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Abstract: Aiming at the problem that it is difficult to obtain the explicit expression of the structural matrix in the traditional train-bridge coupling vibration analysis, a combined simulation system of train-bridge coupling system (TBCS) under earthquake (MAETB) is developed based on the cooperative work of MATLAB and ANSYS. The simulation system is used to analyze the dynamic parameters of the TBCS of a prestressed concrete continuous rigid frame bridge benchmark model of a heavy-haul railway. The influence of different driving speeds, seismic wave intensities, and traveling wave effects on the dynamic response of the TBCS under the actions of the earthquakes is discussed. The results show that the bridge displacement increase in magnitude in the lateral direction is more significant than in the vertical direction under the action of an earthquake. The traveling wave effect can significantly reduce the lateral response of the bridge, but it will significantly increase the train derailment coefficient. When the earthquake intensity exceeds 0.2 g, the partial derailment coefficient of the train has exceeded the limit value of the specification.
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1  Introduction

Heavy-haul railways, with their outstanding capacity, high efficiency, and economical cost, play an important role in the growth of national economies. However, they continue to suffer new technical problems. Located in the intersection area of the Circum-Pacific and Euro-Asian seismic belts, China experiences widely distributed seismic belts and frequent seismic activities [1]. Numerous bridges, both as-built and in-construction, are highly prone to earthquake-related damage [2]. The number of bridges is increasing, the span is increasing, and the operating environment is getting worse. Therefore, it is difficult to avoid a train operating on the bridge during or after the earthquake in both time and space [3,4]. It is imperative to thoroughly understand the principles of dynamic interaction and seismic response characteristics of heavy-haul railway train-bridge coupling systems (TBCS) under earthquake actions.

When an earthquake strikes, the passing train serves as a means of shock absorption and energy dissipation for the bridge structure. Due to the distinct natural vibration characteristics of the train and the bridge, a phase difference arises, thereby mitigating the response of the bridges [5]. Therefore, early studies perceived the train merely as an extra static mass rather than a dynamic system, potentially yielding conservative outcomes. At the same time, varying train speeds result in different positions of the train along the bridge, altering the vibration dynamics of the TBCS and impacting the vibration frequency and seismic response of both the bridge and the train body [6]. Tian and Lou [7] found that there is a significant difference between the bridge response considering the traveling wave effect and the uniform excitation, which has both positive and negative effects on the structure. Borjigin et al. [8] highlighted that earthquakes have a more significant impact on train response compared to track irregularities. Seismic excitation predominantly governs the vibration of the TBCS. However, disregarding the train load could result in an underestimation of the dynamic response of the structure. While analyzing the effects of earthquakes on bridges, the influence of train speed can be disregarded, but when assessing the impact of earthquakes on trains, train speed must be taken into account [9]. Ishida et al. [10,11] proposed an evaluation criterion that can ensure that the train does not derail at low speed. The mechanism of flange derailment that may occur when the train is operating at low speed is studied, and the creep characteristics are analyzed by train rolling test. Chen et al. [12] calculated and analyzed the traffic safety and resonance of small and medium-span bridges under different ground motions. The results show that the resonance of the system is related to the arrangement of loads, loading methods, bridge spans, and other factors.

Researchers have studied the seismic performance of bridge structures from the perspectives of different oblique incidence angles [13], different apparent wave velocities, and traveling wave effects caused by different phase differences. That is because the seismic response of the bridge structure is related to the dynamic characteristics of the ground motion and the structure, and the development of the seismic response analysis method is becoming more and more mature with the understanding of these two aspects. It is suggested that these effects should be fully considered in seismic analysis. On the basis of non-stationary random analysis, Jia et al. [14] established a new pseudo-excitation model, pointing out that the softer the site is, the greater the response of the rigid frame bridge will be, and the influence of the spatial heterogeneity of the site on the bridge will be greater. Shrestha et al. [15] believed that under the action of spatially varying ground motion, the longitudinal seismic response of the pier of the rigid frame bridge will decrease, but it will increase the relative displacement, collision force, and constraint deformation between the hinge joints of adjacent girders. Li et al. [16] conducted a study on the seismic response of a large rigid frame bridge and discovered that neglecting the site effect factor could lead to an underestimation of the structural response. Under complex terrain conditions, the side effect can markedly increase the ground motion of the bedrock. Therefore, an analysis method based on spatial correlation ground motion is proposed.

The seismic response of bridge structures is a very complex and dynamic process. From the initial calculation of the design to the actual construction period, the seismic numerical analysis or experimental study of the structure is required. Recently, numerous scholars have conducted shaking table tests on different bridge types. Lin et al. [17] conducted a comprehensive analysis of the fault crossing angle and subsidence process of a rigid frame bridge using a shaking table test. As for the cable-stayed bridge, Lin et al. [18] explored the damage process and the causes of the collapse of the bridge induced by strong vibration through shaking table tests. Furthermore, various scholars have delved into the seismic performance and vulnerability of bridges through numerical simulations. An et al. [19] identified two key factors influencing seismic response, ground motion and structural system. These factors have been found to have a profound impact on the overall performance and safety of bridges during seismic actions. Zheng et al. [20] carried out a vulnerability analysis of long-span suspension bridges during near-fault earthquakes, revealing the high influence of near-fault effects on the seismic performance of this bridge type.

Xia et al. [21] examined the dynamic response variation characteristics of the coupled system under varying apparent wave velocities and train speeds for the ground motion input mode. They identified the critical train speeds under different seismic intensities. Du et al. [22,23] performed a comparative analysis of two distinct ground motion input methods and found that, at the same integration step, the acceleration input method is preferable for the finite element method, while the displacement input method is better suited for modal analysis.

In the field of studying the TBCS under seismic action, scholars typically develop simulation programs to investigate dynamic issues of such systems by utilizing equations for train dynamics, bridge dynamics, and wheel-rail relationships. However, developing a dynamic simulation program for a TBCS under an earthquake often involves obtaining explicit expressions for parameters matrices (the mass, damping, and stiffness matrices) of large or complex bridge types like suspension bridges, cable-stayed bridges, arch bridges, and variable cross-section continuous rigid frame bridges. This self-developed simulation program may have disadvantages such as lengthy compilation times and challenging debugging processes. At the same time, to meet the applicable conditions of the simulation program, it is usually necessary to simplify some specific problems, which may lead to distortion of the simulation results.

This article presents a dynamic equation solution method for the earthquake-TBCS using the collaborative work of MATLAB and ANSYS (MAETB). Providing a new idea for studying the dynamic problems related to the TBCS. By leveraging MATLAB to call the general software ANSYS, the dynamic response of the bridge under a specified time-range external load is calculated, and the coupling system dynamic responses are determined using the whole process iterative method. Avoiding the need to obtain explicit expressions of parameter matrices of large or complex bridge types, the computational difficulty can be greatly reduced by the MAETB. The simulation system is utilized to analyze the dynamic parameters of a heavy-haul railway bridge. This study examines the impacts of different driving speeds, seismic wave intensities, and traveling wave effects on the dynamic response of the TBCS under earthquake actions.

2  Train-Bridge Coupling Vibration Calculation under Earthquake Action

2.1 Vibration Equations of the TBCS under Earthquake

The traditional bridge seismic analysis concentrated primarily on the relative motion of the structure, with less consideration given to the effect of the quasi-static term. However, in the vibration analysis of the TBCS under earthquake, the absolute motion of the system must be considered, which requires more attention to the effect of quasi-static terms. The x-axis, y-axis, and z-axis of the coordinate system are represented by the longitudinal, transverse, and vertical coordinates of the bridge, respectively, and the absolute coordinate system satisfies the right-hand criterion. Assuming that the ground motion varies non-uniformly at each support point of the bridge, the resulting vibration equations for the train and bridge systems are formulated as follows:


MVu¨V+CVu¨V+KVuV=FVB
(1)


[MssMsbMbsMbb]{u¨su¨b}+[CssCsbCbsCbb]{u¨su¨b}+[KssKsbKbsKbb]{usub}={FBV0}
(2)

where M, C, and K are mass, damping, and stiffness, respectively; u is displacement; the subscripts s and b represent the non-support point and support point of the structure, respectively; and the subscripts V and B represent the train and bridge system, respectively. The relationship between 
FVB
and 
FBV
can be coupled by the wheel-rail relationship.

In the absolute coordinate system, the first term in Eq. (2) is expanded, and the equation of bridge motion is derived, that is:


Mssu¨s+Cssu˙s+Kssus=−Ksbub−Csbu˙b−Msbu¨b+FBV
(3)

The 
Msb
and 
Csb
are the mass and damping matrices reflecting the mutual influence between non-supported nodes and supported nodes, respectively. Since they lie on the non-diagonal of the matrix in Eq. (2), the impact of the 
Msb
and 
Csb
on the system is minimal, they are both not considered [24]. Therefore, in the ground motion displacement input mode, the bridge motion equation can be expressed as:


Mssu¨s+Cssu˙s+Kssus=−Ksbub+FBV
(4)

When the relationship between the wheel and track is linear, it can be used as a function of the motion state between the train and the bridge subsystem, and the bridge dynamic response is decomposed by quasi-static displacement to make it convenient for seismic analysis.


{usub}={ussub}+{usd0};   uss=−Kss−1Ksbub=Rub
(5)

Among them, the superscript s and d represent the quasi-static and dynamic terms of the bridge, respectively; Assuming that 
Csb+CssR=0
, and then substituting Eq. (5) into Eqs. (1) and (4), the vibration equation of the TBCS under earthquake is:


MVu¨V+CVu¨V+KVuV=FVBD+FVBS
(6)


Mssu¨sd+Cssu˙sd+Kssusd=−MssRu¨b+FBVD+FBVS
(7)

Among them, the superscripts S and D represent the part of the TBCS dynamic interaction that is only related to the quasi-static term of the bridge and the part related to the dynamic term of the bridge, respectively.

The dynamic interaction caused by the quasi-static term of the bridge is elucidated using the assumption of wheel-rail vertical adhesion and the Kalker creep theory. The wheel-rail displacement resulting from the quasi-static displacement of the bridge can be determined through the subsequent formula:


{ywksθwkszwks}={yBs(xwk)+h4θBs(xwk)θBs(xwk)zBs(xwk)}
(8)

Among them, 
yB, zB, θB
are the lateral, vertical, and torsional displacement of the bridge, respectively. The meaning of other parameters is shown in reference [25].

The additional quasi-static effect of the bridge has a wide range of influence, and the forces or moments acting on the transverse, vertical, and torsional directions of the bridge are:


Fys=−mwky¨wks−cy1y˙wks−ky1ywks
(9)


Fzs=−mwkz¨wks−cz1z¨wks−kz1zwks
(10)


Fθs=−Jwkθ¨wks−b12cz1θ˙wks−b12kz1θwks+h4Fys
(11)

The forces acting on the yaw, heave, roll, nod and yaw directions of the train bogies are:


{FtysFtzsFtθsFtφsFtψs}=∑k=14{(ky1ywks+cy1y˙wks)(kz1zwks+cz1z˙wks)b12(kz1θwks+cz1θ˙wks)−h3(ky1ywks+cy1y˙wks)ηkd1(kz1zwks+cz1z˙wks)ηk(ky1ywks+cy1y˙wks)}
(12)

Generally speaking, the motion equations of the TBCS under earthquake action are often solved by the method of separation iteration [26]. However, it is known from Eqs. (6) and (7) that when calculating the dynamic response of large or complex bridge types, the specific values of its parameter matrices must be obtained, which is a very challenging task. There is a significant demand to explore novel approaches that can mitigate the computational complexity associated with analyzing the responses of the TBCS under earthquake actions.

2.2 Solving Method Based on the MAETB

Employing widely-used general-purpose software ANSYS to compute the bridge dynamic response subjected to the prescribed time interval external load is feasible. Leveraging the collaborative work of ANSYS and MATLAB, the whole process iteration method is employed to address Eqs. (6) and (7) [27], culminating in the compilation of the joint simulation program (MAETB) for the TBCS under seismic actions. Fig. 1 shows the flow chart detailing the MAETB. The computational procedure can be expressed as follows:

Step 1:   Consider the bridge as a rigid system, where seismic effects can be treated as overall translational motion. Superimpose the motion of the bridge deck and irregularities as external forces. Utilize MATLAB software to solve and export the dynamic forces acting on each wheel of the train system at the nth time step.

Step 2:   Utilize MATLAB to call ANSYS and superimpose the dynamic time histories obtained from Step 1 onto the bridge deck. Apply seismic loads using the displacement method. Then, utilize ANSYS to compute and export the bridge deck dynamic response at the nth time step.

Step 3:   Combine the bridge deck time histories obtained from Step 2 with the corresponding irregularities as external forces. Use MATLAB to solve and export the dynamic forces acting on each wheel of the train system at the (n + 1) th time step.

Step 4:   Calculate the difference between the dynamic force histories of the wheels at time steps n + 1 and n. If this difference meets the desired computational accuracy, stop the computation. Otherwise, repeat Steps 2 through 4.
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Figure 1: Flow chart of the MAETB

3  Example Verification

To validate the reliability of the MAETB, the examples cited in reference [24] have been chosen for comparative analysis, in this example, eight trains are grouped and operated at a speed of 250 km/h on a typical railway simply supported beam bridge featuring 10 spans and 32 m. The whole process dynamic response of the TBCS is computed, assuming that the first section of the train arrives on the bridge immediately following the earthquake. The irregularity sample is simulated based on the German PSD, and the seismic wave selects the El-Centro wave as the external input. Considering both vertical and lateral seismic excitations, the peak values of lateral and vertical seismic waves are standardized by 1 and 0.5 m/s2, respectively. The acceleration and displacement samples are shown in Fig. 2. Detailed parameters of bridges, trains, and earthquakes are shown in reference [24].
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Figure 2: Time history curve of the El-Centro wave

In Figs. 3 and 4, the vibration responses of the first train body and the mid-span of the bridge are given respectively. It is clear that the numerical simulation results of this article and reference [24] are in good agreement, and the trend and amplitude of the response are in good agreement. It must be pointed out that because the time domain data of irregularity in reference [24] are different from those in this article, and the model in this article does not consider the track deformation, the vertical and lateral accelerations of the train are slightly different, but they are generally close, indicating that the MAETB method is reliable.
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Figure 3: Vibration acceleration of the first train body under earthquake action
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Figure 4: Vibration displacement of bridge mid-span under earthquake action

4  Engineering Example Analysis

The main bridge of a heavy-haul railway bridge consists of a three-span prestressed concrete continuous rigid frame bridge with span lengths of 96, 132, and 96 m. The outline of the bridge is shown in Fig. 5. The main beams are of variable cross-section and are equipped with prestressed systems in three directions: longitudinal, transverse, and vertical. The rigid abutment piers use rectangular hollow piers with a variable width in the transverse direction. The bridge abutments and rigid piers are founded on drilled pile foundations, with the pile tip penetrating through cavities and embedded to a certain depth in stable bedrock. The layout of the main girder bridge spans and the cross-section form of the beam are shown in Figs. 6 and 7, respectively.
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Figure 5: Overview of the main bridge of a super large bridge
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Figure 6: Bridge facade map (unit: cm)
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Figure 7: Bridge section diagram (unit: mm)

In the analysis of the response of the TBCS under earthquake actions, a combination of horizontal Ex and vertical 0.5 Ex earthquake excitations is employed to comprehensively account for the seismic effects. It is noted that the forms of acceleration in both the horizontal and vertical directions are identical [28].

4.1 The Influence of Earthquake Action on the Response of the TBCS

It is assumed that the first train arrives on the bridge immediately following the earthquake. The influence of earthquake action on the TBCS is discussed. Twenty-five heavy-haul trains are grouped for calculation. The time history curve of the bridge mid-span vibration response under an earthquake action is shown in Fig. 8. As shown in Fig. 8, the magnitude of various bridge vibration responses under earthquake action is significantly increased compared with that without considering earthquake action. Without considering the seismic action, the vertical bridge displacement is primarily caused by the gravity of the train, and the transverse direction is only affected by irregularity. Compared with the vertical displacement, the lateral bridge displacement is smaller. However, in the event of an earthquake, the increase in displacement in the vertical direction is much smaller than the increase in the lateral direction.

[image: images]

Figure 8: The influence of earthquake action on the dynamic response of the bridge system

Similarly, as shown in Fig. 9, the acceleration of the train under an earthquake is also quite different from that without an earthquake. In the event of an earthquake, the changes in lateral and vertical acceleration of the train body are quite noticeable. Moreover, the derailment coefficient and wheel load reduction rate are significantly improved, indicating that the earthquake action reduces the safety of train drives.
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Figure 9: The influence of earthquake action on the dynamic response of the train system

4.2 The Influence of the Traveling Wave Effect on the Response of the TBCS

To study the dynamic interaction law of the whole system under the traveling wave effect, the traveling wave velocity of 500 m/s is used and compared with the uniform seismic transmission. When the train is operating at a speed of 60 km/h, the vibration time history of the bridge mid-span and the first train body are shown in Figs. 10 and 11, respectively.
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Figure 10: The influence of seismic traveling wave effect on the dynamic response of bridge system

[image: images]

Figure 11: The influence of seismic traveling wave effect on the dynamic response of train system

Fig. 10 shows that the seismic traveling wave effect significantly changes the peak value and occurrence time of the bridge vibration response, which is consistent with the seismic input. The results are significantly different from those of uniform input. In particular, the traveling wave effect can significantly reduce the lateral response of the bridge.

Similarly, Fig. 11 shows that the traveling wave effect obviously changes the peak time of the train body vibration response, derailment coefficient, and wheel load reduction rate, but the overall peak value is relatively close. The relationship between the peak bridge vibration response at the mid-span and the train speed under the two conditions of uniform input and traveling wave input is shown in Fig. 12.

[image: images]

Figure 12: The relationship between the peak value of bridge mid-span vibration response and train speed

As shown in Fig. 12, the lateral bridge displacement and bridge acceleration have little relationship with the change in train speed, but the traveling wave effect reduces it significantly. The vertical bridge displacement and bridge acceleration generally increase as the train speed increases. The difference in the peak value of the bridge vibration response under the two working conditions is not obvious. Due to the existence of train axle load, it occupies a dominant position in vertical vibration. Therefore, the influence of the traveling wave effect on lateral vibration is stronger than that of vertical vibration. The relationship between the peak value of the train dynamic response and the train speed under the two conditions of uniform seismic input and traveling wave input is shown in Fig. 13.
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Figure 13: The relationship between the peak value of train vibration response and train speed

As shown in Fig. 13, the lateral acceleration of the train fluctuates with the increase of the train speed, while the vertical acceleration and the wheel load reduction rate show an upward trend, but the derailment coefficient of train operation will not be greatly affected. The difference between the lateral acceleration, vertical acceleration, and wheel load reduction rate of the train body is not significant. However, the train derailment coefficient is significantly increased by the traveling wave input, indicating that the traveling wave effect will threaten the train run safety.

4.3 The Influence of Seismic Intensity on the Response of the TBCS

Investigation of the influence of seismic intensity on the TBCS response, the seismic acceleration is formatted according to the seismic peak standards of 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 g. Three different seismic waves are considered, which are artificial wave, EI-Centro wave, and Taft wave. The speed of the heavy-haul train is 60 km/h, and the input of the earthquake is in accordance with the uniform excitation. The horizontal acceleration and displacement curves of the EI-Centro wave, corrected artificial wave [29], and Taft wave is shown in Figs. 2, 14, and 15, respectively. The relationship between the peak bridge dynamic response and the seismic intensity under varying seismic waves is shown in Fig. 16.
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Figure 14: Time history curve of the corrected artificial wave
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Figure 15: Time history curve of the Taft wave
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Figure 16: The relationship between the peak value of the mid-span dynamic response of the bridge and seismic intensity

Fig. 16 shows that the lateral and vertical bridge vibration responses are linearly related to the intensity of seismic waves. With the enhancement of seismic waves, the bridge dynamic response also increases, indicating that the intensity of seismic waves plays a decisive role in the bridge dynamic response. Under different seismic wave loads, the lateral vibration response and vertical displacement are very different, but the difference in bridge vertical acceleration at the mid-span is very small, indicating that the bridge has high vertical stiffness. The influence of different seismic waves on the relationship between the peak value of train vibration response and seismic intensity is shown in Fig. 17.
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Figure 17: The influence of the relationship between the peak value of train vibration response and seismic intensity

Similarly, Fig. 17 shows that the lateral and vertical acceleration of the train body, along with the wheel load reduction rate and derailment coefficient, exhibit a linear increase in correlation with the magnitude of the seismic wave. The escalation in seismic activity compromises the operating safety of the train. A portion of the derailment coefficient exceeds the threshold of the specification when the intensity of the earthquake surpasses 0.2 g, indicating a significant risk to the safety of the train.

5  Conclusion

This research proposes a method for calculating the dynamic response of the TBCS under earthquakes (MAETB) using MATLAB and ANSYS. This method is straightforward to develop and debug, eliminating the need to obtain parameter matrices of large or complex bridges and significantly decreasing the difficulty of the TBCS vibration analysis.

Using the compiled MAETB, the dynamic parameters of the TBCS are examined for the benchmark model of a heavy-haul railway bridge. The influence of the different driving speeds, seismic wave intensities, and traveling wave effects on the dynamic response of the TBCS during an earthquake is discussed. The studies provided a few specific conclusions:

1.   When compared to the scenario where the bridge is not influenced by the earthquake, the vibration response of both the bridge and the train body is notably amplified under earthquake actions. The bridge displacement increase in magnitude in the latera direction is more significant than in the vertical direction. Additionally, the train derailment coefficient and wheel load reduction rate also rise, indicating that the seismic load will directly lead to a decrease in traffic safety.

2.   The seismic traveling wave effect has a significant impact on the peak time of vibration response for both bridges and trains. This effect will decrease the lateral response of the bridge but lead to a substantial increase in the train derailment coefficient, suggesting a reduction in traffic safety. The vertical displacement and acceleration of the bridge rise with increasing train speed. The lateral acceleration of the train body varies with train speed, while the vertical acceleration and wheel load reduction rate increase with higher train speeds.

3.   The vibration responses of bridges and trains exhibit a linear relationship with the intensity of seismic waves. As seismic wave intensity increases, the dynamic response of both bridges and trains intensifies. When the seismic intensity surpasses 0.2 g, the partial derailment coefficient of the train exceeds the limit value of the specification. Moreover, the lateral response and mid-span vertical displacement of the bridge vary significantly under different seismic waves, underscoring the importance of selecting appropriate seismic waves for analyzing train-bridge coupling vibrations during earthquake actions.
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