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Abstract: The objective of the current study is to investigate the formation mechanism of rail corrugation. 

According to the actual wheel-rail motion relationship, that is, considering the influence of the angle of attack 

(AoA), a single degree of freedom friction pair model considering different friction attributes was established. 

The system stick-slip oscillation characteristics under different friction attributes were analyzed by using the 

model, so as to explore the generation reason of corrugation. Meantime, combined with the parameter analysis of 

the power system, the corresponding control measures for the stick-slip oscillation were put forward to slow 

down the formation and development of corrugation. The results show that the lateral and vertical dynamics play 

important role on its stick-slip oscillation characteristics. The corrugation formation on the metro small radius 

curve is related to the unstable stick-slip oscillation induced by the negative slope friction creep property of 

wheel-rail interface. The parameter analysis illustrates that the unstable stick-slip oscillation can be effectively 

controlled by increasing the damping coefficient, increasing the modal stiffness, appropriately reducing the static 

vertical force of the contact interface and increasing the lateral velocity (AoA) within a certain range. Practically, 

knowing the formation mechanism of rail corrugation is conducive to understanding the evolution process of rail 

corrugation; meantime, by referring to the results of parameter analysis, the active control of stick-slip 

oscillations can be realized, thereby controlling the growth of rail corrugation. 
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1 Introduction 

As the rapid progress of rail transit and the increasing travel demand of people, more and 

more metro lines have been opened all over the world. Although the running speed of metro 

vehicles is relatively low, its high running frequency still causes a series of serious diseases on 

metro lines [1,2], and rail corrugation is one of them. Rail corrugation is a periodical 

longitudinal wear phenomenon, which is a hard problem to be solved by railway departments. 

Rail corrugation will exacerbate the component damage and affect the stability of train 

operation and the surrounding living environment. Slight corrugation can be removed by 

grinding, but when corrugation is more serious, rail can only be replaced, resulting in a lot of 

economic investment. 

The research on corrugation has lasted for a century, but there are still differences in the 

understanding of its formation mechanism. Track resonance [3-5] or wheel-rail resonance [6-

8] is considered to be the key factor leading to rail corrugation, and the resulting resonance 

theory can also well explain part of the phenomena of rail corrugation. However, the research 

methods used, such as modal analysis and Fourier transform, are difficult to determine 

dominant frequencies directly, which can only be speculated according to field operation 

situations, and the analysis is subjective. The literatures [9-12] adopt the complex mode 
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theory to determine the characteristic frequencies, and believe that the frequencies promote 

the generation of rail corrugation. Nevertheless, the specific interaction has not been 

explained yet, which needs further study. In addition, some literatures [13-16] discuss the 

generation of corrugation from stick-slip characteristics, and conclude that stick-slip 

oscillations at the interface induce corrugation. Wheel-rail stick-slip oscillation can explain 

corrugation formation from the micro level, but the cause of the oscillation has not been 

determined yet. Some scholars [17-21] believe that fixed defects induce wheel-rail stick-slip 

oscillations, and then the wave-like wear is formed at the corresponding position and develops 

continuously. However, fixed defects actually only endowing the phase synchronization 

characteristic, and appear to be of little concern in generating stick-slip oscillations. 

Corrugation is the micro wear behavior, so it is more convincing to study it from micro 

stick-slip characteristics. The main characteristic of stick-slip phenomena is the nonconstancy 

of the coefficient of friction (COF) in mechanical systems, that is, the COF in the adhesive 

state is the static COF, the COF in the sliding state is the dynamic COF, and the dynamic COF 

is less than the static COF. Since stick-slip phenomena is strongly associated with interface 

friction attributes, the stick-slip oscillation is probably a result of unstable vibrations arising 

from interface friction. In view of this, this paper discusses the effect of contact friction 

attributes on stick-slip oscillations from the micro level, and then explains the formation 

mechanism of corrugation and analyzes relevant parameter effect. 

The structure is as follows: the first section mainly describes the research background; in 

the second section, by simplifying the actual wheel-rail motion relationship, the friction pair 

model with single degree of freedom considering different friction attributes is established; in 

the third section, the stick-slip oscillation under various friction attributes are analyzed by 

using the friction pair model established, and the corrugation generation is explored; in the 

fourth section, the factors of damping coefficient, modal stiffness, static vertical force and 

velocity of the system are investigated, and the corresponding control measures for stick-slip 

oscillation are put forward to restrain and slow down the generation and development of 

corrugation; the fifth section summarizes the whole paper. Compared with the existing 

literatures, the cause of stick-slip oscillation is further clarified in this paper, and the 

formation mechanism of corrugation on actual lines is interpreted from micro stick-slip 

characteristics. The conclusions obtained are helpful to comprehensively understand and 

control the phenomenon of rail corrugation. 

2 Friction pair model considering different friction attributes 

In the metro system, corrugation often appears in the curve section, especially with the 

decrease of curve radii, the occurrence probability greatly increases [22-25]. When the vehicle 

operates on a curve track, there will be an AoA θ formed. The existence of AoA θ will cause 

the wheel to generate a lateral velocity 𝑉1, as shown in Figure 1. Since the rail is at rest, the 

lateral velocity represents the wheel-rail relative lateral velocity. When the relative lateral 

velocity exists, it indicates that the lateral creepage 𝜀1 has been generated, and the lateral 

creepage will further induce the lateral force 𝐹1, whose direction is opposite to that of the 

lateral velocity. Meantime, in the process of vehicle operation, the longitudinal relative 

velocity 𝑉2  and the corresponding longitudinal creepage 𝜀2  and longitudinal force 𝐹2  also 

always exist. When the AoA approaches 0, the above parameters represent the wheel-rail 

mechanical state on a straight line. 
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Fig. 1 Diagram of wheel-rail motion relationship 

For describing the wheel-rail motion relationship above, a 1-DOF (Degree of Freedom) 

friction pair model that can consider the friction variation features is established, as shown in 

Figure 2. This friction pair model can be represented by equation (1) [26], 

𝑚𝑦̈(𝑡) + 𝑐𝑦̇(𝑡) + 𝑘𝑦(𝑡) = 𝐹(𝜀) (1) 

where, 𝑚 , 𝑐  and 𝑘  are modal mass, damping coefficient and modal stiffness; 𝐹(𝜀)  is the 

modal force in the contact patch, which can be expressed as, 

𝐹(𝜀) = −𝜇(𝜀)𝑊 (2) 

where 𝑊 is the vertical force, consisting of the static force 𝐹𝑁 and the dynamic force 𝐹𝑁(𝑡), 

as shown in equation (3), 

𝑊(𝑡) = 𝐹𝑁 + 𝐹𝑁(𝑡) (3) 

and the dynamic force ( )NF t  is, 

𝐹𝑁(𝑡) = 𝐴sin(𝜔𝑡) (4) 

where, 𝐴 is the variation amplitude; 𝜔 is the angular frequency, and its value is √𝑘/𝑚. Thus, 

the equation (1) can be rewritten as, 

𝑚𝑦̈(𝑡) + 𝑐𝑦̇(𝑡) + 𝑘𝑦(𝑡) = 𝐹(𝜀, 𝑡) (5) 

In equation (2), 𝜇(𝜀) is the interface adhesion coefficient, which is related to the creepage 

and can be expressed as [27], 

𝜇(𝜀) = {
𝜇𝑘 {𝜀′ −

1

3
𝜀′2

+
1

27
𝜀′3

}  𝑓𝑜𝑟 𝜀′ ≤ 3

𝜇𝑘                                       𝑓𝑜𝑟 𝜀′ > 3
 (6) 

where 𝜀′ is the nominal creepage, which can be written as, 

𝜀′ =
𝜀𝐺𝑎𝑏𝐶22

𝜇0𝑊
 (7) 

where, 𝑎 and 𝑏 are long and short semi-axes of the elliptic contact patch; 𝐺 = 𝐸/2(1 + 𝜐), 𝐸 

is the elastic modulus, 𝜐 is the Poisson's ratio; 𝐶22 is a constant with a value of 3.14; 𝜇0 is the 

static COF; 𝜀 is the creepage, as shown in equation (8), 
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𝜀 = [𝑉1 + 𝑦̇(𝑡)]/𝑉 (8) 

where 𝑦̇(𝑡) is the lateral vibration velocity of the wheel. 

In order to consider the influence of friction attributes on stick-slip oscillations, three kinds 

of friction creep characteristic curves are established in this section, which are respectively 

positive slope friction creep curve, zero slope friction creep curve and negative slope friction 

creep curve. For the positive slope friction creep curve, the 𝜇𝑘  in equation (6) can be 

expressed as [28], 

𝜇𝑘(𝜀) = 0.5𝜇0{2 + 𝑒−0.138/|𝜀𝑉| + 𝑒−6.9/|𝜀𝑉|} (9) 

For zero slope friction creep curve, the equation (6) can be modified as [29], 

𝜇(𝜀) = {
𝜇0 {𝜀′ −

1

3
𝜀′2

+
1

27
𝜀′3

}  𝑓𝑜𝑟 𝜀′ ≤ 3

𝜇0                                       𝑓𝑜𝑟 𝜀′ > 3
 (10) 

The negative slope friction creep curve can be obtained by modifying equation (9), as 

shown in equation (11), 

𝜇𝑘(𝜀) = 0.5𝜇0 {2 − 𝑒
−

0.138

|𝜀𝑉| − 𝑒−6.9/|𝜀𝑉|} (11) 

 

Fig. 2 Friction pair model with single degree of freedom 

The parameter values of the 1-DOF friction pair model established above are shown in 

Table 1 [26,30]. The values of 𝑚, 𝑐 and 𝑘 are obtained by the impact hammer test method; the 

values of 𝐴 and 𝐹𝑁 are set according to the simulation condition; 𝐸 and 𝜐 are the values of 

steel material properties; 𝜇 is the value of static COF under the dry condition; and the values 

of 𝑎 and 𝑏 are obtained by the test rig test. In the following, the stick-slip oscillation features 

under various friction attributes will be analyzed by using this model and combining with the 

results of literature investigation on rail corrugation. 

Table 1 The parameter values of friction pair model. 

Parameter Value Unit 

Modal mass 𝑚 0.31 kg 

Damping coefficient 𝑐 42 Ns/m 

Modal stiffness 𝑘 1.6×108 N/m 

Variation amplitude 𝐴 200 N 

Elastic modulus 𝐸 209 GPa 

Poisson's ratio 𝜐 0.27 - 

Static COF 𝜇0 0.5 - 

Long semi-axe of contact patch 𝑎 0.8378 mm 

Short semi-axe of contact patch 𝑏 0.53367 mm 

Static vertical force 𝐹𝑁 200 N 
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3 Stick-slip oscillation characteristics of the system 

3.1 Corrugation investigation 

In metro lines, rail corrugation always appears at curve sections with small radii, and the 

formation of corrugation is primarily associated with the lateral/longitudinal creep and 

vertical dynamics [13-15,31]. Therefore, for different line types, the variation law of stick-slip 

oscillation characteristics is studied from the aspects of lateral/longitudinal and vertical 

interactions of the system. In other words, for the curve section, the effects of lateral and 

vertical dynamics on stick-slip oscillation characteristics are studied; for the straight section, 

the effects of longitudinal and vertical dynamics on stick-slip oscillation characteristics are 

studied. It should be noted that for curve sections, if the effects of longitudinal and vertical 

dynamics on stick-slip oscillation characteristics is taken into account, the situation is similar 

to that of the straight section because the AoA is very small. Meantime, the creep force 

between the wheel and rail is not saturated in straight tracks, therefore, the condition on the 

straight section is no longer considered in this section. 

3.2 Stick-slip oscillation characteristics on the curve section 

Set the wheel rolling speed 𝑉 as 16 m/s and the wheel-rail AoA 𝜃 as 0.0045 rad, then 

according to Figure 1, the calculation equations of wheel-rail relative lateral velocity 𝑉1 and 

wheel-rail relative longitudinal velocity 𝑉2 can be written as, 

{
𝑉1 = 𝑉 × sin𝜃
𝑉2 = 𝑉 × cos𝜃

 (12) 

Through calculation, it can be obtained that 𝑉1 is 0.0720 m/s and 𝑉2 is 15.9998 m/s. Since 

corrugation on curve sections is primarily associated with the lateral and vertical dynamics, 

the influence of 𝑉1  on the stick-slip oscillation of the friction pair system is mainly 

investigated in this section. According to the friction pair model established in Section 2, and 

using the parameter values shown in Table 1, the horizontal force (the same as the lateral 

force) 𝐹1 borne by the slider, the displacement 𝑦, the velocity 𝑦̇(𝑡) and the acceleration 𝑦̈(𝑡) 

of the slider are extracted as the output variables. Then, the stick-slip oscillation 

characteristics under various friction attributes are analyzed. The output variable curves 

corresponding to the positive, zero and negative slope friction creep conditions are shown in 

Figure 3. The calculation tool used in this paper is mainly SIMULINK. 
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Fig. 3 Output variable curves 

According to Figure 3, under the positive slope friction creep condition, the variation 

amplitude of horizontal force on the slider remains constant, while the variation amplitudes of 

displacement, velocity and acceleration of the slider gradually decrease with the increase of 

time and show a convergence trend, indicating that the system gradually tends to be stable; 

under the zero slope friction creep condition, the variation amplitude of horizontal force on 

the slider and the variation amplitudes of displacement, velocity and acceleration of the slider 

all remain constant with the increase of time, indicating that the system is in a stable state; 

under the negative slope friction creep condition, the variation amplitude of horizontal force 
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on the slider and the variation amplitudes of displacement, velocity and acceleration of the 

slider all increase gradually with the increase of time and present a divergent trend, indicating 

that the system is in an unstable oscillation state, which is determined by the negative slope 

friction creep property of the contact interface. Through the above analysis, it can be obtained 

that the negative slope friction creep property of the contact interface can induce the unstable 

stick-slip oscillation, while the positive slope friction creep property and zero slope friction 

creep property can promote the stability. 

Further, by comparing (a), (b), (c) and (d) in Figure 3, it can be seen that, at the fixed time, 

the variation amplitudes of the system output variables under the zero slope friction creep 

condition are slightly greater than those under the positive slope friction creep condition, 

while the variation amplitudes of the system output variables under the negative slope friction 

creep condition are much larger than those under the other two conditions. Moreover, 

compared with the zero slope friction creep condition, the output variable amplitude increases 

by 119% to 1312% under the negative slope friction creep condition, and the output variable 

amplitude decreases by 6% to 93% under the positive slope friction creep condition. It 

illustrates that the negative slope friction creep property of the contact interface can amplify 

the dynamic responses of the system, and it will continue to develop and amplify over time. 

It can be concluded from the above that the negative slope friction creep property of the 

contact interface induces the system to produce unstable stick-slip oscillation, which increases 

the dynamic responses, while the positive slope friction creep property and zero slope friction 

creep property promote the system to maintain stability. By extension, in the metro curve 

section, especially in the sharp curve section, the creep force often reaches saturation [32], so 

the wheel-rail interface will have a negative slope friction creep property. The existence of 

negative slope friction creep property will lead to the unstable stick-slip oscillation. If the rail 

surface has fixed defects, the stick-slip oscillation has the phase synchronization condition. As 

a result, with the increase of the number of wheel runs, the rail surface will form periodic 

wavy wear, i.e., rail corrugation. Therefore, the formation of corrugation in the metro curve 

section is mainly induced by the unstable stick-slip oscillation caused by the negative slope 

friction creep property. Avoiding the negative slope friction creep property of the contact 

interface can effectively inhibit the unstable stick-slip oscillation, thereby control the 

occurrence and evolution of corrugation. 

3.3 Indoor test analysis 

In this section, the effect of various friction attributes on the system response is analyzed 

using a self-designed twin-disc test rig, as shown in Figure 4. Two main friction attributes are 

considered, one is the dry friction attribute, i.e., a negative slope friction creep phenomenon 

can occur; the other is the presence of the water-based friction modifier at the contact 

interface, i.e., it exhibits a positive slope friction creep behavior, in which the friction 

modifier is shown in Figure 5. Two groups of tests are set up to simulate the above two kinds 

of friction attributes, and the running times of tests are both 12 hours. When the test is 

completed, the wear state on the surface of the rail wheel is observed and recorded, as shown 

in Figure 6. 
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Fig. 4 Twin-disc test rig 

 
Fig. 5 Water-based friction modifier 

 
(a) Dry friction condition 

 
(b) Friction modifier condition 

Fig. 6 Wear states on rail wheel surfaces 

As can be seen from Figure 6, for the dry friction condition, the surface of the rail wheel 

shows the phenomenon of corrugation; while for the friction modifier condition, the surface 

of the rail wheel does not show corrugation. The above results indicate that the presence of 

the friction modifier, i.e., the presence of the positive slope friction creep property, greatly 
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slows down the appearance of corrugation. This agrees well with the results obtained in 

Section 3.2, thus verifying the validity of numerical calculations. 

4 System parameter analysis 

Taking the dynamic system under the negative slope friction creep condition corresponding 

to the curve section as an example, this section carries out parameter analysis on the damping 

coefficient 𝑐, modal stiffness 𝑘, static vertical force 𝐹𝑁 and lateral velocity 𝑉1 (corresponding 

to the AoA 𝜃), and the corresponding stick-slip oscillation control measures are proposed to 

manage corrugation. The value range of each variable is shown in Table 2. 

Table 2 Value range of each variable for parameter analysis 

Variable 
0.8×reference 

value 

0.9×reference 

value 

referenc

e value 

1.1×reference 

value 

1.2×reference 

value 

Damping coefficient 

𝑐/(Ns/m) 
33.6 37.8 42 46.2 50.4 

Modal stiffness 𝑘/(N/m) 1.28×108 1.44×108 1.6×108 1.76×108 1.92×108 

Static vertical force 𝐹𝑁/N 160 180 200 220 240 

Lateral velocity 𝑉1/(m/s) 

(AoA 𝜃/rad) 

0.0576 

(0.0036) 

0.0648 

(0.00405) 

0.0720 

(0.0045) 

0.0792 

(0.00495) 

0.0864 

(0.0054) 

The method of parameter analysis used is the control variable method. Firstly, the 

reference value of each variable is selected as the control variable. Then, under the premise of 

fixing control variables, the influence of single variable factor on stick-slip oscillation 

characteristics of the system is studied by changing the value of single variable factor. To 

facilitate the measurement of the stability of the system's stick-slip oscillation, the vibration 

power input function 𝑃𝐹1 of the slider, which takes viscous damping into account, is used to 

represent the stability of the system, as shown in equation (13), 

𝑃𝐹1 = 𝐹1𝑦̇(𝑡) − 𝜂(𝑦̇(𝑡))2 (13) 

where 𝜂 is the modal damping, which can be expressed as, 

𝜂 = 2𝜁𝜔𝑚 (14) 

where 𝜁 is the viscous damping ratio of the system and set as 0.06 according to the impact 

hammer test. If 𝑃𝐹1  is positive, it means 𝐹1  is putting energy into the system; if 𝑃𝐹1  is 

negative, then 𝐹1 is dissipating energy in the system. If the sum of the amplitude variations of 

𝑃𝐹1 within a movement period is 0, it illustrates that the system is in a stable state; otherwise, 

the system is in an unstable state, and the larger the sum is, the more unstable the system is. 

4.1 Damping coefficient 

Keeping the other control variables unchanged, the damping coefficient of the system is 

changed according to Table 2, and the time domain variation curve of the vibration power 

input function of the slider can be obtained by using the established friction pair model for 

calculation, as shown in Figure 7. 
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Fig. 7 Time domain curves of vibration power under different damping coefficients 

As can be seen from Figure 7, with the increase of time, the sum of the slider vibration 

power corresponding to the five sets of damping coefficients in a fixed period is constant at 0 

(the first period) or greater than 0 (the second and third periods), and the value of the sum 

gradually increases, that is, the system energy is increasing, indicating that the system is in an 

unstable stick-slip oscillation process. Meantime, as the increase of the damping coefficient, it 

is found that the variation amplitude of the slider vibration power decreases gradually, which 

illustrates that increasing the damping coefficient can minimize the phenomenon of unstable 

stick-slip oscillation. 

4.2 Modal stiffness 

Similarly, keeping the other variables unchanged, changing the modal stiffness of the 

system according to Table 2, and using the friction pair model for calculation, the time 

domain curve of the corresponding vibration power input function of the slider can be 

obtained, as shown in Figure 8. 
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Fig. 8 Time domain curves of vibration power under different modal stiffnesses 

According to Figure 8, with the increase of time, the sum of the slider vibration power 

corresponding to the five sets of modal stiffnesses in a fixed period is constant at 0 (the first 

period) or greater than 0 (the second and third periods), and the value of the sum keeps 

increasing, that is, the system energy keeps increasing, indicating that the system is in the 

process of unstable stick-slip oscillation. Moreover, by increasing the modal stiffness, it can 
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be seen that the variation amplitude of the slider vibration power decreases gradually, which 

illustrates that the larger modal stiffness can also reduce the degree of unstable stick-slip 

oscillation. In addition, different from the condition of damping coefficient, the variation of 

modal stiffness will cause the phase change of the system stick-slip oscillation curve (i.e., the 

vibration power curve), so that the peak value of the stick-slip oscillation curve will be offset. 

This conclusion can be employed to control the degree of unstable stick-slip oscillation at a 

specific position. 

4.3 Static vertical force 

With the other variables unchanged, the static vertical force of the system is changed 

according to Table 2. Through calculation, the time domain variation curve of the 

corresponding vibration power input function of the slider can be obtained, as shown in 

Figure 9. 
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Fig. 9 Time domain curves of vibration power under different static vertical forces 

It can be seen from Figure 9 that, with the increase of time, the sum of the slider vibration 

power corresponding to the five sets of static vertical forces in a fixed period is constant at 0 

(the first period) or greater than 0 (the second and third periods), and the value of the sum 

continues to increase, indicating that the system energy is increasing continuously, that is, the 

system is in the process of unstable stick-slip oscillation. Meantime, with the increase of the 

static vertical force, the variation amplitude of the slider vibration power increases gradually 

at the fixed time, which demonstrates that the greater the static vertical force is, the more 

severe the degree of unstable stick-slip oscillation will be. 

4.4 Lateral velocity (AoA) 

By changing the lateral velocity (AoA) of the system according to Table 2 and keeping the 

other control variables unchanged, the time domain curve of the vibration power input 

function of the slider can be acquired through the model calculation, as shown in Figure 10. 

According to Figure 10, it can be found that, with the increase of time, the sum of the 

slider vibration power corresponding to the five sets of lateral velocities (angles of attack) in a 

fixed period is constant at 0 (the first period) or greater than 0 (the second and third periods), 

and the value of the sum is increasing, indicating that the system energy is increasing 

continuously, and the system is in the process of unstable stick-slip oscillation. Furthermore, 

with the increase of the lateral velocity (AoA), the variation amplitude of the slider vibration 

power tends to decrease, and the degree of decrease gradually becomes slower, which 
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illustrates that the degree of unstable stick-slip oscillation will gradually decrease with the 

increase of the lateral velocity (AoA). 
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Fig. 10 Time domain curves of vibration power under different lateral velocities (angles of 

attack) 

From the above, it can be seen that within a certain range, the phenomenon of unstable 

stick-slip oscillation can be effectively controlled by increasing the damping coefficient, 

increasing the modal stiffness, appropriately reducing the static vertical force of the contact 

interface and increasing the lateral velocity (AoA). The above conclusions can be further 

extended to the wheel-rail system, and because the variation of modal stiffness can cause the 

phase change of the system's stick-slip oscillation curve, the purpose of mitigating the degree 

of corrugation at the specific position on rail surface can be realized by changing the modal 

stiffness. 

CONCLUSIONS 

Based on the actual wheel-rail motion relationship, a friction pair model considering 

different friction at-tributes is established. Then, the stick-slip oscillation features under 

various friction attributes are analyzed by using the model. Finally, the parameter analysis is 

carried out, including the damping coefficient, modal stiffness, static vertical force and lateral 

velocity, and the corresponding control measures for the stick-slip oscillation are proposed to 

slow down corrugation degree. The main conclusions are: 

The lateral and vertical dynamics of the system play vital role on stick-slip oscillation 

characteristics. The negative slope friction creep property of the contact interface induces the 

unstable stick-slip oscillation, which increases the dynamic responses, while the positive slope 

friction creep property and zero slope friction creep property promote the stability of the 

system. Compared with the zero slope friction creep condition, the output variable amplitude 

increases by 119% to 1312% under the negative slope friction creep condition, and that 

decreases by 6% to 93% under the positive slope friction creep condition. In the sharp curve 

section, the formation of corrugation is mainly induced by the unstable stick-slip oscillation 

caused by the negative slope friction creep property of the contact interface. To avoid the 

negative slope friction creep property of the contact interface, the unstable stick-slip 

oscillation can be effectively suppressed, and the occurrence and evolution of rail corrugation 

can be controlled. 

The parameter analysis shows that the unstable stick-slip oscillation can be effectively 

controlled by in-creasing the damping coefficient, increasing the modal stiffness, 
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appropriately reducing the static vertical force of the contact interface and increasing the 

lateral velocity (AoA) within a certain range. Meanwhile, because the variation of modal 

stiffness can cause the phase change of the stick-slip oscillation curve, the purpose of 

reducing the rail corrugation at the determined position on rail surface can be achieved by 

changing the modal stiffness. 
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