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Abstract: The research results of wheel polygon of rail transit trains in China and abroad in recent years were
summarized and the main factors and mechanisms leading to the formation of wheel polygon were analyzed. The
reasons for the difference in high-order wheel polygons between electric multiple units (EMUs) and metro vehicles
were investigated and the main causes of the difference were summarized. The suppression measures for wheel
polygon were discussed and the generation and development of vehicle-track coupling dynamics model were
summarized. At the same time, the main results of the simulation analysis of vehicle-track coupling dynamics were
presented, and a new research direction was proposed, which considered the fatigue damage of vehicle-track system
components under the periodic wear of wheel-rail such as wheel polygon. Analysis results show that the initial
defect of wheel, self-excitation vibration of wheel-rail friction, stick-slip vibration of wheel-rail, P2 resonance of
wheel-rail system, inherent mode vibration of wheelset, wheel diameter, and resonance caused by bogie
components can cause wheel polygon. The wheel polygons of metro vehicles are mainly caused by the P2
resonance of the wheel-rail system, while the multiple high-order wheel polygons of high-speed EMUs are
generally not directly caused by the P2 resonance. Improving the quality of wheel turning, increasing the abrasive
block, enhancing the hardness of wheel tread, strengthening the damping of fastener, and applying variable speed
running can restrain the development of wheel polygon. However, according to the formation mechanism of wheel
polygon, the initial defect of wheel is the origin, and controlling the initial defect of wheel can fundamentally
inhibits the formation and development of wheel polygon. From the perspective of feasibility, installing the abrasive
block is the most ideal measure. When the wheel has a high-order polygon, the wheel-rail excitation frequency will
increase significantly, and the range distribution will be wider. When the excitation frequencies are close to the
inherent vibration frequencies of some parts of vehicle, the resonance is easily triggered, which will lead to a
significant increase in its dynamic stress and affect its fatigue life. Therefore, when the fatigue damage of the main
bearing parts of vehicle-track system is analyzed, adverse factors such as random track irregularities and periodic
wear of wheel-rail should be considered. It can be seen that the existing research results basically reveal the
formation mechanism of wheel polygon, and feasible suppression measures are proposed. However, since the train
operation environment is uncertain and there are many related factors in the vehicle-track coupling system, the
analysis process is inevitably different from the actual situation. Therefore, further in-depth research is still needed.
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0 Introduction

With the increase in the operation mileage of rail transit
train, different degrees of wheel polygons have appeared in
electric multiple units (EMUs), subways, light rails,
locomotives, and vehicles in China and abroad, which has
become a persistent problem that puzzles train operation in
the railway industry and is also a research hotspot and the
primary problem to be solved urgently in the current railway
field.

Wheel polygon refers to the periodic harmonic wear
formed around the wheel circumference ™, which is divided
into low-order wheel polygons and high-order wheel
polygons. Low-order wheel polygons have a relatively small
impact on vehicle vibration, and wheel polygons with 14th
order and above are referred to as high-order wheel polygons,
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which have a significant impact on vehicle vibration.
According to different surface roughness amplitudes, they are
divided into four levels: maintaining the status quo, tracking
noise, turning within one week, and immediate turning. If the
roughness amplitude is less than 10 dB-um™, the status quo
can be maintained. If the roughness amplitude is 10-18
dB-um, it is necessary to track the noise every 30 000 km
and carry out real-time monitoring through the detection of
underfloor wheel lathe and the truck performance detection
system (TPDS). If the roughness amplitude is 18-23
dB-um?, it needs turning within one week. If the roughness
amplitude is greater than 23 dB-um?, it needs turning
immediately. When the roughness amplitude of the
high-order wheel polygon exceeds the standard, that is,
greater than 18 dB-um?, it will cause severe vibration. If the
wheel turning is not carried out in time, it is easy to cause
some parts of the bogie to crack, loose, or lose.
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Regarding the wear of wheel polygon, scholars in China
and abroad have conducted extensive research and achieved
important results. This paper briefly introduced the research
results and the latest development from four aspects: the
formation mechanism of wheel polygons, the suppression of
wheel polygons, the vehicle-track coupling dynamics model
and dynamics response, and the impact of wheel polygons on
fatigue damage, and discussed the challenges faced by
subsequent research and the content that needs further
research.

1 Formation mechanism of wheel polygons

The formation mechanism of wheel polygons has been
discovered and studied abroad as early as the 1980s. Kaper [
found that as the operation mileage of intercity trains in the
Netherlands increased, polygonal wear occurred on the
wheels, leading to noise problems, which marked the
beginning of research on the wear mechanism of wheel
polygons. Kalousek et al. &I found serious polygonal wear on
wheels of the Vancouver subway and conducted relevant
research. Morys [ took the ICE train in Germany as the
object, and found after nearly 10 years of research that the
formation of wheel polygons was mainly caused by the fact
that the third order polygon excitation frequency of the wheel
was close to the first order bending modal frequency of the
wheelset, which caused abnormal vibration. In other words,
the resonance caused by the wheel polygon excitation
frequency being close to a certain order of natural modal
frequency of the wheelset was one of the factors causing the
wheel polygons. Dekker [l also obtained the same conclusion
when studying the wheel polygons of light rail vehicles in the
Netherlands. After summarizing the wear characteristics of
wheel polygons of Sweden’s X2 high-speed train, Johansson
et al. 57 simulated the evolution law of wheel polygons, and
proposed that P2 resonance was the main reason for the
occurrence of 5th—7th order polygons by establishing a
multi-body system dynamics model of wheel-rail rolling
contact. Nielsen et al. ®-°! analyzed the influence of wheel
polygons on vehicle components and track systems, and
found that the influence of wheel polygons on wheel-rail
interaction was significantly greater than that on speed; Barke
et al. % provided a detailed review of the impact of wheel
polygons on vehicle components and track systems.

China’s rail transit started late, and various types of
domestically produced EMUs were not put into large-scale
operation for various reasons before 2004. Wheel polygons
mainly appeared in locomotives and general speed passenger
and freight vehicles, but due to their low operating speed and
the ability to be solved through wheel turning, no in-depth
research was conducted on this issue. With the introduction
and large-scale operation of CRH series EMUs, wheels of
some models have shown varying degrees of wheel polygons,
and some models even have excessive high-order wheel

polygons, which seriously affects traffic safety and has
attracted great attention from railway operation and
maintenance departments and scientific researchers. At the
same time, wheel polygons of metro vehicles have also been
reported. Therefore, studying the formation conditions,
causes, and impact on the vehicle-track system of wheel
polygons has become one of the most concerned research
directions in the field of rail transit.

Scholars in China and abroad have conducted research on
the initial defect of wheel, self-excitation vibration of
wheel-rail friction, stick-slip vibration of wheel-rail, P2
resonance of wheel-rail system, inherent mode vibration of
wheelset, wheel diameter, and resonance caused by bogie
components. Research has shown that the above factors can
cause wheel polygons.

By tracking the wear characteristics of wheel polygon of
China’s high-speed trains, Jin et al. 12 found that wheel
polygon was mainly 2-3 rail corrugations with different
wavelengths. When the wheel diameter was an integer
multiple of the wavelength, the wavelength was mainly a
single wavelength and the rolling contact phase of the
wheel-rail was the same, the wear of wheel polygon would
increase rapidly; It proposed that the track structure was not
the main cause of wheel polygon. The resonance of the
internal structure, the roughness of the wheel-rail surface, the
wheel eccentricity, the initial out-of-roundness after turning,
and the bending resonance of the rail were the main factors
for wheel polygon; It believed that adopting variable speed
operation and applying abrasive block could effectively
reduce the wheel polygon. Li et al. [*3 reviewed research in
China and abroad from three aspects of the formation
mechanism and prediction of wheel polygon, and its impact
on the dynamic response of wheel-rail system, summarized
six typical factors of wheel polygon formation and two
indirect detection methods. They analyzed the noise
prediction model and the relationship between wheel
polygons and wheel noise and suggested developing a wheel
turning plan that was suitable to the situation in China, so as
to reduce maintenance costs. Zhu et al. 4 reviewed the
influence of wheel polygons on vehicle system dynamics, the
formation mechanism of wheel polygons, the static and
dynamic monitoring of wheel polygons, and the suppression
of wheel polygons. They pointed out that wheel polygons had
a significant impact on the dynamic response of vehicle
system and the best treatment method was wheel turning. It
was recommended to combine dynamic monitoring data with
dynamic simulation models to study the formation
mechanism and preventive measures of wheel polygons. Tao
et al. [*5-61 symmarized the research results on the formation
mechanism, simulation prediction, and control measures of
out-of-roundness wear of wheels in China and abroad. They
found that wheel polygons were widely present in domestic
and foreign rail transit trains, but its manifestations vary.
Wheel polygons of foreign rail transit trains were mainly
low-order, while wheel polygons of Chinese rail transit trains
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were mainly high-order. Three major factors that contributed
to out-of-roundness wear of wheels were summarized, which
were the initial defect of wheel, vehicle-track coupling
vibration, and thermoelastic instability during tread braking.
It was pointed out that the wheel polygon was often caused by
multiple factors. Therefore, even for the formation
mechanism of wheel polygons for the same vehicle model, it
could be explained from different points of view. The
research results of predicting out-of-roundness wear of
wheels were summarized, and the widely used methods were
summarized, namely, the global parameters of wheel-rail
contact were obtained through the simulation of vehicle-track
coupling dynamics model, and the global parameters were
used as the input of local parameters to calculate
out-of-roundness wear of wheels based on the wear model.
Finally, the control measures of wheel polygons were
summarized, such as improving the quality of wheel turning,
installing the abrasive block, and improving the hardness of
wheel tread.

In summary, based on the existing research results, the
problem of wheel polygons has been effectively controlled
and the corresponding suppression measures have been
proposed. However, the formation mechanisms have not been
fully explored, resulting in the problem of wheel polygons
not being fundamentally solved. With the improvement of
EMUs dynamic monitoring technology and computer
simulation technology, more scholars have conducted
in-depth research on the formation mechanism of wheel
polygons. In the following, the research results on the wear
mechanism of wheel polygons in China and abroad in recent
years would be summarized, and the existing differences and
the correlation between various causes would be discussed.

1.1 Initial defect of wheel

The initial defect of wheel is often caused by the
processing technology during wheel processing or turning.
Staskiewicz et al. [*7] confirmed through actual measurements
that the formation of wheel polygons was related to the way
of fixing the wheel on the lathe. At the early stage of wheelset
processing and turning, the three-jaw chuck lathe was mainly
used to repair the wheel tread. Due to the elastic deformation
of the fixture’s action point in the radial direction, tiny initial
third-order polygons were formed at the fixture’s action point
after unloading 8. With the popularization of underfloor
wheelset lathe, due to their advantages of processing of wheel
rims and treads and online detection of equivalent taper and
polygons under the condition of non-disassembly, wheelset
measurement and turning are carried out in underfloor
wheelset lathe. Cui et al. 2% analyzed the factors that affect
the cutting quality during the turning by underfloor wheelset
lathe, and pointed out that the multiple occurrence of 1st,
4th—6th and 10th—13th orders was caused by poor machining
due to the positioning method of underfloor wheelset lathe.
Using driving wheel positioning could easily lead to
first-order wheel polygons, and the irregular driving wheel

mapping to the wheel could easily form 4th-6th and
10th-13th order wheel polygons. Ren et al. ! found that the
formation of initial wheel polygons was related to the wheel
alignment method of underfloor wheelset lathe using two
driving wheels as positioning wheels. Su et al. 22 further
analyzed the relationship between the driving wheel
eccentricity of underfloor wheelset lathe and the initial wheel
polygons and found that the driving wheel eccentricity was
the main cause of the 4th-order polygon of the newly repaired
wheel. Therefore, adopting unreasonable turning techniques
and using the driving wheel as the positioning wheel in
underfloor wheelset lathe can cause initial defect of wheel.

Meanwhile, research has shown that local defects of wheel
tread and the uneven material on the wheel surface can also
cause the initial defect of wheel, leading to wheel polygons.
Cui et al. % calculated the impact of several typical wheel
defects on wheel-rail behavior through the combination of
actual measurement and simulation. It found that the local
defects of wheel tread could cause large wheel-rail impact
force, and then cause non-uniform hardening of the wheel
circumferential material, so that the wheel polygon
developed rapidly. Nielsen et al. ! analyzed the
high-frequency vibration and non-uniform wear mechanism
of wheel-rail through numerical simulation and found that the
non-uniform material characteristics of wheel surface could
cause wheel polygons.

Fig. 1

Increasing lower support of axle box

In summary, the wheels after turning have slight initial
wheel irregularities, which gradually develop into wheel
polygons as the operation mileage increases. For the
underfloor wheelset lathe, a support device can be installed at
the lower part of the axle box, as shown in Fig. 1, so as to
eliminate the initial defect caused by relying on driving wheel
for positioning and avoid the imitation of wheel polygon. In
addition, when the arc length formed at the contact point
between the wheel and the driving wheel 2 is an integer
multiple of the wavelength of a certain high-order wheel
polygon, the situation where the high-order wheel polygon
still appears after turning. The wheel polygon of this order
can be effectively removed through two rounds of turning or
by adjusting the distance between the driving wheels. Finally,
low-order polygons caused by turning can be suppressed by
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controlling the eccentricity of the driving wheel of underfloor
wheelset lathe.

1.2 Self-excitation vibration of wheel-rail friction

When the wheel-rail contact is in the sliding state, it is easy
to generate the self-excitation vibration. Chen et al. 4
established a finite element model (FEM) of a wheel-rail
system for elastic vibration of a certain subway train, used the
NUCARS software to analyze the contact angle at the
wheel-rail contact point and the lateral and vertical forces on
the journal when passing through a curve, and realized the
finite element discretization of the wheel-rail friction system
based on the ABAQUS software. They analyzed the
stick-slip vibration modes under two line conditions and
obtained the vibration frequency and the real part of
characteristic value by the friction dynamics motion analysis.
They found that when the real part of characteristic value was
positive, the system would appear unstable motion, and the
unstable stick-slip vibration caused by the unstable motion
would lead to polygonal wear of the wheel. When the friction
factor was less than 0.27 and the vertical support stiffness of
wheel-rail was not too large or too small, the wheel polygon
could be effectively suppressed. Subsequently, this model
and research method were further developed to investigate
the formation mechanism of wheel polygons of EMUs 2%, In
addition, Zhao et al. 28 applied this method to study the
formation mechanism of 14th—16th-order wheel polygons in
EMUs on the Lanzhou-Xinjiang passenger dedicated line.
They found that saturated creep forces of wheel-rail caused
by train starting and braking could cause wheel sliding,
resulting in unstable motion, and the frequency of unstable
vibration was consistent with the measured results,
confirming that self-excitation vibration of wheel-rail friction
could cause wheel polygons.

In conclusion, when the creep force at the wheel-rail
contact point reaches saturation, as the friction factor
increases, it is easy to cause stick-slip vibration of wheel-rail
system. This alternating motion of stick-slip can lead to
corrugated wear on the wheel-rail surface. By controlling the
surface roughness of the wheel-rail and reducing the friction
factor, wheel polygons can be avoided. At the same time, the
electronic anti-slip devices can be optimized to minimize the
occurrence of creep force saturation during train operation.

1.3 Stick-slip vibration of wheel-rail

During the operation, the wheel-rail surface contact leads
to dry friction behavior in the system. Moreover, due to the
existence of lateral clearance between the wheels and rails,
and multiple factors such as wheel-rail profile characteristics
and contact relationships, and the positioning characteristics
of axle box, hunting motion can occur 27, In addition, under
the action of vertical and lateral dynamic loads and vertical
bending of wheelsets, lateral friction occurs on the wheel-rail
contact surface, and the friction frequency is related to the
vibration frequency, resulting in the friction vibration 28I,

Kalousek et al. B! found corrugated wear on the wheel-rail
surface of Vancouver subway, and the results showed that it
was caused by the stick-slip vibration of wheel-rail system;
Zhao et al. I found through the complex eigenvalue analysis
method that when the creep force between the wheel and rail
reached saturation, the low-frequency stick-slip vibration of
wheel-rail system could be caused, thereby exacerbating or
leading to the polygonal wear of wheels. Wu et al. [0
described the dynamic behavior of wheelset stick-slip
vibration by establishing a dry friction-impact vibration
dynamic model with symmetric gaps, and derived the
connection relationship of adhesion, sliding and collision
motion in system motion. The study found that the system
exhibited reciprocating switching between large and small
oscillations in the low-frequency region, which was a typical
periodic flutter motion, and grazing behavior occurred when
the system trajectory crossed the interface. The flutter caused
significant changes in the stick-slip zone within the
wheel-rail contact spot, causing the wheel to slide laterally
relative to the rail in the wheel-rail contact area, resulting in
periodic changes in the lateral creep force and ultimately
inducing wheel polygons.

In summary, the essence of wheel-rail stick-slip vibration
is the creep characteristics of wheel-rail. Since all static and
dynamic loads of wheel-rail trains need to be transmitted
through the wheel-rail contact spot, studying the creep
characteristics at the wheel-rail contact spot is fundamental
and also the best breakthrough point for analyzing the
formation mechanism of wheel polygons.

1.4 P2 resonance of wheel-rail system

In 1974, the Derby Railway Technology Center in the UK
proposed the high-frequency force P, and low-frequency
force P2 theories for wheel-rail impact when studying wheel
passing through rail joints or local defects of wheels B4,
Among them, force P; was a high-frequency impact load
caused by prominent surface defects such as rail joints and
wheel flat scars, with a frequency of 500-1000 Hz, and its
action time was extremely short, mainly damaging the
surface of wheel-rail. Force P, was a low-frequency
quasi-static load with a frequency of 20-100 Hz 32, and its
action time was relatively long. It could be transmitted
upwards to vehicle components and downwards to the track
system, and thus posed great harm to the vehicle-track
system, and the inevitable track irregularities and wheel
circumferential irregularities may cause P2 resonance of the
wheel-rail system.

Guan et al. %1 found that when a vehicle passed through
the welded joint of rail or experienced local unevenness of
the rail surface, the unsprung mass of vehicle would produce
force P1 on the track, causing the unsprung mass to produce
force P, on the track. The wheel-rail vibration caused by
force P, had the characteristics of simultaneous vibration in
the same direction and large participating mass, making the
vibration range wide and the vibration energy large.
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Therefore, P2 resonance was one of the causes of the initial
defects of wheel. Tao et al. 4 found that P2 resonance was
the reason for the generation of 5th-8th-order wheel
polygons through the actual measurement of wheel polygon,
rail corrugation, wheel-rail dynamic interaction, and irregular
rail weld joints of a subway vehicle. Liu et al. 3 randomly
measured the data of wheel polygon of 172 subway vehicles
and found that they are mainly of 6th—7th order. The
wheel-rail vibration measurement verifies that P2 resonance
was caused by irregular rail weld joints, and P2 resonance
was easy to produce low-order wheel polygon.

In summary, the short-wave irregularity caused by the
wheel-rail surface defects can cause high-frequency force P,
and low-frequency force P2, and the influence wavelength of
force P, on the wheelset causes the wheel polygon with the
size of corresponding wavelength. According to the natural
frequency mechanism €1, the excitation frequency of the
wheel polygon of subway vehicles under normal speed
operation is close to the vibration frequency caused by force
P,. Therefore, the wheel polygon of subway vehicles is
mainly caused by the P2 resonance of the wheel-rail system.
However, since the operating speed of high-speed EMUs is
much higher than that of subway trains, the excitation
frequency of high-order wheel polygons under normal speed
belongs to medium-high frequency, which is quite different
from the P2 resonance frequency. Therefore, the multiple
high-order wheel polygons in high-speed EMUs are
generally not directly caused by P2 resonance.

1.5 Inherent mode vibration of wheelsets

A large number of studies have found that the low-order
bending vibration of wheelsets is related to the formation of
wheel polygons. Taking subway vehicles as the research
object, Jin et al. B found through the combination of actual
measurement and simulation that the fundamental cause of
the 9th-order wheel polygon dominated by a certain subway
vehicle was the first-order bending vibration of the wheelset.
Li et al. %8 obtained the frequency response characteristics of
a certain subway vehicle wheelset through actual
measurement, and found that the two peak frequencies of 72
and 170 Hz were basically consistent with the 1st and
2th-order bending vibration frequencies of the wheelset.
Therefore, the excitation resonance wavelength range of the
first-order bending of the wheelset was determined, and the
development of wheel polygon within one turning cycle was
tracked and tested. It was found that the wheel polygon
gradually developed from the 4th-order to 9th-order after one
month of turning. After increasing the first-order bending
vibration frequency of the wheelset through thickening, there
was no obvious high-order polygon, confirming that the
first-order bending vibration of the wheelset was the main
reason for the generation of wheel polygon, indicating that
the first-order bending vibration of wheelset excited by the

normal operating speed or track excitation could cause
polygonal wear of the wheels of subway vehicles.

Similarly, in the study of the wear mechanism of wheel
polygon of locomotives, it is also found that the first-order
bending vibration of the wheelset has a direct relationship
with the formation of the wheel polygon. Tao et al. [
conducted experimental research on the generation
mechanism of wheel polygons of electric locomotives and
obtained the growth pattern of wheel polygons. They found
that the main reason for the generation of wheel polygons in
most electric locomotives was the excitation of the
first-order bending vibration of the wheelset, resulting in
wheel polygons with a central wavelength of 200 mm in the
1/3 octave band. Liu et al. ¥ established a rigid-flexible
coupling dynamics model of an electric locomotive
considering wheel-rail flexibility and traction behavior, and
compared and analyzed the vibration characteristics of axle
box and wheel-rail normal forces under typical orders and
amplitudes. They found that the passing frequency of the
18th-order wheel polygon at a speed of 70 km h-'was close
to the first-order bending vibration frequency of the
wheelset, causing the first-order bending resonance of the
wheelset, which led to the formation of more severe wheel
polygons.

There are also studies indicating that when the low-order
torsional vibration of the wheelset is close to the excitation
frequency of the wheel polygon, it is easy to form wheel
polygons. Fréhling et al. ™3 proved theoretically and
experimentally that the torsional vibration of locomotive
axles may lead to wheel polygons. Spangenberg 2 analyzed
through experiments that the abnormal vibration of
locomotives running on heavy-haul lines in South Africa was
caused by wheel polygons. It was found that when the
locomotive ran at 40 km h!, the traction system and wheelset
torsion formed a coupling resonance, resulting in the
formation of 20th-order wheel polygons.

By establishing a rigid-flexible coupling dynamics model
of an EMU, Wu et al. 3 studied the influence of wheel
polygons on the wvibration acceleration spectrum
characteristics of axle box and frame, and revealed its laws.
Fig. 2 shows the vibration spectrum characteristics of axle
box and frame when the wheel polygon amplitudes is 0.2 mm
and the orders are 4, 10, 16, and 22, respectively at speeds of
200 km . Fig. 2 shows that the main frequencies of
vibration responses of the axle box and the frame at orders 4,
10, 16, and 22 are 77.2, 192.4, 307.6, and 422.9 Hz,
respectively, which are close to the excitation frequency of
wheel polygon at each order. The vibration amplitude of the
axle box at 351.6 Hz is the largest, and the reason is that the
wheel frequency doubling frequency excites the codirectional
umbrella mode of the wheelset, causing resonance of the axle
box at this frequency.
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In summary, although the structure and operation
environment of EMUs, subways, and locomotives are
different, the natural frequency mechanism of wheel
polygons is applicable to all of them, namely, there is a
natural frequency vibration excitation between the wheelset
and the rail during the operation, and this frequency should be
the modal frequency of a certain structure. This is also a
highly recognized viewpoint in the current academic
community in China and abroad to explain the formation and
development mechanism of polygonal wear of wheels 4],

1.6 Diameter of wheel

According to the natural frequency mechanism, the
relationship between the wheel diameter and the excitation
frequency is:

. nv

f= 3. 6nd
where f is the excitation frequency generated by the wheel
polygon; n is the order of the polygon; v is the speed; d is the
diameter of the wheel.

By conducting on-site measurements of rail corrugation
and wheel polygon of a high-speed railway, Wu et al. 3
speculated that wheel polygons were correlated with the
natural frequency of the wheel. The study found that when
the diameter of the wheel was an integer multiple of the
wavelength of rail corrugation, the wavelength of rail
corrugation was a certain value or the changing amplitude of
rail corrugation was small, and the wheel was in contact with
the rail corrugation at the same position during the wheel-rail

rolling contact, the polygonal wear of wheel developed
rapidly under the three conditions. Gao et al. [l analyzed the
influence of wheel rim thickness on wheel polygon and found
that its influence law conformed to the natural frequency
mechanism, namely, as the thickness of the wheel rim
decreased, the wheel polygon developed slowly when the
wheel perimeter could not completely divide the external
excitation wavelength; otherwise, the wheel polygon
developed rapidly. Zhao et al. *7] statistically analyzed the
relationship between the wheel diameter of EMUs and the
order of wheel polygon. It was found that wheel polygons
were mainly 18th—20th orders, and the smaller the wheel
diameter was, the more likely the polygons were to occur.
The correctness of the natural frequency mechanism was
verified by establishing the vehicle-track coupling dynamics
model and the Archard wear model simulation. Based on
actual measurements, it was found that wheel eccentricity,
rail corrugation, and abnormal wheel-rail impact were the
external excitation factors for the generation of wheel
polygons.

To sum up, although the external excitation (wheel-rail
surface defects and track irregularities, etc.) that vehicles
experience during the actual operation is random, the
periodic wear of the wheel after a period of operation follows
the natural frequency mechanism. When the wheel diameter
meets the natural frequency, it will also cause the
development and aggravation of polygonal wear of the
wheel.

1.7 Resonance caused by bogie components

Research has found that when the vibration frequency of
certain components in the bogie is close to the excitation
frequency of the wheel polygon, it is easy to form polygonal
wear of wheels. Wu et al. 8 analyzed the influence of wheel
polygon of high-speed trains on the wheel-rail interaction
force based on the vehicle-track coupling dynamics model.
The study found that the wheel-rail interaction force
increased with the increase of wheel polygon amplitude and
speed, and there was a phase difference between the
maximum wheel-rail force distribution and the wheel
polygon amplitude, but it corresponded to the first derivative
of wheel polygon amplitude with respect to angle.
Furthermore, it proposed that the coupling vibration of frame
and wheelset may be the reason why the excitation frequency
of the wheel polygon of high-speed trains often occurred at
580 Hz. Ma et al. 9 analyzed the reasons for the occurrence
of 9th-order wheel polygons in subway vehicles and
proposed that multiple-periodic vibration caused by wheel
rolling contact was the main reason for the formation of
wheel polygons. Based on the linear motor subway
vehicle-track coupling dynamics model, it found that the
linear motor vibration could cause the formation of wheel
polygons, especially when the operating speed was 72-80
km 2, namely, when the frequency was between
39.08-43.84 Hz, it was easy to form 9th-order wheel
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polygons. Gao et al. ¥ tracked and tested the wheel polygon
of the operating trains on the Lanzhou-Xinjiang passenger
dedicated line. During the complete operating cycle (1.2
million km), it was found that the wheels mainly exhibited
14th-16th, 20th—23th, and 25th—27th-order polygon during
the 3rd-7th single turning cycle, with 14th-16th order
dominating. Through experimental analysis, it was found that
the resonance frequencies generated by the frame and
wheelset at 320 and 540 Hz were the periodic excitation for
the polygonal wear of wheels.

Wu et al. B conducted modal analysis on the bogie frame
of a certain type of EMU, removed the rigid body modes of
the first six orders and extracted the 7th—60th-order free
modes of the frame in finite element analysis software. They
found that the overall torsion, bending, and shear modal
frequencies of the frame were all below 230 Hz, only with
locally modal frequencies around 580 Hz. However, since the
local mode of the frame was not related to the wheelbase,
there was no causal relationship between the excitation
frequency of around 580 Hz and the frame, and whether there
was a causal relationship with the bogie as a whole needed to
be further explored. Due to space limitations, the overall and
local modes of the frame are selected, and their modal
frequencies and vibration modes are shown in Table 1 and
Fig. 3.

Table 1 Frame modal analysis results

Mode Order | Frequency/Hz Vibration mode
7 3295 Vertical torsion of side frame
o8 around horizontal axis
11 77.58 Simultaneous shear of both side frames
Global e in the horizontal plane
mode 12 8498 First-order bending of both side frames
- O 20 in vertical direction
20 994, 88 Second-order b_endjng of side frame
and horizontal frame
21 237.35 Deformation of axle box spring sleeve
34 428. 85 Defonnaum} of ax{erbox spring sleeve
and rocker arm
Local mode; D o of axls box sprine oo
-1 567.19 eformation of a e ox spring sleeve
and rocker arm
52 596. 50 Defonnaﬁox? of axle'bo-x spring sleeve
and rocker arm

In summary, the formation of wheel polygons is a
long-term and complex process. Due to the limitations of
existing experimental conditions and the incompleteness of
numerical simulations, the formation mechanism needs to be
further improved. But with the upgrading of experimental
conditions, the development of dynamic monitoring
technology, the application of big data technology, and the
improvement of dynamics model of vehicle-track coupling
systems, the factors affecting the polygonal wear of wheels of
various types of vehicles such as EMUs, subways,
locomotives, and normal speed passenger and freight
vehicles may be identified, thus providing a deeper
understanding of its formation and development.

2 Suppression of wheel polygons

Regarding the formation mechanism of wheel polygons,
although domestic and foreign researchers have achieved
fruitful research results and put forward some representative
views, the underlying mechanism has not been fully
explored. Therefore, in the face of wheel polygon problems
during actual operation, it is urgent to propose specific,
feasible and effective wheel polygon suppression measures,
S0 as to ensure the safety and stability of train operation and
reduce the cost of train operation and maintenance.

Due to the fact that the suppression measures for wheel
polygons can be verified through experiments, theoretical
and experimental research on wheel polygon suppression
measures has good identifiability. Up to now, the
representative views include improving the quality of wheel
turning, increasing the abrasive block, enhancing the
hardness of wheel tread, strengthening the damping of
fastener, applying variable speed running, changing the
inherent vibration frequency of wheelset, avoiding the
inherent vibration frequency of the system, and controlling
the irregularity of lines.

2.1 Improving the quality of wheel turning

Since the structure of the existing vehicle components and
track lines do not need to be changed, improving the quality
of wheel turning is currently the easiest control measure to
achieve. The relevant research results have been detailed in
Section 1.1. Additionally, Zhang et al. 2 compared the
surface roughness of the wheel before and after the
improvement of the turning process and confirmed that
controlling the radial runout of the driving wheel, the
two-tool turning process, and adopting the axle box support
turning could significantly improve the turning quality of the
wheel polygon.

2.2 Increasing abrasive block

The abrasive block is also known as tread trimmer. It was
found that the development of wheel polygon could be
suppressed by installing the abrasive block on the wheel tread
to repair the irregularity of the wheel tread. Qiao et al. [
found that the abrasive block could significantly suppress the
wheel polygon by building an abrasive block test platform,
and analyzed the influence of wheel-rail sliding and adhesion
on the development of wheel polygon by establishing a finite
element model of self-excitation vibration of non-power
wheelset friction. The results showed that under wheel-rail
sliding state, the most easily excited frequency of the friction
self-excitation vibration was close to the actual vibration
frequency of wheel polygon, while under wheel-rail adhesion
state, the self-excitation vibration would not occur in the
wheel-rail system, so the abrasive block could effectively
suppress the development of wheel polygon. Through a
tracing test, Wu et al. 5 analyzed the effect of the abrasive
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block on suppressing the wheel polygon under two conditions
of constant speed drag and brake drag, and found that the
effect of the abrasive block on suppressing the wheel polygon
under constant speed drag was significantly better than that
under brake drag. At the same time, the tracking test found
that the abrasive block would not affect the equivalent taper
of the tread and could effectively suppress the high-order
wheel polygon.

In summary, the installation of abrasive block can
effectively suppress the development of wheel polygon, and
abrasive block has been installed in the newly built Fuxing
EMUs (CR300AF/BF, CR400AF/BF). According to the
investigation, it is found that the wheel tread shape of the
Fuxing EMUs using the abrasive block is in good working
condition, and there is no abnormal wear of wheel polygon
153, Installing the abrasive block in existing rail transit trains
is a local improvement with high operability. Therefore, this
method is currently the most ideal suppression measure.

2.3 Improving the hardness of wheel tread

The hardness of wheels is divided into wheel tread
hardness and wheel rim section hardness, and the wheel tread
hardness is higher than the wheel rim section hardness. The
rim section hardness of the radial wheel shows a stepwise
decrease distribution. Chang et al. B conducted wear tests
under nine working conditions for the combination of three
commonly used wheel materials of EMUs and three rail
materials on the Amsler wear testing machine and found that
the degree of polygonal wear of wheels varied under different
wheel-rail hardness ratios. When the hardness ratio of
wheel-rail matching material was less than 1.05, polygonal
wear of wheel was prone to occur. When the hardness ratio
was greater than 1.36, there was almost no wheel polygon,
and when the hardness ratio was between 0.80 and 1.05, the
radial jump value of the wheel polygon decreased with the
increase of the hardness ratio. Shen et al. 8 found through
actual measurement of 22 794 wheel polygon data that the
proportion of polygonal wear of wheels increased as the
wheel diameter decreased. They proposed using a hydraulic
device of the underfloor wheelset lathe to roll the wheels, so
as to improve the hardness of the wheel tread, which could
effectively alleviate the polygonal wear of wheels. Moreover,
rolling would not cause damage to the surface condition and
contact fatigue of wheels.

In conclusion, by appropriately increasing the hardness of
the wheel tread, wheel wear could be reduced. However, as a
pair of rolling contact pairs, the hardness ratio of the contact
surface of the wheel and rail determines the degree of wear of
the wheel and rail. If the wheel tread is hard, the rail will wear
quickly and is prone to rail corrugation. If the rail surface is
hard, the wheels will wear out quickly and easily form wheel
polygons. Therefore, it is not possible to reduce wheel wear
solely by increasing the hardness of the wheel tread, but to
study the causal relationship between the wheel polygon and

the rail corrugation, optimize the wheel-rail contact hardness,
and achieve the best matching relationship.

2.4 Strengthening the damping of fastener

Whether it is ballastless track or ballast track, the fastener
system is a key component connecting the rail and the
foundation under the track, and its stiffness and damping play
an important role in the vibration and impact between the
wheel and rail. Chen et al. % analyzed the influence of
fastener stiffness, damping, and wheel-rail friction factor on
wheel polygon. The study showed that reducing friction
factor and appropriately increasing the damping of fastener
could suppress wheel polygon, while the influence of fastener
stiffness on wheel polygon was small. Zhao et al. 7 used the
negative eigenvalue analysis method to study the formation
mechanism of wheel polygon and evaluated the occurrence
trend of self-excitation vibration of friction based on the
equivalent damping ratio of the system. When the equivalent
damping ratio was negative and the absolute value was larger,
the self-excitation vibration of friction was more likely to
occur. It was calculated that the frequency of self-excitation
vibration of wheel-rail friction when a high-speed train
brakes was 495.01 Hz, and the corresponding equivalent
damping ratio was less than 0. When the stiffness of fastener
was increased, there were still points with equivalent
damping ratios less than 0 at two unstable vibration
frequencies of 495.20 and 495.21 Hz in the system, and the
numerical changes were slight. However, as the damping of
fastener increased, there was no situation where the
equivalent damping ratio was less than 0 in the system.
Therefore, the stiffness of fastener had a relatively small
impact on the wheel polygon, but increasing the damping of
fastener appropriately could effectively suppress the
polygonal wear of wheels. Wu et al. B8 found that higher
fastener stiffness accelerated wheel wear and was more likely
to lead to low-order wheel polygon, and strengthening the
damping of fastener appropriately could effectively reduce
the growth rate of high-order wheel polygon. Tao et al. 34
compared the effects of two types of subway track fasteners
on the vertical acceleration of axle box through on-site
experiments. The study found that the wheel-rail contact
force on the track using soft stiffness fasteners was low, and
the development of polygonal wear of wheel could be slowed
down by reducing the stiffness of fastener.

In summary, appropriately strengthening the damping of
fastener can effectively suppress the development of wheel
polygon, which has been widely recognized by scholars.
However, there are different opinions on the impact of
changes in fastener stiffness on wheel polygons. Some
believed that increasing the fastener stiffness could suppress
the generation and development of high-order wheel polygon
[“4l: some believed that the influence of fastener stiffness on
wheel polygon was relatively small 25 571; some believed that
increasing the fastener stiffness could lead to the generation
of low-order polygon 8, and some believed that reducing
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the fastener stiffness was an effective measure to reduce the
formation of polygonal wear B4, Therefore, the influence of
fastener stiffness on wheel polygon needs to be further
verified through experiments.

2.5 Applying variable speed running

By changing the running speed of the train, the vibration
excitation of the natural frequency is avoided to prevent it
from matching with the excitation frequency caused by the
polygonal wear of wheel. Wu et al. % studied the formation
factors of polygonal wear of wheel through tracking
investigation and on-site experiments and found that the
wheel was affected by periodic external excitations, which
made the bogie system resonate within 550-600 Hz, resulting
in the generation of wheel polygon. After tracking and testing
the vibration characteristics of vehicle, it was found that
frequently changing the running speed of train during round
trips could effectively reduce the growth of the polygon wear
of wheel. Wang % analyzed the cause of abnormal vibration
in the brake disc of a certain EMU on the Lanzhou-Xinjiang
passenger dedicated line through actual measurement, which
was caused by that the excitation frequency of wheel polygon
and the excitation frequency of rail corrugation were close to
the natural modal frequency of the brake disc, resulting in
resonance. He proposed applying variable speed running and
changing the modal frequency of the brake disc structure to
alleviate the high-frequency vibration. Liu et al. 81 analyzed
the influence of wheel polygon on the vertical wheel-rail
force based on the rigid-flexible coupling dynamics model
under elastomer wheelset and proposed that the running
speed corresponding to the excitation frequency generated
under the dominant order of wheel should be avoided as far as
possible.

The resonance frequency can be prevented by frequently
changing the running speed of trains traveling between
certain routes, but in the actual operation process, it is bound
to bring more inconvenience to the scheduling work.
Obviously, the feasibility of this measure remains to be
discussed.

In addition, the natural frequency can be avoided by
changing the inherent vibration characteristics of the
wheelset. Li et al. B8 improved the first-order bending
resonance frequency of the wheelset by thickening and found
that there was no obvious high-order polygon. Active
vibration control can also be used to avoid the inherent
vibration of system and then the development of wheel
polygon can be suppressed. Hung et al. 52 established a
vehicle-bridge coupling dynamics model and analyzed that
the low-frequency excitation induced by long-wavelength
irregularity may be close to the natural frequency of the
vehicle suspension system, causing severe vibration of the
vehicle body. They proposed installing damping plates under
the rail pad to avoid resonance of the vehicle suspension.
However, it is difficult to implement these two suppression

measures in existing vehicles, but they can be considered in
new vehicles.

Of course, controlling the irregularities of track is the
fundamental way to suppress wheel wear, so high-speed
railway lines all use seamless rails. However, there are
welded joints in seamless rail, so it is necessary to control the
irregularities of the welded joints B4. In addition, rail
corrugation [“land uneven under-rail support and turnouts 5%
can also generate periodic external excitations. After running
for a period of time, the wheel will experience periodic wear,
and when the periodic wear conforms to the natural
frequency mechanism, wheel polygon will be generated and
will develop rapidly.

In summary, through a series of theoretical explorations,
on-site experiments, and engineering practices, the wheel
polygon problem of rail transit train can be basically
controlled, but the underlying mechanisms have not been
fully explored.

3 Dynamics model and dynamics response of
vehicle-track coupling

The formation mechanism of wheel polygon involves
multiple factors, many of which are difficult to be analyzed
through on-site experiments. Therefore, it is necessary to
carry out research with the help of basic theories and dynamic
numerical simulation. The most fundamental of numerical
simulation is the dynamics model, and the accuracy of the
model is particularly important to the calculation results. At
the same time, studying the influence of wheel polygon on
the dynamic response of vehicle system often uses a
dynamics model for simulation analysis. Of course, the
conclusions obtained from on-site or laboratory tests under
the same working condition are the most convincing.
Therefore, the most ideal way to conduct research on
vehicle-track coupling dynamics is to combine testing and
simulation.

3.1 Vehicle-track coupling dynamics model

The establishment of a dynamics model for rail transit can
be traced back to 1867, when Czech engineer Winkler
proposed an elastic foundation model when calculating
railway track [53, After continuous improvement, Clark et al.
(4 proposed a continuous track model with discrete elastic
supports in 1982, indicating the mature construction of the
track model. The construction of vehicle dynamics model has
gone through the development of single wheelset model,
bogie model, and vehicle dynamics model. The theoretical
model of wheel-rail rolling contact has experienced the
development of the Carter’s theory, Vermeulen-Johnson’s
theory, Kalker’s linear theory, and Kalker’s simplified theory.
It is worth pointing out that although the above three classical
dynamics models can meet the calculation requirements at
that time, with the high-speed and heavy loading of railway
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transportation, the problem of wheel-rail dynamic interaction
has become increasingly prominent. In this context, Zhai [
first proposed the theoretical system of vehicle-track
coupling dynamics, established a vehicle-track unified model
(i.e., Zhai’s model), and proposed the design principle and
method of optimal matching between vehicle and track.

Based on this model, scholars in China and abroad have
established different types of dynamics models through local
improvements. Baeza et al. % established a vehicle-track
rigid-flexible coupling dynamics model considering flexible
rotating wheelsets. Zhang et al. 1 added the motor and gear
transmission system on the basis of the above model. Ling et
al. %8 considered the influence of car-body flexibility based
on this model. Han et al. ! established a vehicle-track
rigid-flexible coupling dynamics model of rotating flexible
wheelsets, and considered the influence of wheelset
flexibility and rotation effects in the calculation of wheel-rail
rolling contact. Wu et al. 3 established a vehicle-track
rigid-flexible coupling dynamics model based on the above
model. Due to the significant increase in computational
complexity caused by the addition of flexible bodies in the
dynamics model, the calculation time is significantly
increased. Therefore, when making components flexible, the
focus should be on the analysis object and components with
higher modal frequencies. The vibration frequency of each
component of the vehicle-track coupling system and the
research object should be comprehensively considered, and
the calculation time and accuracy should be taken into
account. The wheelset can be mainly processed flexibly, and
the modeling process is shown in Fig. 4.

In summary, the above models do not consider
longitudinal direction but belong to the vehicle-track vertical
and lateral spatial coupling models.

Under the influence of the longitudinal impact of long
grouping heavy-haul trains, the construction of vehicle-track
coupling dynamics model has gradually developed from the
vertical-lateral coupling model to the vertical-lateral-
longitudinal three-dimensional coupling model ', Liu et al.
(711 established a three-dimensional dynamic model for
heavy-haul train-track coupled system, calculated the action
force between wheel and rail under two operating conditions
of running and braking, and verified the accuracy of the
model through experiments.

With further research on the vehicle-track coupling
dynamics model, it is clearly not enough to only consider the
track line as a roadbed structure, for in actual lines, there are
bridges and tunnels in addition to the roadbed structure. Zhao
et al. '@ established a vehicle-track-bridge dynamics model
and verified the accuracy of the model through experiments.
Xu et al. [ established a vehicle-track-tunnel coupling
dynamics model and analyzed in detail the vibration
characteristics of vehicles inside the tunnel.

In summary, based on the original “Zhai’s model”, the
vehicle-track coupling dynamics model gradually extends
from the vertical model to the three-dimensional coupling

model considering lateral and longitudinal directions. At the
same time, the track model becomes more comprehensive,
providing an efficient computational model for studying
wheel-rail contact dynamics. Since the pantograph-catenary
contact will affect the stability of train under high-speed
operation, the vehicle-track coupling dynamics model
considering the pantograph-catenary system can be
established in the future.

(@) Flexible wheelset

(b) Bogie dynamics model with flexible wheelset

(c) Rigid-flexible coupling dynamics model

Fig. 4 Vehicle-track rigid-flexible coupling dynamics model

3.2  Simulation analysis of vehicle vibration
response

Based on the vehicle-track coupling dynamics model, the
influence of wheel polygon on vehicle vibration response is
studied by combining simulation and measurement, and then
the formation mechanism of wheel polygon is analyzed. Liu
et al. " studied the influence of wheel polygon on the
wheel-rail dynamic interaction based on the vertical coupling
dynamics model of vehicle-ballast track. The study found
that wheel polygon would cause large fluctuations in the
wheel-rail interaction force, and the short wavelength
component of the wheel polygon would excite the
high-frequency vibration of the rail and sleeper. By

© 2024 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 10



establishing the wvertical coupling dynamics model of
vehicle-slab track, Chen et al. [’ analyzed the effects of two
working conditions of the wheel polygon and the
combination of wheel polygon and rail weld irregularity on
the wheel-rail dynamic characteristics. The study found that
when the maximum change rate of wheel polygon irregularity
coincided with the maximum irregularity point of the rail
weld zone, the wheel-rail vertical force was maximum. The
vertical dynamic responses caused by the combination of
wheel polygon irregularity and weld irregularity were
significantly higher than various indicators under single
wheel polygon. Song et al. [’ established a wheelset-slab
track coupling dynamics model and studied the influence of
the order and amplitude of wheel polygon on the transient
dynamic behavior (displacement, acceleration, and Mises
equivalent stress, etc.) of wheel-rail contact. The results
showed that the displacement and Mises equivalent stress
were directly proportional to the order, amplitude, and
velocity of the wheel polygon. Yin et al. ['"1 analyzed the
influence of speed, order, and amplitude of wheel polygon on
the wheel-rail vertical force based on the vehicle-track
dynamics model by measuring the vibration acceleration of
wheel polygon and axle box. The study found that the vertical
force increased with the increase of amplitude and speed, and
the order of polygon also showed this pattern. However, the
excitation frequency of wheel polygon under some orders
was close to the natural frequency of the track, causing
resonance and large jumps. Gan et al. [® analyzed the
influence of 20th-order wheel polygon on equivalent conicity
and hunting movement and found that the wheel polygon had
no significant effect on equivalent conicity and hunting
movement wavelength, but had a significant impact on the
wheelset longitudinal velocity, contact radius, yaw angle rate,
and lateral acceleration. Peng et al. ["®l found through the
actual measurement of the vibration acceleration of the wheel
polygon, the axle box and vertical block that the vibration
peak frequency of the axle box and vertical block was close to
the excitation frequency of the prominent wheel polygon.
Through the finite element analysis of the vertical block
under the constraint condition, it was found that its modal
frequency was close to the excitation frequency of the
27th-order wheel polygon, causing resonance and fatigue
fracture of vertical block. Yang et al. 9 analyzed the
influence of wheel polygon on the vibration response of
wheel-rail and axle box through a combination of
measurement and simulation, and analyzed the influence of
wheel polygon on the lateral vibration of brake disc when
considering braking force. They found that when the
excitation frequency of wheel polygon was close to the
natural modal frequency of some components of
vehicle-track system, its vibration intensified. When braking
force was applied, the vibration acceleration of the brake disc
was much smaller than that without braking, and the
4th-order bending modal frequency of the wheelset
disappeared due to the application of braking. By establishing
a vehicle-track coupling dynamics model that considers the

flexibility of wheelsets, axle boxes, and tracks, Wu et al. 84
obtained the polygonal wear of wheel and the vibration
acceleration of axle box through testing and verified the
accuracy of the model. The study found that high-order wheel
polygon would cause high-frequency vibration between
wheel and rail, and excite the inherent mode shapes of
wheelset and axle box, resulting in large vibration
acceleration and dynamic stress of axle box.

Wu et al. 2 tracked and tested the wheel polygons of
some models of EMUs before and after turning, and the
testing site was shown in Fig.5. A statistical analysis was
conducted on the relationship between the vibration
frequency of wheel polygon and the wheel diameter, speed,
and wheelbase. Based on the dominant order and different
amplitudes, the wheel-rail vibration response was analyzed
with the combination of wheel polygon and three types of
track excitation being wheel-rail periodic wear working
condition. Among them, working condition 1 only
considered the wheel polygon, working condition 2 was the
combination of wheel polygon and residual corrugations, and
working condition 3 was the combination of wheel polygon
and rail corrugations. The research found that the excitation
frequency generated by the wheel polygon of EMUs was
550-600 Hz. When the natural modal frequency of the
vehicle or track components was close to this frequency,
resonance was prone to occur, which increased the wheel-rail
vertical force and further aggravated the wheel polygon, as
shown in Fig. 6.

Fig.5 Measurement of wheel polygon
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Fig. 6 Frequency domains of wheel-rail vertical force at 300
km h1
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3.3 Analysis of measured data of vehicle vibration
response

Through on-site measurement of the vibration response of
bogie components, the influence law of wheel polygon on
vehicle vibration response is analyzed in the frequency
domains, and then the formation mechanism of wheel
polygon is analyzed. As for the vibration response caused by
the wheel polygon of EMUs, Shi et al. [ tracked and tested
the wheel wear evolution and vehicle dynamic performance
of EMUs for 2 million km and found that the wear rate
increased with the increase of operating distance, and the
wear of wheel tread led to the softening of the surface and
then wheel polygon. The equivalent conicity of the wheel
increased approximately linearly with the wear of the wheel,
and the increase of the equivalent conicity intensified the
vehicle vibration. Luo B4 conducted field tests on the wheel
polygon of EMUs, compared and analyzed the vibration
characteristics of axle box before and after turning, and found
that there was no high-frequency vibration in the vibration
spectrum after turning. At the same time, the vibration
spectrum law of the axle box, frame, and motor before
turning was obtained through actual measurement, and it was
found that the vibration of the component was significantly
enhanced under the wheel polygon, and there was
high-frequency vibration.

At the same time, to study the effect of the longitudinal
impact of heavy-duty freight transportation on wheel wear,
Wang et al. 1 obtained through actual measurement that the
main frequency of longitudinal vibration of the locomotive
body with severe vibration was 20.6 Hz, and the main
frequencies of longitudinal vibration of wheelset were 19.2
and 20.6 Hz. The reason for vehicle body vibration was the
longitudinal vibration of wheelset. The experiment verified
that installing a series of longitudinal shock absorbers could
effectively suppress longitudinal vibration of 17-19 Hz,
thereby reducing the damage of wheel tread.

To quantitatively analyze the wear degree of wheel
polygons of subway vehicles, Chi et al. [ obtained all wheel
polygon data of a subway train in Qingdao Metro Line 2, and
found that the wheel polygons were mainly of the first 5
orders and 7-9 orders. Based on the measured data, they
provided the fitting empirical formula of wheel polygon.

To sum up, analysis of measured data has the advantage of
high accuracy in the study of vehicle vibration response, but
it has limitations in the analysis of the generation mechanism
and wear prediction. Therefore, scholars generally use the
combination of measurement and simulation to study the
generation mechanism and influencing factors of wheel

polygon.

4 Influence of wheel polygon on fatigue damage

Wheel polygon can exacerbate wheel-rail vibration, and
research in China and abroad shows that the damage of some

components of vehicle structures and track systems is almost
entirely related to wheel polygon.

4.1 Influence of wheel polygon on fatigue damage
of vehicle components

As for research on fatigue damage of vehicle structural
components caused by wheel polygons in China and abroad,
the existing achievements mainly involve bogie frame, gear
box, wheel, and axle. Fu et al. 7 analyzed the causes of
fatigue cracks in the bogie frame of subway vehicles and
pointed out that the low-frequency wheel-rail impact caused
by rail joints and the wheel polygon excited the inherent
mode of frame, resulting in high-frequency resonance. Wang
et al. %8 analyzed the main factors causing fatigue damage to
the bogie frame of subway vehicles through actual
measurement, and analyzed the influence of wheel polygon,
rail corrugation and rail joints on the fatigue damage of the
frame. The research found that rail corrugation accompanied
by wheel polygon was the main factor causing fatigue
damage of the bogie frame. Wang et al. ¥ analyzed the
influence of common wheel-rail defects on the fatigue
damage of subway vehicle bogie frame by establishing a
fatigue reliability model of the frame. The study found that
the rail welds in straight sections had little effect on the
fatigue damage of the frame, and the rail corrugation, wheel
polygon and velocity related excitation would cause
high-amplitude and high-frequency dynamic stress, thus
aggravating the fatigue damage of the frame. Therefore, the
high-frequency vibration caused by the wheel-rail periodic
excitation formed by the combination of wheel polygon and
rail excitation (rail corrugation and rail welded joints) was the
main cause of fatigue damage of bogie frame.

Wu et al. % established a three-dimensional multi-body
vehicle system dynamics model that considered the
flexibility of the gear box and wheelset and the nonlinear
wheel-rail contact. The measured dominant order of the
wheel polygon of the operating EMUs was the 20th order,
which was used as the wheel-rail excitation input to calculate
the dynamic stress of the gear box under different amplitudes
of the wheel polygon. Based on the kernel density estimation
method, the dynamic stress on the gear box was extrapolated
to evaluate its fatigue damage, and the fatigue damage of the
gear box without polygonal wear was compared and
analyzed. The results showed that the impact of the
20th-order wheel polygon on the fatigue damage of the gear
box was increased by 63% compared to that without the
polygon. Hu et al. 3 conducted a study on fatigue cracks of
the EMUs gearbox casing and found that the combination of
wheel polygon and track irregularities excited the inherent
modes of the gear box at 571 and 602 Hz, causing resonance
and leading to fatigue cracks. Therefore, whether it is
high-speed trains or subway vehicles, wheel polygon is the
cause of fatigue damage of bogie gearbox casing.

By establishing the wvehicle-track coupling dynamics
model of CRH2 EMUs, Xiao et al. 2 calculated the
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longitudinal and lateral creep force/rates of wheel-rail under
different orders and amplitudes, and used them as input
parameters of the stability diagram and damage function to
analyze the fatigue characteristics of wheels with polygonal
wear. The study found that the rolling contact fatigue of
wheel deepened with the increase of order and amplitude and
was more sensitive to the change of wave depth. Zhang et al.
193] analyzed the influence of wheel polygon on tread fatigue
damage under high and low wheel-rail adhesion contact
conditions by establishing a vehicle-track coupling dynamics
model and a wheel tread fatigue damage prediction model.
The study found that under high adhesion conditions, severe
wheel polygons would aggravate tread fatigue damage, and
under low adhesion conditions, wheel polygon would
aggravate tread wear. Yan et al. [* revealed the influence of
wheel polygon on the life of cracked wheels by testing the
crack propagation rate of wheels at different angles. The
study found that as the order of wheel polygon increased, the
crack propagation life of wheels significantly decreased.

Wu et al. BU analyzed the effect of wheel polygon on the
fatigue damage of high-speed EMUs axles based on the
vehicle-track coupling dynamics model. According to the
theory of cumulative fatigue damage, the Brown-Miller
method was used to calculate the fatigue life of axles
considering polygonal wear of wheel, and the cloud diagram
of logarithmic mileage fatigue life was shown in Fig. 7. The
results showed that the fatigue life of back axle after
considering the wheel polygon was less than the design life of
20 years specified in the Operation and Maintenance
Regulations of Railway EMUs (TG/CL127-2013). Since the
life was based on the fatigue life of high-order wheel polygon
before wheel turning, it could not be concluded that the axle
did not meet the design requirements. However, sufficient
attention should be paid to high-order wheel polygon, and if
wheel turning was not carried out in time, it would seriously
affect the service life of the axle.
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Logarithmic mileage fatigue life/km

Fig. 7 Distribution of axle fatigue life

4.2 Influence of wheel polygon on fatigue damage
of track components

When the vibration generated by wheel polygon is
transmitted downwards, it affects the fatigue life of track
components. Kang et al. ! conducted dynamic simulation
analysis of fastener spring bar based on the rigid-flexible
coupling dynamics model of wheel-rail system. Based on the
Miner criterion, the influence of polygonal amplitude on the
fatigue life of the spring bar was analyzed. The results
showed that when the wheelset run on the track at a speed of

237 km hL, the external load of the 24th-order wheel polygon
had no significant effect on the Mises equivalent stress of the
spring bar. When the amplitude of the 24th-order wheel
polygon reached 0.225 mm and above, the excitation
frequency of about 1172 Hz was transmitted from the
wheel-rail system to the fastener system, thereby reducing the
fatigue life of the spring bar. Zhang et al. [ established a
fatigue crack propagation model of wheel-rail rolling contact
in the presence of wheel polygon to analyze the influence of
wheel polygon on the fatigue crack propagation behavior of
rails. The study found that wheel polygon could cause
significant periodic fluctuations in normal and tangential
wheel-rail forces, and with the increase of polygonal
amplitude and order, the fatigue crack propagation of rails
would be significantly accelerated.

In conclusion, when the vehicle runs on the track with
good wheel-rail contact, it is mainly affected by
low-frequency excitation from track irregularities 71, The
dynamic interaction force between the wheel and rail does
not fluctuate much, and the interaction force is transmitted
upwards through the attenuation of the first and second series
suspension, and downwards through the attenuation of the
fastener system and the rail slab, so that the vehicle and track
components meet the design life requirements. However,
when there are high-order wheel polygons, the wheel-rail
excitation frequency will increase and the range will be
wider. When the excitation frequency is close to the inherent
vibration frequency of some components of the vehicle, it is
easy to cause resonance, which leads to the significant
increase of the dynamic stress and thus affects its fatigue life.
However, there are relatively few studies on the fatigue life of
structures under wheel-rail periodic wear such as wheel
polygon or rail corrugation. Therefore, it is a new direction to
analyze the fatigue damage of vehicle structures and track
system components under wheel-rail periodic wear such as
wheel polygon.

5 Conclusions

(1) Wheel polygon is a kind of abnormal wheel wear that
is commonly present but has not been completely solved in
rail transit trains. When there is initial defect of wheel, every
impact with the track will produce wear at the defect position,
and the wear extends in a wavy shape along the tread
circumference. When the wavy wear is connected at the head
and tail, the initial wheel polygon is formed [®8l. The initial
wheel polygon further aggravates the wheel-rail vibration,
which gradually forms a vibration excitation with a natural
frequency during the vehicle operation. When the vibration
excitation frequency is close to the inherent modal frequency
of some parts of vehicle and track, it is easy to cause
resonance, thus forming more serious wheel polygon [,

(2) The suppression of wheel polygon has achieved good
results after a series of theoretical explorations, on-site
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experiments, and engineering practices. From the formation
mechanism of wheel polygon, it can be seen that the initial
defect of the wheel is the origin. Therefore, controlling the
initial defect of the wheel is the fundamental way to suppress
the formation and development of wheel polygon. From the
perspective of feasibility, installing the abrasive block of
tread on operating vehicles is undoubtedly the most ideal
measure. On this basis, further optimizing the material of
abrasive block, improving the matching relationship between
tread and abrasive block, and increasing the conformality of
the two [1% so that the suppression effect of the abrasive
block becomes more ideal.

(3) Avoiding wheel-rail coupling resonance is still the
most fundamental method to suppress wheel polygon, and the
wavelength of uneven wear on the wheel circumference can
be changed repeatedly by changing the speed or the
intersection operating mode, so as to suppress the growth of a
single short wavelength.
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Review on wear mechanism and influence of wheel polygon of
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Abstract: The research results of wheel polygon of rail transit trains in China and abroad in recent
years were summarized, the main factors and mechanisms leading to the formation of wheel
polygon were analyzed, the reasons for the difference in high-order wheel polygons between
electric multiple units (EMUs) and metro vehicles were investigated, the main causes of the

difference were summarized. The suppression measures for wheel polygon were discussed, and
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the generation and development of vehicle-track coupling dynamics model were summarized. At
the same time, the main results of the simulation analysis of vehicle-track coupling dynamics were
presented, and a new research direction was proposed, which considered the fatigue damage of
vehicle-track system components under the periodic wear of wheel-rail such as wheel polygon.
Analysis results show that the initial defect of wheel, self-excitation vibration of wheel-rail
friction, stick-slip vibration of wheel-rail, P2 resonance of wheel-rail system, inherent mode
vibration of wheelset, wheel diameter, and resonance caused by bogie components can cause
wheel polygon. The wheel polygons of metro vehicles are mainly caused by the P2 resonance of
the wheel-rail system, while the multiple high-order wheel polygons of high-speed EMUs are
generally not directly caused by the P2 resonance. Improving the quality of wheel turning,
increasing the abrasive block, enhancing the hardness of wheel tread, strengthening the damping
of fastener, and applying variable speed running can restrain the development of wheel polygon.
However, according to the formation mechanism of wheel polygon, the initial defect of wheel is
the origin, and controlling the initial defect of wheel can fundamentally inhibits the formation and
development of wheel polygon. From the perspective of feasibility, installing the abrasive block is
the most ideal measure. When the wheel has a high-order polygon, the wheel-rail excitation
frequency will increase significantly, and the range distribution is wider. When the excitation
frequencies are close to the inherent vibration frequencies of some parts of vehicle, the resonance
is easily triggered, which will lead to a significant increase in its dynamic stress and affect its
fatigue life. Therefore, when the fatigue damage of the main bearing parts of vehicle-track system
is analyzed. adverse factors such as random track irregularities and periodic wear of wheel-rail
should be considered. It can be seen that the existing research results basically reveal the
formation mechanism of wheel polygon, and feasible suppression measures are proposed.
However, since the train operation environment is uncertain, there are many related factors in the
vehicle-track coupling system, and the analysis process is inevitably different from the actual
situation. Therefore, further in-depth research is still needed. 1 tab, 7 figs, 100 refs.

Key words: vehicle engineering; dynamics performance; wheel polygon; wear mechanism;
suppression measure; dynamics model; fatigue damage

Author resumes: WU Dan (1986-), male, associate professor, PhD, wudan @ mail. lzjtu. cn;
DING Wang-cai(1964-), male, professor, PhD, dingwc@mail. Izjtu. cn.

Foundation items: National Natural Science Foundation of China (12262017, 11962013); Science

and Technology Program of Gansu Province (21JR7RA335)

2024

0 35

Wt 2 L 18 A2 ) s B AR R 54 [ A Bh
T R R AL AR BT A [ AR
MR 2 I8 R T BB AT b R 9 2 s 5 B
P I Ak S 0 A BIF 5 A A o 5 X e )
B )

F4e Z2 I8 45 T 4 48 19 SR TR B S P R
BER R FERE 2 s B AR 2.
KB 4248 22 0B 3 22 i ik 2h 52 i A/ 14 By S DL b
PR B 4248 22 T8 X AR Sl R BOR AR EAN

T

Ivi) F) % T AEURE B2 AR 43R 4 A 45 %L B 4R BUIR IR
ERETE 1 A AR g B EEAE . 0 SRR R /)
F10 dB « pm ' ZERE B B AT ; G SFORRE S R A
10~18 dB * pm ', T4 3 J3 /> HUPREEME A5, Jf i i AN
5L ARG I 0 42 50 3 A vt B A B0 25 M D R 4 5
R A 4 5 0 2R R B B B 7E 18 ~ 23 dB » pm 'L T
1 JE N HEAT B 5 an MRS BE MR R T 23 dB « pm '
aor BVAEE . 24 B AR5 22 5008 0 REDRES FE IR (B A
B, BIK T 18 dB « pm ™', DU 2 5] 42 4 il 21 4% 3
UNIRN K B AT 2 50 B 18« 25 iy 5 SO ) R 5 S
R R graliba gl £k



% 2 4 x

FF A B F R L AW EANER LY iR 87

KT ZHIVER. FNIZH BT K
WFEIF R T E O . A EE N2 hIP
A HE AL BE | 22 58 22 3008 B il L 4= - AR S 3h
VIE S Y EE R I CPVANK S (o SuUB DR K il
(14 52 Wi DY 5 1 AL 2 A 443 2 2 9 BRSO R B
K BRT I 22 F 5 BT T W B Bk RS A 1 o — AP
FIEHI N A .

1 ERZHOEHERIIE

KF i 2NV NIE LI, B AN AE 20
80 AR UL 46 R IFTF e T AH A58 . Kaper' ™ &
PR 7 2= KPR A G as AT AR R, R BT
2N IERE P EOG S [0 B, RN R T 440 2
NIV BE FENLIRA 58 1Y 7 % s Kalousek 557 75 I A 48
Mk R MR E N ZNIVERE PR T
R HF5E s Morys! LIS [ ICE 31 4 h % 42, 483 3T
10 AR WF5E . R e 2N I8 R B2 2 F 4
3 B Z 008 BRI AR S AR 1 A i A A AR
R, 5 5 R s I 80, st 2 Uk, R 2B
P A 5 B o B R A A S A R I 5 R ) A
P 1 R e 2 Y 1 I 2 — 5 Dekker™ X fif 2%
BRYEWB N 2B T e, AR T
HATR] B AF 55 4518 s Johansson 48107 7€ S48 T % i X2
o R G AR 22 50 Y 1 B RE R AE ST L 8 ST R
RN Z IR R G S 1 F A BT T R R 2
IR A M R P2 R R SRR R 5~
7T £ h ) 3 E N Nielsen 59 040 1T £ 4%
Z 0TS AR AR A RV IE 2R S8 R, B 9T B A
& 22 31 T8 Kot e UM B AR A S i) B K S 1
M ; Barke 5510 25 3R T A48 22 30 08 % 4 4 48
FHLIE R G5 m ,

rh ] 0L T8 A2 AL e, 2004 4F DLRT E 77 & 5 3
T AR R R R BE A KB S, ER 2 e
F2 B AR AL AR R 1R A b (B PR S Ay
AV L3 3 4 4 08 T DA i e, A X6 9 ) A AT R
ABF5E ., B CRH &40 80 4 411 51 3F L B KRR
BB E TR G TS R R
ZOW AEERES R T BN ESH EREZ0
W, TS AT 4 4 SR T AR IS B AR TR
FHRIF T AE 5 0 M K 56 3 [a) I, b 2 20 4905 tho A 4k Hi
LRGeS A NS A o SUBI AP E S
F B A DL R A -0E R SR R, R BLiE
22 T A48 P A 3% S TE AR 5T O T —

FEl N A0 27 25 43 S0l DA 2 5 0 s 0 B L e LB 4 1

WARSD R LBI RS R LR S P2 LR L Fe X [
AR IRD A AR 1 ZRAH R 5 R A SR
ST HBEAT TR ST. BERERY LR R 2 5E 44
ZMIERIRE.

G AN AR o B o [ R A 2
R B FERRIE . R G e Z I FE L, 2~3 AT
P A B 24 AR EAR O PR B U B L
L — K 3 R TR Bl Sl A AT R L A
22 T P RO T 1 S5 B I A A R R R A
LivE U AN Y SIE  EHEEE REBAS s T
L e O O LA SCHIEE i 9 200 3 AN T JEE AN LAY 2
il PR 2 B R A R 2 R BN R A
R AL I AT LA S BT 5 AT A R AR 4 e 22 10
B . FERENERZ DY K IE RALE T 2L
FS B B0 B B 3 We SR 0 Sk =07 TR 2358 T 1R N A
BT TS BUIR , B4E T 48 2 B B Y 6 i [
R LA L 2 B )R AGHIN Ty i L o3 A 1 WG T A 1
NERESIN KRN S FALTI PSS NS e
P op R DL R 42 SR 4R 12 J7 58 o DATIT R IR 4R A8 i AS
AAFHEAF AR Z IR R W RSB )1 R
Wi 25 Z2 T8 (TR PB4 48 2 30T 1§ ZS F 3)
AW | 5 22 300 0 P 1) A5 D7 T AT 2R 0E L 4 A
& 22 1V X A2 405 25 48 Bl 0 W LR R I 2, R B 4
P4 Ak B T 0 R Al 1 s UOKs 2l 2 I K S 8h
T122 05 B RLEE 5 B 58 4 48 22 1R (9 T] OB BE K 95
BRI . P DAL RS T N A A R AR R AL
FE AR AL B £y 0 T30 0 42 ) 35 it ik = 7 i %%
FRIAIT ST R 5 9R T & B Il A A0 O S T AR R )T iz
G e 2 IR IS (B LR L R —  [H 4 45
Z Y ERELARE O L b E AR 2 e R
1R B R T A T A AR A B AR FE 1 = SR IE A
B I3 AR WD AR B B A - R R 3
T 7 2 I PSR SR AR L 6 AR 2 1R 1R N A
B2 R Z LR BT S, R, BV XS T 6] — 2 B i 42 4
Z NIV T LB, At AT LA [ WA b 25 ok ik
SIS T R AR Bk B R T B F T R A T H
32 B 9 75 i B i 2 - a5 B ) A
R HAT R UL i 2 )R B8 IR 2 /R BRI
JEyHR S B N TR FE AR T B 4 B I B R
FE s B LA T 4 2 8 4R R R I L 49 0 L B i
TR WA T R BIF S -, R g 7 I o S

Zf EPNR BT A T TSR AR 2 I 1A
AE SR AT B T A R L R AR TR 40
Jit o AU TR 2 U A BIL B i R PR ST AE L (AR e e 2



88 X o@ B

I £ F K 2024

JE 1 AR ARAS b 1R A ke o B 20 4 2 3l 25 M 4
ARV BRI Wi Th, B 22732 X 4258
R AL T IERARPTIE . N R AR
BAE T JUAR [ N A1 26 T 42 5 22 1R S AR ML B A T 5
TR I AATE 1 43 5 LA B A% 1 PR 22 18] Y SC IR
1.1 FERYIAERE

ERE I bR BRI 22 2 AE 4R 48 T T s 48 i DR n T
T2 5. Staskiewicz S 38 52 52 HIE 5 42
RZWERIE RS R L E R T A K. B
SO 0T 0 TR G A8 T R = TR 4 PR 42 e i
AT R L T e B AR AR 1 A7 A8 SR 2T
i A 480 28 A e B AR TRV T U B9 B 3 B
ZHB . BEE AN EE PRI K, R A 1 7
A g R AR ST T H 8 G M i THT R AT 1 4 A
5RO B % 22 T T T 2 Aer ) A9 010 A o 108 75 5 0k )
P e P FEHLIR th BEAT . Cui 8512 0B T
ANV HE HIL PR HiE 18 I B2 D) HI B A DR L 4R L
4~6.10~13 B 2 & & i T A 9% 58 MUK 19 E 12 77 32X
FEON T A K51 /. SR 9K 348 %E A1 5 F 2L
L By 5 25098 9K 3l 58 A BT 5 3] 42 58 5 2 ml
4~6 FI 10~13 B F R L30T (R A R A
BT IR R 2 R R S AN AR PLIR L 2 K )
FOAE R LS 1 R 40 e 6 7 U OG5 IR el 450 Bk —
Ao T A R PLR IR S A8 M O 5 W) 46 e 2 1P
B9 2 BRI Bl e i oL J2: 3 BB B 4R 48 4 B 23
TR EZE P, SR AN A BB i 18 T2 A
AN R LR LUK S S84 O 058 A5 2 i I 4 Fe W0 4
BRI

() IR o B9F 5 3 W1 4 48 0 v =) 0 ke o LA B 2 e 3R
TR R A 35 5 S5 23 5 3R 4% 58 100 i e B T S A
FREZNTCH KA. B R R AR @ 2 I B
A A THA T 4 58 LA i 50 i B X 58 B AT O 1 R
Wi, A7F 58 2 W 2 A I T Jmg 08 B B 2 5 | S K 11 e
iy o 2T 3 A A AR AR X A AL g
LB P & J 5 Nielsen %60 58 o {8 15 & 43 #r
TR B IR S R AR 2 5] AR AL L TS R A g
158 o 2 AN 2SI MR R R 22 S AR fe Z TR I HE .

Zi L PTIR G IR (9 AR R S AT A Sl 19 0 B
TR AN RN, oz 8 BB (4 39 0, 1288 & Je oA -
ZIE . X TR S PR R o A A T N S
PR NEL 1 B o DT A 405 K 3l 4 5 07 19 5
RAEBRFE il 45 Z IR R OE . k3 T 4248
ARSI 2 45 fih 8 0 IR L B 4R A 2 i
P A AT R S AR R Z B R 2

(SR IR Vi SR E

Fig. 1 Increasing lower support of axle box

I X RS B, AT 1 2 Yk TD ARG L BE i R
K S i [R] B s 2 B K A RUHE 18 T R IZ B Uk
FRZNIY . o, o] 8 i 5 6 R % 5 PR 9K sl e
4D Al o A 410 i) T 0 BUR AR B 2 300
1.2 RYEEB IR

A il Ak T SRS L A S e AR R A
RSl WROGHE AR A ST I b Rk A A P R
B R G A BROCH AL, 12 F| NUCARS #4443
BT T T 208 30 Ao Fsf 260 00092 M a5 A 1% 42 ik o LA S b 3901
B A 1) 7 AN A 1) 7L T ABAQUS B4 52 B A L
JEYER G A BRIT BB, /00T T 2 R T T 1Y
R PR B AL, 38 o BE 452 Bl 0 242 3 43 i R AR R
Sl R FRRAE (A S50 . AF 98 & B . X RRAF (52356 R
B R G0N ARS8 12 8 AN B E 12 2h 1
MWARERFIRI S SR ERREZDIVERE; Y
FEFE BN T 0,27 DK B8 3 1) S £ MBS i R
s /N TR BN R 2 . Bl 2R
Rt bk ik — 2 kA TR s H A 5 £
TE 0 e AEALERE) A, R B AR % s
TR HELHEABIAN 14~16 M ER LN
TE W TG AL, & 30 th T 90 42 ke 3 L il 3h 4 H B e
UL AN W 4 T BOA e R A B DO P A R R
FEIB B, B AR E R 2l W 5 5 S 25 W) 4 R S g
MEBEAMKRI S SR ERELE LD,

25 b AR, YR U SO BT T D AR B0 A R
it 8 DB B L B B R AR L R G B R 3h i
FPZb & W S a8 B kAT T g gh ] B Bk m e
PR S FE . ] A 4 ) 5 2 2 v REL R R AR I OB 4R
DRV B30k 3t s A2 50 22 SO 1 & A= L TR) B ml B4k H - Bl
HER SRS 8o R I ey S U s el Rk (R B il
K,
1.3 RHUFBIRD

BT B R R M R RS



% 2 4 x

FF A B F R L AW EANER LY iR 89

FETEEIEAT N . ANALAN B, B F 45 58 AR B A7 7
158 ) Y B O LA e 08 TR AR AR B O R AR
NRFHEFEZRERGET. 28 ITEHH
BT A A ) VR 1) Bl A DL R e X ] A
i A A R T 0 24 fh 2 1 25 R AR o ) RE A, HLBEE
B R 5 Pk B MR M G, fF R R B IR B,
Kalousek 251 ¥E & oF 48 # Bk 48 L % 0 - & W0 IR
JEFE PR R EH R RE N BRI 2850,
Zhao 55l 5 SRR AE AR 20 W U6 IR 5% & 0 A0 RD 1Y)
W5 ¥ 738 BRI, AT 5 kS AR AR G Y AR A 2 R
sh, JETOIN R B B A 2 Y B AR R AR E
ok ST X R ] R Y T R 4 Al R 3 Bl ) A AR R R
HRse X B IR 2 =T R S T Rt
A U SRR 2 S B4 G R W 5T 3 B AE AR A
X ZR G834 B Ry K R 25 A0 00R IR ¥ [R) 11 &2 U0 46 7
b, S — 25 SR A JE 300 1k B R 32 3h L O E R Gl o
3 T I 2 A T R INAT Ry . B R A Ak B N
R DX A R B Ak 5] kS A A4 Ml IXC 4 e A X
SR [0 W Bl o DA R0 A o 0 0 R TR IR AR AL L R
BRI Z NIV EE,

g5 b T IR R0 RN I AR B 0 A BT R AR U T R
Pk TR 25 BT AT 1) i 2l 48 ey 349 5 8 O AR
il BXE R A% 3, DL I o F 5 A0 0L k0 Ak 1 G i R P
HRAS W T 48 2 B T ML e AR 28 i
1.4 RYEZG P2 HIR

1974 4, 3¢ [ Derby kB HA o0 7 BF 5T 4248
T S A 0 S B e SRy S R I R S e L b 1
W71 Py AR ) P, BEAEDY I,y Py Sl A e
b A7 28, A U Sk B 7 B i 0 A5 28 Y I S T R B
S B AE 500 ~1 000 Hz, HAE FI &) A% 2, 3
BRI R . S P, AR S 2L PR
fE 20~100 Hz™, F AR B ] 85 K, ) b ] £ 3
BRI 0 R w] A% FEHUE R G O -
L7 [k 2% NI TS 5 - e NI B NS
W 7 g A 0 N 73 T I = A B o S ]
P2 4.

S PR AR RO e IR A A S A A R e e Sk
ST SRy P AN P A, 40 3 T o o X B e A
P HJ) P 5l R T RRIEPIE T =401 P, K )
P, 515 B 3 B AT R B A e 3l . 288 i K
SERE R A R SVE T BARSh AR R i P2 Hh R
e N R IR BB Y SR 22— 5 Tao SEY G I S
WU b Bk 200 425 2 3008 VIV S R sl A B
PEF AR R A e S AN I 4 L i 9 & B P2 R 4R 2

PECER A 5~ 8 B 2 K Y SRR X P bR A
BEHLSEIN T 172 A o Bk 42400 4 48 22 1008 Bl e B
FRLL6~7 Brow . PR s S gk 1T P2
FEHR T A9 BRSO BT B, H P2 E R 5
il A48 = AR KB 2 10T .

L5 LTI L B A T R B S A S AN S I 2
SR Py MU TS Py J1 Py X 48X (Y 52w 3
KB ™A TR 2L . AR A5
LI M BR AR LS AT T R 2 8 1 U
WRAT) Py 51 A IR 3h 50 R 40T, [N It 3 Bk
REMTRZHE EERMER RS P2 LR
o T B A2 D S Ay R O v T b kA 4
HH R B AR5 22 098 B ORI R T AR
5 P2 LRI R A 22 B B Bl A 2 R
Br 4248 21008 — e & P2 LR SRR .

1.5 #®xEREESR

RARBFTE K BLAE X AR B 25 i IR 3 5 4 2 14
TEBITE AT O o LA M Bk 42 30 0 BT 58 %) 42, Jin AT
A a S AT EAR S G, e B Bk T =
9 B 45 Z2 0 7 A B ARAS I DR R 0 B 1 B
$i 2y 5 2456 5500 A S0 A B Bk A S X i
Wi P B 2 ANV E AR 72 R 170 Hz 55 %) Y
LA 2 B 25 i 4R s R AR — 2, i B T4
XE 1B A 98l AR T B O X — A 4 48
WIN B G5 2008 K R AT T BRI, R B A 4
ZHE M —A A JE 8 4 gL R 9 B, id
o A B AR T AR XY 1 B il IR sh R S L
AW R S B 2 3008 RS2 AR X 1 B A Uk 3h
ol RER LNV FEIEH ., d R, hEiz
B I O S Y AR X 1 B i R B
SEMBR MR TR Z NIV ERE.

[FRE FEAL 4 4 4 2 R IS FEHL B OB 58 v,
RIS XS 1 B S i R shxh 5 2 B IR A B
HHRFR, Tao F X NILE FE LU M7 4k
PLELBEAT TSR 0 5T . 45 2 258 2 100 i A= oL,
K LR 2280 Ty LA e e e Z2 P i 32 B N 2
FEXRTO 1 B s i PR Sh Bk i i B 1/3 AR A R Y
TG 200 mm B 458 208 s XIWCAE i o 1
SRR B RN A 51 4T D (4 L T L SR S
gl 3 AR N e A 1 SRS [ ORI R (EL T B il AR
PR LA R A Bk 0 1 BT R 18 B R fe 23
JEAE 70 km o b U T B0 o R S AR 1B
AR S AR SR XA 1B il R T
SEAEREREHNZILIE .,



90 X O@ E

I £ F K 2024

WA BFRF P EXT RN H LIRS 5 Ef £
T N A R 4 S B 25 5 T8 UG 2 i1 )F . Frohling
SEUONERE AN [ UE S ML 4 A Al ) L R sh T R
S ER LN IE M & A s Spangenberg ! i 11 12 56 43
B 7 R AR AR LIS T PLG B R Bk S 2
R ZNIESIEMN R LZBALELL 40 km « h iz
1T 22 5] R G5 o Xt #6826 4R . S 80E
JEHL 20 Br 5 2008 .

PPN i S R B AN R A B
SRR B GY T R B 22 10 6 Sl AR AR 2R 4R B
AT R R, R R TR A, B 2 R
200 km « h ' HUE T £ ZHIPEE R 0. 2 mm ., By
WA A1 4.10.16 F 22 By B Sl 4 5 48 22 04 3% 20 45
EREE. B 2 AT, 4.10.16 A1 22 B B RIAS S5 R
DR R B R AR 4 R 77.2.192. 4,307, 6 Al
422.9 Hz, X4 IR T 4256 2 3098 1Y 30 i 52 42
UL, HeH AR 7E 351, 6Hz Ab 4R 3l I B B ok R A
R T B A P 35 AT TR il e 1 [R) i e T AR (8 B
FETEZIN A 77 A He g

300 -

i 351.6 Hz

= ¢ - A

B 10f

o 422.9Hz 16H7

& 200

=

bl

Ho

%100

R

i

b

=

= i RN | P

0 200 400 600 800 1000

#i % /Hz
(a) HhAH

~ 4 _422.9Hz

= - Ay

e 307.6 Hz L0B

w3 ‘ 16Ky

£ 192.4Hz | — 228

% 2L 77.2Hz

3

|

#

b

g ) gl PR IR 0 S it foiciolibbelibin

0 200 400 600 800 1000

S #/Hz
(b) %

2 200 km « h ! RIAR FIAL B A 4R S 0%
Fig. 2 Vibration spectra of axle box and {rame at 200 km « h™!

i LTIk, BAR B A AL b Bk AL 4 B 5 A e
s BB A TN F B XGE T AR 2 R R
9 [ A A0 3 AL B R 2 A i AT o R P R X S A
B I AFTE 1A T A B8R A ik 3 B0 L 3% 00 R R

e B — ZE R R SR . X g R Y A AR R
G R A 2 8RR BT S R HIL R A T
B s,
1.6 ERER

AR [ A7 00 R AL L A A E AR S O R Y Ok
AN

~ nu
f*3.6nd

K f N R Z I P BB R s n H 2
B0 WHEIE s d A ERELE.

R B A5 S o R g S N v Kk B B D
BRI 5 21008 HEN G A de 2 0B i R S AR
32 B A [ A R AT AR AR A BE R S AR R E AR
D A AL R R ) R OARE B R R Y D O —
L 1l D2 78 P R R AR /D o 8 LR B 4 o 7 g B 1A
(7] — {37 B 55 A9 B0 B AR i I 3 FR A DL T, R 2
TV 5 FE R R TV 5 2 B A 30T T 48 L R X 4
LESUN AL AN SIS AP R SR LR )
L, BB R L A B/ L 2 AR AR R A BE R BR OB
BB e Z W R M8 ez W it %
WV J s R R ST AT AT T s
MElFHERER S ERZDIEH R ZE LR,
KRR Z NI EELL 18~20 Bk £, & HAE
/NG K 22 I TY S - EUE R S 3
PR S Archard JEFEREIY (i BB R T 8 A7 5 AL
PR IE AP BT S0 e B M O B LB
B bl R AR 2 B AN R R

25 1Tk A A S P 2 A A N T A 3
149 B il R B0 2 T ke o LA B L3 AN S I 25D S R AL
14 o AH R 3z 5 — B [ 4 48 77 AR 10 J) 300 1 v
6 1A AR LB, 2 A A AR 0 [ A BRI, s
M A 22 R I R A R R
1.7 FEEZRAMRIBMGSER LR

5Tk B4 5% 1) 2 v B8 86 B0 ) iR s R 5 4
LIESUNA LT E SN RS P R e SN
FE . SAENS R T A - RS 4 B ) 2 AL B
TS AR 22 T R R U A T B R
HIF 52 2 W 48 UAH EL AT 1 7 Bl 2 5 22 30 00 R A A3k JEE
HURPNITE NS SN2 DA B R RS (0 1B E 1
Z IR AFAEAR L 22 AR R 4 48 22 30 R (EOC T A Y
1 [ S M X L 2 T B H AL 2R 4 6 R A U 2l mT
RE 38 A B 4 A e 22 TR WO R &2 R A T
580 Haz i JEL PRl 5 Th TLAR S50 43 T Hb gk 42 4 2=
9 BrAse 2 I B A L 4R A A TR Bh A i 2 JE R




% 2 4 x

Fr F AR RS F A

ST BEHENER LY ek 91

SEGR AR 2P EEE A, I 5T HZ bl
Hb Bk A2 - R A B ) AR A, A3 BT R ) 2 Pl
ol gl 445 2 008 0977 A K8 51 2 58 17 3 B 7
72~80 km « h', 1 5k 2 MR AE 39. 08~43. 84 Hz
W S5 9 B 2 31 JF 5 e BH A5 BR B I 3
TEMBELIEENEN AR ZNIBNEN, R8s
BRI A20 HAEY N R 3~7 A8 H
W TEERIN N 14~16,20~23,25~27 fr £ i
FE, Hoh 14~16 B 32 Sz . 81 52 o0 b & B
IS 5N AE 320 F1 540 Hz by A4 i 3L PR 51 5 2
Bt R MR 22 3 T R 1 A A PR Rl

S PHAES i o 6] B Y Bl A 21 B ) SR A B R AT
TR AT . BRTT 6 B RIS 76 A BRI 4 BT R
PR R B ZR5E 7~ 60 B [ e LA, & BEA 20 1 B
TR 5% 25 il K By DI RE A AR 8 7E 230 Hz LR, H
H RFEBFETE 580 Hz A A7 MRS (0 th F A 4L )5
TR 2 5 Al B S A 56 L R G L 580 Hz 28 A Y 38 R A5
REMABENAAAEN R R 5 5 0 QL8 K B AEAE
AR KR M — L8R5 T IR T R, 3 Ok
IR 43 RS AS T Jiy O ASE A S ABE 25 000 % R A1 2R
1 ME 3 iR,

F1 HEESHTER

Table 1 Frame modal analysis results

B (43 B /Hz PR#
7 32.95 ) 3% 28 A5 Bl 1 16 4 4L %
EN 11 77.58 P00 7 K SF- 1T A T) el 5 )
B 12 84.28 P00 A 88 T 1 1B
20 224. 88 0 S 0 B 11 2 B S iy
21 237. 35 Tl A 990 2 A R
B 34 428.85 Tl e L T N T Y R AR O
RS 51 567.19 S 2 L T B R AR O
52 596. 50 Tl 950 TR RN R e AR TR

LT FRZHIPHIEE— A KRI AR
2R AR L DN B K0 A% 1 09 R R DA B R A 40
BOAS w4 HOE L BT Ryt — 2P og % . 3
Wit 5 1 6 2% 1 1) T 20 0 28 W 0 B AR 4 R i L R Bl
BB LA L A - BB A S R G B 1 S A Y
SO WA B A BBk LG R T AR
TR 25 Z2 R B R B9 TN 3R AT RE B — — U, AT
X HAE B A A o e A S R Y B A

2 ERZHTEME

KT 45 Z2 8 W8 LB, [ A S0 B T AR
HRRPUG T A AT TR BRI T 2 A

= — I I T I I —
0.05 7.20 14.35 21.50 28.65 35.80 42.95 50.10 57.25 64.40

AL #/mm
(a) 7H132.95Hz

[ S— I I I I I | —
0.22 30.10 59.98 89.86 119.74149.62179.50209.38239.26269.14

A7 #/mm
(b) 5201596.50 Hz

B3 R AR iR A

Fig. 3 Modal vibration modes of frame

A2 O A5 E LR 2 R B WL o R PR Vs 2 A
W TH N S B iz 3 ok R AR B A 2 i F IR, iR
P2 FLAKRTTAT BA 20 2 5008 10 35, DL ORIE 31
AT R AR AT R E M O BRI S 2 15 8 4k 4
BA

T 25 0 22 10008 1 4100 ) 4 it AT e ek 5 59 E
BRI S G T 456 22 30 01 300 1) 466 it ) 3 A 3 F
HA RMHERME. ME B ar. R 08 a 42
e AR S BT A L 1 0 A B LB e G e O e A
by N1 K B E NGB S e N R 1O O M T ST I N
T 22 G0 8 A P 2 A3 928 1 42 AN P4
2.1 ReSERERE

T AN i B S AT 4 0 A R B Y 4
g, PRI 2 e 4 0 e o i 2 H AR 2 S A A o
FEft, MW URTE 1.1 W R B &3k, [ R,
gk R U S X A8 T2 e HE TS Y A AR 2 T R R
JEE AT R LY o UE S 38 2ok 42 1) 5K Sl %6 A5 1) Wk 3 L P T 4
16 T2 DA K R U AR A S B 4 A8 T I I el gt 2
B B HE 8 i i
2.2 BIMEREF

WS, W FR A B 8 7 2% . DR 5% Kk B8 A
R B T 0 B B S -, 2 A R G e I AN TR



92 X O@ E

I £ F K 2024

AR MG R 2N R ROER. Tt E %
AR 38 1o 1 A S TR £ L R BT S 7 T DALY
AN A 2 008, 9 38 i g s AR 3 ) fE 0 EE 4 A
BRI A BRTE AL, S Hr i i Sh M E 2 FUIRES
XA 22 308 K5 e, 25 2 3R W AR 0T B R A
T B B R ) EE R IR S R 5 S BR AR R 2 Y
MR SR R E RS T . R REA S
KA AR S BORE S T A RO B 2 B
K s AR A PR S A3 1 A R ] B
i s 2 Fp T 00T WS X R A 2 38 R ROR
R SHUTE A O T BB T R 4 4G 2 B I RCR
BH 3 08 ] Sl 4 s T () A R K R AT
AN 25 IR S T 1 A5 0HE B L e A RO R R B &2
N R,

25 L TR , e B B - AT A RO 2R 2 i B
(R % Ji& i L AE B 18 5 %5 8l 42 41 (CR300AF/BF
CRA00AF/BF) ¥yl zke 1 A % + , 2 i & 20 A
TF B8 F 1) 52 245 8l 2 41 1) 2 50 s i R G2 FPIRES R
W R 2N R R ERAE
T L P AT S JE T R 3 e T R A R A
1o s PR 3207 1% 2 B 9 B e AL 1 410 1 it
2.3 REFRBEEEE

T T BE 43 Shy 2 e s T R R R A 9 0K TR
J e S TR R R T D TR R, ELZE AR I AR A
e OB A B SRR AR A . R A AR
16 Amsler BRI ML EXF 3 Fhsh 418 H 56
BEAL 3 PR B R B2 A 3k 9 Fh T 0L AT BE IR
5, RIS HURTRIRE B LT W R R A 2R B R
(AR B AN — Y 58 UG e A ORHRE B L /N 1. 05 B
SRR 2N Y KT 136 B, JLTEAS
AR ZNIE, HREE ILAE 0. 80~1. 05 A, j A
JE HE A B K L g 22 i TR AR B S AR AR B Tk SRR
SRS S S 22 794 AN RS 2 Y A . R R 4
B E AR PN RS B 2 T Y B AR L) 2 K
BB TE AN R PR TR R B A TR
I R 2 A T R B, T AU R A 2 R s
FE L 1 HLVR FE AN £ 38 1 4 e 3R AR S DL R 32 fi 9 57
S

25 LTI 38 A 3 2 AR G A R A R L AT IR
FRCEEFE . (A0, ERRNPUAE N — XHR sh E2 il x
A2 ok % TR LU DR T R R I SRR AR
Y I TR U] I R D, 2 T B I s B
TS U ZE AR B FE L B TR e 20 . AT
— S R A R T R R IR A AR SRR T R Y

URAE SUN AL LN d Al BN S SEN Y (R )
2l A B L R B e AR L G R o
2.4 BXINHEERE

TCit A& TCHE B I 2 A FERLE i RGAE R
BN 5 R S R 22 B4 O B L HL I BE N BELJE X
BRI IR S S vh i EEAE . MRS
ST T AR EE L BH R DA K e T RO A g £
T 8 52 W] o BIF 5 3 WY i /)~ 2 4% PR 80 3 4 1% 4
RELJE RE 10 1 2246 22 30 T8 . F 4 W BE X 2248 2 30 T8 1Y
SEMAAR /N 5 X 158 55 487 3s SRR IR A A BT IR A T
TR Z NI T RHL B, AR 4 2R G5 0 55 548 JE H ok
VEAY EE 4 PR 3l & A= vl B, Y SR RRE e L oK B
L4 GHE BRI B 5 & AR R 1 IR 2 L 3 A #
B R G A R A o Bl B AR R SR EE A A R B A
A 495. 01 Haz, XF N A9 SERLBHJE /T 0, 438 K4
PERIEE T RGEAE 2 A ASFE 1R s 4% 495. 20 FI
495. 21 Hz AT AFAE S5 2B JE He/ T 0 19 s, &K
B8 Al 52 B (H Bl 25 41 BELJE 35 K R G A B3
ERBLE He/NF 0 B L I, RIS AR 5 £
TG 08 52 W 35 /0 o AELSE >4 15 K 1144 BELJE ] A 8030 il
R Z NG EEFE s Wu 50 B 5T K B0 = i dn o i
JE S R EEFE , A 0 e R BUIRY £ 2 Y
b, 38 3 KA R B S AT DL R AR S o B e 2
JE R 1K 4 s Tao %50 8 i 58 X 0 T 2 Fh
b A A0 042 o il A T ) o R A 5 e, A 5 3R W
SR FHA M 0 A B3 1 0 0 B2 g AU 3 e
R T W AT 98 2% 4 2 I TR BE AR R R .

g5 bR IR L A Y 1 KA BELJE T LU 0 ] 4
B 2N KR B X — 451815 2 % 35 1010 34 i
INIR] o AEGF I WIS 9 22 £b X 42 %8 22 3 0F 1) 52 el A7
AN T) DL A A6 DA kg 185 R T BT o o B R A &
IE A 7 RUR RS A D A WIS X s & ih
T2 15 M 8 /N2 570 A DA Sk 4 W A K 4 3K
TRBY 22 300 08 77 A28 A ARy R A A T 2 2 ik 2>
2 N B RETE WL 0 AT ACRS EE BRI 04 W EE X
T Z2 Y 15 W) 1 75 R 4 1 56 e — 2P 0 IE
2.5 TRIET

T AT AR B AR AT TR T R e [ A AR
P B AR, LA 1 R4 56 22 300 00 B 6 -5 B0 B A
R A, Wu SE0 38 o BRI I A DL R 371 56 % 42
REZNIBERENTE BN EHTHR, K ERZ R
9IRS 1 52 e 5 e ) 4R R SR AE 550~ 600 Hz
R AR SRR TS 3045 2 3008 (19 77 A8 28 B R T
IR AR SR & B8 A B AR A A AR i



% 2 4 x

FF A B F R L AW EANER LY iR 93

(3247 BE  FT A S0CE AR 42 5 22 30 08 I 10 A I
R E A S A BT T 220 % e R Bl 4
SRR S B L R T AR 2 8 O
WA LKL B D0 S il A R 5 ) 0 4 T A A 2SR
T L 5| R SR T EL 4R A B AT DR A i B)
A RS AR G AR o LA 5 ) 5 AR TR
PEREE XS T RIS G 3 s BB b T e 2
JE X 48 B 1] 7 B9 2 WL B R R T S 4 R
SO 7 A SR AT SR AR X B A AT A

3 2o A0 B A R — S i X [R] B1 AR A R Y58 17
JE R LAB 1k SRR A 77 A AR AR S PR AR AR R v
oo Mo S PR BE TAR A R 2 A8 8 AR X — $5 it
A AT AT PR I A5 1 R HE

WA 3 T3 Ao IR e X Y T A R B A R sk
TF I A A 25 4500 S L ki B T A X
f 1 B it PR A R R BN A AR WD I B B 230
B o T Ll i 3= 2 Ik Bl R O R g8 A Ik
Zy, BEM G 45 2 K . Hung %5l i
ST IR 5 Bl T A B AL 3 A 2R TR I RS S I
5 BRI N T RE H2 3T 4 0 8 1 AR G WO [T A A
1S AR TR ZUIR B o B 3 5 TR U e v i A L
BERL AR AR LR . (ER X 2 Bl R A A A
b S A R IR A L BT BT 3 R T LS

SR A ) 2 S AN S T 0 ) A R AR A AR AR
JIT LA o S B 4 42 R TG S AW 0L L (H T 4% SN L A7
TEAR RS TR, B4 ) AR 2 3Kk B AR P I g
b AR B BN SORA S RE 25
7 A JE AR S a2 AT — BEI AR 4R AR 2 e A A
SR B > UV SRR AT T A AR AIL B offg
A F g Z IR I AR K

Li LRIk e — R EIE R R iR
5 TR SRR, PUIE A2 91 4 42 5 2 10 P [R) BB R AR A
) TR A2 R AL R S R I

3 EW-HERGHNERESHN
= M) iz

FRZHERIZ RIS k2 W R RZHER
AR e 38 ik B 37 1 2 A 2 A o i B R A B e DL
2y J3 2 BE AR AT R AT 5 100 K50 A58 401 e AR AS ) it
e Bl A R R R A E B 5 R X TR A R IE
-G RO SRR oF B B DO S ok AR G I
(820 AL TETE R I 3 1y 2 B Bt A 5 B or A 4
Rl — T OB 5 w52 0 = i AT AR 4508 B B
AU TT L I SR S 15 015 B 45 45 1 J7 20T

BB RS S B ) 2 Y 2 B R BRAR T =
3.1 EW-HERSIHNFER

R T U A2 By ) A AR Y ST, e R AT 3B
F) 1867 4F, $E 7T TRV Winkler 78 1152 4k 1 2% B it
P A — A P b LA LT RS 2 R W ek L
1982 4F Clark 451 4 Hh 3k 0 Sk 3% 22 2 0 T8 A
Y AT AR A A T U R Bl T A A
MR R T7 1 BRI R R B o) JEASE AN B 425y ) 2
BRI & ek FE . SR Sh#E b BB BERI 22 ) 1
Carter #i£ ., Vermeulen-Johnson #if . Kalker £& 4
it Kalker fij b BLIE . (HAF46 092, B Fid
=R Z W F) Iy AL AT W R S I Y TS R L (H
AR BB 1) o Ak A AL AR LS A A B
o) H i 2, A8 T SRR L R O AR O
Bl T EW-EM G S ¥ IR R L T
- g — AR (FROp AR AL IR T S
2 i e AV L BT I 3 K T ik

TE A AR RE Al B [ P Ah 2 35 )3 2ok Jey S el
L TR R AL o) J1 24 AR Baeza 5 #ENL T
2 R N 2 VY A -BUE W 2R A Bl ) S R A
Zhang ST FE SUBLRY G SRS L m AT BLHLAN 15 48
18 R4 Ling S5 76 B AL A i S Al B, 25 T
TR AR 5E 0 ;s Han 8580 557 T BEF% Z2 M58 % 1)
- W AR G B 2 AL TR R R S it
SR 2 BT AR NS % B R E e RO 1) R ) 5 SR PE AR
BT A ST T A -BTE N A G 3 ) A AL,
H1 T30 77 S B A rh in A PR S 23 W 3 1 n i 5
aet o DA 34 80 Fof 4 1Y dd 185 0 e A 9 4 22 kA
N7 T 50K BT T G A RS S R A e A A DA SR
PEAL 2565 5 B - BUE R & 2R 50 TR A 9 4R 3l A
LN SRS G e SR N AR B2 A 2 SR A
XF HEAT R A A B AR R AN AT 4 TR

gi BTk, U B BRI R R T
-0 o) VR o) s TR 5 A

Wi 7 K 2 2H 2 A2 G ) vl T R 5 )
BB R G Bl ) 2R R 1Y i A 2 T DA [ - A [
G AL TR R e ol o) 8 [ - [ — R A B R
Liu 8557V b 7 5 00 4 0B = 4R A B ) 2
BRI T AT M 3h 2 B T80 F 48 80 sh 16
7 FE a0 5 E TR T A o A

B % A -0 A 5 3h ) S B 0 i — 2D i
G AR U308 2 3% 7% 1 AL BE 254 AR S AN Y
SEPRE T BR T B AR SRS A IR R AR . T
& Zhai BT T G- BUIE AR BB ) 2R T



94 X O@ E

I £ F R 2024 5

I ¥

\\‘\\\‘\‘\J\w\]\\\‘m\“\\w\\

(o) BERIZM/AHFHT

B4 BB R G 30 2 E R
Fig. 4 Vehicle-track rigid-flexible coupling dynamics model

3T a0 50 TE TR Y A o A 5 X SEL AN T
UURCIRER SERE FE i SIS D g T SN
TR IR SR

L BT IR A -BE N A Bl ) S BB AE IR A
BT R A L T T N () A TR 2 SR 1)
A1) B = E R A5 R [ I, AL T O Rt B 4
T S g BIF 5 e L Mk 3 g~ 4R A 1 R AR T A
H T R IE AT T 5 9 fih 2 52 Wi ) 45 B S B L i
JR SRS % IR S M AR GE R 4L - HUE M A s
FA
3.2 FEHIRENIGEAFES

BT - S B Jy 2 R 3 a7 A S
IARZS 5 WE 5T 4 48 22 0 X 42 5 9 2l ey 107 49 52 0
PET A3 M7 450 Z 008 09 R A DL, Lio S50V 5 T4
WA AR PUE R AR A S S L PR T AR 2
X RS S AR B, I R AR 2
TG S EUR U B AR T D RIE D 3h . SR 2 B 1)

JELUS A B 73 2 W R A L R B0 B e IR Bl s R S
AU NE S A ST 4 - XU 1 R A Bl g o
Bt TR Z 08 L R B e 208 5 iR 4
AN T 2 Ao 0T A FE B Sl 2 R R Y R T B
FER W A48 2 N TE AT U fb 3 Jog R 5 AN L A 4
DXAN S BT f5 K e L I 8 2 1) g R R R
N B ZINTE A5 TSN i 51 Y
A TG ) 2l g 0 R TR — R 2 R R 4%
TifE bR . Song S5 i b 37 6 xR A IE HE 5 B
TR BT T AR e 22 ORI ORI (D08 Fe B
e fu i 25 3 71 247 D9 (A2 A I AT Mlises S5 8% 1
T B W58 R B ALAL R Mises 58400 ) 5 4
e 22308 B UK R T BE B AE L 5 T R Bk AE T
1 S A 22 ST DL KR AS IR S g L T AR -
BE Bl )y 2 BERVEUE 0T 1 R DA A A 20 By
UK BT B 91U 3 i) 3 )52 W), AT 5 3 W) 5 1) g B
LRI F) 38 KT 48 K, HL 22 i IR B vt B A Bt B
X — L (E L8 B YT B 5 58 22 08 O R
F5 B AT W AR A e A R 5 B BRI
BRER s TR AT T A4S 20 B 22 30 T8 X 4 RCHE
JE MG AT 12 Bl 4 52 Wi L BIF 5T K B2 e 22 1 T8 X 2 2
HEHE R AT 12 Sl KT 2 5 W L 0] HE X 6] R
A R Sk A LA RO 1) i R W
SRS AT S S A R 22 008 LA B Bl A 0 6]
PR AR Bl 0 2 A B A B 3 ) Lk 4 9 4R Bl i
{ELR 5 0 235 A25 22 100 ) 0D 0 R e B 3 o X
e [] |- P HEAT 20 AR ST B9 A R ITRE S 047, R
FOR SIS e 27 By Z 08 WO R A A, 51 &
AR 35 T i) 1 P R 2 9 O I B 5 A i A
S5 05 EARGS & 0 T AR 22 R X e B L K A
FE IR Bl L 2 L IR B T % R Bh S e 2
T Xk Wi Sl B 1) AR Bl R L B R 2 P
P4 IR A0 3 5 A AT AR G S8 T A Y A A
W AT I AR S IR i o i 3 g i 1 3h £
3 B 0 B e /N T G A B I 0 4R shon s . B fe X
0 4 B gt ASE A AR TR GG o 1 A4 20 T 2 5 Wa A
M A ST A X AR L B BT R R A -
F 5 8l Jy 2 B il i A B 42 5 22 T FE L
Kt R IR Bl T 5 X AR TR A v A P R AT T SR
WFFE R I B 4 48 22 08 25 51k 58 0 18] 9 5 A3t 4k
2y, Il 8 0T R A ) [ A AR A R A (T A 7 A
R BRI Sl o T R A 2 1 T

SePFAFEE A BRI TR 43 4 AL Bl A 4 fi
BHIE R 452008 7 K 5 s, St



% 2 4 x

F.F HERBHNEER S AN EANER LY migR 95

5 4% IE
Fig. 5 Measurement of wheel polygon

T TR 2 Y W IR S R S A R AR A
B B G AR IR T B HIIR A MR, 4 T %
238y 55 3 FhEUE RN AL 1R o R B 8
JEFE T 00T B RS BLAR s 1, Horh T80 1 8% )&
FReZNE . T 2 A2 SRR BERN S
. T 3 N R 2L S MABUE &N, 5
F W8 4 41 458 2 100 7 A2 B0 AR AE 550 ~
600 Hz Z[8] , 24 4= 5 sl 0l 0 8 [ A7 B 25 00 R 5 %
WA By e A IR (o A8 T 1) g B O R T
a4 2 B R A AN TE 6 iR .

30 - (595,28.82) —
(576,24.02) —THl
(576,22.24) O\ — T2
Z 50l (576,22.07)> = T3
2
i
ﬁ
o 10F

0 200 400 600 800 1000
MR/ Hz

Bl 6 300 km « h™ "M T (9 48 BT f ) A5t IR

Fig. 6 Frequency domains of wheel-rail vertical force at 300 km « h~!
3.3 ZFEiRiRBINE AL B9 SE 43 AT

A 3 B 8 S M He 1) 2% A 1 i 3 o R £ A
SN o3t A A 22 TR Xk 5 AR Sl e ST 45 o R
BEM AT G- 2 B B R AL . XT3 4 44
Z % 51k (Y % 3w 1, Shi AE-5E i BR B I 3
200 J7 2~ B ) 4R 2 4 A I R TR A DL X A B
FVERE . kB A R Bl s A7 R RS R 3 ORI R T
TR B TR PR T BOR R S RN R 2 .
I FL A5 25 S5 2 B 4 5 AR T UL L R R KL 4
RO B 888 R T A R 3l s B O S X gl A 4
R Z VAT T O oA T B S
T B0 PR sh R e LA S IR 3h RS P A e IR

2y o (7 o 3 o S AT )1 A8 i b AR A L R R AL
(9 PR s ML L A BUTE 4 48 2 3008 T % B0 1 4R
R 3 5k . HAFAE S MR 2

[ i, DA B 5 B 48 5% 3z 2 1 e il 0 4 8 AR Y
SO, T RAFE A SIS E) T L G A A R BN
B4R (0 1) 9 2h 59 20. 6 Hz, 50 5% 9 1) 4k 2 1)
TN 19. 2 1 20. 6 Hz. 3 W54 A B 19 J5E D 2 48
XN 4R B 156 56 I 138 A e — R G ) IR A
AR 17~19 Hz 099\ w4 2l . AT BE /)y 42
e T LA

oh € i A M BR R R e 2 T R S AR AR
A A S AT B T Rk 2 S A B A
A T2 8, it K MR 20 &
FELART 5 B A 7~9 B b F L IFARGE S BOE 4 i T
FRZIERUG 2% A,

L5 LTIk, S0 23 A 7R 9 5 4 0 IR Sl we oL s R
A7 RS i AR D B (LA 23 7 7 A BB LA B B FE T
)45 7 TR AT HG SR BRAE DRI 2 2 30 3 SR S5 00 5
HAHEE 7 A58 448 2 108 (197 AR LB K CH R
i [N

4 ERZHEIEFTHRGERNE

Fig 2 2 S BU LIRS Rl L A
WEFE R W] Ao K R T8 28 8 5% 28 90 1 2 0 L
FHEERZLIEA K.

4.1 ERZHEMEFRDHES RGBT

[l A A1 5 T 22 5 22 38 XoF A 235 A T AP 9 55 43
PIHIWIETE DA R 2 20 % e 1) 2R A 28 I e A
Uk A R el Fu G557 53 0 T Bk 7 0 A ) e
PR e A 2 55 2 B0 i IS I L 4 R iy T A L Sk i
bR T R R K e SUBIA L oA (AR TR S
LA 77 LR R iR T B0 Wang 450 3 52 520 70
TR AR 1) SRR SR R A O T ) R BRI R Ay
Pr T AR 208 R LD A Sk A R A R 57
473 00 52 ) L A9F 5 3R W A LT 1 B 2 e 22 1R B
I6) A B0 S5 A 92 5 0 B0 T TR R 5 RS 45T 5l
SURCISVA (AR SINE AT  GY  i IN  TRE UUR (o857
e o M B 4 0 B 1) 23R SR 55 4 A0 114 R ) T O R
W L2 X [ 0 1L A% 0F ) R ) 982 97 458 03 R Wi AS K
BB e 2 3 5 R TR R S5 R
e A3 S IS 3 o XTI A B ) 64 98 55 458 4 TR e
& 2230 RVPLTE P O BB AR B k) &
TINFES 82 14 % PP T S0 4 8Dl 5 | A 1 o A0 4R 8 i R
li) 2R 208 57 40 1 1 2 1A



96 Xl &

2024

W S50 58 o dE ST T 2 RO B AR A e e
DA K A 2R PR 38 B4 fioh 1) — 4k 2K 4200 R G B )y A
AL LR B2 E B E AN R Z I EFBIK
20 B IR AR MR B RO R T R X
TG AS TRV IRAE T 1 0 56 46 1A 30 7 7 5 556 F 4% 9% B Ak
TR XA S A 1A B 0 3l 0 ) AT SE DL PEAR R 57
405, IR LA B T TC 22 i TR BB RE T 1A 0 A A 1 9%
ST, 45 R A48 20 By 2 10T N B AR 1AO0% 5F
P R m Lt X2 NIRRT 63%. Hu
AR XoF ) 25 A U AR R A B 9% 95 2 B0tk AT F
5%, KRG 5E 2308 R AV & n i & 1 4 5
FEARTE 571 F1 602 Hz B0y A B, 51 L4k,
M-S BOR 255 248000 B0, B L, To iR 2 v 38 42 58 2
H R A0, AR 22 O X R T UG 1) SR B AR AR %
57 P07 1355 I

P 57 AR i @ 7, CRH2 AU 3h 45 41 4 4 L3
WA RGN )R 5T AN Bk MR AE T 48
UGN B ) B /A ORGSR S 22 TR A A R
B A SEL 53 T 23008 BE R TR 40 (9% 57 Rk
WF 5T 3 W] 22 %6 VR B 42 fl iz 55 B A YR ORI {1 1) 34 K i
TR o ELXH I R 1) A8 Ak B B 5 ok ik A5 A g ST
TR TE RN G Bl ) A B RN 2 e I T 57 4045 T
MRS, 0 T AR E M AT . Bt 2
Y X I T 55 4 40 %) S ), BF 9T 3R I R R AR
T W G5 Z2 08 S IR s T 5 B0 AR R
AT R 2 8 23 0 R T S FE 5 Yan SV 5@
AN [R] £ B2 A2 A0 W R ALY R R R T 4R
2 N IE X B T 4w W L B 5E R W BE 45 2
TR 3G 0 ZE 50 280y e 55 1 i 35 A

FPHECVY BT BB R A 2h ) 2 R 4 B
T4 2 NI X i ol Bh B A A B 57 B0 1 5
MR I% 57 B #8 , R H Brown-Miller %315
130T % B AR5 22 30 T8 I AR 0 7 Tl e 55 5 i FEXT
PO 55 s R 7 s . R R R A
2N G TR0 9% 57 4w /N T ORI 3 ZE 4l is F
AEBE ML) (TG/CL 127—2013) hi% it Hfr 20 4E 1)
M, Tk i T ERGEER &S E L
LTS 09 55 F54i BRI, AS A8 3R W32 42 il AN 6 2 i
THEER AR T X & I 25 208 5 i R H AL, A
S bt I HE AT i A8 Ak B, 8 25 ™ B R e 4 il A A
FFA .
4.2 FRZIHEIHETBEES RGO

MR Z T A W R B I T AR N 5 i B
BRAEKWNIHES Har. Kang S TR

[ — I I I L I )
7.066 7.392 7.718 8.044 8.370 8.696 9.022 9.348 9.674 10.000

xof % B A2 9% 57 % #/km

B 7 AR 55 75 A o A

Fig. 7 Distribution of axle fatigue life

G W ZE /B sh J1 2E AR Ik s Ak EA T 3 1 # T B
G3HT . 5T Miner #EW, 2387 1 2 30 T8 MR A6 % 3 5%
P57 FF AT ISR A5 R R FR XL 237 km o« h™' Y
BRI B AT . 24 Wy 20 T 75 4 A AR e o
% Mises S50 0 11 TG0 B 52 MR 5 24 24 M 4 de 2 e
IR H 0. 225 mm KA LAT.29 1 172 Hz B934
i R e A% 36 BN R G0, T AR T L 4%
9% 57 75 . ok 5 B AED0 Tl i ST A R 2 R
RIS PUR S il 55 8P R AL, b T AR £
Y X BN 97 S 80h AT R 10 5% L BIF 5 26 B 42
& 22 Y 23 3 U 1) R 1) AR 0 ) 3 A A I i
B, Bl 22 300 TV WR R RN B U0 14 386 i, 25 S 32 0 A 2
9% 57 BT

Zr TR EWAER UM R E s
FTIE, 322 37 50 [ A0 AS S I R 30 38 4 B
SR B A AH B AR s A K. B BEAE A
N b A — R RBRHM W, W T %2
FE 2 Gt DL K038 B s e i A5 A RN LG
PR R A 0B E Y R S B 23
AERE IR QIR A B iy NIl = I 5 7 o TR B
1 T A 5 A A e S A 1 [ A iR B A G
NI T N T S @ S DA R T N .
i 5% W 9% 55 75 1w . (A B AT % I8 4 4 2 Y 30N
U S A R R I S R T 1 45 4 9 57 5 am ) F
FERRT R G, 23 BT %5 18 2 %8 2 i 45 6 )
1P R T 0 2R 5 R R T R e AR A Y 9% O
P45 0% — A

5 & iE

(D) G5 22 30 I8 2 B0l 52 8 31 4 35 i A7 75 X
1) A G ik DR B — b A B AR IE WA . AR AR
046 BRBE S B U5 A e B 2 A B A B AR
A B RE O LB RE T I T [B J S  ROE A A L 25 R
TEREAE K AR E 5 T 00 T 91 R R Z BN
U6 458 22 1000 SOt — 20 R T A AR 3l 4
TEIB AT R P BT T 1 A [ A 03 B Ik 33
Tl » 245 2% 4R S D A0 5% (7] 2 A0 B T L 1 [



% 2 4 2 F.F . HERET

EE®Z

7

YA AL B ¥R i ik 97

A RS IARAE T, B 51 3k
FEE ) 2B

(D F R Z NI Ml e 25t — R 50 89 BLE 4R
%\Iﬂ%iK%URIﬁiﬂi‘é}ﬁEﬂ%T R B0 RCR
AR Z2 30 I (R AL B R] AT, 7 4 0 U6 o B O AL
A DRI 2 ) 4 A 00 s R o 2 411 ) 2 22 S IR O I
Bk S BIARAS , IF AT AT PR A BE T 35, A6 20z 8 42 4
2 s TR AR T T R e B AEL 110 5 L 7 I S
b 2B OEAC BT 1 BB R, B I TS T Y
VCIC G 2R o 39 P 2 i SR I8 B2 DTG e F I 1 1
1 OR B A

(3) 3l S e UM & SL AR5 2 4 42 48 2 30 P %
SRRA B T7 V5 i AT 3 G kA e R A B AR s AT
A il A2 AR 0 J] A 8 50 B R ) D K B A2 s L AT
R PR A

&% Xk

References :

T A 22 58 T i

C1] A F.ox ¥l ERBmbEs R ans
22335 5y TR F 4Rk .2021,21(1) £ 285-315.
JING Lin, LIU Kai.

NIvEZS AR

Review on wheel-rail dynamic responses
Journal of Traffic and
Transportation Engineering, 2021, 21(1): 285-315. (in Chinese)
KAPER H P. Wheel corrugation on Netherlands railways
(NS) :
Journal of Sound and Vibration, 1988, 120 (2):
KALOUSEK J, JOHNSON K L.

caused by wheel tread defects[]J].

[2]
origin and effects of “polygonization” in particular[ ] ].
267-274.
[3] An investigation of short
pitch wheel and rail corrugations on the Vancouver mass
transit system[]J]. Proceedings of the Institution of
Mechanical Engineers, Part F: Journal of Rail and Rapid
Transit, 1992, 206(2). 127-135.
MORYS B. Enlargement of out-of-round wheel profiles on
high speed trains[J]. Journal of Sound and Vibration, 1999,
227(5): 965-978.
DEKKER H. Vibrational resonances of nonrigid vehicles:
polygonization and ripple patterns[]J]. Applied Mathematical
Modelling, 2009, 33(3): 1349-1355.
[ 6] JOHANSSON A, ANDERSSON C. Out-of-round railway
wheels—a study of wheel polygonalization through simulation
of three-dimensional wheel-rail interaction and wear[]].
Vehicle System Dynamics, 2005, 43(8): 539-559.
JOHANSSON A. Out-of-round railway wheels—assessment
of wheel tread irregularities in train traffic[J]. Journal of
Sound and Vibration, 2006, 293(3/4/5): 795-806.
[ 8] NIELSEN J C O, JOHANSSON A. Out-of-round railway
wheels-a literature survey[ J]. Proceedings of the Institution
of Mechanical Engineers, Part F: Journal of Rail and Rapid
Transit, 2000, 214(2) . 79-91.
KANG M H, CHOI B W, KOH K C, et al.

Experimental

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

study of a vehicle detector with an AMR sensor[ J]. Sensors
and Actuators A: Physical, 2005, 118(2). 278-284.
BARKE D W, CHIU W K. A review of the effects of out-of-
round wheels on track and vehicle components[]].
Proceedings of the Institution of Mechanical Engineers, Part F:
Journal of Rail and Rapid Transit » 2005, 219(3): 151-175.
SERNL B RO A, AR AR AR [ fR B FE IR R S SR LT .
Elﬁﬁiﬁﬁiim,zomsan:1—14.
JIN Xue-songs WU Yue, LIANG Shu-lin, et al. Mechanisms
and countermeasures of out-of-roundness wear on railway
vehicle wheels[J]. Journal of Southwest Jiaotong University,
2018, 53(1): 1-14. (in Chinese)
SRR BRI, GEL R S B G Z Y R LB
SRR S4BT 0], HLAR TR %41, 2020,56(16) : 118-136.
JIN Xue-song, WU Yue, LIANG Shu-lin, et al. Characteristics,
mechanism, influences and countermeasures of polygonal
wear of high-speed train wheels[ J]. Journal of Mechanical
Engineering, 2020, 56(16): 118-136. (in Chinese)
BE R TR B 58 Z2 30 T8 BEAS T FOMe 5 D S 43 [T .
PR30 X 52 W7,2019,39(6) : 1143-1152,1355.
LI Yan-fu, MEN Tian-li. An overview of polygonal wear and

Journal of Vibration,

1143-1152, 1355

generated noise of train wheels[]].
Measurement and Diagnosis, 2019, 39(6) .
(in Chinese)

G TR TR S BB A AR 2
223832 iy TR 24 . 2020,20(1) :102-119.
ZHU Hai-yan, HU Hua-tao, YIN Bi-chao, et al.

ARt R[],

Research
progress on wheel polygons of rail vehicles[J]. Journal of
Traffic and Transportation Engineering, 2020, 20(1): 102-119.
(in Chinese)

Pl DAL AR 1 06 4 AR08 R 4 0 4 4 A TR A B AR T L B B
Pl F M T 2 R (], ML T2 244 . 2021,57(6) : 106-120.
TAO Gong-quan, WEN Ze-feng, JIN Xue-song. Advances in
formation mechanism and mitigation measures of out-of-round
railway vehicle wheels[J]. Journal of Mechanical Engineering.,
2021, 57(6): 106-120. (in Chinese)

TAO Gong-quan, WEN Zefeng, JIN Xue-song, et al.
a critical review [ J |.

Railway Engineering Science, 2020, 28(4) . 317-345.
STASKIEWICZ T. FIRLIK B. Out-of-round tram wheels-

Polygonisation of railway wheels:

current state and measurements[ J]. Archives of Transport,
2018, 45(1): 93-103.

IR0 7D IREINE L 37 U R KK P S b A b R
H[T]. MUBE T F2 4531, 2020,56(22) : 184-189.
DING Jun-jun, YANG Jiu-he, HU Jing-tao. et al. Evolution of
the polygonal wear of high-speed train wheels[ ]J]. Journal of
Mechanical Engineering, 2020, 56(22): 184-189. (in Chinese)
CUI Da-bin, AN Bo-yang, ALLEN P, et al. Effect of the
turning characteristics of underfloor wheel lathes on the
evolution of wheel polygonisation [ J]. Proceedings of the

Institution of Mechanical Engineers, Part F. Journal of Rail

and Rapid Transit, 2019, 233(5). 479-488.



98

xX @ B

I £ F K

2024

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

FERE BAAR L RAFTC, 55, W AR T g B xR
1R B L), HLAR TR 244, 2013,49(18) : 8-16.

CUI Da-bin, LTIANG Shu-lin, SONG Chun-yuan, et al. Out
of round high-speed wheel and its influence on wheel/rail
behavior[]]. Journal of Mechanical Engineering, 2013, 49(18) :
8-16.
AEAERE P IR X 3R AR WL 2 30T IS FE 22 58 48 o TR IR
AIMT B BGAEREL) ] PR R R (A AR RD 2019, 50€9)
2317-2326.

REN De-xiang, TAO Gong-quan, LIU Huan, et al. Analysis

(in Chinese)

of abnormal turning repair for locomotive wheels with
polygonal wear and improvement measures [ J]. Journal of
Central South University (Science and Technology), 2019,
50(9): 2317-2326. (in Chinese)

L SLERERERIEE TENN AR LN
IR TEL) ], $RIE 24, 2017,39(5) :57-61.

SU Jian, LI Li, CUI Da-bin. Study on influence of turning
repair operations on wheels with initial polygonal state[ J].
Journal of the China Railway Society, 2017, 39(5): 57-61.
(in Chinese)

NIELSEN J C O, LUNDEN R, JOHANSSON A, et al.
Train-track interaction and mechanisms of irregular wear on
wheel and rail surfaces[J]. Vehicle System Dynamics, 2003,
40(1/2/3): 3-54.

WROGHE G2 h L B 55 4250 2 308 BE FR AL BE Y A FROCBIF
FE[J]. BB ¥4, 2011.33(1) : 14-18.

CHEN Guang-xiong, JIN Xue-song, WU Ping-bo, et al.
Finite element study on the generation mechanism of
polygonal wear of railway wheels[ J]. Journal of the China
Railway Society, 2011, 33(1): 14-18. (in Chinese)

B HE AR BERE, . Bh. w5 A5 G A B I 5 S AR AL LT .
PR 2 K 24241, 2016,51(2) : 244-250.

CHEN Guang-xiong, CUI Xiao-lu, WANG Ke. Generation
mechanism for plolygonalization of wheel treads of high-speed
trains[J]. Journal of Southwest Jiaotong University, 2016,
51(2) . 244-250.
R BROGHE R OBRLE SR B TR EAERZ N
BEREMI LI ] 7Y R 58 8 K2 4, 2020, 55(2) :364-371.
ZHAO Xiao-nan, CHEN Guang-xiong, KANG Xi, et al.

(in Chinese)

Mechanism of polygonal wear on wheels of electric multiple
units on Lanzhou-Xinjiang passenger Dedicated Line [ ] ].
Journal of Southwest Jiaotong University, 2020, 55(2): 364-371.
(in Chinese)

WML E a0 B Ok BRIE AT R E MR s 2R .
33 32 4y TR 2441, 2021, 21(1) 267284,

HUANG Cai-hong, ZENG Jing, WEI Lai. Review on active
control of hunting stability for railway vehicles[J]. Journal of
Traffic and Transportation Engineering, 2021, 21(1). 267-284.
(in Chinese)

KURZECK B, HECHT M. Dynamic simulation of friction-
induced vibrations in a light railway bogie while curving

compared with measurement results [ J]. Vehicle System

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Dynamics, 2010, 48(S1): 121-138.

ZHAO X N, CHEN G X, LYU J Z, et al. Study on the
mechanism for the wheel polygonal wear of high-speed trains
in terms of the frictional self-excited vibration theory[ ] ].
Wear, 2019, 426/427. 1820-1827.

R PRTREA ST B RGN R IR G KR sE L.
LR R 22 4 (A AR BE 22 AR 22020, 48(3) :46-51.

WU Dan, DING Wang-cai. Bursting oscillations and stability
analysis of dry friction-impact vibration system[]]. Journal of
Huazhong University of Science and Technology ( Natural
Science Edition) , 2020, 48(3): 46-51. (in Chinese)
JENKINS H H, STEPHENSON ] E, CLAYTON G A, et al.
The effect of track and vehicle parameters on wheel/rail
vertical dynamic forces[J]. Railway Engineering Journal,
1974, 3(1): 2-16.

RADFORD R W. Wheel/rail vertical forces in high-speed
railway operation[ J]. Journal of Engineering for Industry,
1977, 99(4): 849-858.

KR WY 2 AL A A WTEE R oy P2 SRR IR TT
FELI]. MU TR 22410, 2019, 55(8) : 118-127.

GUAN Qing-hua, ZHOU Ye-ming, LI Wei, et al. Study on
the P2 resonance frequency of vehicle track system []].
Journal of Mechanical Engineering, 2019, 55(8): 118-127.
(in Chinese)

TAO Gong-quan, WEN Ze-feng, LIANG Xi-ren, et al. An
investigation into the mechanism of the out-of-round wheels
of metro train and its mitigation measures [ J ]. Vehicle
System Dynamics, 2019, 57(1): 1-16.

XITAR, 22l B A% S5 ik 22 4 0 X AN I3 0 1 X o PR
SrBr) ], BRI T Bl 5830 . 2019(7) 1 22-29.

LIU Bing-lin, LI Zhong-shan, CHEN Lei, et al. Analysis on
the wheel roundness of metro vehicle and causes of its
irregularities[J ]. Modern Urban Transit, 2019(7);: 22-29.
(in Chinese)

GRASSIE S L. Rail corrugation: characteristics, causes, and
treatments[ J ]. Proceedings of the Institution of Mechanical
Engineers, Part F: Journal of Rail and Rapid Transit, 2009,
223(6): 581-596.

JIN Xue-song, WU Lei, FANG Jian-ying, et al. An investigation
into the mechanism of the polygonal wear of metro train wheels
and its effect on the dynamic behaviour of a wheel/rail system[ J].
Vehicle System Dynamics, 2012, 50(12); 1817-1834.

AR AEE SR A MR A A5 2 R R HLER S AT
HLAK T 241 ,2013,49(18) : 17-22.

LI Wei, LI Yan-yi, ZHANG Xiong-fei, et al. Mechanism of
the polygonal wear of metro train wheels [ J]. Journal of
Mechanical Engineering, 2013, 49(18): 17-22. (in Chinese)
TAO Gong-quan, WANG Lin-feng, WEN Ze-feng, et al.
Experimental investigation into the mechanism of the
polygonal wear of electric locomotive wheels [ J]. Vehicle
System Dynamics, 2018, 56(6): 883-899.

X RENAGEE LR AR ZIESTILE RS



% 2 4 2 F.F . HERET

EE®Z

DY ERIL B g 99

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

NEFFEL)]. 4R 3h 5 i . 2020,39(16) :16-22.
LIU Huan, TAO Gong-quan, CAI Jing, et al. Influence of
wheel polygon on locomotive wheel-rail dynamic response[ J .
Journal of Vibration and Shock, 2020, 39(16). 16-22. (in
Chinese)
FROHLING R, SPANGENBERG U, REITMANN E. Root
cause analysis of locomotive wheel tread polygonisation[]].
Wear, 2019, 432/433. 102911.
SPANGENBERG U. Variable frequency drive harmonics and
interharmonics exciting axle torsional vibration resulting in
railway wheel polygonisation[ J]. Vehicle System Dynamics.
2020, 58(3): 404-424.
F PRCTREA S8R0 5F . AR I FE X R B 0 e 1
AL, JR3h 5 it 2021,40(4) 1 1-9.
WU Dan, DING Wang-cai, GUO Fu-giang, et al. Effects of
harmonic wear of wheels on creep characteristics of a wheel-
rail system [ J]. Journal of Vibration and Shock, 2021,
40(4): 1-9.
ﬂ*‘fﬁ( IR R B SR ER L2V EFEIE S &
i B BT ST L] v Bk E R 2. 2021.42(2) 1 107-115.
HU Xiao-yi, REN Hai-xing, CHENG Di, et al.

(in Chinese)

Numerical
simulation on the formation and development of polygonal
wear of EMU wheels[J]. China Railway Science, 2021,
42(2) . 107-115.
ZOBLEE 2T S B X A B R 2 Y
BEREE S R s (1], LA TR 2 4, 2020, 56 (17) ¢
198-208.

WU Yue,

(in Chinese)

HAN Jian, ZUO Qi-yu, et al. Effect of rail
corrugation on initiation and development of polygonal wear
on high-speed train wheels [ J ]. Journal of Mechanical
Engineering, 2020, 56(17): 198-208. (in Chinese)

moOMH TR ST S R A IR R 2 R R RS R
B R A S M F 5T (0. MR 15 4k Bl 4 0L 2020, 40 (4) £ 132-
136,160.

GAO Yang, YU Zi-liang, QI Hong-feng, et al. The correlation
study between rim thickness and vib-acoustic characteristics
and polygon development of wheelset[ J]. Noise and Vibration
Control, 2020, 40(4): 132-136, 160. (in Chinese)

AL R L LR AR 2D IE RS T R RO
N ZE ] Jx3h . K52 W7,2020,40(1) :48-53,202.
ZHAO Xin-li, WU Yue, GUO Tao, et al. The statistical
research and induction factor of polygonal wear of high-speed
train wheels [ J]. Journal of Vibration, Measurement and
Diagnosis, 2020, 40(1): 48-53, 202. (in Chinese)

F OB E LX) ﬁwr i 8B A % 22 18 B FE X AR L
J3 RV 1 284 S A7 D B9 MR [T ALAR TR 244 . 2018, 54 (4)
37-46.

WU Yue, HAN Jian, LIU Jia., et al. Effect of high-speed
train polygonal wheels on wheel/rail contact force and bogie
vibration[[ ] ]. Journal of Mechanical Engineering, 2018,
54(4) . 37-46. (in Chinese)

A B R RS M B AR A B 2 2 8 (IR R 4y

[53]

[55]

[56]

BrlJJ. HULAR TR 244, 2012,48(24) :106-111.
MA Wei-hua, LUO Shi-hui, SONG Rong-rong. Analyses of
the form reason of wheel polygonization of subway vehicle[ ] ].
Journal of Mechanical Engineering, 2012, 48(24) . 106-111.
(in Chinese)

mOMHL TR R SR WAL E BT A T AR B
BRI, M SR B R . 2020,40(3) . 118-124,
GAO Yang, YU Zi-liang, QI Hong-feng, et al. Study on the
development regulation of wheel polygon under the complex
running conditions in Northwest China [ J]. Noise and
Vibration Control, 2020, 40(3): 118-124.
P THREA L RBRIE 45, 75 JE 4 501 I S A 1 3 42 4 42
9% 55 Ze (0], T E BRI RL 2, 2020,41(3) :111-119.
WU Dan, DING Wang-cai,» SHANG Yue-jin, et al.

(in Chinese)

Fatigue
life of EMU axle considering harmonic wear of wheel[ ]J].
China Railway Science, 2020, 41(3): 111-119. (in Chinese)
g Ak TR L BEBBE L S e 2N B A AR Z Y
FEP= A A e OB A LT ], o [ ki . 20211+ 32-38.

ZHANG Zhi-bo, LIANG Hai-xiao, HOU Mao-rui, et al.
Influence of reprofiling process on the generation and
development of wheel polygon wear of EMUs[ J]. China
Railway, 2021(1). 32-38.
Teg e, AU R IGEDS , 45 BT B Ao v A 4 R R 2 TR
JEAE R LB TELT ). 5 R4 2 4, 2020, 40(2) : 234-239.
QIAO Qing-feng, LI Ming-xing, ZHAO Xiao-nan, et al.

(in Chinese)

Mechanism of suppression of polygonal wear of wheel on

high-speed trains by abrasive block[J]. Tribology, 2020,

40(2): 234-239. (in Chinese)
R, g, % WL % TS T AR ZHE ML

L5 B B [ ], 3971 L3 S T 9T . 2019, 22(5) £ 143-146.
WU An-xu, FENG Chang, WU Bo, et al. Suppression
mechanism of wheel polygon and tracing test based on
abrasive block[ J]. Urban Mass Transit, 2019, 22(5): 143-146.
(in Chinese)

WEL A R RRAE, GE. SRR EE B DL X 4 48 230 TR
JEE FE R R B ISR BT SR LT . b e Bk B2, 2018.39(2) - 87-93.

CHANG Chong-yi. LI Guo» ZHANG Yin-hua. et al.
material

China

Experimental study on influence of wheel-rail
hardness matching on wheel polygonal wear [ ] ].
Railway Science, 2018, 39(2): 87-93. (in Chinese)
WSO R B EF. R A EREE S £ 20
I WO R B SR it M 5T L) ], BB AL 22405, 2018, 38 (4)
18-23.
SHEN Wen-lin, SONG Chun-yuan, LI Guo-dong, et al.
Research for high-speed EMU wheel hardness and polygon-
form relationships with solutions [ J]. Railway Locomotive
and Car, 2018, 38(4): 18-23. (in Chinese)

AR WROGHRE AR BRI, 45 R 8 B G g 2 R S FE Y IE AL
HUBR K5 mey P 32 R ) ] %[ﬁ]ﬁ?ﬁ,zms.uwns—w.
ZHAO Xiao-nan, CHEN Guang-xiong, CUI Xiao-lu, et al.

Formation mechanism and influencing factors of the polygonal

wear of high-speed train wheels[ ]J]. Surface Technology,



100

xX @ B

I £ F K

2024

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

2018, 47(8): 8-13.
WU Xing-wen, RAKHEJA S, CAI Wu-bin, et al. A study

(in Chinese)

of formation of high order wheel polygonalization[ J]. Wear,
2019, 424/425: 1-14.

WU Yue, DU Xing, ZHANG He-ji, et al. Experimental
analysis of the mechanism of high-order polygonal wear of
wheels of a high-speed train [ ] ]. Journal of Zhejiang
University: Science A, 2017, 18(8): 579-592.

E AR HEI B A By 8 5 R B 4 B R s e o L) ]
BB LA F45,2019,39(4) :52-54,72.

WANG Hong-mou. Analysis and study on abnormal
vibration of braking disc of EMU[J]. Railway Locomotive
and Car, 2019, 39(4): 52-54, 72. (in Chinese)

XA B B, AR R X s Y LA IR B R R
LB R BB FE ], $RIE %411, 2013,35(6) : 28-34.
LIU Wei, MA Wei-hua, LUO Shi-hui, et al. Research on
influence of wheel vibration and wheel polygonization on
wheel-rail force in consideration of wheelset elasticity [ J].
Journal of the China Railway Society, 2013, 35(6): 28-34.
(in Chinese)

HUNG C F, HSU W L. Influence of long-wave length track
irregularities on the motion of a high-speed train[J]. Vehicle
System Dynamics, 2018, 56(1): 95-112.
KNOTHE K. Gleisdynamik[]J]. Stahlbau,
733-734.

CLARK R A, DEAN P A, ELKINSJ A, et al. An investigation

2001, 70(9):

into the dynamic effects of railway vehicles running on
corrugated rails [ J ]. Journal of Mechanical Engineering
Science, 1982, 24(2) . 65-76.

W], GBS A 3 M. b BR A A 2015,
ZHAI Wan-ming. Vehicle-Track Coupling Dynamics [ M J.
Beijing: Science Press, 2015. (in Chinese)

BAEZA L, FAYOS J, RODA A, et al. High frequency railway
vehicle-track dynamics through flexible rotating wheelsets[ ] .
Vehicle System Dynamics, 2008, 46(7): 647-659.

ZHANG Tao, CHEN Zai-gang, ZHAI Wan-ming, et al.
Establishment and validation of a locomotive-track coupled
spatial dynamics model considering dynamic effect of gear
transmissions[ J ]. Mechanical Systems and Signal Processing,
2019, 119 328-345.

LING Liang, ZHANG Qing, XIAO Xin-biao, et al. Integration
of car-body flexibility into train-track coupling system
dynamics analysis [ ] ]. Vehicle System Dynamics, 2018,
56(4): 485-505.

HAN Jian, ZHONG Shuo-giao, XIAO Xin-biao, et al. High-
speed wheel/rail contact determining method with rotating

flexible polygon

wheelset and validation under wheel
excitation [ J ]. Vehicle System Dynamics, 2018, 56(8):
1233-1249.

ZHAI Wan-ming. Vehicle-Track Coupled Dynamics Models[ M.
Berlin: Springer, 2020.

LIU Peng-fei, ZHAI Wan-ming, WANG Kai-yun. Establishment

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

and verification of three-dimensional dynamic model for
heavy-haul train-track coupled system[]]. Vehicle System
Dynamics, 2016, 54(11): 1511-1537.

ZHAI Wan-ming, XIA He, CAI Cheng-biao, et al. High-
speed train-track-bridge dynamic interactions—Part . theoretical
model and numerical simulation[ J]. International Journal of
Rail Transportation, 2013, 1(1/2): 3-24.

XU Lei, ZHAI Wan-ming. Vehicle-track-tunnel dynamic
interaction; a finite/infinite element modelling method[ ] ].
Railway Engineering Science, 2021, 29(2): 109-126.

LIU Xiao-yuan, ZHAI Wan-ming. Analysis of vertical dynamic
wheel/rail interaction caused by polygonal wheels on high-
speed trains[J]. Wear, 2014, 314(1/2); 282-290.

Mk 56, WU R 85 R ERIR 2 0 TE 4 S0 0E T LR
X AYFE SN Rt oA L) . BH#3E 4, 2019, 64(25) : 2573-2582.
CHEN Mei, ZHAI Wan-ming, GE Xin, et al. Analysis of
wheel-rail dynamic characteristics due to polygonal wheel
passing through rail weld zone in high-speed railways[]].
Chinese Science Bulletin, 2019, 64(25): 2573-2582. (in
Chinese)

SONG Ying, ZHANG Xue-mei, SUN Bao-chen. Influence of
polygonal wear on dynamic performance of wheels on high-
speed trains[J]. Tehnicki Vjesnik: Technical Gazette, 2021,
28(1) . 27-33.

PAE/ S-S N U K o SR Y s U i
I 3 (52 (). Bk3E #4912, 2017,39(10) : 26-32.

YIN Zhen-kun, WU Yue, HAN Jian. Effect of polygonal
wear of high-speed train wheels on vertical force between
wheel and rail[J]. Journal of the China Railway Society,
2017, 39(10): 26-32. (in Chinese)

T B M s R TC A G4 B A 8 X 4 o g AT 32 Bl
SESCHE L AR (7], $RIE 2441 2020, 42(7) : 57-64.

GAN Feng, DAI Huan-yun, SONG Chun-yuan, et al. Effect
of out-of-round wheel on hunting movement and equivalent
conicity of wheelset [ J]. Journal of the China Railway
Society, 2020, 42(7): 57-64. (in Chinese)

ok, wh o L WIZR T, AR G A 1 R R R Bh A
e RO S BT, MUA T2 2441 2019,55(12) . 121-127.
PENG Lai-xian, HAN Jian, CHU Dong-bo, et al. Analysis
of abnormal vibration characteristics and causes of vertical
block in high-speed EMU [ ] ].
Engineering, 2019, 55(12): 121-127. (in Chinese)
BiE G B R R 2B X R R GRS L) ]
&35 bk, 2020,39(21) : 101-110.

YANG Run-zhi, ZENG Jing.

Journal of Mechanical

Influences of higher order
wheel polygon on vibration of wheel-rail system[ ]J]. Journal
of Vibration and Shock, 2020, 39(21): 101-110. (in
Chinese)

WU Xing-wen, RAKHEJA S, QU Sheng, et al. Dynamic
responses of a high-speed railway car due to wheel
polygonalisation[ ] ]. Vehicle System Dynamics. 2018, 56 (12):

1817-1837.



% 2 4 2 F.F . HERET

EE®Z

ji A

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

RO THREALE WS, 5 R R 0 M R D R 1 TR B B
fi s A5 R M B S L) . M R R CH R BE RO L 2021,
52(4):1389-1398.

WU Dan, DING Wang-cai, WANG Peng. Research on
dynamic characteristics of rolling contact considering wheel-
rail periodic wear[ J]. Journal of Central South University
(Science and Technology), 2021, 52(4) . 1389-1398. (in Chinese)
SHI Huai-long, WANG Jian-bin, WU Ping-bo, et al. Field
measurements of the evolution of wheel wear and vehicle
dynamics for high-speed trains[ J]. Vehicle System Dynamics.,
2018, 56(8): 1187-1206.

B R A AR R T X A AR B e 04 4y B [ . Bk
iﬂ%mmm.mu,%(m :74-77,83.

LUO Guang-bing. Analysis on influence of wheel non circle
of high speed passenger train for vehicle vibration [ ] J.

Railway Computer Application, 2017, 26(7): 74-77, 83. (in

Chinese)
£ R DT BHOE, SN AR O LR BT S]],

PR3 I 512 W7 ,2016,36(5) :890-896,1022-1023.
WANG Chen, MA Wei-hua, LUO Shi-hui, et al. Research
on the tread damage of locomotives[]J]. Journal of Vibration,
Measurement and Diagnosis, 2016, 36(5): 890-896, 1022-1023.
(in Chinese)

B X e RS MRS 4 A 4 AL A AN Bl B X L
WAL BRIERL 2 5 T 244, 2020,17(8) : 2093-2100.
CHI Sheng-chao, LIU Bing, QIAN Yan-ping, et al.
Comparison test and analysis of wheel out-of-roundness of
metro train[J]. Journal of Railway Science and Engineering,

2020, 17(8): 2093-2100. (in Chinese)

FU De-long, WANG Wen-jing, DONG Lei. Analysis on the
fatigue cracks in the bogie frame[]]. Engineering Failure
Analysis, 2015, 58: 307-319.

WANG Bin-jie, XIE Shu-giang, JIANG Chao-yong, et al.
An investigation into the fatigue failure of metro vehicle bogie
frame[J]. Engineering Failure Analysis, 2020, 118 104922.
TR A SR L TN L AR 38 A T SR A N 1 A e
9 57 AR AW FE ) . BRI 2% 41, 2020, 42(8) :37-44.
WANG Bin-jie, XIE Shu-giang, QI Yan-hui, et al. Research
on fatigue life of bogie frame of urban mass transit vehicle
under operating conditions[ ] ]. Journal of the China Railway
Society, 2020, 42(8): 37-44. (in Chinese)
WU Hao, WU Ping-bo, LI Fan-song, et al. Fatigue analysis
of the gearbox housing in high-speed trains under wheel
polygonization using a multibody dynamics algorithm [ ] ].
Engineering Failure Analysis, 2019, 100: 351-364.
HU Wei-gang, LIU Zhi-ming, LIU De-kun, et al. Fatigue
failure analysis of high speed train gearbox housings [ ] ].
Engineering Failure Analysis, 2017, 73 57-71.

HoOW L RRARNE L B AR R B G I R A AR B 4 i

[93]

[94]

[96]

[97]

[98]

[99]

[100]

FERAE B L m ik 101
B 57 R BT 00, M 5, 2017,42(1) < 197,14,
XIAO Qian, ZHENG Ji-feng, CHANG Chao, et al. Analysis

of harmonic wear wheels/rail rolling contact fatigue of high
speed train[ J]. Lubrication Engineering, 2017, 42(1). 1-7,
14. (in Chinese)

K B L E AR EZHIEXERIL AR YA
A5 FH B 42 453 403 B9 5% ma 43 47 L) . 94 R 238 K 2 2 4k, 2023,
58(6):1339-1346.

ZHANG Bo, YANG Yun-fan, LING Liang, et al. Wheel-rail
interaction and rolling fatigue damage of heavy-haul
locomotive subjected to wheel polygonal wear [J]. Journal of
Southwest Jiaotong University, 2023, 58 (6): 1339-1346.
(in Chinese)

YAN Rui-guo, WANG Wen-jing, GUO Yu-tong, et al.
Influence of wheel out-of-roundness on the remaining life of
railway wheels under mixed-mode fatigue loading[ J]. Fatigue
and Fracture of Engineering Materials and Structures, 2022,
45(7): 2072-2085.

KANG Xi, CHEN Guang-xiong, ZHU Qi, et al. Effect of
polygon-shaped wheels on fatigue fracture of fastener clips in
high-speed railway lines[J]. Proceedings of the Institution of
Mechanical Engineers, Part F: Journal of Rail and Rapid
Transit, 2022, 236(8): 973-985.

SREEL B L XU L A AR 2 IR U T R S Al
75 BB A Y RAT RS [T].  5 # E,2022.47(5) :60-68.
ZHANG Du-chao, ZHAO Xin, HUANG Shuang-chao, et al. A
study on transient propagation behavior of rolling contact
fatigue cracks in the presence of wheel polygon [ ] .
Lubrication Engineering, 2022, 47(5): 60-68. (in Chinese)
MWL EFRALLBRIE & AF L w8 S O U AL B R
W LR ()], S0 I 4 TR, 2021,21(3) :93-109.

XIAO Qian, WANG Dan-hong, CHEN Dao-yun, et al.
Review on mechanism and influence of wheel-rail excitation of
high-speed train[ J]. Journal of Traffic and Transportation
Engineering, 2021, 21(3): 93-109. (in Chinese)
PAN Rui, ZHAO Xiu-juan, LIU Peng-tao, et al. Micro-
mechanism of polygonization wear on railroad wheels[ ] ].
Wear, 2017, 392/393: 213-220.

R PR RRPUR IR AL B SR B E A S R G T A
PEFFE D], 22 M - 22 M 5838 K2, 2022,

WU Dan. Research on wheel-rail periodic wear anddynamic
characteristics of vehicle-rail coupling system[ D]. Lanzhou:
Lanzhou Jiaotong University, 2022. (in Chinese)

M B IAL A e S R B A AR 2 0T B AR
ESY ). 74 e 2238 K2 244l 2023, 58(6) : 1357-1365.
WANG Peng, TAO Gong-quan, YANG Xiao-xuan, et al.
Analysis of polygonal wear characteristics of Chinese high-
Journal of Southwest Jiaotong

1357-1365. (in Chinese)

speed train wheels [ ] ].
University, 2023, 58(6):





