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Abstract

Polygonization is one type of periodic wheel out-of-roundness that can diminish riding comfort and generate rolling and impact noises.
Additionally, it may lead to the failure of various components, resulting in increased costs and compromising driving safety. Polygonization
has been observed in several train operations. One proposed cause is the excitation of structural vibrations within the wheelset, which
was, for example, observed when navigating tight curves. The objective of this paper is to enhance the understanding of the relationship
between structural vibrations and the development of polygonization. To achieve this, a tram model with flexible wheelsets is established
and simulated under tight curves with varying errors. A suitable wear model is implemented to assess wear across different scenarios.
Ultimately, the correlation between worn wheels and structural vibrations is analyzed. A relationship between structural vibrations and
the development of wheel polygonization could not be established. When negotiating tight curves, low velocities must be maintained due
to limited lateral acceleration. With respect to the rather high frequencies of the examined structural modes, high polygon orders would

be expected due to the relationship between the velocity, polygon order, and frequency. It was observed that factors such as constant

curvature, an initial polygon shape, or rail corrugation play significant roles for polygon development.
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1 Introduction
Polygonization is a periodic wheel out-of-roundness (OOR)
resulting from non-uniform tread wear or initial OOR.
Multiple wavelengths corresponding to different polygon
orders may occur simultancously along the wheel circum-
ference. Polygonized wheels excite vibrations that lead to
rolling noise, increased wear, and ultimately the failure of
various components. As trams frequently operate in urban
environments, the reduction of noise is of particular impor-
tance [1]. Depending on the type of operation, different poly-
gon orders may develop while others are suppressed [2].
While wheel polygonization in high-speed trains has been
extensively investigated, tram operation has received com-
paratively limited attention, despite significant differences in
operating conditions and vehicle configurations. Trams fre-
quently negotiate relatively tight curves, where increased
wear is expected. Consequently, an investigation of polygon
development under tram operating conditions is necessary.
The formation mechanisms of wheel polygonization have
been examined by several researchers. Most explanations

attribute its development to initial polygons introduced during
wheel profiling and reprofiling or to wear-induced mecha-
nisms. Wear-induced polygons may develop due to the exci-
tation of fixed frequencies associated with the vehicle-track
system, self-excitation, or resonance vibrations related to
the eigenmodes of the wheelset. [3, 4] Previous studies have
examined the relationship between the bending eigenfre-
quencies of the wheelset and the resulting polygon order,
primarily focusing on high-speed vehicles, locomotives, and
metros [5-8]. In the context of resonance-induced mecha-
nisms, it has been shown that lateral slip associated with the
first bending mode of the wheelset can contribute to poly-
gon formation [7]. The torsion mode of the wheelset primar-
ily induces longitudinal slip. However, in tram applications,
independent wheelsets are commonly used, meaning that a
torsional excitation does not occur.

The aim of this paper is to examine the relationship of the
structural modes of a wheelset and polygon development in
tram operation. It is structured as follows. First, an elastic

Cite this article as: Moock, E., Rakowitsch, M., Pfaff, R. "Influence of Structural Vibrations on Polygonization on Tramways", Periodica Polytechnica

Mechanical Engineering, 2026. https://doi.org/10.3311/PPme.46017


https://doi.org/10.3311/PPme.46017
https://doi.org/10.3311/PPme.46017
mailto:esther.moock%40ifs.rwth-aachen.de?subject=

2 | Moock et al.
Period. Polytech. Mech. Eng.

wheelset model is implemented and integrated into a tram
vehicle model. It is notable that the tram model uses nor-
mal wheelsets and not independent wheelsets. Subsequently,
test tracks and corresponding irregularities are generated to
investigate various operating scenarios. An iterative wear
simulation is then performed and evaluated for each scenario.
Finally, the structural modes, wheel/rail contact forces, and
wear characteristics are analyzed to identify potential cor-
relation among these factors.

2 Simulation set up

The simulation setup can be divided into three parts: the
multibody simulation (MBS) model, the applied irregular-
ities, and the wear calculation.

2.1 MBS model

For the simulation, a MBS model of a tram vehicle was
developed using SIMPACK [9]. Fig. 1 illustrates the
model of the wheelset and the vehicle, highlighting their
respective degrees of freedom. The vehicle model com-
prises three components interconnected through force
elements and rigid joints.

For the initial vehicle model a Flexity 2 consisting of five
parts based on publicly available data and estimations, was
employed. To optimize computational efficiency, the model
was subsequently simplified to three parts and reduced by the
rear bogie. The wheelset is composed of an elastic wheelset
axle and two rigid wheels, which are elastically coupled to
the axle. The axle is modeled as a finite element model with
one-dimensional discretization, utilizing an Euler-Bernoulli
beam approach. The elastic connection between the wheels
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Fig. 1 Wheelset and vehicle model

and axle is implemented via a spring-damper model, facil-
itating lateral motion. Each wheel possesses one degree of
freedom in lateral direction to capture the umbrella frequency
under investigation. The design of the spring-damper-model
ensures that the umbrella eigenfrequency is in a reasonable
range. For the eigenmode analysis, both the first and second
bending modes, as well as the torsion mode and umbrella
mode, are examined. Fig. 2 presents these eigenmodes visu-
ally. A sampling frequency of 1000 Hz is utilized for time
integration in accordance with Nyquist criteria to ensure
accurate representation of dynamic behavior.

2.2 Test tracks and irregularities

Research conducted on metros in China has demonstrated
that polygonization can be influenced by track characteris-
tics. It is assumed that particularly tight curves may affect
the development of polygonization. [4] Self-excited vibra-
tions arise when navigating tight curves in tram oper-
ation [10]. In this study, two tracks with small radii are
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Fig. 2 Eigenmodes of wheelset: (a) Bending frequency (97 Hz),
(b) Bending frequency (253 Hz); (c) Torsional frequency (93 Hz);
(d) Umbrella frequency (406 Hz)



utilized for analysis. The first test track is a reversing track
loop with a constant radius of 20 m, while the second test
track features an S-curve configuration comprising a right-
hand curve, a straight track of 3 m, and then a left-hand
curve, both having a radius of 20 m. Grooved rails (S9R12)
are employed due to the tram's operation in mixed traffic
conditions. Additionally, two track irregularities are intro-
duced to assess the differences compared to an ideal track
scenario. The synthetic track irregularity is derived from
power spectral density (PSD) implemented within the MBS
software according to ERRI B176 standards. Considering
the eigenmodes of the wheelset within the range /~=[90 Hz,
420 Hz] and maintaining a constant velocity of v=3.6 m/s,
an interval for distance-based frequency can be calculated
as Q=[150m™, 750 m™']. As per documentation guidelines,
the synthetic track irregularity is applicable for frequencies
where 0.04 m™ <Q <0.333 m™". Consequently, for the first
track irregularity (TI1), this recommended distance-based
frequency interval is utilized with irregularities in both
horizontal and vertical directions. The second track irreg-
ularity (T12) combines elements from the first track irreg-
ularity along with rail corrugation effects. In tram oper-
ations, rail corrugation characterized by a wavelength of
40 mm and a wear depth of 0.06 mm over approximately
20 m can be formed in curves with a radius of 30 m [11].
Therefore, for the second track irregularity, a cosine func-
tion based on these values is applied to model corrugation
effects, which are then integrated into the overall irregu-
larity according to ERRI B176 standards. Fig. 3 illustrates
the various irregularities examined in this study. The hor-
izontal and vertical misalignment of TI1 is shown with
respect to the two test tracks, the reversed track loop (rtl)
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Fig. 3 Track irregularities without corrugation
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and the S-curve (sc). For TI2, rail corrugation is added to
TII in specific intervals, which is not included in Fig. 3.
For the initial OOR, a 3" order polygon is used with an ini-
tial wheel radius difference of 0.02 mm.

2.3 Wear calculation
Wear calculation can be approached through two dis-
tinct methods: local and global. In the local approach, the
contact patch is discretized into infinitesimal elements,
allowing for the calculation of the local wear distribution.
Conversely, the global method utilizes wheel/rail forces
to derive wear calculation. In this context, the FASTSIM
algorithm, developed by Kalker [12], is employed to gen-
erate a local wear distribution based on MBS. Typically,
these results are global and must be transformed into a
localized framework. The wear model, according to
Krause and Poll [13], is used and is based on the frictional
power between wheel and rail. The excavated mass rate m
is proportional to the wear energy P, which is dissipated
because of the friction in the wheel/rail contact. [5]
.k
m 5 x Py )
The frictional power P, consists of three components
that are dependent on the wheel/rail forces and relative
velocities between the rail and wheel in longitudinal, lat-
eral, and spin directions. [5]

Pr =T Vye1x A T Ve )y + Mp® 01 (@)

rel . x rel,y

The wear coefficient

)

is adopted from Krause and Poll [13] and is normally
divided in two wear sections.

In the present work, three regimes are introduced in
order to obtain a linear transition between mild and severe
wear which is shown in Fig. 4 [14]. The density of steel,
7800 kg / m? is included in the definition of the wear coef-
ficient. Since Krause and Poll [13] report a dependence
of on relative humidity, a relative humidity of 80% is
assumed here, and the wear coefficients are linearly inter-
polated with respect to humidity.

The excavated mass is computed for each time step
around the wheel circumference over one wheel revolu-
tion. Wear is computed at each time step along the lateral
profile to obtain the associated mass loss. This mass loss
is subsequently applied uniformly to the wheel profile,
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Fig. 4 Wear coefficient k over frictional power per area - similar to [14]

such that the profile shape is preserved, whereas the
wheel radius decreases over the course of the simulation.
The change in radius 4r can be calculated as Eq. (3):

k x

T, T, ,
xV + yvrel,_y|At(n) . (3)

rel ,x

A

n

Ar(n)

The spin moment is considered negligible.

For the time-discrete sampling, the contact patch is
represented by an elliptical contact patch according to
Hertzian contact theory. Given this time-discrete sam-
pling, the wear depth along the circumference must be
computed. The wear area of timestep » is modeled through
two trapezoidal sections, as illustrated in Fig. 5.

The width of the contact area is defined at time steps,
t_,tand ¢ The wear area of timestep n can thus be

determined as 4, using Eq. (4):

) zz-x[b" (8, +b"1)/2]+1+ X[bn+(bn +b,,+1)/2]. @

" 2 2

The length of the trapezoidal areas can be derived from
the wheel radius and angular positions of the time steps.
These lengths are defined as Egs. (5) and (6):

1—=%xrx(9n,1—3n), 5)
z+=%xm(9ﬂ—9ﬂ”). ©)

An iterative simulation process is employed to model
polygonal wear evolution, as depicted in Fig. 6. Each current

Fig. 5 Contact patch over time
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Fig. 6 Simulation process

iteration is indexed by n, . For the initial iteration step, an
initial wheel radius function and a track irregularity depen-
dent on the scenario are applied. Wear calculations are per-
formed based on contact forces and creepages obtained from
the MBS results. The wear from one iteration is subsequently
subtracted from the initial wheel radius function, yielding
an updated wheel radius function that serves as input for
the next iteration step. The initial OOR condition is defined
within SIMPACK [9], where Fourier coefficients are utilized
to update the OOR characteristics.

Due to the short simulation time of one iteration, a low-
pass filter is applied to smooth cumulative wear across iter-
ations. A Butterworth filter with a cutoff order of 50 has
been selected. Finally, cumulative wear for each iteration
step is scaled using Eq. (7):

SIUI . (7)

W, =
)
4 2T X0 Xy o

Here, s, , represents a total test track length of 130 km,
based on an assumption of passing the test track twelve
times a day over six months before requiring reprofiling of
wheels. The scaling factor also depends on the initial wheel
radius 7, which is assumed to be constant for this factor at
0.3 m. The number of iterations is denoted by n, while noon
indicates the amount of wheel revolutions for each iteration
step. In total, 20 simulation tests were conducted incorporat-

ing various test tracks, errors, and iteration steps.

3 Results

In the following, the results are presented to provide an
insight into whether structural vibrations are excited under
different scenarios and how they influence the development
of polygon orders. The evaluation focuses on the revers-
ing track loop with 25 iterations. For this analysis, the
front left wheel is examined as a representative example



of wheel wear. The evolution of the radius throughout the
iteration steps, the radius after the final iteration, a com-
parison of all four wheels on the bogie, and the developed
Fourier coefficients are analyzed. For the comparison, the
wheels are considered separately as front left (FL), front
right (FR), rear left (RL), and rear right (RR). In scenarios
involving TI1 and those without any irregularity, both pro-
files exhibit similarities, as illustrated in Fig. 7.

Each scenario develops a 1% order polygon with a poly-
gon amplitude of 4 um, resulting in approximately 0.1 mm
of material removal per iteration. The front left wheel
experiences the highest wear due to elevated wheel/rail
forces while navigating curves. The second highest wear
is ultimately observed on the inner rear wheel. With an
initial OOR, the initial polygon remains rather unchanged.
The 3 order dominates the development of the poly-
gon. However, eccentricity is also noticeable. The exca-
vated mass during one iteration is comparable across both
error types, with the front left wheel again exhibiting the
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most extensive wear. In contrast, TI2 demonstrates an
increase in periodic irregularities throughout the iteration
steps, which may be attributed to rail corrugation effects.
The radius evolution and the radius after the full test track
length for TI2 can be seen in Fig. 8.

When examining all four wheels of the bogie, differences
in polygon orders emerge based on each wheel's position.
Fig. 9 displays the Fourier coefficients for each wheel.

For the front left wheel, no predominant polygon order
develops. While the front right wheel primarily exhibits
lower polygon orders, a trend that is also evident in both rear
wheels. Notably, the rear left wheel evolves a polygon of
48" order. For the rear right wheel low orders, 24" and 48"
polygon orders develop.

Next, the wheel/rail forces are presented in Fig. 10,
focusing on the lateral and longitudinal adhesion forces
for the front left wheel across the four different error sce-
narios. Additionally, the amplitude spectrum is analyzed
to provide further insights. Overall, it can be observed
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Fig. 7 Reversing track loop TI1/without error: (a) Radius evolution; (b) Radius after 25" Iteration; (c) Wheel comparison; (d) Fourier coefficient
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sion forces is rather similar. In scenarios without an ini- velocity v is expressed by equation:
tial error, an oscillation with 2 Hz can be observed. Vv ovxi
However, when an initial OOR is introduced, this oscil- /= 2 2ar

lation becomes superimposed with a 3™ order polygon.

The relationship between frequency f, polygon order 7, and
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In cases involving TIl, the adhesion forces do not
exhibit oscillations at a constant frequency. The wheel/
rail forces show a pattern that is opposite to the pattern
of the vertical track irregularities, which are shown in
Fig. 3. The amplitude spectra for both adhesion forces
appear quite similar.

High frequencies are not notably excited. For the reversing
track loop with TI2, a contrast emerges in the interval where
rail corrugation is present. This rail corrugation induces
high-frequency oscillations with a high amplitude. The ampli-
tude spectrum reveals that primarily excited frequencies
occur at 90, 180, and 240 Hz. Using the aforementioned
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equation, it can be established that the frequency of 90 Hz
corresponds to the rail corrugation frequency. Thus, the other
frequencies represent harmonics of this fundamental fre-
quency. Regarding adhesion forces, differences in amplitude
spectra are evident. For lateral adhesion force, primary exci-
tation occurs at the rail corrugation frequency, whereas for
longitudinal adhesion force, peak values are identified at the
second harmonic corresponding to 240 Hz.

Further, structural modes are examined through spe-
cific parameters implemented for evaluation purposes.
For the bending mode analysis, parameter is defined as the
mean value between the left and right nodes at each end of
the axle subtracted from the value of the middle node in
vertical direction. Fig. 11 (a) and (b) illustrate this bend-
ing mode over time for each error scenario. A consistent
excitation at 2 Hz is observable across nearly all errors.
However, when rail corrugation is applied, an increase in
amplitude becomes apparent with predominant excitation
at corrugation frequency. Fig. 11 (c) and (d) show both
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the amplitude spectrum and the corresponding frequency
spectrum for TI2 on the reversing track loop.

The amplitude spectrum indicates dominant peaks cor-
responding to the corrugation frequency along with their
harmonics while showing no distinct peaks associated with
bending mode frequencies. In the spectrogram it is shown
that lower frequencies are excited throughout the total test
track, while higher frequencies become prominent when
traversing areas affected by rail corrugation.

For the torsional mode, the rotation of the axle is exam-
ined. The parameter is defined as the difference between
the rotation of the left node at the end of the wheelset axle
and the rotation of the middle node. Fig. 12 shows that, in
the reversing track loop without an error, an excitation at
2 Hz is observed. This is superimposed by the polygon fre-
quency when an initial OOR is present. For TI1, a mirrored
progression of the wheel/rail forces is noted. When rail cor-
rugation is introduced, the corrugation frequency dominates
again, with its harmonics also being excited. Although the
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Fig. 11 Bending mode: (a) Parameter z,; (b) Parameter z, T12; (c) Amplitude spectrum TI2; (d) Spectrogram TI2
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torsion frequency of 93 Hz is very close to the corrugation
frequency, it does not exhibit significant excitation.

Lastly, the umbrella mode is examined as the parame-
ter defined by subtracting the middle and left nodes of the
wheelset axle in the lateral direction. The umbrella mode
for the different error scenarios is presented in Fig. 13.
Similar to observations made for the torsional mode, an
excitation at 2 Hz occurs in a reversing track loop with-
out errors. In the scenario involving initial OOR, the sig-
nal becomes superimposed with the polygon frequency.
Regarding TI1, there are no consistent oscillations.
However, similarities to responses observed at the onset
of the torsional mode are evident.

TI2 exhibits pronounced peaks at both the beginning
and end of the corrugation interval due to its implemen-
tation using a cosine function. Within this interval, pri-
marily the corrugation frequency of 90 Hz and the first
harmonic with 180 Hz are excited across frequencies up
to 200 Hz. An increase around 410 Hz is also observed,
which aligns closely with the umbrella frequency at

406 Hz. However, it cannot be definitively concluded that
the umbrella mode is stimulated.

Overall, the results show that, in the absence of errors,
a low-frequency excitation at 2 Hz occurs during con-
stant-radius curve running. Since the wheel/rail forces
in TI1 primarily follow the profile of the track irregular-
ity, yet an almost identical wheel profile develops without
track irregularities, it is concluded that the predominantly
long-wave track irregularity has no significant impact on
wear development. With an initial OOR applied, the initial
polygon remains unchanged. Regarding structural vibra-
tions, the polygon frequency influences only the torsional
and umbrella modes, as the constant oscillation at 2 Hz is
superimposed by the polygon frequency. With T12, wear
behavior is predominantly governed by rail corrugations.
The corrugation excites primarily the corrugation fre-
quency of 90 Hz and its respective harmonics resulting
from constant speed. The bending and torsional modes of
the wheelset axle are not demonstrably excited, although
increased excitation around the umbrella frequency is
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Fig. 13 Umbrella mode: (a) Parameter y ; (b) Parameter y_TI12; (c) Amplitude spectrum TI2; (d) Spectrogram TI2

observable. In terms of radius development, particularly
higher-order polygons are prominent. The distribution
of polygon orders specifically exhibits 1% and 48" order
polygons. The 48" order can be attributed to their correla-
tion with the 90 Hz.

In summary, it has been shown that wheelset eigen-
modes could not be demonstrably excited by applying
initial errors. Various test tracks were selected to create
different conditions under which wheelset eigenforms
could potentially be excited. However, it has become evi-
dent that polygon formation arises primarily from track
irregularities or alignment issues. During constant curve
travel, a 1st order polygon with low amplitude forms, but
the wear pattern is changed with respect to the s-curve
so that no polygon is formed. Track irregularities only
influence wear development when they possess wave-
lengths exceeding those associated with the first polygon
frequency. It is therefore assumed that only wavelengths
below 1.88 m may have an impact on polygon formation.

Referring to Eq. (8), one would expect very high polygon
orders to arise from the excitation of the eigenforms of the
wheelset because of a relatively low velocity. This expec-
tation is reflected in Table 1. The expected polygon orders
above 50 were not covered within the examined range.
Furthermore, it raises questions about whether such
high orders fulfill the definition of a polygon wear pat-
tern. Ultimately, it can be argued that wheelset eigenfre-
quencies may influence polygon formation more promi-
nently in high-speed operations than in tram operations
since higher speeds would lead to significantly lower
polygon orders being generated.

Table 1 Polygon orders of Wheelset Eigenmodes

Eigenmode Frequency [Hz] Polygon order
1** Bending mode 97.3 51

2" Bending mode 252.6 132
Torsional mode 93.2 49
Umbrella mode 406.3 213




4 Conclusions

This paper investigates the relationship between structural
vibrations of wheelsets and polygon formation during tight
curve navigation in tram systems. Initially, it was essen-
tial to determine whether the structural vibrations of the
flexible wheelset are excited in curved tracks. To achieve
this, a flexible wheelset model was developed and integrated
into a vehicle model. Subsequently, this model was simu-
lated under various error types on tight curves. The iterative
wear was calculated for different scenarios, and an analysis
was conducted to explore the correlation between wheel/rail
forces, wheelset profiles, and polygon formation.

The results indicated that the structural vibrations of
the wheelset were not demonstrably excited. Therefore,
no direct connection could be established between these
vibrations and the development of polygonal wheels.
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