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Abstract: In the present study, the effect of the radius of railway curved tracks on the slip of a wheel
on a rail is studied. A 3D finite-element model of a wheelset-track system is established when the
creep force between the wheel and rail is saturated. The occurrence propensity of the self-excited
vibration of the wheelset-track system is predicted. It is concluded that the radius of curved tracks
has a strong effect on the slip of wheels on rails. In the tightly curved tracks, the slip of the wheel of
the leading wheelset on the rail always occurs. The wheelset-track system has a strong occurrence
propensity for unstable vibrations on the tightly curved tracks. The accuracy of the rail corrugation
prediction based on the unstable vibrations of wheelset-track systems is determined to be 85–90%
or higher.
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1. Introduction

1.1. Background

Rail corrugation refers to undulant wear on the running surface of rails as shown in Figure 1 [1–3].
When a vehicle passes through on a track with rail corrugation, severe vibration and noise of the
wheelset-track system are excited, incurring passengers’ complaints and damaging the vehicle and
track components.
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1. Introduction 

1.1. Background 

Rail corrugation refers to undulant wear on the running surface of rails as shown in Figure 1 [1–
3]. When a vehicle passes through on a track with rail corrugation, severe vibration and noise of the 
wheelset-track system are excited, incurring passengers’ complaints and damaging the vehicle and 
track components. 

  
(a) (b) 

Figure 1. Photographs of rail corrugation: (a) corrugation on a rail supported by Colong-egg 
fasteners and (b) corrugation on a rail supported by short sleepers. 

  

Figure 1. Photographs of rail corrugation: (a) corrugation on a rail supported by Colong-egg fasteners
and (b) corrugation on a rail supported by short sleepers.
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Railway tracks all over the world are subjected to rail corrugation to some extent. In the research
field of rail corrugation, there is a very common and deterministic phenomenon of rail corrugation (the
CD phenomenon of rail corrugation), namely, almost all low rails on tightly curved tracks with radii of
less than 350 m in China suffer from rail corrugation, but high rails on the same curved track rarely
suffer from rail corrugation. The rails on smoothly curved tracks with radii larger than 650–800 m
or on straight tracks rarely suffer from rail corrugation. In China’s metro tracks, the occurrence
probability of rail corrugation on low rails of curved tracks of radius 350 m or smaller is close to 100%.
However, the occurrence probability of rail corrugation on high rails of the same curved tracks is less
than 10–15%. The occurrence probability of rail corrugation on rails on smoothly curved tracks with
radii larger than 650–800 m or on straight tracks is less than 5–10%. In China’s railway main-line tracks,
the occurrence probability of rail corrugation on low rails of curved tracks of radius 350 m or smaller is
close to 100%. However, the occurrence probability of rail corrugation on high rails of the same curved
tracks is less than 10–15%. The occurrence probability of rail corrugation on rails on smoothly curved
tracks with radii larger than 650–800 m or on straight tracks is less than 0.1–0.5%.

The length of corrugated rails on tightly curved tracks accounts for 80–90% or more of the total
length of all corrugated rails. To date, the occurrence probability of rail corrugation on low rails of
tightly curved tracks is still close to 100% and practical remedies for rail corrugation are passive and
include rail grinding, friction modifiers, and variation of the passage speed.

With the development of world economies, numerous cities are adopting metro transportation as
a solution to crowded city traffic. Because of the inevitable tightly curved tracks in metro lines, almost
all metro tracks suffer from rail corrugation. Hence, rail corrugation is an urgent problem needing to
be solved.

1.2. Formulation of the Interest Problem

Rail corrugation and brake squealing are two difficult problems with a one-hundred-year history.
Brake squealing is still an elusive problem in the automobile industry [4–6]. Similarly, rail corrugation
is also an elusive problem in the railway industry. It is well known that the root causes of rail
corrugation and brake squealing are vibrations [1–3]. Brake squealing is due to a self-excited vibration
while rail corrugation is due to roughness-excited vibration or stick-slip vibration. From the author’s
viewpoint, if rail corrugation is really due to a known external-excited vibration the problem has
already been solved for a long time. In fact, rail corrugation has been an issue for over one hundred
years. Combining this and the CD phenomenon of rail corrugation, the author considers that the
problem can probably be attributed to self-excited vibration of the wheelset-track system.

Curve squealing, a type of squealing noise which is emitted by the wheel–rail system while a
railway vehicle negotiates a tightly curved track, is well-known in the railway community [7]. It is
generally accepted that the curve squeal is caused by the self-excited vibration of wheel–rail systems [8].
The curve squeal is an academic term, which refers, in particular, to the squealing noises whose
frequency is located in the range 1000–20,000 Hz. In fact, friction can also cause a 20–1000 Hz self-excited
vibration of the wheelset-track system. For example, the stick-slip vibration of wheel–rail systems
has been extensively studied and is probably responsible for curve squealing and rail corrugation.
Over the years, the author has studied squealing and thinks that the reason why brake squealing
is difficult to solve is that the squeal is a noise emitted by self-excited vibration. Differently from
the external-excited vibration, the excitation source of the self-excited vibration cannot be seen and
measured. Nowadays, rail corrugation is also a difficult issue to solve. Similarly, the author thinks that
rail corrugation can probably be attributed to self-excited vibration of the wheelset-track system.

1.3. Literature Survey

Many researchers, including Grassie [1], Johnson [9], Knothe [10], Nielsen [11], Vadillo [12],
Meehan [13], Thompson [14], Jin [15], and so on, have made outstanding contributions to the resolution
of the rail corrugation problem. The theoretical framework of rail corrugation has been established and
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includes the wavelength fixing mechanism and material removal mechanism [1–3]. The wavelength
fixing mechanism explains what determines the wavelength of rail corrugation. The material removal
mechanism explains which out of wear or plastic deformation creates the corrugated damage of rails.
Nowadays, the material removal mechanism of rail corrugation is mainly attributed to wear in metro
tracks. Most research works focus on the wavelength fixing mechanism. The vibration due to the
interaction between the wheel and rail with random surface roughness [16–29] and vibration due to the
stick-slip motion of the wheel–rail system [30–36] are considered to be the two main wavelength fixing
mechanisms. In the literature, about 70% or more of publications are associated with the wavelength
fixing mechanism of the interaction between the wheel and rail with random surface roughness. In spite
of numerous researchers’ endeavors and understandings of rail corrugation, the occurrence probability
of rail corrugation on low rails of tightly curved tracks is still close to 100% and the suppression of
rail corrugation is not as good as expected. According to the CD phenomenon of rail corrugation,
the occurrence of rail corrugation is strongly dependent on the radius of tracks. However, the existing
mainstream theory of rail corrugation does not include the effect of the radius of tracks; the radius of
curved tracks is not considered as an input parameter in the models of rail corrugation.

1.4. Scope and Contribution of This Study

In the present study, a self-excited vibration theory of squealing noise is used to study rail
corrugation. The slip of wheels on rails is correlated with rail corrugation. Vehicle curve negotiation is
analyzed to see whether slip of wheels on rails occurs or not. A self-excited vibration model of the
wheelset-track system, including a wheelset, two rails, and a series of sleepers, is established and
analyzed. The results show that when the creep force between the wheel and rail is saturated, friction
easily brings about the self-excited vibration of the wheelset-track system, which is most likely to be
the generation cause of rail corrugation.

The author’s aim is to emphasize the strong correlation between the rail corrugation and
slip of wheels on rails, and to extend the study subject of squealing vibration to attract more
researchers’ interests.

1.5. Organization of the Paper

In the present paper, firstly, the similarity between the brake squeal and rail corrugation is
presented in Section 1. The slip of a wheel on a rail is analyzed in Section 2. A self-excited vibration
model of the wheelset-track system is established. The occurrence conditions of the self-excited
vibration are analyzed in Section 3. Finally, several conclusions are drawn at the end of the paper.

2. Slip of a Wheel on a Rail

2.1. Slip of a Wheel on a Rail

Under most conditions, the slip of a wheel on a rail does not occur. Under these circumstances,
the creep force between the wheel and rail is not saturated. Under some extreme conditions, however,
the creep force between the wheel and rail is saturated, that is, it is equal to the friction force.
For example, when a vehicle negotiates a tightly curved track, the creep force between the wheel of
the leading wheelset of each bogie and rail is always saturated. Whether the creep force is saturated
or not mainly depends on the radius of the tracks. Many scholars have studied vehicle system
dynamics [37–39]. The author compiled a Fortran program for vehicle curve negotiation in his master’s
thesis and found that the creep force between the wheel and rail was always saturated on tightly
curved tracks. In the present study, commercial SIMPACK software was used to establish a multi-body
model of vehicle curve negotiation. The parameters of the model for a metro vehicle curve negotiation
are presented in Table 1.
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Table 1. Main parameters of the model.

Track

Density of rail (kg/m3) 7800
Young’s modulus of rail (N/m2) 2.1 × 1011

Poisson’s ratio of rail 0.3
Length of rail (m) 36
Type of rail (kg/m) 60
Sleeper spacing (m) 0.625
Rail cant 1/40
Density of railpad (kg/m3) 1300
Young’s modulus of railpad (N/m2) 8.0 × 107

Poisson’s ratio 0.45
Thickness of railpad (m) 0.012
Density of sleeper (kg/m3) 2480
Young’s modulus of sleeper (N/m2) 1.9 × 1011

Poisson’s ratio of sleeper 0.3
Vertical support stiffness from
monolithic track-bed (N/m) 8.9 × 107

Vertical support damping from
monolithic track-bed (Ns/m) 8.98 × 104

Lateral support stiffness from
monolithic track-bed (N/m) 5.0 × 107

Lateral support damping from
monolithic track-bed (Ns/m) 4.0 × 104

Vehicle
Gauge (mm) 1435
Wheelbase of bogie (mm) 2300
Profile of tread LM-type worn profile
Mass of wheelset (kg) 1365
Moment of inertia of wheelset in
vertical and lateral axes (kg m2) 880
Moment of inertia of wheelset in
rolling axis (kg m2) 116
Mass of bogie (kg) 2028
Moment of inertia of bogie in
longitudinal level axes (kg m2) 983
Moment of inertia of bogie in
lateral level axes (kg m2) 582
Moment of inertia of bogie in
vertical axes (kg m2) 1506
Mass of car body (kg) 35,030
Moment of inertia of car body in
longitudinal level axes (kg m2) 50,370
Moment of inertia of car body in
the lateral level axes (kg m2) 1,395,430
Moment of inertia of car body in
vertical axes (kg m2) 1,386,060
Longitudinal stiffness of
primary suspension alone (kN/m) 4850
Lateral stiffness of
primary suspension alone (kN/m) 3430
Vertical stiffness of
primary suspension alone (kN/m) 740
Vertical damping of
primary suspension alone (kNs/m) 15.626
Vertical stiffness of
secondary suspension alone (kN/m) 480
Lateral stiffness of
secondary suspension alone (kN/m) 210
Vertical damping of
secondary suspension alone (kNs/m) 50
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Figures 2–5 show comparisons between the resultant creep force and friction force when the
vehicle negotiates curved tracks. From Figure 2a it can be seen that the creep force between the inner
wheel of the leading wheelset of each bogie and low rail is saturated and that the creep force between
the outer wheel of the leading wheelset of each bogie and high rail is approximately saturated when
the vehicle negotiates a curved track of radius 250 m. It should be noted that since SIMPACK only
obtained the numerical solution of the vehicle curve negotiation, not the analytical solution, there is
always an error between the numerical and analytical solutions. In Figures 2–5, the resultant creep
force is not exactly equal to the friction force. The author assumes that if the relative error between the
resultant creep force and friction force is less than 5%, the creep force is considered to be saturated.
It can also be also seen that the creep force between the inner wheel of the leading wheelset of each
bogie and low rail is not saturated clearly when the vehicle negotiates a curved track of radius 600 m.
From Figures 2–5, it can be concluded that the creep force between the wheel and low rail changes
from a saturated state to an unsaturated state with increasing radius of curved tracks.
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Figure 2. Comparison between the resultant creep force and friction force, R = 250 m (a) for low rail, 
relative error γ = 0.48% and (b) for high rail, γ = 3.34%. 

  

Figure 2. Comparison between the resultant creep force and friction force, R = 250 m (a) for low rail,
relative error γ = 0.48% and (b) for high rail, γ = 3.34%.Lubricants 2020, 8, x FOR PEER REVIEW 6 of 14 
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Figure 3. Comparison between the resultant creep force and friction force, R = 350 m (a) for low rail, γ = 1.81% and (b) for high rail, γ = 2.68%. 
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Figure 4. Comparison between the resultant creep force and the friction force, R = 450 m (a) for low 
rail, γ = 9.12% and (b) for high rail, γ = 1.87%. 
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Figure 5. Comparison between the resultant creep force and friction force, R = 600 m (a) for low rail, γ = 21.46% and (b) for high rail, γ = 3.16%. 
2.2. Correlation between Rail Corrugation and Slip of the Wheel on the Rail 

It is a well-known fact that the occurrence of brake squealing has a degree of uncertainty. 
According to the author’s test experiences, the squeal occurrence of an automobile disc brake system 
has uncertainty, that is, sometimes the squeal occurs but sometimes the squeal does not occur when 
the nominal parameters are kept unchanged. However, the author also found that a metal sliding 
was always able to emit a squeal [40]. The author assumes that the occurrence of the squeal depends, 

Figure 3. Comparison between the resultant creep force and friction force, R = 350 m (a) for low rail,
γ = 1.81% and (b) for high rail, γ = 2.68%.
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2.2. Correlation between Rail Corrugation and Slip of the Wheel on the Rail 

It is a well-known fact that the occurrence of brake squealing has a degree of uncertainty. 
According to the author’s test experiences, the squeal occurrence of an automobile disc brake system 
has uncertainty, that is, sometimes the squeal occurs but sometimes the squeal does not occur when 
the nominal parameters are kept unchanged. However, the author also found that a metal sliding 
was always able to emit a squeal [40]. The author assumes that the occurrence of the squeal depends, 

Figure 4. Comparison between the resultant creep force and the friction force, R = 450 m (a) for low
rail, γ = 9.12% and (b) for high rail, γ = 1.87%.
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It is a well-known fact that the occurrence of brake squealing has a degree of uncertainty. 
According to the author’s test experiences, the squeal occurrence of an automobile disc brake system 
has uncertainty, that is, sometimes the squeal occurs but sometimes the squeal does not occur when 
the nominal parameters are kept unchanged. However, the author also found that a metal sliding 
was always able to emit a squeal [40]. The author assumes that the occurrence of the squeal depends, 

Figure 5. Comparison between the resultant creep force and friction force, R = 600 m (a) for low rail,
γ = 21.46% and (b) for high rail, γ = 3.16%.

2.2. Correlation between Rail Corrugation and Slip of the Wheel on the Rail

It is a well-known fact that the occurrence of brake squealing has a degree of uncertainty.
According to the author’s test experiences, the squeal occurrence of an automobile disc brake system
has uncertainty, that is, sometimes the squeal occurs but sometimes the squeal does not occur when
the nominal parameters are kept unchanged. However, the author also found that a metal sliding was
always able to emit a squeal [40]. The author assumes that the occurrence of the squeal depends, to some
extent, on the material compositions of the friction couple and the structures of the friction system.

Similarly, the author believes that there is a strong correlation between the rail corrugation and
slip of the wheel on the rail. According to the CD phenomenon of rail corrugation, the occurrence
probability of corrugation on the low rail of tightly curved tracks is very close to 100%. Based on
the results shown in Figures 2–5, it can be observed that on the tightly curved tracks, the inner
wheel of the leading wheelset always slips on the low rail. From Figure 5 it can be seen that the
inner wheel will not slip on the low rail when the radius of the curved tracks is equal to or larger
than 600 m. According to the CD phenomenon of rail corrugation, the occurrence probability of
corrugation on rails of large-radius curved tracks is very low, being less than 5–10%. Hence, the author
considers that there is a strong correlation between the rail corrugation and slip of the wheel on the rail.
The question may be raised regarding how to explain a 5–10% occurrence probability of corrugation on
rails with large-radius curved tracks. The author’s field investigations show that the 5–10% occurrence
probability of corrugation on rails with large-radius curved tracks is still due to the slip of the wheel
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on the rail. Liu [33] reported that rail corrugation occurred on the low rail of a metro curved track
of radius 700 m when a brake application was applied and that rail corrugation disappeared on the
ground low rail of the same metro curved track when no brake application was applied. Liu concluded
that the slip of the wheel on the rail due to the brake brought about rail corrugation.

3. Squealing Vibration of a Wheelset-Track System

3.1. Model of the Squealing Vibration of a Wheelset-Track System

Saulot and Baillet established a 2D finite-element model of a wheel–rail system in order
to study its vibrational behavior and the correlation between behavior and rail corrugation [33].
Combining knowledge of friction-induced vibration and knowledge of vehicle system dynamics, Chen
and other co-authors proposed a friction-induced self-excited vibration of a wheelset-track system as a
possible mechanism for rail corrugation [34]. In a tightly curved track, the creep force between the
wheel and rail is approximately equal to the friction force, that is, the normal force times the coefficient
of friction. The motion equation of the wheelset-track system can be written as [34]

Mr
..
x + Cr

.
x + Krx = 0 (1)

where Mr, Cr, and Kr are the asymmetric matrices due to friction. The eigenvalue equation of Equation (1)
can be presented as (

Mrλ
2 + Crλ+ Kr

)
φ = 0 (2)

The general solution of Equation (1) can be written as

x(t) =
∑

φi exp(λit) =
∑

φi exp((αi + jωi)t) (3)

where φi is the ith eigenvector of Equation (2), λi = αi + jωi is the ith eigenvalue of Equation (2),
and j is the imaginary unit. From Equation (3) it can be seen that when a real part of the eigenvalues
is larger than zero, the displacement will increase with time, that is, the vibration of the system
becomes unstable.

Figure 6 shows a finite element model of a wheelset-track system which consists of a wheelset,
two rails, and a series of sleepers. Nowadays, some commercial finite element packages provide the
complex eigenvalue analysis ability of friction-induced self-excited vibration. The main procedures
for applying ABAQUS to perform complex eigenvalue analysis of the wheelset-track system are
given below.

(1) Step 1: nonlinear static analysis for applying axle-box forces.
(2) Step 2: nonlinear static analysis to impose the transversal sliding speed on the wheelset.
(3) Step 3: normal mode analysis to extract natural frequencies of the undamped system.
(4) Step 4: complex eigenvalue analysis that incorporates the effect of friction coupling.

The main source code of the prediction model was presented in Appendix A. The source code of
the author’s prediction model is open to researchers.
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Figure 6. Finite element model of the wheelset-track system on a tightly curved track: (a) finite element
model and (b) wheel–rail contacts. In the Figure, NL and NR represent normal contact forces. FL and
FR stand for lateral creep forces. δL and δR represent contact angles. KRL and CRL represent lateral
stiffness and damping of a single fastener. KRV and CRV stand for vertical stiffness and damping of a
single fastener. KSL and CSL represent lateral support stiffness and damping of the subgrade. KSV and
CSV stand for vertical support stiffness and damping of the subgrade.

3.2. Prediction Result of Squealing Vibration of the Wheelset-Track System

In Section 2.1 it was seen that when the vehicle negotiates a tightly curved track, the creep forces
between the wheels and rails are always saturated, that is, equal to the normal force multiplied by the
coefficient of friction. For the wheelset-track system shown in Figure 6, when the slip of the wheels on
rails is imposed, an occurrence tendency of the squealing vibration of the wheelset-track system is
produced, as shown in Figure 7. It can be seen that there are several unstable vibrations when the
coefficient of friction between the wheel and rail is equal to 0.45. Figure 8 shows the mode shape of an
unstable vibration. It is found that only the inner wheel and low rail are subjected to unstable vibration
but that the outer wheel and high rail are not. The prediction result shown in Figure 8 is consistent with
the field results of rail corrugation. As mentioned in the CD phenomenon of rail corrugation, in the
field, the low rail is always subjected to corrugation but the high rail is seldom subjected to corrugation.
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3.3. Field Measurement of the Squealing Vibration of the Wheelset-Track System

Measurements of curve squealing have been reported but the measurement of the squealing
vibration of the wheelset-track system has been seldom reported in the literature. Cui et al. [29]
reported a measurement of rail vibration and speculated that there was a squealing vibration in the
rail vibration signal.

3.4. Correlation between the Rail Corrugation and the Squealing Vibration of the Wheelset-Track System

In this section the self-excited vibration of the wheelset-track system is correlated with corrugation
generation. In the literature it is generally accepted that fluctuating friction work results in undulant
wear of rails. Brockley [30] proposed a modified wear equation, i.e.,

w = K(H −C) (4)

where w is the wear volume per unit of time, K is the wear constant, H is the friction work rate (equals
FV), F is the creep force, V is the relative velocity, and C is the durability friction work rate. When the
creep force F is saturated, F = uN, where u is the friction coefficient between the wheel and rail and N
is the normal contact force. In the present study, it is accepted that the normal contact force fluctuates
when the self-excited vibration occurs. Therefore, it is deduced that the friction work rate H fluctuates
when the self-excited vibration occurs. According to Brockley [30], such a fluctuating friction work rate
can cause rail corrugation. Hence, the self-excited vibration of the wheelset-track system is a possible
wavelength-fixing mechanism.
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The author found it interesting that in the tightly curved tracks which have been designed based
on existing design specifications, 0–1000 Hz unstable vibrations of the wheelset-track system are always
predicted without any difficulty, as shown in Figure 7, and these unstable vibrations are difficult to
remove by changing the superelevation, rail cant, stiffness and damping of fasteners, sleeper space,
hardness of rails, and so on. This result suggests that rail corrugation on tightly curved tracks is difficult
to solve. This is indeed true in actual tight metro tracks. In China’s tight metro tracks, corrugations on
low rails always occur with a short or long service time. No unstable vibration of the wheelset-track
system arises on a curved track of radius 650 m and a tangential track since the creep forces between
the wheels and rails are not saturated. This result suggests that the occurrence of rail corrugation
on smoothly curved tracks whose radii are larger than 650–800 m or on tangential tracks is difficult.
This is indeed true in actual tight metro tracks all over the world.

The author found it very interesting that if 50–1000 Hz unstable vibrations of the wheelset-track
system are predicted, rail corrugation is more likely to occur on the rail of the wheelset-track system.
Otherwise, corrugation seldom occurs. The accuracy of the rail corrugation prediction based on the
unstable vibrations of wheelset-track systems is found to be 85–90% or higher.

4. Simple Validation of the Prediction Model of Rail Corrugation

Most recently, the author has discussed the validation of the prediction model of rail
corrugation [41]. In addition to the validation procedure of the prediction model of rail corrugation
reported in the literature [22,23], the author believes that more validation procedures are needed. In the
past, most validation works have been focused on corrugation on the low rail of tightly curved tracks.
Since the occurrence tendency of corrugation on the low rail of tightly curved tracks is very close
to 100%, the actual measured corrugation may be accidentally consistent with the model prediction
result. Many researchers have reported that their models have been validated by comparing the actual
measured corrugation occurring on the low rail of tightly curved tracks with the model prediction
result. However, most of the validated models have not included the effect of the radius of curved
tracks. In other words, when using the common parameters of vehicles and tracks except for the
radius of curved tracks as an input, these models can predict corrugation without difficulty. That is
to say, the occurrence probability of rail corrugation predicted by these models is close to 100%.
Obviously, this prediction result is not different from the afore-mentioned CD phenomenon of rail
corrugation. In China, a rail of 60 kg/m and worn-type wheel tread profile is used in both the railway
main-lines and metro lines. The occurrence probability of rail corrugation on the rails on the railway
main-lines is less than 1–3%. However, the occurrence probability of rail corrugation on the rails on
the metro lines is about 10–30% or higher. There is a big difference between the actual measured
corrugation and model prediction result. Hence, the author proposes using the CD phenomenon of rail
corrugation as the benchmark condition for rail corrugation validation in place of using corrugation
occurring on the low rail of tightly curved tracks.

For validation of the author’s model, parameters of the rail, wheelset, sleeper, and fastener must be
given. In the literature, few reports on these parameters have been found. Subsequently, the author has
used an author-self measuring corrugation, as shown in Figure 9, as an example in order to introduce
the validation work. This corrugation occurred on the low rail of a metro track of radius 350 m with a
superelevation of 120 mm. The rails were supported by Cologne-egg fasteners. The high rail did not
suffer from corrugation. The running speed of metro trains is about 50 km/h. From Figure 9, it can
be seen that the wavelength of rail corrugation is about 45 mm. The corresponding frequency of rail
corrugation is about 308.64 Hz. Figure 10 gives a prediction result. From Figure 10 it can be seen that
there is an unstable vibration of frequency 321.38 Hz. This prediction result is close to the measured
corrugation frequency of 308.64 Hz. The relative error between the predicted and measured results is
about 4.1%.
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5. Conclusions

In the present study, the slip of wheels on rails was analyzed and the squealing vibration of the
wheelset-track system was investigated, and the correlation between the slip of wheels on rails and
rail corrugation was proposed. It was found that the slip of wheels on rails easily causes squealing
vibration within the wheelset-track system and that the mode shape of the squealing vibration is very
similar to the CD phenomenon of rail corrugation. The following conclusions can be drawn:

(1) In a tightly curved track, the slip of the wheel of the leading wheelset on the rail always occurs.
(2) When the creep force between the wheel and rail is saturated, the wheelset-track system has a

strong occurrence propensity of unstable vibrations.
(3) The unstable vibration of the wheelset-track system is probably a wavelength-fixing mechanism.
(4) The accuracy of the rail corrugation prediction based on the unstable vibrations of wheelset-track

systems is found to be 85–90% or higher.

In the future, the effects of the constraints of the wheelset and rails on rail corrugation need to be
studied further. More validation of the self-excited vibration of the wheelset-track system needs to
be conducted.

Funding: This research was funded by the National Natural Science Foundation of China (No. 51775461).

Conflicts of Interest: The authors declare no conflict of interest.
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Appendix A

Main source code:
**
** STEP: apply-force-y
*Step, name=apply-force-y, nlgeom=YES, inc=1000
*Static
0.01, 0.2, 2 × 106, 0.2
** LOADS
**
** ----------------------------------------------------------------
** STEP: slip
*Step, name=slip, nlgeom=YES, inc=1000
*Static
0.005, 0.2, 2 × 106, 0.2
*Motion, Translation
wheelset, 3, −65.42
** OUTPUT REQUESTS
*Restart, write, overlay, frequency=1
** FIELD OUTPUT: F-Output-1
*End Step
** ----------------------------------------------------------------
** STEP: frequency
*Step, name=frequency, nlgeom=NO, perturbation
*Frequency, eigensolver=AMS, normalization=mass, acoustic coupling=off

2500, 0.1, 2500.
** OUTPUT REQUESTS
*Restart, write, frequency=0
** FIELD OUTPUT: F-Output-2
*Output, field, variable=PRESELECT
*End Step
** ----------------------------------------------------------------
** STEP: complex
*Step, name=complex, nlgeom=YES, perturbation, unsymm=YES
*Complex Frequency, friction damping=NO
1800, 5., 1100.,
** OUTPUT REQUESTS
*Output, field, variable=PRESELECT
*End Step
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