGURE 1 | Bridge-track-train coupling dynamic numerical model.
[image: Figure 2]FIGURE 2 | The side view of the model and the cross-section of box girder: (A) Side view; (B) Cross-section view.
[image: Figure 3]FIGURE 3 | Composition of the Track System and Train: (A) the Track System; (B) The train.
TABLE 1 | Material properties of each component (Xu et al., 2018).
[image: Table 1]The model includes three analysis steps. In the first analysis step, pre-stress is applied to the hangers, with the pre-stress values for each hanger provided in Table 2. In the second analysis step, gravitational loads are applied to the train. In the third analysis step, forward velocity is applied to the train. Spring connections were set between the vehicle and bogie and between the bogie and wheelset to simulate the primary and secondary suspensions of the train, respectively. Contact was established between the wheelset and track surfaces. The divergent behavior adopted penalty friction, and the friction coefficient was 0.3. Hertz’s nonlinear contact theory defines the wheel–rail normal contact (Tang et al., 2015). Tie constraints were set between the sleeper and slab. A spring connection replaced the fasteners between the track and sleeper; the specific parameters of the train are listed in Table 3.
TABLE 2 | The prestress of the boom.
[image: Table 2]TABLE 3 | The parameters of the train.
[image: Table 3]Restrict the displacements and rotations in all directions at the sections at both ends of the bridge (Cai et al., 2019). The rotation angle of the connector between the track and sleeper was also fixed. The model was segmented to improve the mesh quality, and structural mesh generation technology was adopted. Additionally, in the literature (Liu, 2009), it has been pointed out that the track’s vertical irregularities significantly affect the train–track interaction. Therefore, the model also considers the impact of track irregularities on the dynamic response of the bridge. The method for setting track irregularities is as follows: First, extract the node coordinates of the smooth track from the INP file. Then, modify the track node coordinates using MATLAB based on the high-speed railway track irregularity spectrum. Finally, import the modified node coordinates into the INP file to implement the vertical irregularities of the track.
2.2 Calculation arrangement
To study the dynamic response caused by trains with different axle loads passing over the bridge at different speeds, three types of axle loads and three speeds are selected. The dynamic responses at four measurement points are compared, as shown in Table 4.
TABLE 4 | Calculated conditions.
[image: Table 4]3 RESULT ANALYSIS
3.1 Vertical displacement

(1) The influence of speed on the vertical displacement
Figure 4 shows the time-history curves of vertical displacement at measurement points A, B, C, and D for a train traveling at 100 km/h with an axle load of 17 t. It can be seen from the figure that the maximum vertical displacement occurs at the mid-span section of the bridge, with a maximum displacement of 2.95 mm. For the same section, the displacement at the top slab of the box girder is greater than that at the bottom slab. Figure 5 illustrates the effect of train speed on the maximum vertical displacement at each measurement point. From Figure 5, it is observed that the vertical displacement at each measurement point increases linearly with the train speed. The relationship between vertical displacement at each measurement point and train speed is described by Equations 1–4.
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(2) The influence of axle load on the vertical displacement
[image: Figure 4]FIGURE 4 | Vertical displacement of a train with a speed of 100 km/h and an axle load of 17t.
[image: Figure 5]FIGURE 5 | Relationship between maximum vertical displacement and train speed.
Figure 6 shows the time-history curves of vertical displacement at four measurement points for a train with an axle load of 19 tons traveling at 100 km/h. It can be observed that the vertical displacement at the mid-span section remains the largest. Comparing Figures 4, 6, it can be seen that the vertical displacement time-history curves exhibit a “double-peak” pattern during high-speed train operation, with each peak corresponding to the center position of the train’s bogie. Figure 7 illustrates the relationship between the maximum vertical displacement at each measurement point and axle load during the train’s passage. It can be seen that the maximum vertical displacement at each measurement point is linearly related to the train’s axle load; as the axle load increases, the bridge’s vertical displacement also increases. For example, at measurement point A, the maximum vertical displacement increases from 2.95 mm to 4.5 mm when the axle load increases from 17 tons to 22 tons. The relationship between the train’s axle load and maximum vertical displacement can be represented by Equations 5–8.
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[image: Figure 6]FIGURE 6 | Vertical displacement of a train with a speed of 100 km/h and an axle load of 19 t.
[image: Figure 7]FIGURE 7 | Relationship between maximum vertical displacement and axle load.
3.2 Vertical acceleration

(1) The influence of speed on the vertical acceleration
Figure 8 shows the time-history curves of vertical vibration acceleration at each measurement point for a train with an axle load of 17 t traveling over the bridge at 100 km/h. It can be seen that, for the same section, the vibration acceleration of the bridge deck is greater than that at the bridge bottom. During train operation, the vertical acceleration at the mid-span section of the bridge is the highest. Figure 9 displays the maximum vertical acceleration at each measurement point for a 17 t train traveling at different speeds. From Figure 9, it is observed that the vertical acceleration at each measurement point is linearly related to the train speed; the acceleration increases as the train speed increases. The relationship between vertical vibration acceleration and train speed can be described by Equations 9–12.
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(2) The influence of axle load on the vertical acceleration
[image: Figure 8]FIGURE 8 | Vertical acceleration time history curve of train with speed of 100 km/h and axle load of 17t.
[image: Figure 9]FIGURE 9 | Relationship between maximum vertical acceleration and train speed.
Figure 10 shows the vertical acceleration at four measurement points for a train with an axle load of 19 tons traveling at 100 km/h. It can be observed that the vertical acceleration is most intense when each wheelset passes the measurement points. Figure 11 illustrates the relationship between the train axle load and the maximum vertical acceleration at each measurement point. From Figure 11, it is clear that the maximum vertical acceleration is proportional to the train axle load; the maximum vertical acceleration increases with the axle load. For example, at measurement point A, the maximum vertical acceleration increases from 25.37 cm/s2 to 38.48 cm/s2 when the axle load increases from 17 tons to 22 tons. The relationship between maximum vertical acceleration and train axle load can be represented by an exponential function, as shown in Equations 13–16.
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[image: Figure 10]FIGURE 10 | Vertical acceleration time history curve of train with speed of 100 km/h and axle load of 19t.
[image: Figure 11]FIGURE 11 | Relationship between maximum vertical acceleration and axle load.
3.3 Vertical dynamic stress

(1) The influence of speed on the Vertical dynamic stress
Figure 12 shows the time-history curve of vertical dynamic stress for a train with an axle load of 17 t traveling at 100 km/h. It can be observed that, during train operation, the dynamic stress at the bridge deck is relatively consistent across both the mid-span section and other sections. The same applies to the dynamic stress at the bottom slab of the bridge. This indicates that the dynamic stress at measurement points located on the same horizontal plane does not vary significantly as the train passes over the bridge. Figure 13 shows the relationship between the maximum vertical dynamic stress and train speed. It can be seen from the figure that the maximum vertical dynamic stress increases linearly with train speed; as the train speed increases, the maximum vertical dynamic stress also increases. For example, at measurement point A, the vertical dynamic stress increases from 12.108 kPa to 22.584 kPa when the train speed increases from 100 km/h to 300 km/h. The relationship between the maximum vertical dynamic stress at the bridge deck and bottom slab and the train speed is given by Equations 17, 18, respectively.
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(2) The influence of axle load on the vertical dynamic stress
[image: Figure 12]FIGURE 12 | Vertical Dynamic stress time history curve of train with speed of 100 km/h and axle load of 17t.
[image: Figure 13]FIGURE 13 | Relationship between maximum vertical dynamic stress and train speed.
Figure 14 shows the time-history curves of vertical dynamic stress at each measurement point for a train with an axle load of 19 t traveling at 100 km/h. The pattern is similar to that in Figure 12 and will not be repeated here. Figure 15 illustrates the relationship between the maximum vertical dynamic stress and train axle load. It can be seen from Figure 15 that the maximum vertical dynamic stress is linearly related to the train axle load; the maximum vertical dynamic stress increases with the axle load. For example, at measurement point A, the maximum vertical dynamic stress increases from 12.108 kPa to 24.45 kPa when the axle load increases from 17 tons to 22 tons. The relationship between the maximum vertical dynamic stress at the bridge deck and bottom slab and the train axle load is given by Equations 19, 20, respectively.
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[image: Figure 14]FIGURE 14 | Vertical Dynamic stress time history curve of train with speed of 100 km/h and axle load of 19 t.
[image: Figure 15]FIGURE 15 | Relationship between maximum vertical dynamic stress and axle load.
4 DYNAMIC RESPONSE PREDICTION MODEL
Based on the above analysis, it is observed that the vertical displacement, vertical acceleration, and vertical dynamic stress at point A are the highest when the train passes over the bridge. Therefore, when establishing the bridge dynamic response prediction model, the analysis focuses only on the dynamic response at point A. Table 5 lists the maximum vertical displacement, acceleration, and dynamic stress at point A for different train axle loads and speeds. From Table 5, it can be seen that the maximum vertical displacement, acceleration, and dynamic stress at point A exhibit a clear linear relationship with the train axle load and speed. Therefore, a multiple linear regression approach is used to determine the relationship between the maximum vertical displacement, acceleration, and dynamic stress at point A and the train axle load and speed. The fitting results are given by Equations 21–23, with the coefficients of determination (R2) for Equations 21–23 being 0.99, 0.98, and 0.99, respectively. This indicates a high degree of fit, and Equations 21–23 can be used to calculate the dynamic response at point A.
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TABLE 5 | Maximum vertical displacement, acceleration, and dynamic stress at measurement point A for different train axle loads and speeds.
[image: Table 5]5 CONCLUSION
Based on a certain engineering project, this study established a three-dimensional coupling dynamic numerical model of a train-track-mesh-hanger arch bridge. It calculated the vertical displacement, vertical acceleration, and vertical dynamic stress at various locations on the bridge caused by trains with different axle loads and speeds, and developed a prediction model for the dynamic response at the most unfavorable location on the bridge. The specific conclusions are as follows:
(1) The maximum vertical dynamic stress and maximum vertical displacement are linearly related to the train axle load and speed. The greater the train axle load and speed, the larger the maximum vertical dynamic stress and maximum vertical displacement.
(2) The maximum vertical acceleration generated during train operation increases linearly with train speed and exponentially with train axle load.
(3) During train operation, the most unfavorable section of the bridge is at the mid-span section. A multiple linear regression approach can be used to determine the relationship between the dynamic response at the most unfavorable section and the train axle load and speed.
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