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A time-domain model for railway rolling noise
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Introduction

Transport is one of the main drivers for human-made cli-
mate change. Increasing the share of railway traffic can
contribute to lower carbon emissions from the transport
sector. This will, however, lead to increased noise emis-
sions from railway traffic. A main contributor to these
noise emissions is rolling noise, which is produced by the
interaction between the wheels and the track, which vi-
brate when the wheels roll over the rails because their
contact surfaces are not perfectly smooth. A modular
simulation tool can be used to efficiently optimise track
designs regarding their acoustic performance. A time-
domain model further allows investigating the psychoa-
coustic effects of features in the noise signals.

A model that aims for a physics-based simulation of the
pass-by signals has been developed in a recent doctoral
project at Chalmers University of Technology [1], build-
ing on earlier work [2]. This article summarises the
model. Its modular setup is visualised in Figure 1. In
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Figure 1: Overview of the modules in the simulation tool.

terms of the computational efficiency, it is advantageous
to evaluate parts that can be linearised in the frequency
domain. This is the case for the structural vibration and
the sound radiation of the wheel and the track. Rele-
vant non-linear behaviour can occur in the rolling con-
tact and the wheel/rail interaction, and so these parts are
evaluated in the time domain. The latter modules were
developed in [2]. For the wheel and the track, transfer
functions are evaluated that describe the sound pressure
in a receiver point for a unit force excitation. An in-
verse Fourier transform then produces impulse responses,

which are convolved with the force signal calculated in
the wheel/rail interaction calculation. Each component
is described in the following.

The Interaction
The interaction between the wheel and the track needs

two models, one for solving the contact problem and one
for solving the wheel/rail interaction [2].

The Contact

The contact model combines the information about the
surface roughness of the wheel and the rail with the lo-
cal geometry to predict the shape and size of the contact
area, local displacements and stresses. The input rough-
nesses can be measured or generated based on statistical
properties of the surface roughness. Figure 2 shows ex-
amples of such surface roughness input data. Wheel and
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Figure 2: Example input data for the contact problem.

rail are locally approximated by an elastic half space.
The potential contact area is discretised into rectangu-
lar elements. Each element influences each other element
and a non-linear system of equations needs to be solved
at each time step. Kalker’s NORM and TANG algorithm
are used to solve the normal and tangential problem, re-
spectively [3]. The normal and tangential local displace-
ments in the contact patch at each time-step are, input
to the wheel/rail interaction calculation.

The Wheel/Rail Interaction

The wheel/rail interaction is efficiently solved in the time
domain via moving Green’s functions [3]. The Green’s
functions are precalculated and contain the dynamic
properties of the wheel, specifically the displacement im-
pulse response functions at the contact point, and the
dynamic properties of the track, i.e. the displacement im-
pulse response functions at the contact point on the rail.
Combining this with the local displacements in the con-
tact patch at every time step, the rolling contact forces
are calculated by convolution. This time-domain formu-
lation allows including transient and non-linear effects
such as wheel flats and curve squeal. Figure 3 shows an
example time history of rolling contact forces.
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Figure 3: Example rolling contact forces.

The Wheel

Structural Vibration

The curved Waveguide Finite Element (WFE) method
assumes harmonic oscillation around the circumference
of the wheel [4]. Similar to axi-symmetric FE models,
the 3D vibration of the wheel is calculated by discretising
the cross-section only, cf. Figure 4. The FE system of

Figure 4: Left: Wheel FE grid and coordinate system. Up-
per right: Axial mode with two nodal diameters. Lower right:
axial mode with three nodal diameters and one nodal circle.

equations
[Ka(—jr)? + Ky (—jr) + Ko —w*M] @ =0 (1)

is solved for each whole number wavenumber x corre-
sponding to the number of oscillations around the cir-
cumference. This produces the eigenfrequencies wy and
mode shapes ®; of the wheel. K and M are stiffness- and
mass matrices. The velocity field v on the wheel due to
a force F.(w) is obtained by modal superposition,

v(w) =Y A(w)® (2)
l

with the modal amplitude A4,
Ail(w) = jwb(w)Fe(w)®i(x0) (3)

where )
bi(w) = (Ai(wi — w® + 2jjww(r)) (4)

with the modal damping coefficient (; and the modal
mass
Ay = 2HMP, . (5)

The velocity field serves as the input to the sound radi-
ation module. Analogously, the receptance at the rolling
contact point on the wheel is evaluated. The displace-
ment impulse response functions are calculated by inverse
Fourier transform and serve as input to the wheel/rail in-
teraction module.

Sound Radiation

The sound radiated by each wheel mode is evaluated in a
Fourier series Boundary Element method (FBEM), which
makes use of the axisymmetry of the wheel by decompos-
ing the sound field into a Fourier series [4]. The BE prob-
lem reduces from 3D to 2D, however, now 2D BE prob-
lems are solved at each Fourier order. While FBEM is an
efficient solution for predicting the sound field around a
vibrating, stationary wheel, it is not convenient for sim-
ulating the pass-by of a wheel in time domain. Therefore
an equivalent source model is introduced for this part.

Representing the sound field by spherical harmonics (SH)
equivalent sources allows the efficient calculation of sound
pressure transfer functions H;(zs,yo,20,w) to any re-
ceiver position in 3D space. To calculate these transfer
functions, first the FBEM is used to evaluate the sound
field in a spherical grid around the wheel for each mode
[ at each frequency. Then, SH decompositions are car-
ried out for each such sound field. Figure 5 shows the
directivity of the axial mode (3,1,a) for two different fre-
quencies. The radius of the lobes indicates the magnitude
of the radiation, while the colour indicates the phase. At
the higher frequency, the radiation is more directed and
larger phase variation is visible. Note also that this axial
mode has large radial components at 250 Hz.
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Figure 5: Directivity of the mode (3,1,a) shown in Figure 4
at 250 Hz (left) and 1000 Hz (right). The red line indicates
the track direction.

Pass-by Signals

The sound pressure produced when one wheel passes by
a stationary observer position is evaluated for each mode
individually [1]. This has computational advantages:
Since the wheel is typically only very lightly damped,
it can have decay times of over 20 seconds. Calculating
Green’s functions that include the structural response is
therefore not feasible in the proposed BEM/SH method.
By following a modal approach in the pass-by predic-
tion, the structural response can be separated from the
acoustic radiation: The modal amplitude A4;(w) consists
of the two terms A;(w) = Fa,b;(w). Fa,;(w) is expressed
in time domain by differentiating F.(w) and scaling with
®;. The term b;(vw) describes the frequency response of
an harmonic oscillator, for which an analytic expression
exists:

b = sinw;tH(t) (6)

with the Heaviside function H(t).

The coordinates of the moving wheel and the stationary
receiver are introduced in Figure 6. Convolution of b;(¢)
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Figure 6: Coordinates of the moving wheel and the station-
ary receiver.

and Fy i(zs,t) produces a quantity g,

zg /v

qs (s, x5 /v) :/ Fa(zs, )bi(zs/v—71)dr  (7)

— 00

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. Then,
acoustic propagation functions h;(zg,t) are evaluated by
inverse Fourier transform for each mode, and finally, con-
volution of q’&1 and h; produces the pass-by pressure of
mode [

nio = | " foaos.as /o) hi(as t— s /o)das ()

— 00

The computational advantage of this modal approach is
that the acoustic propagation functions H;(w) are rather
smooth, so they can be evaluated with a broad frequency
spacing.

The total pressure is then calculated as the sum of all
modal contributions. Figure 7 shows a spectrogram of
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Figure 7: Spectrogram of the sound pressure level during
pass-by of wheel.

the sound pressure in a stationary point during the pass-
by of the wheel. The Doppler shift is clearly visible,
and a few dominant modes can be identified. The largest
sound pressure levels are produced in the frequency range
between about 1.7 kHz and 4.5 kHz.

The Track

Structural Vibration

The WFE method can also be used for straight waveg-
uides such as the rail [5, 1]. Making use of the constant
cross-section along the track and assuming propagating,
decaying waves in that dimension, the FE problem is
again reduced to 2D (cf. Figure 8). However, in this
straight case, complex wavenumbers exists at each fre-
quency w. Prescribing w, the quadratic FE system of
equations

(Ko (—jr)? + Ki(—jr) + Ko —w’M] @ =0 (9)
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Figure 8: Left: FE mesh of the free rail cross-section. Right:
Cross-sectional modes for wavenumber 5 rad/m.

is solved. This produces conjugate complex wavenumbers
k; and corresponding eigenvectors ®;, which describe the
cross-sectional motion of each wave (cf. Figure 8). The
displacement response u(z,w) to the force Fo(k,w) is
calculated by superposition of all waves,

u(x,w) = ZAi(I)i’Re_j”“’ for Z 0 (10)

with )
_ JPirFo(k,w)

®,.D(ki)Pir
and D(:‘ii) = —2KZZ‘K2 —jKl.
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Figure 9: Components in the discrete support of the rail.

In reality, the rail is coupled to the rest of the track at
each rail seat via the elastic rail pad, cf. Figure 9. A
discrete support is introduced by assuming that the dis-
placement response of the coupled system is a superposi-
tion of the free rail response and the response due to the
reaction forces,

N
Up3 = ar,ieFe - Z O‘r,ilFa,,l (12)
=1

where the transfer receptances a, are evaluated using
the WFE model above. Modelling each rail seat re-
ceptance ¢, as lumped elements produces one equation
Up; = 0gq,iF, ; for each rail seat. A system of equations
is set up and solved for the unknown reaction forces F,,.
The total displacement of the rail is then calculated by
summing the displacements due to each force acting on
the rail. Figure 10 shows the vertical velocity of one FE
node at the top of the rail head, for a vertical unit har-
monic excitation of the rail mid-span, in the wavenumber
and frequency domain. Up to about 4 kHz, the vertical
bending wave dominates the response. At higher frequen-
cies, other wave types cut in.
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Figure 10: Surface normal velocity of the rail head in the
frequency-wavenumber domain.

Sound Radiation

The radiation from railway track is calculated using
the Wavenumber domain Boundary Element method
(WBEM), which assumes a constant cross-section along
the track [6]. In the WBEM, the 3D sound field (with
the wavenumber in air K) is expressed as 2D sound fields
(with in-plane wavenumber «) at each wavenumber k
along the track. The reduction in dimensionality in the
BE problem reduces the computational cost. To fur-
ther increase the numerical efficiency, acoustic transfer
functions H,(k,w) are precalculated. These describe the
sound pressure produced at a set of receiver positions
for a unit velocity at each BE node. This allows the to-
tal radiated sound pressure from a vibrating structure to
be evaluated by scaling each transfer function with the
surface velocity at the corresponding node and summing
their contributions. A second way to increase the numer-
ical efficiency is to reuse 2D BE solutions across different
combinations of wavenumber x [6, 1].
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Figure 11: Velocity profile of several sleepers along the track
direction x.

The radiation from each sleeper is included in the WBEM
by introducing a velocity profile v, ; (cf. Figure 11).
Each velocity profile is expressed as a rectangular func-
tion defined by the position id and the width w of the
sleeper, scaled to the sleeper’s vertical velocity vy, ;

Vn,i(zT,w) = vy, (W) (H (Jc —id + %) -H (a: —id — %))

(13)
which are expressed in wavenumber domain as
Vn,i(K,w) = v} w sinc(kw)e 7% and serves as the input
to the WBEM calculation.

Pass-by Signals

Multiplying the velocity of one surface element for a unit
harmonic force input (cf. Figure 10) with its correspond-
ing transfer function H,(k,w), and subsequent 2D inverse
Fourier transform generates impulse responses describing
the pressure response to a unit force pulse. Convolution
of these impulse responses with a rolling contact force al-
lows calculating the sound pressure in a stationary track-

side position. An example pass-by on the rail is visualised
in the spectrogram in Figure 12. The largest levels are
observed in the frequency range below 1 kHz, however,
some tonal components are visible at higher frequencies,
likely due to the structural interaction between the com-
ponents.
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Figure 12: Spectrogram of the sound pressure level during
pass-by of a force on the rail.

Summary

This article gives a brief overview of the time-domain
rolling noise model WERAN developed in two PhD
projects at Chalmers University [1, 2]. The interaction
between the wheel and the rail, their vibroacoustic be-
haviour and the sound pressure level during the pass-by
of a wheel on a rail are evaluated in a modular approach
incorporating various numerical models.
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