70 | https://doi.org/10.3311/PPme.21159
Creative Commons Attribution ®

Periodica Polytechnica Mechanical Engineering, 67(1), pp. 70-80, 2023

Cause Analysis of Rail Corrugation Based on Stick-slip
Characteristics

Zhigiang Wang', Zhenyu Lei’

' Institute of Rail Transit, Tongji University, No. 4800 Cao'an Road, 201804 Shanghai, China
* Corresponding author, e-mail: 1733359@tongji.edu.cn

Received: 11 September 2022, Accepted: 05 December 2022, Published online: 16 January 2023

Abstract

By analyzing the measured corrugation data, the cause of rail corrugation was discussed theoretically. Then, the vehicle-track
coupling model was used to study the stick-slip characteristics of wheel-rail system. Finally, the cause of rail corrugation was explained
by combining modal analysis and wheel-rail stick-slip relation. The transverse stick-slip curve on the inner rail-inner wheel of the
leading wheelset presents a negative slope characteristic, which makes the inner wheel easy to slide on the inner rail surface and
aggravates the wear of inner rail; there are also negative slope sections of the stick-slip curve on the outer rail-outer wheel of the
trailing wheelset, but the adhesion coefficient is relatively large, indicating that the outer wheel will not slide obviously and the wear is
relatively small. Meantime, with the increase of line curve radius, the negative slope phenomenon of stick-slip curves on the inner and
outer rail sides shows a decreasing trend, which illustrates that the sliding wear of wheel is gradually reduced, and thus the occurrence
probability of rail corrugation decreases. Combined with modal analysis, it can be seen that the coupling action of wheel discs bending

vibration and inner rail bending-torsional vibration is the main cause of rail corrugation under the condition of wheel-rail system with

stick-slip negative slope.
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1 Introduction

Rail corrugation is a kind of longitudinal periodic dam-
age on rail surface, which appears in railway systems all
over the world. According to the wavelength-fixed mech-
anism and damage mechanism [1], rail corrugation can
be divided into the following six types: roaring rails, rut-
ting, other P2 resonance, heavy haul, light rail, and track
form-specific. Since the discovery of rail corrugation, the
related research has lasted for more than 100 years, but
there is no effective method to prevent and control rail
corrugation. Rail grinding is the most common treat-
ment measure. However, while reducing the corrugation,
it inevitably increases the maintenance cost and decreases
the service life of the rail. Therefore, it is very meaningful
to investigate the causes of rail corrugation and find out
the effective measures to restrain this phenomenon.

Rail corrugation is particularly universal on small
curve lines. When the vehicle runs through the corruga-
tion section, it is easy to cause the abnormal vibration of
vehicle and track components, reduce the stability of train

operation and pose a hidden danger to the traffic safety.
As for the causes of rail corrugation, scholars around the
world have carried out a lot of research and put forward
many theories, such as wear corrosion [2], uneven plas-
tic deformation [3], wheel-rail resonance [4—9] and stick-
slip vibration [10, 11], etc. However, the above theories
can only explain some special cases of rail corrugation,
and cannot explain the general phenomenon that most cor-
rugations occur in the curve section. In addition, some
scholars have also studied the generation and development
characteristics of rail corrugation from the perspective of
initial rail surface irregularities [12] and wheel-rail ver-
tical resonance caused by rail surface irregularities [13].
Nevertheless, subsequent studies have shown that the ini-
tial irregularity is not a sufficient condition for the gener-
ation of rail corrugation. If the wheel-rail normal force is
disturbed enough, the corrugation will still form [14].

For the control measures of rail corrugation, in addi-
tion to rail grinding, methods such as applying rail friction
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modifier [15], changing train operation speed distribu-
tion [16] and installing vibration-absorption structure [17]
have also been widely used. However, the formation mech-
anism for rail corrugation is still unknown [18]. As men-
tioned above, scholars have proposed different theories for
rail corrugation, but so far there is no general theoreti-
cal model to explain all the corrugation phenomena [19].
Why most of the corrugations occur in the curve section
and most of them are distributed on the top surface of inner
rail are still difficult problems for the railway industry.

Based on the above analysis, this paper focuses on the
cause of rail corrugation. Firstly, the cause of rail corruga-
tion is analyzed theoretically based on the measured data.
Then, using the multi-body dynamics theory, the vehicle-
track coupling model is constructed, and the stick-slip
characteristics of wheel-rail system under different cur-
vature radii are studied. Finally, by establishing three-
dimensional solid finite element model of wheelset-track
system and carrying out modal analysis, combined with
the wheel-rail stick-slip relation, the formation reason of
rail corrugation is explained.

2 Investigation on the cause of rail corrugation

2.1 Measured corrugation on the line

The measured section is located in a metro line in Tianjin,
which was put into operation in April 2018, and the train
adopts 6A marshalling. The ZX-2 type of track fastener is
used in the measured section, whose vertical, transverse
and longitudinal stiffnesses are 40 kN/mm, 9 kN/mm and
9 kN/mm, respectively, and the vertical, transverse and
longitudinal dampings are 6400 Ns/m, 2000 Ns/m and
2000 Ns/m, respectively. The sub-rail foundation is the
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long sleeper embedded monolithic track slab. The track
superelevation is 90 mm and the curve radius of the line
is 350 m. Through the field investigation, it is found that
there is side wear on the outer rail of the section, and the
corrugation mostly occurs on the inner rail, and the degree
of inner rail corrugation is relatively serious. The field pic-
ture is shown in Fig. 1.

Rail corrugation is a kind of periodic track irregularity.
The existing track irregularity on the actual line is com-
posed of random irregularities with different wavelengths,
different phases and different amplitudes, and it is a com-
plex random process related to the line mileage and traf-
fic volume. Therefore, it is limited to use wavelength and
wave depth to evaluate corrugation, and it is more appro-
priate to use statistical parameters in stochastic theory. In
this paper, the rail surface roughness level is selected to
analyze and evaluate the rail corrugation in the measured
section, and the degree of rail corrugation is expressed in
the form of one third octave wavelength spectrum. The
calculation method of rail surface roughness level Lr is
shown in Eq. (1):

4

Lr= ZOIg(r““—SJ , )

where r,_ is the effective value of rail surface corruga-
tion amplitude, um; 7, is the reference value of rail surface
roughness level, 7, = 1 pm.

The corrugation acquisition instrument CAT (Corrugation
Analysis Trolley) is employed to measure the rail surface
irregularity, which uses the principle of inertial reference.
The data sampling interval is 2 mm, and the measurement
speed is 1 m/s. The variation curve of rail surface irregularity

(@

Fig. 1 Picture of inner rail corrugation: (a) Overall diagram, (b) Detail diagram
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in the measured section is shown in Fig. 2, and the corre-
sponding one third octave wavelength spectrum is shown
in Fig. 3. As the wavelength of rail corrugation is generally
greater than 20 mm (wheel-rail contact patch length), it can
be seen from Fig. 3 that the corresponding roughness levels
of corrugation wavelengths of inner rail all exceed the rail
roughness level limits [20] by more than 3 dB, especially
when the wavelength is 63 mm, the corresponding rough-
ness level exceed the limit most, indicating that the char-
acteristic wavelength of inner rail corrugation is 63 mm,;
the roughness levels corresponding to corrugation wave-
lengths of outer rail are relatively low, and the roughness
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levels within the wavelength range of 20~400 mm do not
exceed the limits, indicating that the outer rail corrugation
is slight or there is no corrugation phenomenon. The above
analysis results are consistent with the field investigation.
As the running speed of vehicles in the measured section is
55 km/h, the characteristic frequency of inner rail corruga-
tion is 243 Hz according to Eq. (2):
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where f'is the corrugation frequency, Hz; v is the vehicle
running speed, km/h; 4 is the corrugation wavelength, mm.
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Fig. 2 Measured rail surface irregularities: (a) Inner rail, (b) Outer rail
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Fig. 3 Irregularity wavelength spectrums: (a) Inner rail, (b) Outer rail



2.2 Cause theory of rail corrugation

At present, a variety of track vibration-reduction struc-
tures are used in metro lines to reduce vibration and noise,
but field tests and theoretical analysis show that these
structures are more likely to cause abnormal rail corru-
gation due to their low stiffness characteristics [21]. Rail
corrugation is closely related to the fluctuation of wheel-
rail normal force. When the vibration frequency of normal
force is close to the natural frequency of track structure,
the vertical vibration of track structure will be excited,
resulting in resonance phenomenon [22].

The above wheel-rail resonance theory is still not
enough to explain the cause of rail corrugation. This the-
ory cannot explain why most of the corrugations occur in
the curve track, why most of the corrugations occur on the
inner rail surface, and why most of the corrugations occur
in the curve track with the radius less than 350 m, while
when the curve radius is greater than 800 m, rail corruga-
tions rarely occur.

In order to explain the common phenomenon of corru-
gation occurrence, the generation mechanism of rail cor-
rugation is analyzed in the following. On the curve line,
because the inner wheel and the outer wheel are connected
through the axle, the radians corresponding to the driving
distances of inner wheel and outer wheel are equal during
the running of wheelset. When the wheelset passes the cir-
cular curve line with a radian «, the distance S, , driven by
the outer wheel is as follows:

Sout = aR()ut > (3)

where R is the curve radius corresponding to the outer
rail, m. Similarly, for the inner wheel, the distance S, is:

Sirm = aRirm 4 (4)

where R, is the curve radius corresponding to the

inner rail, m. Because of R > R, on the curve, there is

t
S >SS, . Setthe difference between the driving distances
of inner wheel and outer wheel as AS, and its expression

can be written as
AS = Sout - Sinn = (Rout - Rirm) ° (5)

On the straight line, the driving distances of inner
wheel and outer wheel are equal, i.e., AS = 0. It can be seen
from the above that for the straight track, the driving dis-
tances of inner wheel and outer wheel are the same, which
are all equal to the rotation arc length of the wheel; for
the curved track, the driving distances of inner wheel and
outer wheel are no longer equal, the driving distance of
outer wheel is equal to the rotating arc length of the wheel,
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and the driving distance of inner wheel is less than the
rotating arc length of the wheel. Therefore, there is a slid-
ing zone with a distance of AS for the inner wheel, that is,
only when the inner wheel slides on the inner rail surface,
can it compensate for the reduced driving distance differ-
ence AS. However, for the outer wheel, it does not tend to
slide, otherwise it will produce a greater distance differ-
ence. The above process can be simplified as that the outer
wheel passes through the outer rail normally and stably,
while the inner wheel needs to slide to keep pace with the
outer wheel. Meantime, because the dynamic coefficient
of friction is less than the static coefficient of friction [23],
once the inner wheel slides, the sliding state will develop
further. On the contrary, when the inner wheel slides, the
probability of the outer wheel sliding is relatively low.
Therefore, due to the frequent sliding action of the inner
wheel, the inner rail wear will be more serious.

The above analysis shows that the inner rail tends to be
seriously worn. As for why the wear is periodic, that is,
how the corrugation is formed, the authors of this paper
think that it is mainly related to the unstable vibration of
wheelset. The driving distance of outer wheel of the wheel-
set is longer than that of the inner wheel, which makes the
inner wheel tend to slide while the outer wheel still keeps
rolling. When the inner wheel slides, the direction of the
dynamic friction force exerted by the wheel on the rail is
the same as that of the wheel driving, so the direction of
the reaction force exerted by the rail on the wheel is oppo-
site to that of the wheel driving, as shown in Fig. 4 (a);
since the outer wheel is in the rolling state, the direction
of the static friction force exerted by the rail on the wheel
is consistent with that of the wheel driving, as shown in
Fig. 4 (b). It can be seen from the above that the direc-
tions of forces on the contact points between the inner and
outer wheels and the rails are opposite, which will lead to
torques (the product of the friction force and the rolling
circle radius corresponding to the contact point of wheel
tread) with opposite directions on the inner and outer
wheels. When the torque on the wheel is large enough, the
wheel will slide, which will cause the unstable vibration of
wheelset. The following will analyze and verify the above
cause theory of rail corrugation by dynamics analysis.

3 Calculation and analysis

3.1 Model establishment

The multi-body dynamics software UM (Universal
Mechanism) is used to establish the vehicle-track coupling
dynamics model. As the running vehicle of the measured
line is metro type-A vehicle, the structural parameters of
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Fig. 4 Wheel kinematics and force states: (a) Inner wheel, (b) Outer wheel

vehicle model mainly refer to the metro type-A vehicle,
as shown in Table 1 [23], and the schematic diagram of
vehicle model is shown in Fig. 5. The vehicle model con-
sists of a car body, two bogies and four wheelsets with LM

Table 1 Vehicle structural parameters

parameter value unit

bogie mass n, 4420 kg
26040 kg
1.3 x 10¢ N/m
547 x 10° N/m
547 x 10° N/m
(N-s)/m
2.7 % 10° N/m
1.15 x 10° N/m
1.15 x 10° N/m

body mass m
v
primary suspension vertical stiffness s
o

primary suspension transverse stiffness s

pt
primary suspension longitudinal stiffness S,
primary suspension vertical damping dpv 2400
secondary suspension vertical stiffness s
secondary suspension transverse stiffness s,

secondary suspension longitudinal stiffness s,

secondary suspension vertical damping d | 2.3x10*  (N's)/m
moment of inertia of bogie yawing M, 3551 kg'm?
moment of inertia of bogie rolling M, 1576 kg'm?
moment of inertia of bogie pitching M, 4902 kg'm?

moment of inertia of body yawing M 1.1 x10°  kgm?

moment of inertia of body rolling M, 5.88 x10*  kg'm?

moment of inertia of body pitching M, 1.1 x10°  kgm?
wheel-base bogie d | 2.5 m
length between bogie pivot centers d, 15.7 m

running direction

body

iy, My, Myr, My

secondary suspension

Ssv, Sst, St sy
1 )
primary suspension
wheelset 1 ‘ eolact hiﬂ;]ip; t&:‘ v
1w, Moy, Moo, Mg wheelse

Fig. 5 Schematic diagram of vehicle model

profiles, and their masses and moments of inertia are con-
sidered. The secondary suspension between the car body
and the bogie and the primary suspension between the
bogie and the wheelset are all simulated by spring-damp-
ing elements to make the vehicle model closer to the real
situation. In the track model, the rail is modeled as the
inertial element, the rail type is CHNG60 rail, the fastener
is modeled as spring-damping elements, and the sub-rail
foundation is the concrete sleeper.

The wheel-rail contact adopts the improved algorithm
CONTACT. Based on the Duvant-Lions variational prin-
ciple, the algorithm transforms the friction rolling contact
problem into the variational inequality, so as to directly
solve the minimum complementary energy in the wheel-
rail system [24]. This algorithm divides the contact area into
solid elements and boundary elements with the half space
assumption to solve the contact problem, and sums the creep
force of each element to get the total creep force in the con-
tact area. The static coefficient of friction, i.e., the maximum
coefficient of adhesion, is set as 0.3, and the friction/adhesion
characteristic complies with the curve of Polach-dry [25].
In addition, it should be noted that the simulation results of
the multi-body software can only reflect the friction/adhe-
sion characteristic represented in the wheel-rail-element,
which can be used as a reference for practical problems.

According to the above vehicle model, track model
and wheel-rail contact model, the vehicle-track coupling
model can be established, as shown in Fig. 6.

3.2 Model validation

In this section, the validity of the vehicle-track coupling
model is verified by using the field measured rail verti-
cal vibration acceleration. Firstly, the rail surface irregu-
larity is measured by using the CAT. Then, the measured



Fig. 6 Vehicle-track coupling model

irregularity is added to the rail model as the initial irreg-
ularity. Finally, the simulation and calculation are car-
ried out. The vehicle speed in the model is set as 55 km/h
according to the actual situation of the line, and the
rail measuring point is located at the top surface of the
inner rail bottom (see Fig. 7 for the vibration element).
The results of simulation and measurement of rail vertical
vibration acceleration at the measuring point are shown
in Fig. 7. By calculating the average of the root mean
square of the difference between the measured and sim-
ulated values at a fixed time, the error between the two is
4.3%. Considering the manual operation in the measure-
ment process and the model simplification in the simula-
tion process, the above error is acceptable and also meets
the engineering accuracy requirements, thus verifying the
validity of the model.

3.3 Wheel-rail stick-slip characteristics

Based on the vehicle-track coupling model, the line com-
position is set as (50 m straight line + 50 m transition
curve + 200 m circular curve + 50 m transition curve), the
radius of circular curve is 350 m, the track superelevation
is 90 mm, and the vehicle speed is 55 km/h.

calculation results

1000
—— measurement results
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; / point

rail vertical vibration
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rail vertical vibration acceleration(m/s?)

-1500 )
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Fig. 7 Comparison of simulation and measurement results
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Furthermore, referring to [26], it can be obtained that
for curved tracks, when the radius is less than 800 m, the
wheel-rail creep force on the outer rail side always reaches
saturation, that is, the creep force is equal to the product
of wheel-rail coefficient of friction and normal force; when
the radius is less than 450 m, the wheel-rail creep force on
the inner rail side is always saturated. Therefore, for the
circular curve track with a radius of 350 m analyzed in this
section, the outputs from the multi-body simulation for the
normal force, creep force and creepage are taken as the
inputs for the calculation of the corresponding adhesion
coefficients. The adhesion coefficients can be obtained by
dividing the creep force with the normal force. Combined
with the calculation results of wheel-rail creepages, the
stick-slip relation curve between adhesion coefficient
and creepage can be drawn, as shown in Figs. 8 and 9.
The definitions of creepages are expressed in Eq. (6):

éx — (vW _vl‘)TX , g} _ (vw _vr )Ty (6)

>

Vo Yo

where ¢ and ¢, are the longitudinal and transverse creep-
ages; v, and v_are the forward velocities of contact points
on the wheel and rail; 7, and T, are the longitudinal and
transverse unit vectors to the contact point; v is the longi-
tudinal velocity of the wheelset.

It can be seen from Fig. 8 that with the increase of
transverse creepage, the transverse adhesion coefficient of
the inner rail-inner wheel of the leading wheelset gradu-
ally decreases, and the wheel-rail stick-slip curve appears
a negative slope phenomenon, which indicates that the
transverse relative slip of the inner wheel-inner rail occurs.
When the inner wheel and inner rail stick, the rail wear
is small; when the inner wheel and inner rail slip, the rail
wear is large, so with the increase of vehicle running times,
the rail corrugation is formed on the inner rail surface.
The adhesion coefficients of the other wheel-rail interfaces
are positively correlated with the corresponding creepages,
and there is no obvious negative slope section, which illus-
trates that the corresponding wheel-rail interface will not
have micro slip, so it is not easy to produce rail corrugation.

According to Fig. 9, it can be obtained that the trans-
verse stick-slip curve of the outer rail-outer wheel of the
trailing wheelset has a negative slope phenomenon, while
the other wheel-rail stick-slip curves have no obvious neg-
ative slope section, indicating that the outer rail-outer
wheel of the trailing wheelset will also produce transverse
relatively slip, which leads to the formation of outer rail
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Fig. 8 Wheel-rail stick-slip relation curves of leading wheelset for the curved track with a radius of 350 m: (a) Inner wheel-inner rail longitudinal direction,

(b) Inner wheel-inner rail transverse direction, (c) Outer wheel-outer rail longitudinal direction, (d) Outer wheel-outer rail transverse direction

corrugation. However, the adhesion coefficient of 0.070 of
the outer rail-outer wheel of the trailing wheelset is greater
than that of 0.017 of the inner rail-inner wheel of the lead-
ing wheelset. Therefore, the transverse relatively slip of
the outer rail-outer wheel of the trailing wheelset is rel-
atively weak and not easy to occur, that is, the outer rail
corrugation is relatively slight or not easy to form.

The relationship between wheel-rail stick-slip charac-
teristics and track curve radii will be further discussed in
this section, so as to explain the phenomenon that the cor-
rugation mostly occurs on the inner rail of the small radius
curve track. The stick-slip curves on the curve track with a
radius of 800 m are drawn, as shown in Fig. 10. According
to Figs. 8 and 9, it can be seen that the leading wheelset
has a greater impact on the formation of rail corrugation,
therefore, limited to space, only the wheel-rail stick-slip
relation curves of leading wheelset are given below.

It can be seen from Fig. 10 that for the curved track
with a radius of 800 m, the variation trends of the stick-
slip curves on the inner and outer rail sides are roughly
similar, and there is almost no negative slope section in
the whole creepage range. The results show that with the
increase of curve radius, the wheels on the inner and outer
rail sides tend to the complete rolling state, and the sliding
wear reduces gradually, thus the occurrence probability of
rail corrugation decreases.

The above analysis illustrates that the inner rail wear
in the small radius curve is more serious, which is similar
to the actual situation of severe inner rail corrugation in
the small radius curve, but the corrugation has periodic-
ity. In order to explore the cause of inner rail corrugation,
the following will study how the inner rail corrugation has
periodic characteristics from the perspective of wheel-
set-track system modal shapes.
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Fig. 9 Wheel-rail stick-slip relation curves of trailing wheelset for the curved track with a radius of 350 m: (a) Inner wheel-inner rail longitudinal direction,

(b) Inner wheel-inner rail transverse direction, (c) Outer wheel-outer rail longitudinal direction, (d) Outer wheel-outer rail transverse direction

3.4 Modal characteristics of wheelset-track system
By using the finite element software ABAQUS, the
three-dimensional solid model of wheelset-track system
is established, which mainly includes a wheelset and two
rails. Both ends of the rail are fixed constraints, and the
rail is connected to the sub-rail foundation through fasten-
ers (spring-damping elements), as shown in Fig. 11. In the
model, the nominal rolling circle radius of the wheel is
420 mm, the tread type of the wheel is LM wear type, and
the rail adopts CHNG60 rail. The wheel and rail are con-
nected by the friction coupling, and the wheel-rail coeffi-
cient of friction is set as 0.3. The track gauge is 1435 mm,
the length of the track center line is 36 m, and the corre-
sponding curve radius is 350 m. The structural parameters
of wheelset-track system refer to [26].

According to [27], it can be seen that when the nega-
tive slope characteristic of stick-slip curve appears in the
wheel-rail system, the wheelset will produce unstable

self-excited vibration. In view of this, the modal analy-
sis of the above three-dimensional wheelset-track system
model is carried out in this section to study the natural
vibration characteristics of wheelset-track system. On the
basis of Section 2.1, the characteristic frequency of inner
rail corrugation is 243 Hz, the frequency close to that
in modal analysis results is 251 Hz, and the correspond-
ing vibration mode is shown in Fig. 12. It can be seen from
Fig. 12 that the inner rail has obvious bending-torsional
vibration, while the outer rail has no remarkable vibra-
tion. Furthermore, the vibration mode of the wheelset at
this frequency is extracted, as shown in Fig. 13, and it is
easy to see that the bending vibration of wheel discs on
the inner and outer rail sides occurs. By analyzing Figs. 12
and 13, it can be concluded that the coupling vibration of
inner wheel-inner rail is significantly greater than that of
outer wheel-outer rail, indicating that the inner wheel-in-
ner rail is more prone to unstable vibration. Combined
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Fig. 10 Wheel-rail stick-slip relation curves of leading wheelset for the curved track with a radius of 800 m: (a) Inner wheel-inner rail longitudinal direction,

(b) Inner wheel-inner rail transverse direction, (c) Outer wheel-outer rail longitudinal direction, (d) Outer wheel-outer rail transverse direction

inner rail

outer rail

Fig. 11 Wheelset-track finite element model

with the analysis results of wheel-rail stick-slip character-
istics, it can be obtained that the inner rail is more prone
to rail corrugation, which is consistent with the actual sit-
uation of rail corrugation on metro lines. Meanwhile, it
also verifies the cause theory of rail corrugation described

scaling factor: 200

inner rail

outer rail

Fig. 12 Vibration mode of wheelset-track system corresponding to the
frequency of 251 Hz

in Section 2.2. Therefore, the main cause of rail corruga-
tion is the coupling effect of wheel discs bending vibra-
tion and inner rail bending-torsional vibration under the
condition of wheel-rail system with stick-slip negative
slope. There are some related researches in [28-30], such
as the self-excited vibration of wheel-rail system and the
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Fig. 13 Vibration mode of wheelset corresponding to the

frequency of 251 Hz

corresponding bending and torsional vibration modes,
however, compared with those, this paper further ana-
lyzes the contact creep characteristics of inside and out-
side wheel-rail systems of leading and trailing wheelsets
in detail. Meanwhile, combined with the modal analysis,
the formation mechanism of rail corrugation is compre-
hensively explained in the presented paper.

4 Conclusions

Based on the measured corrugation on the actual line, this
paper first analyzes the cause of rail corrugation theoret-
ically. Then, the vehicle-track coupling model is used to
study the stick-slip characteristics of wheel-rail system.
Finally, through the modal analysis of wheelset-track sys-
tem, combined with the wheel-rail stick-slip relation, the
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