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Abstract

:

A wear prediction model is built to research the wear of the curved switch rail in a high-speed turnout. The Archard wear model is used in the wear prediction model to analyze the profile evolution law. The non-Hertzian contact Kik–Piotrowski method based on virtual penetration is used as the contact algorithm for the Archard wear model. A dynamic model of the vehicle–curved switch rail system based on the predicted profiles of the curved switch rail and the measured wheel profiles with different stages is established. The effect of the wheel and curved switch rail profiles’ wear on vehicle dynamic performance is analyzed. The results show that the wheel completely transitions from the stock rail to the curved switch rail between 35 and 50 mm head widths. As the head width of the curved switch rail increased, the position of the maximum wear depth gradually moved to the gauge shoulder. When the total passing weight of the train is 50 Mt, the 20 mm head width curved switch rail side wear reaches a maximum of 5.3 mm. The position in which the wheel transitions from the stock rail to the curved switch rail will be further away from the tip of the curved switch rail due to wheel–rail wear. Regarding the derailment coefficient, the wheel–rail vertical force and lateral force are both significantly impacted. However, they have little effect on the vertical and lateral acceleration of the vehicle. The wear of the wheels and rails has a higher impact on vehicle driving safety and a lower impact on vehicle driving stability.
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1. Introduction


Turnout is a track component that enables trains to change from one track to another and plays an essential role in the railway system. It is also the weakest link of the track. As a result, turnout components are more prone to failure compared with a typical rail piece [1]. The turnout consists of three parts: switch, closure, and crossing panels [2]. In the switch panel, the direction of the vehicle can be changed by moving its wheels between the stock rail and the switch rail [3]. In this process, the wheel–rail relationship is more complex. The curved switch rail is a variable section structure that is highly susceptible to damage when subjected to complex loads.



Many scholars have researched wheel–rail wear and wear prediction. Authors [4,5,6,7] conducted tracking tests on the wear state of the wheels of vehicles running on a line, and dynamic models of the vehicle were implemented to analyze the effect of wheel wear on dynamic performance. Jin et al. [8] carried out a detailed analysis and summarized the transverse wear of China’s high-speed wheel and rail and proposed seven measures to suppress or slow down the concave wear near the nominal rolling circle of the wheel. The influence of out-of-round railway wheels on the dynamic characteristics of the wheel–rail systems were studied by the authors of [9,10,11]. Wang et al. [12] explored the variability of rail wear on heavy-haul railways under different conditions.



Kaewunruen et al. [13,14,15,16,17] studied the railway system from multiple perspectives. They proposed a new hybrid numerical–analytical method for predicting the vertical leveling loss of railway track geometry under dynamic cyclic loadings, comprehensively considering operational, vehicle, and track conditions [13]. The train–track–soil interaction model was established to analyze the dynamic wheel–rail interaction under track irregularities [14]. The effects of conditions such as floods, crosswinds, and moving train loads on the track were also considered [15,16,17]. In addition, Pradhan et al. [18] performed wear calculations for vehicles running on a route in India and made recommendations. A calculation method based on finite element friction work was suggested by Wang et al. [19] to predict wheel tread wear. Furthermore, the wear evolution of curved rails was computed by Wu et al. [20], and the vertical and lateral wear rates of the railway with 60 and 60 N profiles were compared. Ma et al. [21] built a curved rail side wear prediction model and summarized the wear law of the Shuohuang heavy-haul railway. To analyze the influence of hollow-worn wheels on rail wear, Sun et al. [22,23] proposed a numerical model for the prediction of non-uniform wear on rails. The non-uniform wear evolution of rails and its effect on the dynamic wheel–rail interaction was investigated. Li et al. [24] used the Hertz–FASTRIP–USFD model for rail wear calculation to predict the development law of rail wear on curve sections of urban rail transit lines.



The wheel–rail contact state in the turnout is more complicated, and many scholars have researched the wheel–rail contact relationship in this area. Gao et al. [25] compared and analyzed the wear effects of 60 and 60 N profiles on straight and curved switch rails. Wang et al. [26,27] investigated the effect of the friction coefficient between wheel and rail on the wear of curved switch rails when a vehicle passes a turnout in the branch direction. Zhang [28] analyzed the influence of different side wear degrees of switch rails on wheel–rail dynamics. In order to study the effect of impact loads on train–turnout systems, Hamarat et al. [29,30] developed a finite element model that captures the impact and dynamic forces due to track irregularities and is validated by field measurements. Nielsen et al. [31] proposed a method to simulate the vertical dynamic interaction between a wheelset and railway track; wheel–rail impact loads and axle stresses were computed for different distributions. Based on Bayesian networks, Dindar et al. [32,33] analyzed the influence of human error and climatic factors on railway turnout systems, providing an integrated approach to dealing with the many different risks arising from a variety of sources in the railway turnout system.



Multi-point wheel–rail contacts are more common in turnouts do not satisfy the basic assumptions of Hertzian theory. The non-Hertz contact theory can more realistically reflect the state of wheel–rail interactions. Yang et al. [34,35] used a non-Hertzian contact method to analyze the dynamic wheel–rail interaction characteristics for gauging corner lubrication and changeable friction conditions. Carlberger et al. [36] proposed a versatile numerical method for predicting the long-term growth of rail roughness—a post-calculation of sliding wear based on Archard’s wear model in combination with a non-Hertzian and transient wheel–rail contact model was used. To improve computational efficiency, many scholars have proposed a series of non-Hertzian contact simplification algorithms based on virtual penetration theory, such as the Kik–Piotrowski method [37,38], ANALYN method [39], and so on. Wang et al. [40,41] compared the accuracy and efficiency of several algorithms and the Kik–Piotrowski method considers both computational accuracy and efficiency. Lin et al. [42], in combination with the wheel–rail contact algorithm of a non-elliptical multi-point contact Kik–Piotrowski model, calculated the wheel–rail dynamic variation characteristics and wheel–rail wear characteristics of worn wheels passing through the frog area under different friction coefficients. Based on the Kik–Piotrowski method, Fan et al. [43] established the turnout model with variable cross-section and multi-point contact and analyzed the dynamic response of the train passing through the branch of the turnout. Wang [44,45] carried out the calculation of wear distribution for a No. 42 turnout curved switch rail and stock rail and summarized the rail’s wear law. The rails in the field were also measured, and the measured data provided experimental validation for the wear simulation.



Most of the existing wear prediction methods use the Archard wear model to predict wear on the wheel–rail profile, while wear predictions for the curved switch rail, which is a variable section, have rarely been reported. In this study, the wheel profiles were tracked and measured. The key sections of the curved switch rail of a No. 18 turnout are drawn and discretized into nodes, which are then imported into Universal Mechanism software. The non-Hertzian contact Kik–Piotrowski method based on virtual penetration is used as the contact algorithm for the Archard wear model. The worn profiles of the curved switch rail are predicted, and the wear evolution law is analyzed. Based on the predicted calculation results of the curved switch rail wear and the actual measured wheel profiles, simulations are performed in a vehicle–curved switch rail system dynamics model. The effect of the wear of the wheel and curved switch rail on vehicle dynamic performance is analyzed.




2. System Dynamics Model of Vehicle–Curved Switch Rail


2.1. Establishment of Curved Switch Rail Model in High-Speed Turnout


The radius of the curved switch rail equals 1100 m in the No. 18 high-speed turnout. In the switch panel, the switch rail adopts the 60D40 steel track, and the stock rail adopts the 60 kg/m steel track. The gauge is 1435 mm. The vertical stiffness of the track is 44,000 kN/m, and the lateral stiffness is 18,000 kN/m. The vertical and lateral damping are 400,000 Ns/m and 100,000 Ns/m, respectively.



The curved switch rail is a variable section structure, and the cross-section and head width gradually increase. According to the head width size of the curved switch rail, the profiles with head widths of 3 mm, 5 mm, 20 mm, 35 mm, 50 mm, and 72.2 mm are selected for modeling (Figure 1).



In the switch panel, the cross-sections of the switch rail and are variable. To establish the system dynamic model of the vehicle and curved switch rail, the transition of each adjacent irregular critical section is performed by the interpolation method. In this way, the entire curved switch rail model is fitted. Figure 2 illustrates the cross-sectional interpolation principle.




2.2. Vehicle Dynamic Model


A non-contact infrared wheel track profile measuring instrument is used to track the wheel profiles. According to the side wear depth, the worn wheels are divided into four wear stages and defined as wear type I profile, wear type II profile, wear type III profile, and wear type IV profile. The standard xp55 profile and worn profiles are shown in Figure 3.



Table 1 shows the side wear values of wheel flanges in different wear stages. More serious wear is present on the wheel flange and in the middle of the tread. With the wear aggravation of the wheel, the side wear of wheel flange gradually deepened. For the standard xp55, wear type I, wear type II, wear type III, and wear type IV profiles, the wheel flange side wear values for the five types of wheel profiles are 0, 1.743, 3.432, 4.719, and 6.208 mm, respectively. The wear type IV profile wheels have the greatest depth of side wear at 6.208 mm. Compared with the standard xp55 wheel profile, the flange side wear depth of the wear type I wheel profile increases by 1.743 mm, the increase is the largest among the four wear stages.



Side wear will lead to the thinning of the train wheel flange, which is one of the typical forms of wheel damage. In addition, it affects the safety of train operations. The limit value of wheel flange thickness in China is 22 mm. When the wheel flange thickness is less than 22 mm, it is necessary to repair it.



The UM software is applied to build the vehicle model of the CRH5 EMU (electric multiple unit), as shown in Figure 4. The vehicle model is made up of one car body and two bogies. The main parts, such as the car body, bogie, wheelset, and axle box, are rigid solid bodies without simplification. The suspension components include the primary spring, primary vertical damper, secondary air spring, secondary longitudinal damper (anti-serpentine shock absorber), and secondary lateral damper. Part parameters of CRH5 EMU are shown in Table 2.



The evaluation indices for the safety and stability of high-speed EMU operation mainly include the wheel–rail vertical and lateral force, derailment coefficient, and vertical and lateral acceleration. In order to ensure the safe and stable operation of vehicles, the above-mentioned indicators are limited to a “Specification for Dynamic Performance Assessment and Test Verification of Rolling Stock” (GB/T 5599–2019), which is shown in Table 3.




2.3. Vehicle and Curved Switch Rail System Dynamics Model


The vehicle and curved switch rail are connected by the wheel–rail relationship. As shown in Figure 5, the dynamic model of the vehicle–curved switch rail system has been established.



The curved switch rail has a variable section structure. Multiple contact modes occur between the wheels and rails when the vehicle passes through this area. The hypothetical conditions of the traditional Hertz theory are idealized. The calculation of the multi-point contact relationship between the wheels and rails will have errors, and the calculation results will be quite different from the actual situation [46]. The Kalker non-Hertzian contact theory, which takes into account the actual wheel–rail contact shape, can be used to compute the precise solution of three-dimensional rolling contact. However, the rate of calculation is rather slow [37]. The Kik–Piotrowski method solves the problem of slow calculation speed and ensures the accuracy and efficiency of calculation. The Universal Mechanism uses the non-Hertzian contact Kik–Piotrowski method based on virtual penetration as a contact algorithm for the Archard wear model. It predicts realistic wheel–rail profiles and takes into account the efficiency of the calculation. Therefore, this paper uses it to predict the wear on key sections of curved switch rails.




2.4. Kik–Piotrowski Contact Theory and Archard Wear Model


In the case of complex wheel–rail contact in the turnout area, the shape of the contact area between the wheels and rails being an ellipse cannot better reflect the actual situation. The normal stress distribution of the wheel and rail during rolling is assumed to be semi-elliptical by Kik and Piotrowski, and the contact area is confirmed by using the virtual penetration method [37,38].



The virtual penetration region between the wheel and rail is determined by the depth of penetration    δ 0   , which is taken as the contact area. The penetration function   g ( y )   is expressed in Equation (1):


  g ( y ) =  {     δ 0  − f ( y )    f ( y ) ≤  δ 0       0    f ( y ) >  δ 0        



(1)




where   f ( y )   is the distance in the rolling direction between the rail and wheel at the same coordinate.



In the penetration area, the x coordinates of the front and rear ends are:


   x l   ( y ) = −  x l   ( y ) ≈   2 R g ( y )    



(2)




where R is the wheel rolling circle radius.



The distribution of normal contact stress p in the contact patch is shown in Equation (3):


  p ( x , y ) =    p 0     x l  ( 0 )      x l 2  ( y ) −  x 2     



(3)




where     p   0     is the maximum normal contact stress in the contact patch.



Integrating the above equation yields the total normal force of the contact patch N.


  N =    p 0     x l  ( 0 )   (    ∫   y r     y l        ∫  −  x l     x l        x l 2  ( y ) −  x 2          d x d y )  



(4)







Using the Boussinesq function, the normal displacement at the point (0,0) is calculated using Equation (5):


     δ 0   2  =  ω 0  =   1 −  σ 0    π E      p 0     x l  ( 0 )   (    ∫   y r     y l        ∫  −  x l     x l          x l 2  ( y ) −  x 2         x 2  +  y 2            d x d y )  



(5)







Through the above two equations, the calculation of normal force and maximum contact stress are obtained, as shown in Equations (6) and (7):


  N =   π E δ   2 ( 1 −  σ 2  )     (    ∫   y r     y l        ∫  −  x l     x l          x l 2  ( y ) −  x 2         x 2  +  y 2            d x d y )   − 1   (    ∫   y r     y l        ∫  −  x l     x l        x l 2  ( y ) −  x 2          d x d y )  



(6)






   p 0  = N   2 R  δ 0       (    ∫      y r     y l      ∫      x r     x l       x l 2  ( y ) −  x 2    d x d y        )    − 1    



(7)







The Archard model is one of the most important wear prediction models in the field of wheel–rail wear research. In the model, the wear volume is proportional to the normal force and sliding distance between the two contact bodies and inversely proportional to the material hardness [47], as shown in Equation (8):


  V = k   N S  H   



(8)




where V is the wear volume, N is the normal force between the wheel and rail, S is the relative sliding distance, H is the material hardness, and k is the wear coefficient.



The sliding distance between wheel and rail is calculated using Equation (9). The relative sliding speed of wheel and rail is calculated using Equation (10):


  S =  |   v s   |    Δ x    v 0     



(9)






   v s  =  v 0   [    ξ −  x 2  ϕ −   ∂  u 1    ∂  x 1        η +  x 1  ϕ −   ∂  u 2    ∂  x 1       ]   



(10)




where vs is the relative sliding speed of wheel and rail, v0 is the wheel rolling speed, and u1, u2 are the elastic displacements of the particles along the longitudinal and lateral directions, respectively. ξ, η, and φ are the longitudinal, lateral, and spin creepage values within the wheel–rail contact patch, respectively.



Jendel [48] obtained the relationship between wear coefficient, contact stress, and sliding velocity by summarizing the results of wheel–rail wear tests, as shown in Figure 6.





3. Wear Prediction of Curved Switch Rail


3.1. Wear Prediction Model of Curved Switch Rail


The flow chart of the curved switch rail profile prediction is shown in Figure 7. The vehicle–curved switch rail dynamics model is used to perform dynamics simulation calculations and obtain wheel–rail contact parameters. The non-Hertzian contact Kik–Piotrowski method based on virtual penetration is used as a contact algorithm. The wear depth of each unit in the contact patch is calculated using the Archard wear model, and they are added to obtained the wear depth of the entire contact patch. The wear of each contact patch is accumulated on the curved switch rail profile using a cubic spline interpolation approach.



The profile will be updated and smoothed when the wear depth in the curved switch rail profile reaches 0.1 mm. Otherwise, the wear depth calculation continues. The new curved switch rail profile is obtained by subtracting the wear depth from the initial profile. If the specified mileage is not reached, the new curved switch rail profile will enter the next cycle. Once the specified mileage is reached, the calculation ends, and the predicted profile is output.



The variations in the curved switch rail profile and the vehicle–curved switch rail system dynamics are mutually influenced. As vehicle mileage increases, the curved switch rail will continue to wear out. The dynamic response and wheel–rail contact state will affect the prediction of the curved switch profile. The change in profile will in turn affect the dynamic response and wheel–rail contact state.




3.2. Profile Prediction of Curved Switch Rail


As shown in Figure 8, the worn profiles of the curved switch rail in the key sections for the total passing weights of 10 Mt, 20 Mt, 30 Mt, 40 Mt, and 50 Mt are calculated according to the methodology presented in Section 3.1.



The wheels make simultaneous contact with the stock rail and curved switch rail when the vehicle passes over the curved switch rail with a head width of 3 mm to 35 mm. The curved switch rail height will exceed the stock rail with the increase in head width, and the wheels will travel from the stock rail to the curved switch rail. The wear of the stock rail at the head width of 3 mm section is serious. As the head width increases, the wear depth of the stock rail decreases, while the wear depth of the curved switch rail rises. The wheels are completely transitioned from the stock rail to the curved switch rail in the 35–50 mm head width area. The wear depth of the curved switch rail is significantly reduced when the transition is complete. The contact position of the rail head gradually moves to the rail side as it passes through the 50−72.2 mm head width area. With the increase in the head width of the curved switch rail, the position of the maximum wear depth is transferred from the stock rail to the shoulder of the curved switch rail.



On the inner side of two rails, the gauge measurement point is 16 mm below the rail head. At the gauge measuring point, the curved switch rail’s side wear values at each wear stage are calculated, as shown in Table 4. When the total passing weight is 10 Mt and 20 Mt, side wear only occurs on curved switch rails with head widths of 5 mm and 20 mm. No wear occurs at the gauge measuring point in the remaining positions.



When the total passing weight is 30 Mt, 40 Mt, and 50 Mt, the amount of side wear of the curved switch rail tends to increase first and then decrease. The side wear value of the curved switch rails reaches its maximum at a head width of 20 mm. As the widening of the head width, the wear decreases gradually. The maximum side wear of a curved switch rail with a head width of 20 mm is 5.3 mm when the total passing weight is 50 Mt.





4. The Effect of Curved Switch Rail Wear on Vehicle Dynamic Performance


The next step is to investigate how curved switch rail wear affects vehicle dynamic performance as it passes through a curved switch rail from the perspective of stability and safety. The wheel with standard xp55 is selected to pass over the curved switch rails with standard and worn profiles. Five dynamic indices of the left wheel of the first wheelset, including wheel–rail vertical force, lateral force, derailment coefficient, and lateral and vertical acceleration, are studied when a vehicle passes over a curved switch rail at a speed of 80 km/h.



4.1. Vertical Force


Figure 9 depicts the variation trend of wheel–rail vertical force. The horizontal axis 0 point is defined as the tip of the curved switch rail. When the vehicle is driving in a straight line, the vertical force is about 38.65 kN. The change in vertical force is relatively stable when the vehicle travels on the standard profile curved switch rail.



When the vehicle travels to 4.83 m from the tip of the curved switch rail, the vertical force suddenly increases to 42.92 kN. When the vehicle is traveling on the non-worn curved switch rail, the vertical force fluctuation is small, and the range is 12.56 kN. The wheel–rail vertical force fluctuates to varying degrees when the vehicle is traveling on a worn curved switch rail. The range reaches a maximum of 50.72 kN, when the total weight of the vehicle is 50 Mt.



The maximum wheel–rail vertical forces when vehicles with different passing weights pass through the switch section are shown in Figure 10. The vertical force rises with the increase in the total passing weight, demonstrating a nonlinear positive correlation. When the total passing weight increases from 30 Mt to 40 Mt, the vertical force enhances significantly, which increases by 9.19 kN. The vertical force reaches a maximum value of 69.44 kN as the total passing weight reaches 50 Mt; compared with the standard wheel–rail matching, it increased by 43.99%. The vertical force of all working conditions is less than the specified limit, meeting the safety regulations. The increase in vertical forces can cause the curved switch rail to be subjected to greater impacts, making it susceptible to craters and increasing the vertical vibration of vehicle travel.




4.2. Lateral Force


The variation trend of wheel–rail lateral force is shown in Figure 11. The direction of lateral force is specified as follows: the direction pointing to the inside of the rail is positive and the direction pointing to the outside of the rail is negative. At the initial stage when the vehicle enters the turnout, the lateral force is very small, only 445 N. When the vehicle travels from point 0 to 4.83 m, the lateral force suddenly increases to 20.86 kN.



As the vehicle continues to travel, there is a certain decrease and accompanying fluctuation in the lateral force. The curved switch rail is a variable section structure where the lateral forces fluctuate due to changes in the wheel–rail contact state. The location of the abrupt lateral force change is slightly delayed after wear occurs on the curved switch rail. Compared with the standard wheel–rail interaction, the lateral force fluctuations are greater for wear rails. The range reaches a maximum of 20.35 kN when the total passing weight is 20 Mt.



The maximum wheel–rail vertical forces are shown in Figure 12. When the total passing weight increases from 10 Mt to 50 Mt, the lateral force rises from 25.66 kN to 33.95 kN. When the total passing weight reaches 50 Mt, the lateral force reaches a maximum value of 33.95 kN, which is a 32.33% increase compared to the maximum lateral force of 25.66 kN under standard wheel matching. The lateral force under the matching conditions of standard wheel and curved switch rail of different wear stages is less than the specified limitation, which meets the requirements of safety regulations. However, the increase in lateral force will increase the side wear of the curved switch rail, and then affect the wheel–rail contact state.




4.3. Derailment Coefficient


Figure 13 shows that the derailment coefficient has a similar fluctuation trend. When the vehicle first enters the standard curved switch rail, the derailment coefficient is very small, only about 0.03. When the vehicle travels to 4.83 m from the 0 point, the derailment coefficient suddenly increases to 0.59. As the vehicle continues to travel, the derailment coefficient continues to fluctuate and decrease to a certain extent.



Figure 14 compares the maximum value of the wheel–rail derailment coefficient when the wheel passes the curved switch rail. The derailment coefficient tends to rise and then fall as the wear stage of the curved switch rail increases. When the total passing weight is 30 Mt, the derailment coefficient reaches the maximum of 0.79, which is 33.89% higher than the standard wheel–rail matching. At this time, it is close to the prescribed limitation and requires attention.




4.4. Vehicle Running Stability


Vehicle running stability reflects the comfort of passengers and the quality of vehicle operation. The vertical and lateral acceleration of the vehicle are the criteria for judging the stability of the vehicle. Figure 15a,b show the trends of vertical and lateral acceleration when the vehicle passes through curved switch rails with different wear stages, respectively.



The absolute maximum vertical acceleration ranged from 0.088~0.098 m/s2 as the vehicle entered the vicinity of the 0 point. After completing the transition, the vertical acceleration continues to increase, with a maximum value between 0.08 and 0.089 m/s2. As a result of the transition between the wheels in these two positions, the vehicle will jump to a certain extent, increasing the vertical acceleration, and tends to decrease in the non–transition section. When the vehicle first enters the standard curved switch rail, the lateral acceleration is small, which is about 0.01 m/s2. When the vehicle travels to 5.83 m from the 0 point, the lateral acceleration increases to a maximum value of 0.58 m/s2. As the curved switch rail’s wear stage increases, the location of the sudden change in vehicle lateral acceleration gradually moves away from the 0 point.



The lateral acceleration rises with the increase in the total passing weight, and its maximum value is in the range of 0.58~0.76 m/s2. The lateral acceleration of the vehicle is 0.76 m/s2 when the curved switch rail passes a total weight of 50 Mt. This is a 31.03% increase compared to the standard wheel–rail match. The vertical acceleration of the vehicle increases with the total passing weight. When the total passing weight is 10 Mt, the vertical acceleration is 0.08 m/s2. The vertical acceleration reaches 0.089 m/s2, as the total passing weight is 50 Mt. It is 11.25% larger than the standard wheel–rail match. The wear of the curved switch rail has less effect on the vertical acceleration.





5. The Effect of Wheel Wear on Vehicle Dynamic Performance


The next step is to investigate how wheel wear affects a vehicle’s dynamic performance as it passes over a curved switch rail from the perspective of stability and safety. The wheel with standard xp55 and different wear stages is selected to pass over the standard curved switch rail.



5.1. Vertical Force


The fluctuation trend of the wheel–rail vertical force is depicted in Figure 16. The wheel passing over the non-worn curved switch rail is similar at different stages of wear. Compared to the non-worn wheels, the worn wheel has greater vertical forces, and the fluctuation is large. The maximum range of vertical force when passing a turnout with a wear type IV wheel is 44.28 kN. The vertical force reaches the maximum at 8.17 m from the 0 point, which is 89.48 kN. Due to the wear of the wheel, the tread profile of the wheel has a certain depression near the nominal rolling circle. Wheel wear can lead to poor contact between the wheels and rails, intensifying the effect of vertical force between wheels and rails.



Figure 17 shows a comparison of the maximum vertical force values. The general trend of wheel–rail vertical force increases with increasing wheel wear. For wheels of wear types I, II, and III, the maximum vertical force through the curved switch rail is between 68.42 kN and 71.65 kN, with the three values being very close to each other. The maximum vertical force through the curved switch rail for the wheels of wear type IV is 89.48 kN, which is 85.53% more than that of the non-worn wheels. The calculated values of the wheel–rail force for the five conditions are less than the limit value of 170 kN, which is in line with the requirements of the safety regulations.




5.2. Lateral Force


The trend of the wheel–rail lateral force variation of the vehicle over the curved switch rail is similar for all types of wheels. Compared with non-worn wheels, the wheel–rail lateral forces are reduced when the wheels are worn. There is a certain delay in the complete transition of each wear wheel to the curved switch rail position, as shown in Figure 18. The wear type III wheel has the longest deferral distance for maximum wheel–rail lateral forces, reaching a maximum of 23.17 kN at 6.28 m from the tip of the curved switch rail.



The following is a comparison of the lateral force’s maximum value (see Figure 19). It was found that the wear type I wheel passing over the curved switch rail had the minimum lateral force, which was 20.48 kN. The wear type III wheel has a lateral force of 23.17 kN, which is 13.13% higher than that of wear type I. The wheel–rail lateral force of the standard curved switch rail matched with wheels of different wear is less than the limit value of 48.4 kN.




5.3. Derailment Coefficient


The trends of the derailment coefficient are shown in Figure 20. The derailment coefficients of CRH5 vehicles with different wheels of wear stages passing over the non-worn curved switch rail are similar. Compared with the standard wheels, the derailment coefficient of the worn wheels is smaller. After the wheel runs in with the rail, the matching performance with the rail is improved. As the distance driven by the vehicle increases, the vehicle driving state gradually tends to stabilize, and the derailment coefficient progressively decreases after a sudden increase.



According to the comparison of the maximum value of derailment coefficient, when the wheel is not worn, the maximum value of the derailment coefficient is 0.59. As wheel wear occurs, the derailment coefficient tends to increase and then decrease with the increase in the wear stage. The smallest derailment coefficient is 0.32 under the action of the wear type I wheel. The derailment coefficient under the action of the wear type III wheel is the largest, which is 0.38. From Figure 21, it can be learned that the values of the derailment coefficient under each working condition are less than the specified limit value.




5.4. Vehicle Running Stability


Figure 22a,b show the trends of vertical and lateral acceleration, respectively. Each wear wheel traveling over the curved switch rail exhibits a similar trend and magnitude of vertical acceleration. As the stage when wheel wear increases, the vertical acceleration of the vehicle generally tends to increase, but the variation is small. The vertical acceleration increases from 1.421 to 1.444 m/s2, the range is only 0.023 m/s2. This means that as the wheel wear increases, the increase in wear has less of an effect on the vertical acceleration.



The lateral acceleration of a vehicle increases progressively as wheel wear rises, and the maximum value is between 0.58 and 0.65 m/s2. When a standard wheel passes through a non-worn curved switch rail, its maximum lateral acceleration is 0.58 m/s2. When a type IV wheel passes through a curved switch rail, the lateral acceleration reaches a maximum of 0.65 m/s2 at a distance of 6.28 m from the 0 point, which is an increase of 12.07% compared with that of a non-worn wheel. The specified limit of lateral acceleration is 2.5 m/s2, and its maximum value for each working condition is much smaller than the limitation, which meets the safety standard.





6. Conclusions


A wear prediction model of the high-speed turnout curved switch rail is established in this study. The evolution law of the curved switch rail is analyzed using the wear prediction results. The effect of the wheel and rail wear on the dynamic performance of a vehicle passing through the curved switch rail in a high-speed turnout is investigated. The results show that:




	
When the wheel passes through the area of the curved switch rail with a head width of 3–35 mm, the wheels make simultaneous contact with the stock rail and curved switch rail. As the head width increases, the height of the curved switch rail will exceed the height of the stock rail, and the wheels will travel from the stock rail to the curved switch rail. In the area with the head width of 35–50 mm, the wheel completely transitions to the curved switch rail.



	
As the head width of the curved switch rail increases, the position of the maximum wear depth is transferred from the stock rail to the shoulder of the curved switch rail. For the same total passing weight, the side wear of the curved switch rail with a head width of 20 mm suffers the most severe wear. The cross-sectional area of the curved switch rail at the head width of 20 mm is small; the wheels transition from the stock rail to the curved switch rail, and the wheel flange is close to the curved switch rail. This causes significant wear in this position.



	
The wheel–rail vertical force, lateral force, and derailment coefficient all increase significantly when the vehicle wheels transfer from the stock rail to the curved switch rail. The wear of the wheels and rails has a higher impact on vehicle driving safety and a lower impact on vehicle driving stability.



	
In all working conditions, when the standard wheel is matched with a curved switch rail with a total passing weight of 30 Mt, the maximum derailment coefficient reaches 0.79, which is close to the safety limit. It is recommended that for a curved switch rail with a total weight of 30 Mt, the frequency of detection and maintenance of the curved switch rail should be increased. The dynamic performance of the vehicle under other working conditions meets the prescribed limits of each dynamic index.
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Figure 1. Key sections of curved switch rail in high-speed turnout. 
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Figure 2. Principle of cross-sectional interpolation. 
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Figure 3. Wheel profiles of the standard and different wear stages. 






Figure 3. Wheel profiles of the standard and different wear stages.



[image: Applsci 13 08398 g003]







[image: Applsci 13 08398 g004 550] 





Figure 4. Multibody dynamics model of CRH5. 
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Figure 5. The system dynamics model of the vehicle and curved switch rail. 
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Figure 6. Wear coefficient distribution. 
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Figure 7. Flow chart of wear prediction of curved switch rail. 
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Figure 8. Comparison of a profile of key sections of worn curved switch rail: (a) head width 3 mm; (b) head width 5 mm; (c) head width 20 mm; (d) head width 35 mm; (e) head width 50 mm; (f) head width 72.2 mm. 
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Figure 9. Wheel–rail vertical forces of left wheel of the first wheelset. 
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Figure 10. Comparison of the maximum value of wheel–rail vertical force. 
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Figure 11. Wheel–rail lateral forces of left wheel of the first wheelset. 
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Figure 12. Comparison of the maximum value of wheel–rail lateral force. 
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Figure 13. Wheel–rail derailment coefficient of left wheel of the first wheelset. 
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Figure 14. Comparison of the maximum value of wheel–rail derailment coefficient. 
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Figure 15. Vehicle acceleration under different worn curved switch rails: (a) vertical acceleration; (b) lateral acceleration. 
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Figure 16. Wheel–rail vertical forces of left wheel of the first wheelset. 
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Figure 17. Comparison of the maximum value of wheel–rail vertical force. 
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Figure 18. Wheel–rail lateral forces of left wheel of the first wheelset. 
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Figure 19. Comparison of the maximum value of wheel–rail lateral force. 
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Figure 20. Wheel–rail derailment coefficient of left wheel of the first wheelset. 
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Figure 21. Comparison of the maximum value of wheel–rail derailment coefficient. 
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Figure 22. Vehicle acceleration under different worn wheels: (a) vertical acceleration; (b) lateral acceleration. 
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Table 1. Side wear values of wheel flange with different wear stages.






Table 1. Side wear values of wheel flange with different wear stages.





	Wear Stages
	Side Wear Values/mm





	standard xp55 profile
	0



	wear type I profile
	1.743



	wear type II profile
	3.432



	wear type III profile
	4.719



	wear type IV profile
	6.208
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Table 2. Part parameters of CRH5 EMU.
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	Parameters
	Value





	Car body mass (kg)
	41,190



	Car body rolling moment of inertia (kg·m2)
	79,600



	Car body pitching moment of inertia (kg·m2)
	2,105,000



	Car body yawing moment of inertia (kg·m2)
	2,093,000



	Bogie frame mass (kg)
	2920



	Bogie frame rolling moment of inertia (kg·m2)
	2247



	Bogie frame pitching moment of inertia (kg·m2)
	2860



	Bogie frame yawing moment of inertia (kg·m2)
	5040



	Wheelset mass (kg)
	1523



	Wheelset rolling moment of inertia (kg·m2)
	708



	Wheelset pitching moment of inertia (kg·m2)
	100



	Wheelset yawing moment of inertia (kg·m2)
	708



	Vertical stiffness of primary spring (N/m)
	1,500,000



	Longitudinal stiffness of primary spring (N/m)
	980,000



	Lateral stiffness of primary spring (N/m)
	980,000



	Vertical damping of primary vertical shock absorber (N·s/m)
	10,000



	Vertical stiffness of secondary suspension (N/m)
	450,000



	Longitudinal stiffness of secondary spring (N/m)
	20,0000



	Lateral stiffness of secondary spring (N/m)
	200,000



	Vertical damping of secondary vertical shock absorber (N·s/m)
	20,000



	Longitudinal damping of secondary longitudinal shock absorber (N·s/m)
	360,000



	Lateral damping of secondary lateral shock absorber (N·s/m)
	22,000
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Table 3. The limit of each dynamic index of CRH5.
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	Dynamic Index
	Specified Limit Value





	Wheel–rail vertical force
	  ≤  170 kN



	Wheel–rail lateral force
	  ≤  48.4 kN



	Derailment coefficient
	  <  0.8



	Vertical acceleration
	  <  2.5 m/s2



	Lateral acceleration
	  <  2.5 m/s2
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Table 4. Side wear amount of curved switch rail with different wear stages (unit: mm).
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Head Width

	
Passing Weight




	
10 Mt

	
20 Mt

	
30 Mt

	
40 Mt

	
50 Mt






	
3 mm

	
0

	
0

	
0.10

	
0.64

	
1.18




	
5 mm

	
1.35

	
2.14

	
2.84

	
3.39

	
3.88




	
20 mm

	
0.99

	
2.23

	
3.30

	
4.28

	
5.30




	
35 mm

	
0

	
0

	
0.50

	
1.35

	
2.19




	
50 mm

	
0

	
0

	
0.07

	
0.64

	
1.24




	
72.2 mm

	
0

	
0

	
0.02

	
0.37

	
0.97
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