Numerical investigation of the effects of rail vibration absorbers on wear behaviour of rail surface
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[bookmark: OLE_LINK24][bookmark: OLE_LINK27][bookmark: OLE_LINK12][bookmark: OLE_LINK10]Abstract: Rail corrugation refers to the periodic wear of the top working surfaces of rails. This problem has plagued the railway industry over a hundred years. In the present paper, the effects of rail vibration absorbers on wear behaviour of the rail surface have been studied. The dynamic model of a wheel-rail-absorber system is established. The friction contact coupling between the wheel and the rail are fully considered in this model. A wear model, in which the mass loss of unit area in contact patch is proportional to frictional work per unit area between the wheel and the rail, is developed to analyse the wear behaviour of the rail surface. Numerical results show that the saturated creep force-induced self-excited vibration of the wheel-rail system can result in short pitch rail corrugation on the rail surface. The maximum wear depth occurs at the positions close to mid-span of each sleeper bay. After the installation of rail vibration absorbers, the formation of short pitch rail corrugation can be suppressed effectively, and the wear on the rail surface becomes uniform and the growth rate of rail corrugation reduces considerably. Increasing the connection damping between the absorber and the rail web is beneficial to preventing the formation of short pitch rail corrugation. 
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1. Introduction
The periodic uneven wear on a rail head is referred to as rail corrugation.1 It is a significant problem in railway industry and thus the railway research community. The generation and growth of rail corrugation lead to excessive vibrations of the trains and track. It produces serious noise pollution to the ambient environments2 and reduces the service life of rails and railway vehicles. Serious rail corrugation may result in derailment accidents.3 
[bookmark: OLE_LINK1]From the early 20th century to the present, a large number of papers related to rail corrugation have been published. Several mechanisms of the formation and development of rail corrugation have been put forward. There are two major schools of thoughts on the generation mechanisms of rail corrugation. The first one believes that rail corrugation arises from the combination effects of wheel-rail dynamic interactions and long term wear. A common assumption in this school of thought is that the original rail surface is irregular. This initial condition results in fluctuation of the normal contact force between the wheel and the rail. Thus the wear rates on the rail surface become uneven. Then, initial corrugation will appear on the working surface of the rail. Finally, rail corrugation forms after repeated wheel passages over a long time.4-6 The second one holds that the instability of a wheel-rail system leads to the formation of rail corrugation. The friction between the wheel and the rail can result in unstable vibration of a wheel-rail system. This vibration will lead to fluctuation of the normal contact force. Then, rail corrugation occurs on the rail surface.7-9 In the present paper, the generation mechanism of rail corrugation is based on the assumption that the creep force between the wheel and the rail when saturated can induce self-excited vibration of a wheel-rail system.10
[bookmark: OLE_LINK31][bookmark: OLE_LINK17][bookmark: OLE_LINK36]At present, grinding and rail replacement are widely used to remove rail corrugation. However, these methods are very expensive and time-consuming. Therefore, suppressing the generation and growth of rail corrugation is the best solution. Many researchers have conducted extensive research on this topic.11, 12 Recently, field measurement data demonstrate that the installation of rail vibration absorbers is beneficial to preventing the formation and development of short pitch rail corrugation. Croft et al.13 developed a simple time-stepping model to study the effects of rail dampers on the growth rate of short pitch corrugation. The simulation results indicated that the rail dampers could reduce the growth rate of short pitch corrugation significantly and shift the wave length of the corrugation to a bigger value. Wu14 studied the effects of rail absorbers on suppression of the pinned-pinned resonance of the track by using a two dimensional track-absorber vibration model. His theoretical results showed that the use of rail vibration absorber might suppress the growth of short pitch rail corrugation associated with the pinned-pinned resonance. The field measurement data of Shen Zhen metro line 1 (in China)15 proved that the rail vibration absorbers could prevent the formation of short pitch rail corrugation in long term. In these investigations, the effects of rail absorbers on vibration characteristics of a wheel-rail system have been studied carefully. Nevertheless, in order to have a better understanding of the mechanism of rail absorbers in suppressing short pitch corrugation, their influence on wear behaviour of the rail surface must be studied. 
In this paper, the generation and growth process of the short pitch corrugation are simulated under the hypothesis that saturated creep force induced self-excited vibrations of a wheel-rail system cause rail corrugation. A wear model is adopted to calculate the wearing capacity of a rail surface when a wheel travels on the rail. The wear behaviour of the rail surface of a wheel-rail system and a wheel-rail-absorber system is studied respectively. The numerical simulation results demonstrate that the rail vibration absorbers have a significant effect on the wear behaviour of the rail surface. The wearing rate of the rail surface decreases considerably when the rail absorbers are installed on the rail web. The installation of the rail absorbers is helpful to preventing the formation of short pitch rail corrugation. The main purpose of this paper is to determine the effects of rail vibration absorbers on the wear behaviour of a rail surface.

2. Methods and assumptions
2.1 Model of the wheel-rail-absorber system 
Short pitch corrugation exists primarily at sites with accelerating or braking trains or on the low rail in a tight curved track.16 When the wheels are accelerated or braked on a straight track or when a vehicle negotiates on a tight curved track, the creep forces between the wheels and the rails probably become saturated.17 These saturated creep forces can induce self-excited vibration of a wheel-rail system.10 In the present work, in order to reduce the computational cost, a system of a wheel on a straight track is established. When a wheelset travels on a straight track (below the critical speed for hunting), the contact status between the wheels and the rails is completely symmetrical. Therefore, in the dynamic model of the wheel-rail system, only a wheel and a single rail track are considered (Fig. 1a). Based on this model, the rail absorbers are installed on the rail web (Fig. 1b). These two models are used to analyse the wear behaviour of the rail surface before and after the installation of rail absorbers. The rail vibration absorbers are composed of a steel mass block and the elastomeric material layer (Fig. 2a). They are installed on each side of the rail web by adhesive. The installation position of a rail vibration absorber is located between two sleepers (Fig. 2b). The length, width and height of a rail vibration absorber are 425mm, 40 mm and 100mm respectively. The mass of a rail vibration absorber is about 10kg. The average thickness of the elastomeric material layer between the absorber mass and the rail web is about 0.3mm. In the modelling process, the connections between the rail web and the absorbers are established by using the spring and damping elements. The meshes on the contact surfaces between the rail web and the absorbers are divided into the same size. And the nodes on these two surfaces are grouped into the one-to-one node pairs. There are two nodes in a node pair, one is on the surface of the absorber, and the other is on the surface of the rail web. They have the same coordinates and are connected by spring and damping elements. During the vibration process, these spring and damping elements can be stretched or compressed, the contact surfaces between the rail web and the absorbers can separate or approach. There is a spring-damping layer between the absorbers and the rail web as shown in Fig. 3a. It represents the elastomeric material layer between the absorber mass and the rail web. The connections between the rail bottom and the sleepers are established by using the same method (Fig. 3b). The spring and damping elements, which sit between the rail bottom and the sleepers, represent the rail fasteners. The connection parameters of the finite element model are determined by the field measurement data of Shen Zhen metro line 1 (provided by the Shenzhen Metro Group). They are listed in Table. 1.  
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Fig. 1 Finite element models: (a) wheel-rail system; (b) wheel-rail-absorber system
(a)[image: ]   (b)[image: ]
Fig. 2 Installation of the rail absorbers: (a) cross-section of the installation of absorber; (b) double block non ballasted track with absorbers
(a)[image: ] (b)[image: ]Spring-damping layer

Fig. 3 Connection schematic: (a) rail web and absorbers; (b) rail bottom and sleepers
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Fig. 4 Boundary conditions of the models

[bookmark: OLE_LINK32]In the model of the wheel-rail-absorber system, the definition of the coordinate system is as follows: the X-axis refers to the longitudinal direction (rolling direction of the wheel), the Y-axis to the lateral direction and the Z-axis to the vertical direction. The nominal rolling radius of the wheel is r = 420 mm. The profile of the wheel is the worn tread type. The type of rail is 60 kg/m. In the dynamic simulation process, the rolling distance of the wheel is about 6.7 meters. In order to avoid the end effects of the rail, the total length of the rail is selected as 36 meters. The distance between two adjacent sleepers is 600 mm. The friction contact coupling between the wheel and the rail has been properly considered in this model, which is introduced in section 2.2. Moreover, in order to simulate the wear behaviour of the rail surface under the saturated creep force condition, the contact surfaces of the wheel tread and the rail head are constructed as perfectly smooth surfaces without any initial irregularity. The wear model of the rail surface is provided in section 2.3. The boundary conditions of the models are set as follows (Fig. 4). The sleepers are supported by a group of grounded spring and damping elements. Both ends of the rail are fixed in the Y and Z directions. A constant suspension force FSV is applied on the centre hole of the wheel in the Z direction. According to the Simpack simulation results, when a metro vehicle travelling on a straight track, the average value of the suspension force on a wheel FSV is about 38,952 N.18 A velocity boundary condition is applied on the wheel in the X direction. It includes an initial speed of the wheel v = 60 km/h and a longitudinal acceleration a = 1.2m/s2. The creep force between the wheel and the rail is assumed to be saturated and it is equal to the normal contact force between the wheel and rail multiplied by the friction coefficient. The friction coefficient on the wheel-rail contact surfaces is set to 0.4. It is an average value of the friction coefficient between two metal surfaces under the unlubricated condition. The material parameters of the models are listed in Table 1.

Table 1 Connection and material parameters
	Connection parameters
	Directions

	
	X (longitudinal direction)
	Y (lateral direction)
	Z (vertical direction)

	Connection stiffness of the absorber
	KA1 = 1.5×107N/m
	KA2 = 1.5×107N/m
	KA3 = 3.0×107N/m

	Connection damping values of the absorber
	CA1 = 2.0×104Ns/m
	CA2 = 2.0×104Ns/m
	CA3 = 4.0×104Ns/m

	Stiffness of the rail fastener
	KR1 = 8.9×106N/m
	KR2 = 8.9×106N/m
	KR3 = 4.1×107N/m

	Damping values of the rail fasteners
	CR1 = 2.1×103Ns/m
	CR2 = 2.1×103Ns/m
	CR3 = 9.8×103Ns/m

	Support stiffness of the sleeper and roadbed
	KS1 = 5.0×107N/m
	KS2 = 5.0×107N/m
	KS3 = 8.9×107N/m

	Support damping values of the roadbed
	CS1 = 4.0×104Ns/m
	CS2 = 4.0×104Ns/m
	CS3 = 8.9×104Ns/m

	Material parameters
	Young’s module (GPa)
	Density (kg/m3)
	Poisson's ratio

	Rail and wheel:
	210
	7800
	0.3

	Sleepers:
	32.5
	2400
	0.3

	Absorbers:
	190
	7500
	0.29



2.2 The friction contact between the wheel and the rail
[bookmark: OLE_LINK181][bookmark: OLE_LINK182]In the present work, the contact modelling between the wheel and the rail is based on the assumption that the creep force between the wheel tread and the working surface of the rail head is saturated. It is focused on the establishment of friction coupling between two elastic bodies. An extended version of the classical isotropic Coulomb friction model is used in the calculation of tangential stresses  (i = x, y) between the wheel and the rail.19 The expression of the tangential stresses can be written as:
			(1)
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK15]where  is the tangent contact stiffness between the wheel and the rail,  is the tangential displacement of the contact node from the point of zero frictional stress. 
		(2)
[bookmark: OLE_LINK179][bookmark: OLE_LINK180]where  is the tangential critical stress between the adhesion and slip status of the contact nodes. ,  is the friction coefficient, and  is the normal contact pressure.  is defined as the maximum value of the elastic slip between the wheel and the rail. 
[bookmark: OLE_LINK155][bookmark: OLE_LINK156]When the tangential equivalent stress  between two contact nodes is smaller than the critical stress , the contact status between these two nodes is adhesion. Only the elastic deformation of the contact surfaces is considered. Under the elastic slip condition, the linearized equation of the tangential stresses can be written as
		(3)
where  is the tangential displacement between a pair of contact nodes. In Eq. (3), the second term (on the right hand side) may generate asymmetric elements in the stiffness matrix of the wheel-rail system. 
[bookmark: OLE_LINK11]If the equivalent tangential stress between two contact nodes is larger than the critical stress, slip must be considered, and the contact status is changed into slip state. In this situation, the condition  is maintained. When the contact status changes from adhesion to slip, both the elastic slip and slip increments between two contact nodes must be considered. The linearized equation of the tangential stress between the wheel and the rail is
	(4)
where  is the normalized slip direction in the contact plane, is equivalent elastic predictor strain between two contact nodes,  is the time integration increment. The detailed derivation process of Eq. (3) and Eq. (4) was presented in ref 19 and 20. 
The second term of Eq. (4) (on the right hand side) also produces the asymmetric elements in the stiffness matrix of the wheel-rail system. It plays a very important role in capturing the phenomenon of self-excited vibration of the wheel-rail system. This friction contact model is applied to computing the saturated creep forces between the wheel and the rail in this paper. The transient dynamic analyses of the wheel-rail-absorber system are carried out by using the ABAQUS/Standard solver (version 6.14). In the simulation process, the contact status and the contact forces of each contact node on the rail surface are updated and outputted after every time step. Based on these data, the wear calculation of the rail surface can be done.

2.3 Wear calculation model of the rail surface
Although the ABAQUS/Standard solver provides the function of wear simulation after the 6.12 version, it can only simulate the wear process of a surface under the steady state contact condition. It is not suitable for the simulation of the dynamic interaction between the wheel and rail. Therefore, in order to get a full consideration of the dynamic contact between wheel and rail, a wear calculation program is developed based on the dynamic analysis results by using the MATLAB software. 
[bookmark: OLE_LINK35][bookmark: OLE_LINK33][bookmark: OLE_LINK34]In the finite element modelling process of wheel-rail-absorber system, a fixed rectangle region on the rail surface is selected as the computational area of the wearing capacity of the rail surface (Fig 5a). The total length and width of this area are set as 1200mm in the X-direction and 45mm in the Y-direction. This area is discretized into the uniform elements as shown in Fig. 5b. The length and width of the element on the rail surface are ∆x = 1.6 mm and ∆y =2.4 mm. The size of the element is accurate enough for the solution of rail corrugation problem.21 There are 13500 elements in the computational area. 
(a) [image: F:\PAPER\Untitled.png]
 (b) [image: ]
(c) [image: ]
Fig. 5 Schematic of wear calculation on the rail surface: (a) computational area of the wearing capacity on the rail surface; (b) schematic of wheel passing the computational area; (c) relationship between the wear calculation mesh and the finite element mesh


In the dynamic simulation process, the time increment is set to , which is equal to the length of a rail surface element ∆x divided by the rolling speed of the wheel. Under this condition, the contact patch between the wheel and the rail moves ∆x in a time increment (Fig. 5b). The area of contact patch is determined by normal contact pressure  between the wheel and the rail. If the normal contact pressure of a rail surface node is larger than zero (), this node sits in the contact patch, it is considered to be a contact node and marked by its coordinate  as shown in Fig. 5b. Furthermore, the contact status (adhesion or slip) of a contact node is determined in comparison with the tangential critical stress . When the tangential equivalent stress of a contact node , the contact status of this node is adhesion. If , the contact status is changed into slip status. It is assumed in this paper that the creep force between the wheel and the rail is saturated. Under this condition, the contact status between the wheel and the rail is slip in general. If the contact state of a contact node  is slip, wear will occur in the area surrounding this node.22 In the dynamic simulation process, when the wheel rolls on the computational area of wear, the normal contact force, the tangential forces and the contact status of each contact node on the rail surface are outputted in every time increment. Based on these data, the friction work between the wheel and the rail can be computed by using a MATLAB program. The calculation process of the wear pattern on the rail surface is introduced briefly as follows.
[bookmark: OLE_LINK7][bookmark: OLE_LINK9]In the wear calculation process, the rail surface is constructed by the wear calculation meshes. The wear calculation mesh in the MATLAB program and the rail surface element in the finite element model are the same size (on the rail surface). The centre point coordinates of each wear calculation mesh are equal to the coordinates of the contact node  in the dynamic analysis as shown in Fig. 5c. Under the slip condition, the wear surrounding the contact node  is assumed to be uniform over the corresponding wear calculation mesh and is considered to be proportional to the friction work. Therefore, the mass loss at a point on the railhead  per unit of time can be written as22
		(5)
where K is the wear proportional coefficient, H is the frictional work at  on the rail surface, C is the durability friction work rate. In this paper, C = 0.
		(6)
where  is the tangential force of the contact node  in the longitudinal direction. It is approximately equal to the longitudinal saturated creep forces between the wheel and the rail at . S is the slip velocity between the wheel and the railhead,  is the time of wheel passing the wear calculation mesh, it is equal to the time integration increment of the dynamic analysis. The wear depth at  on the rail surface can be calculated by:
 		(7)
where ρ is the density of the rail material. 
After a passage of the wheel, the wear depths  in every wear calculation mesh are calculated. Then, the coordinates of the contact nodes in the computational area are updated and the surface morphology of the rail surface is refreshed in the finite element model by editing the input file of the dynamic analysis. A contour of the wear pattern on the rail surface can be drawn after the calculation process of the wear.

3. Results and discussion
3.1 Dynamic properties of the wheel-rail system
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK6]The dynamic behaviour of wheel-rail system has a significant effect on the frictional work density of the contact area between the wheel and the rail. Therefore, before studying the generation and growth of rail corrugation, a transient analysis of the dynamic behaviour of the wheel-rail system must be made. In the simulation process, only a constant suspension force is applied on the wheel without any other external excitation. And the wheel and rail contact surfaces are assumed to be perfectly smooth without any initial irregularity. Under these conditions, the self-excited vibration of wheel-rail system may arise. Fig. 6 shows the dynamic simulation results. The vertical vibration acceleration of the rail surface is shown in Fig. 6a. It indicates that the self-excited vibration of the wheel-rail system can be induced by the saturated creep force between the wheel and rail. The main vibration frequency of the self-excited vibration is about 395.5Hz as shown in Fig. 6c. This vibration frequency plays a very important role in the formation of rail corrugation. The fluctuations of normal contact force  between the wheel and the rail is shown in Fig. 6b. It can be found that the normal contact force  varies periodically. And, its fluctuation frequency is the same as the frequency of the self-excited vibration of wheel-rail system (Fig. 6d). Under the saturation condition, the creep force between the wheel and the rail is equal to the normal contact force multiply by the friction coefficient. In the simulation process, the friction coefficient between the wheel and the rail is constant. Therefore, the saturated creep force between the wheel and the rail also fluctuates periodically. The periodic variation of saturated creep force can result in the fluctuation of friction work between the wheel and the rail. This phenomenon will lead to the undulated wear of the top working surfaces of rail.
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Fig. 6 Dynamic behaviours of the wheel-rail system: (a) vertical vibration acceleration; (b) total value of normal contact force; (c) PSD of the vertical vibration acceleration; (d) PSD of the normal contact force

3.2 Wear behaviour of the rail surface under the condition of saturated creep force
Fig. 7a shows the wear pattern of the rail surface after 1 passage of the wheel. It can be found that an initial corrugation forms easily on the rail surface. Fig. 7b shows the variation of the wear depth on rail surface along the reference section. In this longitudinal section of rail surface, the minimum and maximum wear depths of the initial corrugation are about 0.0001μm and 0.0076μm respectively. The variation range of the wear depth is 0.0075μm. The wave length of the rail corrugation is about 42mm (average value of the distance between two adjacent troughs). It is a short pitch rail corrugation. This corresponds to a generation frequency of the rail corrugation of 396.8 Hz (60 km/h = 16666.7mm/s, and 16666.7mm/s ÷ 42mm = 396.8Hz). It is approximately equal to the frequency of self-excited vibration of the wheel-rail system (395.5Hz). This indicates that the initial short pitch corrugation on the rail surface is caused by the unstable vibration of the wheel-rail system.
From Fig. 7b, it can also be observed that the maximum wear depth of the initial corrugation occurs on the middle span between two sleepers. The authors suggest that the combination effects of unstable vibration of the rail and the discrete supports of the sleepers lead to this phenomenon. Fig. 7c shows the total value of normal contact force in the contact patch during the first passage of the wheel. It can be found that the total value and the fluctuation amplitude of the normal contact force increase when the wheel rolls on the rail surface between two sleepers. Under the saturated creep force condition, the total frictional work between the wheel and the rail increases with the increase of the normal contact force. Therefore, the wear depth of the initial corrugation spreads between two sleepers. 
(a) [image: ]
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(c)     [image: ]
Fig. 7 Wear pattern of the rail surface before the installation of rail absorbers (after one passage of the wheel): (a) contour of the wear pattern on the rail surface; (b) wear depth on rail surface along the reference section; (c) total value of normal contact force

To further analyse the reasons of the variations of the normal contact force, the complex eigenvalue analysis is applied to study the unstable mode shape of the wheel-rail system. The numerical results show that the saturated creep forces induced self-excited vibration of the wheel-rail system arises when the wheel travels on the rail. The unstable vibration frequency is 385.43Hz, and the effective damping value ζ= -0.0249. The unstable vibration mode shape is shown in Fig. 8. It can be observed that the unstable vibration mainly occurs on the rail. And the maximum mode amplitude takes place on the middle span of the rail between two sleepers. At the above place of the sleepers, the vibration of the rail is relatively small. According to the unstable mode shape of wheel-rail system, the authors consider that when the wheel rolls on the rail surface between two sleepers, the severe vibration of the rail leads to the increasing of the fluctuation amplitude of normal contact force. And, when the wheel rolls on the rail surface above the sleeper, the rail vibration becomes smaller. Therefore, the fluctuation amplitude of normal contact force decreases at this position (above the sleeper). This phenomenon results in variations of the wear depth of initial corrugation. Furthermore, on the basis of the complex analysis results (Fig. 8) and the dynamic simulation results (Fig. 7), one may conclude that the optimal installation location of the rail vibration absorber is on the rail web between two sleepers.
[image: ]
Fig. 8 Unstable mode shape of the wheel-rail system: fR= 385.43Hz, ζ = -0.0249

In the present paper, the growth of the short pitch corrugation is caused by repeating the passage of the wheel. After each passages of the wheel, the profile of the contact surface of rail head is updated. The new profile of the rail contact surface  is obtained by
  			(8)
where  is the previous profile of the rail contact surface,  is the wear depth of rail contact surface after one passage of the wheel. Since the wear depth of rail contact surface is only about 10-3μm after a passage of wheel and the computing time of dynamic analysis is very long (A complete dynamic analysis of the wheel-rail system needs about 30 hours), an integer N is selected to amplify the wear growth rate. This method is widely used in the analysis of rail corrugation growth.23, 24 In this paper, the integer N is set to 1000. It means that a full calculation process (including the dynamic analysis of the wheel-rail system and the wear calculation of the rail surface) represents 1000 passages of the wheel on the rail surface. 
[bookmark: OLE_LINK2]Fig. 9a shows the wear pattern of the rail surface after 5000 passage of the wheel. It can be observed that the wave length of the rail corrugation does not change. It is still about 42mm. The width (along the Y-direction) of the wear area increases slightly. The maximum wear depth of corrugation reaches 44.5μm (Fig. 9b). It is about 5850 times of the maximum wear depth of the initial corrugation. Fig 9c illustrates the details of the comparison of normal contact force between the 1st (black line) and the 5000th (red dash line) passage of the wheel. It can be found that the fluctuation amplitude of the normal contact force increases slightly after 5000 wheel passages. The interaction between the unstable vibration of the wheel-rail system and the existing rail corrugation results in this phenomenon. After the first passage of the wheel, an initial corrugation generates on the rail surface. When the wheel rolls on the rail surface again, the existing corrugation can induce more serious vertical vibration of the wheel-rail system. And the frequency of these vertical vibrations is the same as frequency of the self-excited vibration of the wheel-rail system. Under such circumstances, the corrugation grows quickly. 
(a) [image: ]
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[bookmark: OLE_LINK19][bookmark: OLE_LINK5]Fig. 9 Corrugation of the rail surface before the installation of rail absorbers (after 5000 passages of the wheel): (a) contour of the wear pattern on the rail surface; (b) wear depth on rail surface along the reference section; (c) comparison of the normal contact force between the 1st and the 5000th passage of the wheel.

3.3 Dynamic properties of the wheel-rail-absorber system
In this section, the dynamic transient simulations are performed for the wheel-rail-absorber system. The simulation results are shown in Fig. 10. It can be found that the vibration of the rail surface (Fig. 10a) and the variation amplitude of the normal contact force (Fig. 10b) decrease obviously when the absorbers are installed on the rail web. The root mean square (RMS) value of the amplitude of the vibration acceleration of the rail surface is 143.82m/s2 before the installation of rail vibration absorbers (Fig. 6a). It decreases to 52.03m/s2 when the absorbers are installed on the rail web (Fig. 10a). The RMS value of the fluctuation amplitude of the normal contact force decreases from 5.79kN (Fig. 6b) to 2.69kN (Fig. 10b) after the installation of absorbers. The main vibration frequency of the rail surface and the normal contact force shifts from 395.5Hz (Fig. 6c and 6d) to 378.41Hz (Fig. 10c and 10d). This is because of the installation of rail absorbers increases the total mass of the rail system.14 Furthermore, the complex eigenvalue analysis results show that the unstable vibration of the wheel-rail-absorber system does not occur when the wheel rolls on the rail surface. These phenomena indicate that the wheel-rail system becomes stable after the installation of the rail vibration absorbers. 
(a)[image: ](b)[image: ]
(c)[image: ](d)[image: ]
[bookmark: OLE_LINK16]Fig. 10 Dynamic behaviours of the wheel-rail-absorber system: (a) vertical vibration acceleration; (b) total value of normal contact force; (c) PSD of the vertical vibration acceleration; (d) PSD of the normal contact force

3.4 Wear behaviour of the rail surface after the installation of rail absorbers
The wear behaviour of rail surface changes significantly when the rail absorbers are installed on the rail web. In the wheel-rail-absorber system, the wear pattern of the rail surface after 1 passage of the wheel is shown in Fig. 11a. It can be observed that the short pitch rail corrugation, whose formation frequency is corresponding to the frequency of saturated creep force induced self-excited vibration (wave length ≈ 42mm), has been suppressed effectively. In the reference section, as shown in Fig. 11b, the maximum wear depth is about 0.0035μm, and the minimum wear depth is about 0.0021μm. The variation range of the wear depth is 0.0014μm. Comparing Fig. 7b with Fig. 11b, it can be found that the variation range of the wear depth is significantly reduced and the wear distribution becomes more even when the absorbers are installed. These phenomena indicate that the short pitch corrugation, which is associated with the saturated creep force induced self-excited vibration, can be mitigated effectively by the use of rail vibration absorber.
[bookmark: OLE_LINK30]However, after the installation of rail absorbers, the maximum wear depth of the rail surface still occurs on the middle span between two sleepers. At the railhead surface above the sleeper, the wear depth is relatively small (Fig. 11b). This phenomenon indicates that there is a possibility of the generation of long pitch rail corrugation (the wave length is about 600mm, equal to the interval between two sleepers). Fig. 11c shows the total value of the normal contact force between the wheel and the rail during the first passage of the wheel. It can be observed that the total value of the normal contact force increases at the middle span between two sleepers and decreases at the sleeper support. The wear depth of the rail surface varies regularly with the fluctuation of the normal contact force. The authors consider that the discrete support of the sleeper is the main reason for this phenomenon. The discrete sleeper support leads to the variations of the support stiffness between two sleepers. The variation of support stiffness results in the fluctuation of the normal contact force between the wheel and the rail. To sum up, the effect of the rail vibration absorbers on preventing the formation of the long pitch rail corrugation, which is associated with the discrete supports of sleepers, is relatively small. 
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(b) [image: ]
(c)     [image: ]
Fig. 11 Wear pattern of the rail surface after the installation of rail absorbers (after one passage of the wheel): (a) contour of the wear pattern on the rail surface; (b) wear depth on rail surface along the reference section; (c) total value of normal contact force between the wheel and rail.

In the wheel-rail-absorber system, after 5000 passages of the wheel, the wear pattern of the railhead is shown in Fig. 12. Comparing Fig. 12a with Fig. 11a, it can be found that the wear distribution on the rail surface changes slightly after repeating wheel passages. The width of the wear area increases only a little. The effect of rail absorbers on the growth process of the rail corrugation can be found out by comparing Fig. 12 with Fig. 9. After the installation of the rail absorbers, the wear pattern of the rail surface is more even. The growth of short pitch rail corrugation has been suppressed. The long pitch corrugation, whose wave length is about 600mm, still arises on the rail surface. The main reason for this phenomenon is that the installation of rail vibration absorbers has a significant effect on the vibration behaviour of the wheel-rail system, but it has a relatively small impact on the discrete support of the sleeper. Therefore, the growth of short pitch rail corrugation, which is induced by the self-excited vibration of the wheel-rail system, can be suppressed effectively by the use of absorbers. The development of long pitch corrugation, which is associated with the discrete support structure of the track system, may still continue after the installation of absorbers. However, in the wheel-rail-absorber system, the growth rate of the long pitch rail corrugation reduces significantly. After 5000 passages of the wheel, the maximum wear depth reaches 16.7 μm in the reference section (Fig. 12b). It is much smaller than the maximum wear depth of the short pitch rail corrugation (44.5 μm). Furthermore, in Fig. 12c, the fluctuation amplitude of the normal contact force during the 5000th passage of wheel (red dash line) is almost the same as that of the 1st passage of wheel (black line). It indicates that the growth rate of long pitch corrugation does not increase during the 5000th passage of wheel. These phenomena demonstrate that the installation of rail absorbers is beneficial to suppressing the growth of rail corrugation. 
(a) [image: ]
(b)   [image: ]
(c)    [image: ]
Fig. 12 Wear pattern of the rail surface after the installation of rail absorbers (after 5000 passages of the wheel): (a) contour of the wear pattern on the rail surface; (b) wear depth on rail surface along the reference section; (c) comparison of the normal contact force between the 1st and the 5000th passage of the wheel



3.5 Parameter sensitivity analysis
3.5.1 Influence of the connection damping of rail absorbers
[bookmark: OLE_LINK18][bookmark: OLE_LINK3][bookmark: OLE_LINK4]In this section, the influences of connection damping between the rail and the absorbers are studied. The dynamic simulation results indicate that the connection damping of the rail absorbers has an obvious effect on the vibration of the rail surface (Fig. 13a). It can be found that with the increase of connection damping between the rail web and the absorbers, the oscillation amplitude of the rail surface decreases significantly. Furthermore, the fluctuation amplitude of the normal contact force, whose frequency is associated with the self-excited vibration of the wheel-rail system, decreases considerably with the increase of connection damping (Fig. 13b). But the normal contact force still varies periodically due to the discrete support of the sleepers. These simulation results show that the suppression effect of the rail absorbers is mainly on the self-excited vibration of the wheel-rail system. Increasing the connection damping of the rail absorbers is found to be conducive to suppressing the generation and growth of short pitch rail corrugation. 

(a) [image: ](b) [image: ]
Fig. 13 Evolution of the vertical vibration acceleration and normal contact force for different connection damping: connection stiffness KA3 = 3.0×107N/m, KA1 = KA2 = 1.5×107N/m: (a) vertical vibration acceleration; (b) total value of normal contact force 

3.5.2 Influence of the connection stiffness of rail absorbers
The effects of the connection stiffness of rail absorber on the dynamic properties of the wheel-rail-absorber system are analysed in this section. In the analysis, the connection damping of the rail absorber is set to 2.0×104Ns/m (vertical). Under this condition, the influence of the connection damping can be minimized. The variation of vibration acceleration and the normal contact force at several different levels of the connection stiffness between the rail web and the absorbers are shown in Fig. 14. It seems that with the increase of the connection stiffness, the oscillation amplitudes of the vibration acceleration (Fig. 14a) and normal contact force (Fig. 14b) decreases slightly. These phenomena indicate that increasing the connection stiffness of the absorbers has a relatively small impact on the dynamic properties of the wheel-rail-absorber system. 
 (a) [image: ](b) [image: ]
Fig. 14 Evolution of the vertical vibration acceleration and normal contact force for different connection stiffness: connection damping CA3 = 2.0×104Ns/m, CA1 = CA2 = 1.0×104Ns/m: (a) vertical vibration acceleration; (b) total value of normal contact force

4. Conclusions
[bookmark: OLE_LINK37]In the present paper, a wear model of the rail surface is developed. The formation and evolution processes of rail corrugation are simulated by combining the dynamic properties of a wheel-rail system and the wear calculation of the rail surface. The effects of rail vibration absorbers on the wear behaviour of the rail surface have been studied. The following conclusions can be drawn. 
(1) The saturated creep force induced self-excited vibration of the wheel-rail system can result in short pitch rail corrugation on the rail surface. The wavelength of this short pitch corrugation is associated with the main frequency of the unstable vibration. The maximum wear depth of the short pitch corrugation appears on the mid-span of each sleeper bay. 
(2) The formation and growth of short pitch rail corrugation, induced by the self-excited vibration of the wheel-rail system, can be prevented effectively by the use of rail vibration absorbers. But the effect of the absorbers on suppressing the long pitch rail corrugation, associated with the discrete support of the sleepers, is relatively small. 
(3) After the installation of the rail vibration absorbers, the growth rate of corrugation reduces considerably, the wear distribution on the rail surface becomes quite uniform. Enhancing the connection damping between the rail vibration absorbers and the rail web is conducive to suppression the short pitch rail corrugation.
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