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Abstract. By using the vehicle-track interaction model and the wear calculation model,
the development characteristics of rail pro�le wear and the longitudinal characteristics of
rail wear development of the track-vibration-absorber fastener tangential track at di�erent
passing speeds were analyzed. The results of rail pro�le wear analysis show that when the
iteration times increases, the wear ranges and wear depths of left and right rails at the
corrugation trough/crest position are close. Meantime, the wear depths of rail pro�le and
wave depth amplitudes at the corrugation trough/crest position in discrete passing speed
modes are signi�cantly lower than those in constant passing speed mode. The results
of rail longitudinal wear analysis show that with the increase of vehicle running times,
the characteristic frequencies of corrugation do not change under di�erent passing speed
modes, which re
ects the �xed frequency feature of corrugation, and the irregularity levels
corresponding to characteristic frequencies of rail longitudinal wear under the three passing
speed modes show a decreasing trend in turn. Compared with the constant passing speed
mode, the discrete passing speed modes can signi�cantly decrease the rail pro�le wear and
the development degree of rail wear at the characteristic frequencies.

© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Rail corrugation is a longitudinal periodic wave-like
irregularity, which is one of the important causes for
wheel-rail vibration and noise. It exists in the railway
systems around the world and occurs in di�erent
degrees in the metro network [1{5]. Rail corrugation
occurs in a wide range of sections, not only in the curve
section but also in the tangent section and turnout
section. Therefore, how to suppress and eliminate
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corrugation has become one of the urgent problems to
be solved in the metro operation.

Scholars from all over the world have conducted
a lot of research on its generation and development
characteristics. In 1993, Grassie and Kalousek [6]
summarized the research progress of corrugation and
proposed that the mechanism of corrugation can be
divided into �xed wavelength mechanism and material
damage mechanism. At the same time, the mechanisms
and treatment countermeasures of various types of
corrugations were expounded. Later, Grassie mod-
i�ed the �xed wavelength mechanism into the �xed
frequency mechanism [7,8]. Tanaka and Miwa [9]
investigated an e�cient periodic grinding management
method for rail corrugation. In view of the serious
inner rail corrugation of a South Africa freight line,
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through complex eigenvalue analysis, Fourie et al. [10]
found that in the case of large transverse creep, the
coupling mode of the pitching mode of traction motor
and the antisymmetric bending mode of wheelset was
the reason for rail corrugation. Sadeghi et al. [11]
studied the in
uence of rail irregularity wavelengths
and amplitudes on the riding comfort by using the
numerical model of vehicle-slab track interaction for
parameter analysis, and the results illustrated that
short-wavelength irregularities had a considerable in-

uence on the riding comfort of slab tracks. Jin team
had made a systematic study on rail surface defects,
including rail scratch, rail surface random irregularity,
rail transverse geometric defects, etc. [12{14]. Yan
et al. [15] conducted a numerical analysis on the
track structure supported by trapezoid sleepers of
the Beijing metro using the genetic algorithm. Chen
et al. [16,17] systematically investigated the causes
of corrugation by using the theory of self-excited
vibration and put forward corresponding corrugation
control measures. Yao et al. [18] investigated the
features and limitations of existing grinding methods
and put forward a new simple grinding method to
achieve more accurate and e�ective rapid grinding.
Hei [19] selected typical corrugation sections to test
and study the fracture of fastener elastic strips, for-
mulated reasonable treatment measures, and proposed
suggestions for rail corrugation management. Liu
and Wang [20] put forward a cause theory of rail
corrugation of friction-induced torsional vibration and
explained that most of the corrugations occurred on
the inner rail. By numerical analysis and �eld test,
Song et al. [21] discussed the solution to the excessive
dynamic e�ect of the vehicle-track system caused by
rail corrugation. Ma et al. [22] revealed the mechanism
of corrugation according to the corrugation growth
rate. It was concluded that the third-order bending
of rail, the resonance between wheels, and the second-
order bending resonance of wheelset were the main
factors leading to corrugation. Wang and Wu [23]
founded the multi wheel-slab track system model and
studied the impact of the re
ection of rail vibration
wave between wheels of high resilient fastener track
on rail corrugation from two aspects: the frequency
spectrum analysis of multi wheel-rail interaction and
the time-varying evolution process of simulated corru-
gation.

As there are many types of rail corrugations,
and the generation mechanisms of di�erent forms of
rail corrugation are also di�erent, how to e�ectively
control the rail corrugation is particularly important.
Therefore, this paper analyzes the development char-
acteristics of rail pro�le wear and the longitudinal
characteristics of rail wear under di�erent passing
speeds by establishing the vehicle-track coupled model
and the wear calculation model, to provide guidance for

corrugation treatment from the perspective of changing
the vehicle passing speed distribution.

2. Vehicle-track coupled model

2.1. Vehicle model
The reference sources for structural parameters of
Metro Type-A vehicles could be found in the �eld
literature [24]. The multi-body mechanical software
UM (Universal Mechanism) is used to build the vehicle
model, including a car body, two bogies, and four
wheelsets. These components are all regarded as
rigid bodies, and each rigid body (car body, bogie,
or wheelset) has 6 degrees of freedom in di�erent
directions, which are longitudinal moving, transverse
moving, 
oating, rolling, shaking, and pitching respec-
tively. The whole three-dimensional vehicle system
model has 42 degrees of freedom. The wheel tread
employs LM tread. The body and bogie, and bogie and
wheelset are connected by spring-damping elements.

2.2. Track model
The track model adopts a 60 kg/m track 
exible track,
and the fastener is simulated as bushing force elements.
In the slab part, a three-dimensional model is estab-
lished by the software ABAQUS and imported into the
UM by the �xed-interface modal synthesis technique.
The connection between slab and foundation is also
simulated by force elements. The parameters of track
structure refer to the literature [25].

2.3. Wheel-rail contact model
The Kik-Piotrowski model is used for calculation,
which can be used in the non-Hertz contact case [26].
The schematic diagram of the dynamics model is shown
in Figure 1.

2.4. Wear calculation model
Based on the friction work theory, the calculation
model of rail material wear is established [24]. The
wear depth d(x) of rail surface is shown in Eq. (1):

d(x) =
KP (x)�t

A�
; (1)

where K is the wear ratio coe�cient, taking 1 �
10�9 kg/Nm [27]; P (x) is the friction power at the
position x; �t is the time step; A is the area of contact
zone; � is the density of rail material, taking 7800
kg/m3.

In the above-mentioned model, the four wheels are
running on each rail at the same time, and the wear
depth corresponding to each wheel is accumulated in
the rail �xed position, therefore, the wear depth �D(x)
under a single operation can be expressed in Eq. (2):

�D(x) =
4X
i=1

di(x)(i = 1; 2; 3; 4); (2)
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Figure 1. Schematic diagram of dynamics model.

where di(x) (i = i; 2; 3; 4) is the wear depth of each
wheel in the rail �xed position. The wear depth �D(x)
calculated by the single operation is added as the
irregularity to the rail surface, therefore the next wear
a�ected by the previous wear can be obtained. If the
process is repeated, multiple rail surface superimposed
wear can be obtained.

2.5. Model validation
Based on the above model, the simulation is conducted
for a metro line, and the rail vertical vibration accelera-
tion data at the measuring point is extracted and com-
pared with the measured data, as shown in Figure 2.
In the simulation process, the rail surface irregularity is
measured using the measured rail surface irregularity,
which is obtained by measuring the actual line with the
corrugation acquisition instrument. The results show

Figure 2. Results comparison diagram.

that simulation results are in good agreement with
measurement results, which veri�es the model validity.

In view of this, the track-vibration-absorber fas-
tener tangential track is selected as the research object,
and the measured rail surface irregularity is applied on
rails to study the development characteristics of rail
pro�le wear and longitudinal characteristics of rail wear
development under di�erent passing speeds.

3. Passing speed modes

Through the establishment of three passing speed
modes as shown in Table 1, the development char-
acteristics of rail pro�le wear and the longitudinal
characteristics of rail wear development are analyzed.
By setting the weight value of the target passing
speed, the distribution and development characteristics
of rail wear under di�erent passing speeds can be
analyzed. The meaning of speed weight in Table 1 is
the percentage of the number of wheels passing through
the �xed rail pro�le under the target speed in the total
number of wheels passing through or the percentage of
the number of vehicles passing through the �xed line
under the target speed in the total number of vehicles
passing through. It should be noted that most of the
vehicle running speeds on the metro tangential line are
in the range of 40 km/h{80 km/h, therefore, in this
paper, the distribution range of vehicle passing speeds,
namely 40 km/h{80 km/h with an interval of 10 km/h
is determined. Meantime, the setting of speed weights
of three passing speed modes is mainly based on the
principle that the weighted speed values of the three
modes are equal.

Table 1. Passing speed modes.

Passing speed modes Weights of speed (%)
40 km/h 50 km/h 60 km/h 70 km/h 80 km/h

Mode 1 0 0 100 0 0
Mode 2 30 0 40 0 30
Mode 3 20 20 20 20 20
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4. Development characteristics of rail pro�le
wear

4.1. Mode 1
Select the maximum rail wear depth of 0.1 mm as the
basis for pro�le updating, and set the updating times
as 10 times, and smooth the updated rail pro�le curve
and cumulative wear curve, as shown in Figures 3 and
4. The trough position of rail corrugation is shown in
Figures 3 and 4 ((a) and (b)) and the crest position of
rail corrugation is shown in the same �gures ((c) and
(d)). The representations of Figures 5{8 are similar. It
can be seen that, for both trough and crest positions,
with the increase of the iteration times, the wear ranges
of the left and right rails are similar, mainly within the
range of �15 mm{15 mm in the transverse position of
the rails. As for the trough position, the maximum
wear depth of the left rail is 1.18 mm (2.82 mm in
the transverse position of the rail), and the maximum
increase of wear amount is 1.10 mm; the maximum
wear depth of the right rail is 1.14 mm (2.82 mm in
the transverse position of the rail), and the maximum

increase of wear amount is 1.04 mm. As for the crest
position, the maximum wear depth of the left rail is
0.86 mm (2.85 mm in the transverse position of the
rail), and the maximum increase of wear amount is 0.84
mm; the maximum wear depth of the right rail is 0.85
mm (2.85 mm in the transverse position of the rail),
and the maximum increase of wear amount is 0.76 mm.
Furthermore, according to the above analysis, it can be
concluded that the maximum wave depth amplitude
of the left rail corrugation is about 0.32 mm, and
the maximum wave depth amplitude of the right rail
corrugation is about 0.29 mm.

4.2. Mode 2
The rail pro�le wear curve and cumulative wear curve
after smoothing of passing speed Mode 2 are shown in
Figures 5 and 6.

It can be seen from Figures 5 and 6 that, for
both trough and crest positions, with the increase of
the iteration times, the wear ranges of the left and
right rails are basically within the range of �10 mm{
15 mm in the transverse position of the rails. As

Figure 3. Left rail: (a) Rail pro�le diagram (trough), (b) rail cumulative wear diagram (trough), (c) rail pro�le diagram
(crest), and (d) rail cumulative wear diagram (crest).
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Figure 4. Right rail: (a) Rail pro�le diagram (trough), (b) rail cumulative wear diagram (trough), (c) rail pro�le diagram
(crest), and (d) rail cumulative wear diagram (crest).

for the trough position, the maximum wear depth of
the left rail is 0.31 mm (5.80 mm in the transverse
position of the rail), and the maximum increase of
wear amount is 0.20 mm; the maximum wear depth of
the right rail is 0.30 mm (6.22 mm in the transverse
position of the rail), and the maximum increase of
wear amount is 0.19 mm. As for the crest position,
the maximum wear depth of the left rail is 0.22 mm
(5.86 mm in the transverse position of the rail), and
the maximum increase of wear amount is 0.18 mm;
the maximum wear depth of the right rail is 0.19 mm
(3.01 mm in the transverse position of the rail), and
the maximum increase of wear amount is 0.17 mm.
Moreover, through the above analysis, it becomes clear
that the maximum wave depth amplitude of the left
rail corrugation is about 0.09 mm, and the maximum
wave depth amplitude of the right rail corrugation is
about 0.11 mm.

4.3. Mode 3
The rail pro�le wear curve and cumulative wear curve
after smoothing of passing speed Mode 3 are shown in
Figures 7 and 8.

It can be seen from Figures 7 and 8 that, for both
trough and crest positions, with the increase of the
iteration times, the wear ranges of the left and right
rails are basically within the range of�12:5 mm{15 mm
in the transverse position of the rails. As for the trough
position, the maximum wear depth of the left rail is
0.31 mm (0.82 mm in the transverse position of the
rail), and the maximum increase of wear amount is 0.20
mm; the maximum wear depth of the right rail is 0.29
mm (�0:53 mm in the transverse position of the rail),
and the maximum increase of wear amount is 0.18 mm.
As for the crest position, the maximum wear depth of
the left rail is 0.22 mm (�0:01 mm in the transverse
position of the rail), and the maximum increase of
wear amount is 0.16 mm; the maximum wear depth of
the right rail is 0.19 mm (�0:25 mm in the transverse
position of the rail), and the maximum increase of wear
amount is 0.15 mm. Moreover, based on the above
analysis, it can be obtained that the maximum wave
depth amplitude of the left rail corrugation is about
0.09 mm, and the maximum wave depth amplitude of
the right rail corrugation is about 0.10 mm.

By comparing the distribution and development



Z.Q. Wang and Z.Y. Lei/Scientia Iranica, Transactions A: Civil Engineering 28 (2021) 3018{3029 3023

Figure 5. Left rail: (a) Rail pro�le diagram (trough), (b) rail cumulative wear diagram (trough), (c) rail pro�le diagram
(crest), and (d) rail cumulative wear diagram (crest).

characteristics of rail wear under the above three
passing speed modes, it is found that for the track-
vibration-absorber fastener track, the rail pro�le wear
depths and wave depth amplitudes at both trough
and crest positions of rail corrugation of passing speed
Modes 2 and 3 decreased signi�cantly compared with
those of Mode 1, which shows that the change of vehicle
passing speed has a great in
uence on the rail pro�le
wear of track-vibration-absorber fastener track. The
discrete passing speed can signi�cantly reduce the rail
pro�le wear compared with the constant passing speed.

5. Longitudinal characteristics of rail wear
development

This section mainly studies the longitudinal develop-
ment characteristics of rail corrugation of the track-
vibration-absorber fastener track under three passing
speed distribution modes. According to the calculation
results of rail pro�le wear, the wear distribution ranges
and development trends of left and right rails are
similar, therefore, in this section, the left side rail is
considered to be the research object. Because the

amount of wear caused by a single-running of single-
vehicle is very small, the rail wear is recorded after
100,000, 300,000, and 500,000 single-vehicle running.

5.1. Mode 1
For the track-vibration-absorber fastener track, by
using the wear calculation model for simulation, the
rail wear development curve and its irregularity level
spectrum (obtained by Fourier transform) of passing
speed Mode 1 can be obtained, as shown in Figure 9.

The analysis shows that the characteristic fre-
quencies of corrugation do not change with the increase
of the vehicle operation times (the same for Sections
5.2 and 5.3). The main characteristic frequencies of
corrugation corresponding to passing speed Mode 1
are 105 Hz (corresponding to the irregularity level of
37.67 dB) and 142 Hz (corresponding to the irregularity
level of 36.89 dB), and the secondary characteristic
frequencies are 70.7 Hz (corresponding to the irregu-
larity level of 31.66 dB) and 35.7 Hz (corresponding
to the irregularity level of 31.01 dB). The remaining
partial peak frequencies and the corresponding irregu-
larity levels are shown in Table 2, and most of these
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Figure 6. Right rail: (a) Rail pro�le diagram (trough), (b) rail cumulative wear diagram (trough), (c) rail pro�le diagram
(crest), and (d) rail cumulative wear diagram (crest).

Table 2. Summary of remaining partial peak frequencies and corresponding irregularity levels.
Mode 1 Mode 2 Mode 3

Peak
frequencies

(Hz)

Irregularity
levels
(dB)

Peak
frequencies

(Hz)

Irregularity
levels
(dB)

Peak
frequencies

(Hz)

Irregularity
levels
(dB)

212 25.61 107 29.12 178 17.03
248 24.22 177 22.81 239 17.73
283 24.07 213 24.07 286 15.76
383 21.82 249 22.40 321 19.28
460 16.76 284 22.80 387 14.35
531 17.60 384 20.56 482 11.97
632 16.61 475 15.07 582 11.82
708 16.34 556 14.24 626 12.40

634 15.65 729 14.63
711 16.34

frequencies are related to the initial irregularity of the
rail surface.

5.2. Mode 2
Similarly, by using the wear calculation model, the rail
wear development curve and its irregularity level spec-
trum of passing speed Mode 2 are shown in Figure 10.

The main characteristic frequencies of corrugation

corresponding to passing speed Mode 2 are 71.1 Hz
(corresponding to the irregularity level of 37.47 dB)
and 142 Hz (corresponding to the irregularity level
of 36.77 dB), and the second characteristic frequency
is 35.7 Hz (corresponding to the irregularity level of
33.35 dB). The remaining partial peak frequencies and
the corresponding irregularity levels are also shown in
Table 2.
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Figure 7. Left rail: (a) Rail pro�le diagram (trough), (b) rail cumulative wear diagram (trough), (c) rail pro�le diagram
(crest), and (d) rail cumulative wear diagram (crest).

5.3. Mode 3
According to the wear calculation model, the rail wear
development curve and its irregularity level spectrum
of passing speed Mode 3 are shown in Figure 11.

The main characteristic frequencies of corrugation
corresponding to passing speed Mode 3 are 143 Hz (cor-
responding to the irregularity level of 32.78 dB), 32.1
Hz (corresponding to the irregularity level of 31.23 dB),
and 18.7 Hz (corresponding to the irregularity level of
31.08 dB), and the secondary characteristic frequencies
are 71.5 Hz (corresponding to the irregularity level of
26.31 dB) and 107 Hz (corresponding to the irregularity
level of 24.59 dB). See Table 2 for the remaining partial
peak frequencies and the corresponding irregularity
levels.

By comparing the above results, it is found that
for the track-vibration-absorber fastener track, with
the increase of vehicle running times, the character-
istic frequencies of corrugation do not change under
di�erent passing speed modes, which indicates the
�xed frequency characteristic of corrugation. The �xed
frequency mechanism of corrugation is subject to the
inherent properties of the vehicle-track system, which

shows that the characteristic frequencies of corrugation
are constant, that is, the variation of vehicle speeds will
not a�ect the characteristic frequencies of corrugation
[8,28]. When the vehicle-track system is stimulated,
the modal coupling resonances of the vehicle-track
system at certain frequencies could be excited, and the
rail corrugations at corresponding frequencies may be
induced. The irregularity levels corresponding to char-
acteristic frequencies of the longitudinal development
of rail wear under three passing speed modes decrease
in turn, which shows that the discrete passing speed
modes can e�ectively decrease the development degree
of rail wear at the characteristic frequencies compared
with the constant passing speed mode.

In addition, comparing Figure 9(a) and Figure
10(a), it can be seen that in the line interval range
of 40 m{50 m (only 10 m interval is intercepted for
display in order to show clearly), when the number of
vehicle runs is 500000, the rail wear in Mode 2 is greater
than that in Mode 1 in some positions. The reason is
mainly related to the sensitive speed corresponding to
the rail wear, that is, the speed of 40 km/h and 80
km/h in Mode 2 will promote the rapid development
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Figure 8. Right rail: (a) Rail pro�le diagram (trough), (b) rail cumulative wear diagram (trough), (c) rail pro�le diagram
(crest), and (d) rail cumulative wear diagram (crest).

Figure 9. Time-frequency curves of corrugation characteristics: (a) Wear development curve and (b) irregularity levels.

of rail wear corresponding to other relevant frequencies.
It can also be seen from Figure 9(b) and Figure 10(b)
that the irregularity levels of 37.47 dB and 33.35
dB corresponding to the characteristic frequencies of
71.1 Hz and 35.7 Hz in Mode 2 are greater than

those of 31.66 dB and 31.01 dB corresponding to
70.7 Hz and 35.7 Hz in Mode 1. However, compared
with the irregularity levels of 37.67 dB and 36.89 dB
corresponding to the main characteristic frequencies of
105 Hz and 142 Hz in Mode 1, the irregularity levels
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Figure 10. Time-frequency curves of corrugation characteristics: (a) Wear development curve and (b) irregularity levels.

Figure 11. Time-frequency curves of corrugation characteristics: (a) Wear development curve and (b) irregularity levels.

of 37.47 dB and 36.77 dB corresponding to the main
characteristic frequencies of 71.1 Hz and 142 Hz in
Mode 2 are decreased, which is consistent with the
conclusion that the rail wear of the discrete passing
speed is smaller than that of the constant passing
speed.

6. Conclusions

Based on the vehicle-track coupled model and the
wear calculation model, the rail corrugation develop-
ment characteristics of the tangential track with track-
vibration-absorber fasteners at di�erent passing speeds
are analyzed using the development characteristics of
rail pro�le wear and the longitudinal characteristics of
rail wear development. The main conclusions are as
follows:

1. When the iteration times increased, the wear ranges
of the left and right rails were similar, mainly
in the surface area of the railhead, and the wear

depths of the left and right rails at the corrugation
trough/crest position were close;

2. The rail pro�le wear depths and wave depth am-
plitudes at the corrugation trough/crest position of
passing speed Modes 2 and 3 decreased signi�cantly
compared with those of Mode 1, which shows that
the change of vehicle passing speed has a great
impact on the rail pro�le wear of track-vibration-
absorber fastener track. The discrete passing speed
could signi�cantly reduce the rail pro�le wear com-
pared with the constant passing speed;

3. With the increase of vehicle running times, the
characteristic frequencies of corrugation did not
change under di�erent passing speed modes. This
characteristic re
ects the �xed frequency feature
of corrugation. The irregularity levels correspond-
ing to characteristic frequencies of the longitudi-
nal development of rail wear under three passing
speed modes decreased in turn, which shows that
the discrete passing speed modes can e�ectively
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decrease the development degree of rail wear at
the characteristic frequencies compared with the
constant passing speed mode.
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