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TOWARDS AURALIZATION OF PASS-BY NOISE FROM RAILWAY
WHEELS: SENSITIVITY TO THE LATERAL CONTACT POSITION
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Division of Applied Acoustics, Chalmers University of Technology, Gothenburg, Sweden

ABSTRACT

Railway rolling noise is typically described in equivalent
pass-by noise levels. However, this descriptor does not al-
ways sufficiently correlate with the perceived annoyance
of, for example, tonal components or transient effects. An
auralisation of such effects allows researching this corre-
lation. The wheels are a main contributor to the overall
noise level above about 1 kHz. The low damping of the
wheels leads to a strong modal behavior. Typically, modes
with a strong axial response to a vertical excitation in the
wheel-rail contact dominate the radiated sound. The lat-
eral position of this contact point on the wheel tread, and
thus the modal excitation, is therefore an important param-
eter in an auralisation. However, the exact contact location
varies due to the lateral oscillation of the wheelset during
running. This paper presents a computationally efficient,
time-domain prediction model for the sound pressure pro-
duced by one wheel as it passes a stationary track-side
position. The model makes use of pre-calculated acoustic
transfer functions of each mode, which allow an evalu-
ation of the modal contributions to the track-side sound
pressure. The sensitivity of these modal contributions on
the lateral contact position is analyzed.
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1. INTRODUCTION

A passing railway wheel often produces a distinct pierc-
ing, metallic noise. This noise originates from the
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roughness-excited vibrations of the wheel, which are char-
acterized by its strong modal behavior. Which modes con-
tribute to the radiated noise depends, among others, on the
contact position on the wheel. The modes of the wheel are
similar to those of a circular disc, which Thompson [1]
classifies based on their number of nodal diameters (κ),
their number of nodal circles (m) and their main direction
of motion (axial, radial, or circumferential): (κ, m, a/r/c).
During rolling on straight track, the main direction of ex-
citation at the wheel tread is radial. Since modes with
strong axial motion on the wheel hub are comparatively
good acoustic radiators, modes with a strong coupling be-
tween the radial direction at the tread to the axial direction
on the hub are typically dominant noise sources [2].

Auralization describes the process of rendering a
sound field from virtual sources [3]. Auralization
of wheel/rail noise enables working with environmen-
tal noise problems in new ways compared to working
with equivalent levels, opening up for investigating psy-
choacoustic metrics and intuitive communication with a
broader public. Recent activities in this field include
the SILENCE [4], TAURA [5] and SILVARSTAR [6]
projects. In these models, the auralization is realized
based on moving point sources. The source strength of
these sources is estimated based on equivalent roughness
spectra and transfer functions to the sound pressure.

An auralization of wheel noise requires knowledge
about the modal contributions, since the wheel noise is
dominated by its modes. The modal amplitude depends
on the lateral excitation position of the wheel. In practice,
this position is rarely known as it varies due to the natural
variation of the running line, both on straight and curved
track. It is unclear in how far the modal contribution to
the total pressure signal during a pass-by changes with the
lateral contact position and if this change is audible.

This paper describes an algorithm which allows the
evaluation of the pass-by pressure signal of one wheel for
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each wheel mode. The model is then used to study the in-
fluence of the lateral contact position on the rolling contact
force, the pass-by sound pressure level and the contribu-
tion of each wheel mode to the pass-by sound. The follow-
ing Section 2 describes the modeling approach, introduces
the wheel and track geometry and contact properties. Sec-
tion 3 reports and discusses the results of the simulations
related to the wheel/rail contact forces, the pass-by sound
pressure, and the implications for an auralization of the
signal. Section 4 concludes the article.

2. MODEL DESCRIPTION

The model used for the prediction of the sound radia-
tion from railway wheels was developed in a recent doc-
toral thesis [7], using previous work by Pieringer [8] for
the wheel/rail contact and interaction. The modelling ap-
proach consists of three main components, the wheel dy-
namics, the wheel / rail interaction, and the sound radia-
tion, which are summarized below.

2.1 The wheel dynamics

The dynamic response of the wheel is modeled in a Fi-
nite Element approach, specifically the the waveguide FE
method (WFEM) for curved waveguides [9–11]. The
WFEM reduces the 3D domain formulation to multiple
2D problems by assuming harmonic oscillation around the
circumference of the wheel. For each whole number of
oscillations κ, the harmonic system of equations

�
K2(−jκ)2 +K1(−jκ) +K0 − ω2M

�
Φ = 0 (1)

is solved. The variable κ is called the number of nodal
diameters [2]. Solving the eigenvalue problem for each κ
produces eigenfrequencies ωl and mode shapes Φl of the
wheel. K and M are stiffness- and mass matrices. The
variable ω is the angular frequency. The velocity field v
on the wheel

v(gc,ω) =
X

l

Al(ω)Φl(gc) (2)

is obtained by modal superposition. The modal amplitude
Al is

Al(ω) = jωbl(ω)Fe(ω)Φl(gc) (3)

with the point force Fe(ω) = [Fθ(ω), Fy(ω), Fr(ω)]
T

and the mode shape Φl where Φl(g) is a three element
vector that contains the deflection of mode l at position gc

in circumferential, axial, and radial direction. The term

bl(ω) =
�
Λl(ω

2
l − ω2 + 2jωωlζl)

�−1
(4)
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Figure 1. Wheel geometry, FE nodes and excitation
positions 1 to 4.

describes the vibrational decay in the structure with the
modal damping coefficient ζl, which is 10−3 for κ = 0,
10−2 for κ = 1, and 10−4 for κ ≤ 2 (cf. [2]), and the
modal mass

Λl = ΦT
l MΦl . (5)

The prediction of the wheel structural response serves two
purposes: One, the velocity field is input to the sound radi-
ation module, and two, the receptance at the rolling point
on the wheel is needed for the prediction of the wheel/rail
interaction. From this receptance, displacement impulse
response functions are calculated by inverse Fourier trans-
form. The rigid body modes of the wheelset are included
in the wheel model for the prediction of the contact forces.

In the following, a reprofiled wheel of type BA093
with a rolling radius of 0.469 m is used as the geometry.
A detailed modal analysis of this wheel is carried out in [7,
11]. The cross-section is discretized into 146 quadrilateral
9-node elements. The FE-nodes are shown in Fig. 1, of
which four are used to investigate the effect of different
lateral contact positions on the radiated sound pressure.
These are located laterally 6.4 cm, 7.9 cm, 9.4 cm, and
10.9 cm from the flange back, respectively.

Fig. 2 shows the point mobility at each of these nodes.
Notice the large dynamic range due to the lightly damped
modes. Changing the contact node can change the mag-
nitude of the resonances and the location of the anti-
resonances for some modes. This is due to the different ra-
dial deflection at the different nodes in each mode shape.
Fig. 3 shows these radial deflections for the four modes
highlighted in Fig. 2. The mobility of the first mode (4,
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Figure 2. Predicted radial point mobility at each con-
tact point. The four highlighted resonances belong to
the modes (4, 0, a), (2, 1, a), (3, 0, r), and (3, 2, a),
sorted by increasing frequency.

0, a) has a small resonance peak for excitation at Node 1,
which increases for excitation positions towards Node 4
due to the increasing radial response. Analogous relations
are observable for the other modes and contact nodes.

2.2 The wheel/rail interaction

The interaction between the wheel and the track is calcu-
lated in the time domain using moving Green’s functions
[12, 13]. This time-domain approach allows including the
nonlinear behavior in the contact patch. The contact area
is discretized and at each time step, Kalker’s variational
method [14] is used to solve the normal contact problem.
A three-dimensional profile of wheel and rail roughness is
considered. The tangential wheel/rail interaction and con-
tact can be included [13] but have been neglected here.
The rotation of the wheel is neglected.

For this example, a pass-by with the vehicle speed of
100 km/h is simulated. A track consisting of rails with a
UIC60 E2 profile on monobloc concrete sleepers in bal-
last is modeled with finite elements in DIFF [15]. The
track parameters are listed in [16]. The used track surface
roughness is a measured roughness from a high-speed line
in Germany [17]. A surface roughness measurement on a
wheel with composite brake blocks [18] serves as the in-
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(3, 0, r) (3, 2, a)

Node 1
Node 3

Figure 3. Wheel tread motion at four eigenmodes.
The radial and axial displacement at the four excita-
tion nodes are indicated with red and blue lines, re-
spectively.
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Figure 4. Average wheel and rail roughness spectra,
in one-third octave bands.

put to the wheel model. Average spectra of the wheel and
rail roughness are shown in Fig. 4.

2.3 The sound radiation

The Fourier series Boundary Element method
(FBEM) [11, 19] is used to calculate the sound ra-
diated by each wheel mode l for a stationary wheel.
The sound pressure is evaluated on a sphere with 5 m
radius around the wheel center. In a second step, the
sound field of each mode is decomposed into spherical
harmonics (SH) equivalent sources. This has the advan-
tage that sound pressure transfer functions Hl(∆x,ω),
∆x = xReceiver − xSource, can be efficiently calculated
for any receiver position in 3D space [7]. These transfer
functions describe the sound pressure at a receiver
point that the wheel mode l produces at unit modal
amplitude. During rolling of the wheel on the rail, this
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modal amplitude varies due to the vibrational decay in
the wheel and the varying modal excitation. The decay,
corresponding to the term bl(ω) in (3) can be expressed
analytically in time domain

bl =
e−2ωlζlt

Λlω′
l

sinω′
ltH(t) (6)

with the Heaviside function H(t). The modal excitation
becomes

FA,l(t) =
d

dt
Fe(t)Φl(gc) (7)

when expressed in the time domain. Convolution of bl(t)
and FA,l(t) produces a quantity qS,l(t)

qS,l(t) =

Z t

−∞
FA,l(τ)bl(t− τ)dτ (8)

which describes the amplification of each mode at each
time step, taking into account the history of all contact
forces and the dynamic response of the mode. Inverse
Fourier transform of Hl(∆x,ω), produces impulse re-
sponse functions hl(∆x, t) of the pressure signal due to
unit modal excitation. Convolution of qS,l and hl then al-
lows calculating the pass-by pressure at a stationary re-
ceiver position of mode l

pl(0, y0, z0, t) =

Z t

−∞
qS,l(τ)hl(vτ, t− τ)dτ (9)

The computational advantage of this modal approach is
that the acoustic propagation functions Hl(ω) are rather
smooth, so they can be evaluated with a broad frequency
spacing in the BE solution. The total pressure is then cal-
culated as the sum of all modal contributions.

3. RESULTS

3.1 Differences in the rolling contact force

The wheel/rail interaction is influenced by the lateral con-
tact position. The large mobility at wheel resonances typ-
ically leads to a reduced rolling contact force at this fre-
quency (similar to the low force that is needed to deflect
a soft spring). Analogously, large rolling contact forces
are expected at the anti-resonances. This is visible in the
spectrum of the rolling contact forces around the mode (3,
2, a) in Fig. 5, where the dip at 3460 Hz marks the reso-
nance, while the frequency of the anti-resonance changes
with the excitation position.
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Figure 5. Effect of moving the contact position on
the contact force spectrum around the mode (3, 2, a).

Table 1. Predicted total pass-by pressure levels of a
single wheel.

Node 1 Node 2 Node 3 Node 4
60.6 dB 64 dB 66.7 dB 69.5 dB

Fig. 6 presents the frequency spectrum of the rolling
contact force for Node 1. Sharp dips mark the position of
modes with high radial mobility at the contact point. The
other results are presented as relative differences to the
first node. Large differences of up to 20 dB are observ-
able for specific modes, many of which are axial modes.
One such example is the mode (3, 2, a) (cf. Fig. 3 and
Fig. 5), which is more readily excited due to its increas-
ing radial component towards the outer excitation posi-
tions. The four highlighted regions mark the location of
the modes described above.

3.2 Differences in the modal contribution to the
pass-by pressure

The pass-by pressure is evaluated for each mode in a stan-
dard receiver position at y = 7.5 m distance from the
track center, z = 1.2 m above the rail. The predicted total
sound pressure level is then calculated by summing over
the modal contributions. A sound pressure level increase
of 9 dB is predicted when changing the excitation position
from Node 1 to Node 4, as presented in Tab. 1. A possible
reason for this large increase could be the neglected lateral
interaction in the contact point, which leads to an over-
estimation of the contribution of the axial modes [2, 20].
Audio examples of the sound pressure signals for the var-
ious excitation positions are available online [21]. Fig. 7
shows the sound pressure level of excitation nodes 2 to 4
relative to Node 1 in third-octave bands. In general, the
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Figure 6. Power spectrum of the rolling contact
forces for Node 1, and the spectra for Node 2 – 4
normalized with Node 1. Modes highlighted as in
Fig. 2. The spectrum has a resolution of 6.8 Hz.

outer excitation position corresponds to higher levels.
To analyze the differences in the third-octave bands,

the modal contributions to the total sound radiation are
investigated. An equivalent sound pressure level Lp,eq,1s
of each mode during 1 s of the pass-by is calculated. As
1 s corresponds to about 28 m traveling distance, the pres-
sure level is averaged for wheel positions between about
x = −14 m to 14 m. The Lp,eq,1s of each wheel mode is
compared in Fig. 8 for two excitation nodes, Node 1 and
Node 3. The modes are arranged in the dispersion dia-
gram of the wheel [7, 11], where the different mode types
are indicated by marker shapes. Connected modes share
the same number of nodal circles. The largest increase is
observable for axial modes, specifically axial modes with
2 and three nodal circles above about 5 kHz and the modes
(4, 0, a), (5, 0, a) and (0, 1, a). The largest decrease is ob-
served for the radial mode (1, 0, r) and the axial mode (2,
1, a). These differences are to a large degree explained by
the difference in the point mobilities.

However, a large increase in the equivalent pressure
level does not necessarily mean that the mode is more
relevant to the absolute sound pressure at a stationary re-
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Figure 7. Total sound pressure level and level for
excitation at nodes 2 to 4 normalized to Node 1.

ceiver position. In fact, it is found that the contribution of
most modes can be removed from the total pressure sig-
nal without affecting the total sound pressure level. To
show this, an analysis is carried out in which modal con-
tributions are iteratively removed. In each iteration, the
mode with the least significant contribution to the total
level is determined by removing each modal contribution
and evaluating the level differences to the previous total
pressure level. Then, the contribution of the mode with the
smallest level difference is removed and a new, temporary
total level L− is calculated by summation of the remain-
ing modal contributions. By iteration through all included
modes, the modes are sorted by least to most significant.
Fig. 9 shows the level differences between the level L−

and the initial pressure level L0. According to this calcu-
lation, more than 50 of the 58 considered modes can be
removed with an error not exceeding 0.5 dB.

Identifying modes significant to the equivalent sound
pressure level can be relevant for, for example, designing
noise mitigation measures. Fig. 10 shows the highlighted
section in Fig. 9. The most significant modes for the pre-
diction of the sound pressure level can be identified. The
six modes that together produce a sound pressure level
within 1 dB of the total level are also indicated in Fig. 8.
For an excitation at Node 1, five modes produce a sound
pressure level within 1 dB of the total, which are likewise
indicated in Fig. 8. There is a partial overlap between the
sets of significant modes for both excitation positions at
the modes (3, 2, a) and (4 1, a). These modes could, for
example, be targeted for noise mitigation measures. Iden-
tifying significant modes for an auralization of the pass-by
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Figure 8. Dispersion diagram where each marker
represents a mode of the wheel. The color indicates
the difference in Lp,eq,1s between excitation at Node 1
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larger radiation for an excitation at Node 3. Modes
marked with black ( ) and blue dotted ( ) circles
are the identified ‘significant modes’ for excitation at
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signal is not as simple, which is discussed below.

3.3 Towards auralization

The analysis above shows that a limited number of modes
is relevant for producing the total sound pressure level,
and that this set of modes changes for different excitation
positions. However, for an auralization of the signal, the
authors’ experience is that considerably more than just the
set of ‘significant modes’ need to be included before no
difference is audible between the original signal and the
signal with reduced number of modes. This is to a large
degree due to the tonal characteristic of the wheel modes.
The absence of several modes outside of the set of ‘signif-
icant modes’ is easily detectable aurally. Audio examples
are provided online [21]. Classifying modes as significant
for auralization, possibly depending on the lateral excita-
tion position, would require listening experiments, which
have not been carried out.

With the primary goal of auralizing the pass-by sound
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Figure 9. Iterative removal of modal contribution
to the total sound pressure: pressure level difference
of the remaining modes L− compared to the initial
pressure level L0. Excitation at Node 3.
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Figure 10. Section of Fig. 9, with labelled modes.

of a whole train, producing a realistic audio representation
of iterative pass-bys of individual wheels is a key element.
Based on the experience of the authors, assigning identical
pressure signals to each wheel leads to a audio signal that
seems artificial due to the exact repetition in the signal. In
reality, the contact point varies due to variations the run-
ning line occuring both on curved and straight track. Sev-
eral other factors influence wheel radiation, such as the ge-
ometry, the profile of the running surface, and the surface
roughness. Here, the presented algorithm is used to gener-
ate time signals of pass-bys for eight consecutive wheels
in four bogies of three coaches (including the second bo-
gie of the first coach and the first bogie of the third coach).
The combined roughness is assumed to be identical. The
distances between the wheels are only approximated for
this demonstration: the distance between two wheelsets
in a bogie is 2.5 m, the distance between two bogies is
10 m, and the distance between two bogies on a single
coach is 20 m. The two spectrograms in Fig. 11 show the
pass-by sound pressure in a stationary, track side position
7.5 m beside the track. Audio examples are provided on-
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Figure 11. Spectrograms of pass-bys of four consec-
utive bogies. Top: identical noise signal for all eight
wheels, bottom: varying contact position.

line [21]. The identical contact position for all wheels in
the first signal leads to the repetitive pattern. In the second
signal, a varying contact position is prescribed, arbitrar-
ily assigning the four pass-by signals generated above to
the eight wheels. The temporal variation of the pattern is
most visible in the frequency region above 5 kHz, where a
strong dependency of the modal contributions on the con-
tact position was observed (cf. Fig. 8). Evaluating which
of the signals is perceived more realistic requires conduct-
ing listening tests, which have not been carried out yet.
Nevertheless, some variation of the radiation from each
wheel is to be expected due to the varying lateral contact
position, varying wheel geometry, wheel roughness, and
possibly other surface defects such as wheel flats.

4. SUMMARY AND CONCLUSIONS

A time-domain model for predicting pass-by rolling noise
from railway wheels is presented. The modeling approach
uses Finite Element and Boundary Element methods to
predict the modes of the wheel and the radiation from
each mode. The sound field produced by each mode is
represented in a spherical harmonics formulation, which
facilitates the calculation of acoustic impulse responses
describing the pressure response at a track side position
for any position of the wheel. By describing each modal
amplitude in the time domain, an efficient prediction of
the pass-by pressure signal is achieved.

This paper investigates the influence of the wheel’s
lateral contact position in four different positions. Large
differences in the contact force are observed for differ-
ent contact positions. These differences are explained by
the modal behavior of the wheel which affects the rele-
vant point mobility, leading to dips and peaks in the con-
tact force spectrum at resonances and anti-resonances, re-
spectively. An increase of up to 9 dB is observed in the
equivalent sound pressure level between the lateral con-
tact positions. A possible explanation is that lateral in-
teraction was neglected in the rolling contact, which can
lead to an overestimation of the contribution of the ax-
ial modes. Comparing frequency spectra of the equiva-
lent sound pressure level showed the highest levels for the
node furthest from the flange. The increase is different
across the frequency spectrum, depending on the level of
excitation of each mode. Analyzing the contribution of
each mode to the pass-by pressure showed a strong de-
pendency on the contact position. Further, it was observed
that only contributions from few (here four to six) modes
are needed to predict the sound pressure level to within
1 dB error. This set of modes significant to the sound
pressure level varies between lateral positions.

Working towards an auralization, two sets of pass-by
predictions were calculated and evaluated by the authors.
It is found that the set of modes identified in the previous
analysis is insufficient to recreate the sound signal with all
modes included. Further, for multiple wheels passing by
a stationary observer, a variation in the lateral contact po-
sition of the wheel can lead to a more realistic combined
sound signal due to decreased repetitiveness. Listening
tests are necessary to quantify the latter results. Audio ex-
amples are available online [21]. This model would need
to be complemented with the rail and sleeper contribution
to fully capture rolling noise.
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