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ABSTRACT

Long term exposure to ground transportation (road and rail traffic) noise is, after
air pollution, the main environment-related health stressor in densely populated
areas and compromises the quality of life and, indirectly, the life expectations of
millions of people. The main source of ground transportation noise at speeds up
to 130 km/h in road traffic and up to 300 km/h in rail traffic is rolling noise; noise
generated due to the interaction between tyre and road (respectively wheel and
rail). Although at first sight noise generation in these two transportation systems
might seem unrelated, exploring the common aspects provides valuable insight in
current practices for the modeling, prediction and abatement of rolling noise. In
this paper the sound and vibration generation mechanisms due to tyre/road and
wheel/rail interaction are discussed, focusing on the similarities and differences
between the sound and vibration generation mechanisms in these two systems. This
perspective is further extended to the discussion of modelling strategies and source
characterization methods, with a particular emphasis on the influence of surface
roughness on contact force generation. Finally, rolling noise source separation
methods are touched upon, since they are a necesary tool to assess the impact of
noise and vibration mitigation measures in both road and rail traffic systems.

Keywords: tyre/road noise, wheel/rail noise, contact forces, roughness, source
separation
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1. INTRODUCTION

Ground transportation noise is becoming an increasingly big problem in densely
populated areas. This noise consists mainly of road and rail transportation noise. For
road transportation tyre/road noise is the dominating noise source for constant driving
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speeds of 40 km/h and higher for combustion engines and for all urban speeds in the case
of electric vehicles [1]. On the other hand for rail transportation, wheel/rail rolling noise
is the main source of noise on open line [2].

Rolling noise of road and rail vehicles is very similar in nature, since both originate
in vibrations caused by roughness-induced dynamic contact forces. In this paper the
sound and vibration generation mechanisms due to tyre/road and wheel/rail interaction are
discussed, focusing on the similarities and differences between the sound and vibration
generation mechanisms in these two systems. In essence the source of noise are the
dynamic contact forces caused by the (combined) surface roughness, as discussed in [3].
Here a brief summary of the contat force generation process is given. Finally rolling noise
source separation methods are discussed.

2. FROM SURFACE ROUGHNESS TO SOUND GENERATION

2.1 Background

Ground transportation is based on rolling contacts due to their inherent low resistance
to motion. However due to the surface roughness of the elements in contact, dynamic
forces are generated during the rolling motion. These forces generate vibrations of the
structures in contact and these vibrations lead to noise. The frequency of the excitation
force is related to the wavelength of the surface roughness through the vehicle speed:

f =
V
λ
, (1)

where f [Hz] is the frequency, λ [m] the wavelength and V [m/s] the vehicle speed. This
relationship is fundamental to understanding the dynamic response to rolling excitation
and the negative effects associated to it as is schematically shown in Figure 1.

Figure 1: Relation between surface texture wavelength and vibroacoustic aspects caused
by rolling excitation [4].

Very long wavelengths lead to low frequency excitation which, in case of coincidence
with structural resonances, might lead to structural durability problems and high rolling



resistance in tyres. For shorter wavelengths, comfort-related aspects such as vibrational
disturbance and structure borne sound problems may appear. Even shorter wavelengths
are usually accompanied by direct sound radiation from the rolling object or the
supporting structure. Although the basic mechanism of roughness-induced vibrations
is the same for tyre/road and wheel/rail interaction, there are significant differences in
the contact, dynamic response and sound radiation mechanisms that are discussed in the
following subsections.

2.2 Particularities of wheel/rail noise

For rail vehicles the combined surface roughness of wheel and rail excites vibrations
in both systems as shown in Figure 2.

Figure 2: Wheel/rail noise generation [5].

Both wheel and rail are efficient sound radiators in a broad frequency range and
therefore the roughness-induced vibrations lead partly to noise and are partly transmitted
to the sleepers which in turn radiate sound as well. The vibration energy of the wheels is
concentrated around the eigenmodes of the wheel, and dominates pass-by noise generally
above 1500 Hz. The rail radiates broadband sound in the frequency region 250-1250 Hz,
while the sleepers are the main contributors to the total pass-by noise at low frequencies,
below about 400 Hz. The structural damping of railway wheels is very low, which means
that all vibration modes excited will easily reach relatively large vibration amplitudes
at their corresponding resonance frequencies and radiate sound efficiently, since the
structural wavelengths are larger than the acoustic wavelengths for most frequencies
of interest. On the other hand the track, unlike the road in tyre/road noise, is a major
contributor to railway noise and the contact forces and the track response to these forces
strongly depend on its dynamic properties, which are determined by: the rail properties,
sleeper and rail pad properties and ballast properties. The fact that both track and vehicle
actively contribute to the pass-by noise leads to the need of separating these contributions
in order to be able to establish the noise levels originated by a certain vehicle (see Section
4).



2.3 Particularities of tyre/road noise

When a tyre rolls on a rough surface tyre vibrations are excited due to two main effects:
the impacts caused by the tread blocks entering and exiting the contact area and the higher
frequency excitation originated by the road roughness wavelengths of the order of the
tread block size within the contact area. This is schematically illustrated in Figure 3(a)-
(b). As the tread blocks travel along the contact length, they are compressed by the
road roughness asperities and the generated forces are transmitted to the tyre belt (see
Figure 3(b)). The contact forces cause the tyre to vibrate as shown in Figure 3(c). Unlike

Figure 3: Overview of tyre/road sound generation: (a) Schematic view of tyre on rough
road, (b) Detailed view of interaction between tread blocks and road surface asperities,
(c) Tyre vibrations due to road roughness excitation, (d) Sound amplification through the
horn effect.

vibrations in train wheels, elastic waves in tyres decay strongly as the distance to the
contact area increases, which means that tyres themselves do not act as loudspeakers,
as is the case for train wheels. In the case of tyre/road noise, the sound amplification
is due to the horn effect as illustrated in Figure 3(d). The wedge at the leading edge of
the tyre/road contact acts as a loudspeaker that can provide amplifications of the order
of 30dB. Therefore road properties have a crucial influence on tyre/road noise. On the
one hand road texture provides the excitation that makes the tyre vibrate and, on the other
hand, a road with low acoustic absorption will greatly amplify the sound generated at
the tyre/road contact. This inevitably leads to the conclusion that a smooth road with
high sound absorption properties should greatly reduce tyre/road noise, as is the case [1].
One could argue that in the tyre/road interaction case the road is a "passive" contributor



to the generated sound, since it does not radiate sound itself (as the track does), but
provides the absorption boundary conditions that regulate sound radiated by the tyres.
As a consequence, establishing the relative contributions of tyre and road to the pass by
noise is more straightforward than in the wheel/rail interaction case [1].

2.4 General modelling approach

The general modelling approach for vibro-acoustic predictions of wheel/track and
tyre/road interaction is schematically given in Figure 4, where f(t,Ω), f̂(ω,Ω) are the
force vectors in time and frequency domain respectively, G(t,Ω) is a matrix of Green’s
functions of the interacting subsystems, Y(ω,Ω) is the matrix of mobilities of the
interacting subsystems, ω rad/s is the temporal frequency and Ω rad/s is the rotational
velocity of the wheel/tyre. This approach has been exploited by several authors in both
the road and railway noise communities, where some works include the influence of the
rotational velocity on the system response (see for example [6], [7], [8], [9]) and others
do not (see for example [10], [11]).

Figure 4: General modelling approach.

The idea behind the approach presented in Figure 4 is to separate the linear and
nonlinear parts of the dynamic behavior of the system. For vibro-acoustic modelling it
is reasonable to assume that the response of wheel/tyre and track/road is linear and can
be described by Green’s functions and mobilities. Which means that their response to
the contact forces can be computed in the frequency domain. On the other hand, in order
to account for the non-linear effects associated to the dynamic changes in the effective
contact area caused by the surface roughness, the contact forces should be calculated
in the time-domain. This leads to a two-step procedure where the contact forces are
calculated in the time domain, considering the responses of the interacting structures
through their Green’s functions and with the (combined) roughness of the structures as
input. In a second step, the contact forces are transformed to the frequency domain and
the response of the interacting structures is obtained based on pre-calculated mobilities.
This approach is computationally efficient, since the time consuming time-domain
integration is performed with a relatively small model, including only the Green’s
functions for the parts of the structures that are potentially in contact.

Although this general approach is applied to both road and railway noise there are
differences in how the interacting structures and the contact interaction are modelled
and in the challenges involved. For wheel/track interaction wheel dynamics are
modelled either as rigid body (when the track response is the main interest) or applying
modal superposition of modes obtained from Finite Element (FE) models, which



is a straightforward procedure. Track dynamics are more complex to describe due
to relatively large amount of parameters that influence the response of the track as
mentioned in Section 2.2 (see [2]). The contact is often modelled as a point contact (see
for example [12], [10]) applying Hertzian contact theory to determine the (nonlinear)
contact stiffness and a filter to the combined roughness data in order to include the
filtering effect of the contact patch (see [2]). This approach offers a limited description of
the influence of the combined roughness on the contact forces as is further discussed in
Section 3.

Regarding tyre/road interaction, the road is mostly modelled as an infinitely rigid
surface and influences the sound generation through surface roughness and its sound
absorption properties. Furthermore, tyres are complex structures, built of wires, cloth
and several different rubber compounds, making accurate tyre modelling a hard task. A
number of analytical models have been proposed in the literature such as plate models
[13] and cylindrical shell models [14]. Although analytical models have proved to be
valuable to study the general dynamic behavior of tyres, they are difficult to use in the tyre
design process. On the other hand full FE models are too complex and time consuming.
The alternative that has won in popularity in recent years is the Waveguide Finite
Element Method (WFEM) [15], where the cross-section of the tyre is modelled using
finite element (FE) and the vibration field in the circumferential direction is represented
using waveguides. The second complexity factor in tyre/road noise is solving the contact
problem between tyre and road. The size of the contact area depends on the load and the
dynamic properties of the tyre and varies during rolling due to the road waviness and
vehicle dynamics. Furthermore, the real contact area depends on the surface roughness
of the road and is much smaller than the apparent contact area. Accurately predicting and
measuring the 3-dimensional contact forces at the contact area is a challenging task that
is further discussed in Section 4.

Summarizing, it is clear from the discussion in this and the previous section that a good
understanding, accurate modelling and accurate measurements of rolling contact forces
and the role of surface texture is key to the prediction and mitigation of transportation
noise. Therefore in the following sections some detailed aspects of wheel/rail and
tyre/road contact are discussed.

3. INFLUENCE OF SURFACE ROUGHNESS IN ROLLING CONTACTS

3.1 Modelling roughness-related nonlinearity in wheel/rail contact

Wheel/rail contact interaction is often simplified to a single contact point that moves
along a line representing the combined wheel and rail roughness [2]. Assuming full
compression of this combined roughness, Hertzian contact theory can be applied to derive
the resulting contact force. The Hertzian contact stiffness is usually linearized around the
equilibrium position corresponding to the static vehicle load and applied to both time- and
frequency-domain wheel/track interaction modelling ([10], [16], [17]). Regardless of the
linearization step, Hertzian theory is based on three assumptions: smooth surfaces, elliptic
contact area and the assumption that one line of combined roughness represents the three-
dimensional roughness profile within the contact area of 0.8 to 2.5 cm2 [17]. In practice,
short roughness wavelengths smaller than the contact dimensions should be filtered in
order to achieve realistic predictions in the high frequency range and the correlation of the
roughness profile in the longitudinal and lateral direction influences the level of excitation
[18].



Over the years, methods to increase the accuracy of the effective combined roughness
profile have been developed, such as two- and three-dimensional elastic foundation
models [2]. These models rely on a pre-calculation of the (non-linear) contact stiffness
and the effective combined roughness profile and solve the wheel/track interaction
problem as a point contact problem. In [18] detailed three-dimensional contact modelling
is included in the time-domain wheel/track dynamic interaction model, eliminating all
simplifications related to the point contact assumption.

Although time-domain models of wheel-track interaction including three-dimensional
contact modelling enable predictions of high accuracy, they entail a high computational
cost and require complete three-dimensional roughness data for the total length along the
rolling direction. Therefore in [19] a method is proposed that captures the roughness-
and shape-induced non-linear effects on both contact stiffness and contact filtering, while
keeping the single-point contact approach, leading to a low computational cost and a
limited amount of input roughness data. This method is a further development of the
contact model developed and validated in [20] for the general case of steel-steel rolling
contacts.

The resulting state-dependent nonlinear contact stiffness is plotted in Figure 5 for a low
and a high roughness profile, together with the Hertzian contact stiffness for comparison
[19]. Figure 5 clearly shows that the larger the amplitude of the combined roughness

Figure 5: Contact stiffness for low roughness contact (solid) and high roughness contact
(dashed), with two standard deviations above and below the curve-fitted values (shaded),
Hertzian contact stiffness as defined in ( [16]) (dotted).

profile the more the contact stiffness deviates from the Hertzian contact stiffness. For the
same compression, an increase of the surface roughness amplitude leads to a smaller area
of real contact and, therefore, a smaller contact force and a contact stiffness significantly
lower than the Hertzian contact stiffness.

During rolling the contact area changes due to dynamic load variations and so does
the spatial filtering, which implies that the spatial filtering is nonlinear with respect to the
vertical compression. In Figure 6 the filter effect for the two combined roughness profiles
considered and several static load values is shown. Details about the method used to derive
these filters can be found in [19]. It can be seen that the contact filter spectra display dips
at frequencies corresponding to roughness wavelengths which are similar to the length of



Figure 6: Contact filter effect for static pre-loads 10kN (dashed), 25kN (thick solid), 45kN
(dotted), 67.5kN (thin solid) and 100kN (dash-dotted) for (a)low roughness contact and
(b) high roughness contact.

the apparent contact area. These dips seem to be more pronounced for the low roughness
contact than for the high roughness contact, which is possibly explained by the fact that
the contact length for the low roughness profile is well-defined as compared to the high
roughness contact, leading to a more Hertzian-like pressure distribution. Furthermore,
the high roughness contact leads to a larger contact filtering effect than the low roughness
contact. A possible explanation is that, for the high roughness contact, parts of the wheel-
rail material within the apparent contact area are not in contact leading to a reduced
roughness-excitation. Although the filtering effect increases with increasing frequency
(decreasing wavelength), it does not appear to be restricted to wavelengths shorter than
(or of the order of) the contact dimensions.

In general it can be concluded that state-dependent contact filtering leads to a larger
contact filtering effect than the Hertzian contact model with contact filtering by averaging
over the contact length and that the effect is more pronounced for the higher roughness
profile. Regarding the comparison between the linear (static) and nonlinear (dynamic)
filtering, the largest differences are found for the low static loads and high roughness
profile, reaching 8-10 dB for the vehicle speed of 200 kph. The influence of nonlinearities
at lower vehicle speeds is however moderate [19].

3.2 Understanding tyre/road rolling contact interaction

The relatively low rigidity of rubber, together with its viscoelastic properties and the
higher level of surface roughness of roads compared to metal-metal contacts leads to
some fundamental differences in rolling contact conditions. In contrast to a railway wheel



a tyre has the ability to transfer very high longitudinal and transverse forces between
vehicle and road and to effectively mitigate the normal contact forces originating from
the impact of the tread blocks on the road. This beneficial performance comes at the cost
of a higher complexity of the rolling contact interaction. The bending and compression
of the tyre when it goes through the contact patch give rise to longitudinal forces on
the tread block which in the impact phase act in the tyre rolling direction and in the
release phase act in the direction of the vehicle. For perfectly free rolling tyres, these
contributions balance each other and lead to a zero net longitudinal force. However, in all
real rolling conditions there is always a net longitudinal acceleration or braking present
in the tread-block/road contact although it can be low in magnitude if it is present only to
overcome the rolling resistance of the vehicle. As shown in Figure 7 the contact forces
generated in the rolling process lead to several unwanted effects such as: tyre wear, rolling
resistance and noise. Understanding the generation of tyre/road contact forces is the key to
a better control of these effects. The vast majority of tyre/road contact interaction models

Figure 7: Contact forces in the tyre/road interface generate interior and exterior noise as
well as rolling resistance and wear [4].

for vibro-acoustic prediction purposes that can be found in the literature consider only
vertical contact forces ([21], [11], [22]) and disregard the longitudinal and transversal
(friction) forces. This is partly due to the fact that the rubber/road contact interaction
processes that ultimately lead to the friction force are still not fully understood and there
is, therefore, a need for empirical data. Although there are several measurement methods
that measure contact forces on complete tyres [23], the contact forces are indirectly
derived from forces measured in the wheel hub, which is valuable for global validation of
tyre models but provides no information on the interaction between tyre-tread and road
roughness within the contact. Several works can be found where methods to measure
sliding friction between a single tread block and a substrate, excluding the complete tyre
structure, are presented (see for example [24] and [25]). However few methods can be
found that attempt to measure contact forces between a tread block and a substrate in
rolling conditions. In [26] a high speed rolling test rig is developed which is used to
measure the normal and longitudinal rolling contact forces between a single tread block
and a single stone asperity and more recently a compact internal drum (CID) measurement



set-up is proposed, where the interaction between a tread block and an asphalt substrate
is studied for representative impact and release conditions [27].

The compact internal drum (CID) test rig (see Figure 8) is developed for measurements
of the three contact force components generated in the impact and release phase of a tyre
tread block in rolling contact with a substrate. The design of the test rig is such that
realistic impact and release angles for the tread block–substrate contact are provided and
force measurements at high rolling speeds with a high signal-to-noise ratio are enabled. It
is suitable for detailed investigations of the influence of rubber tread block and substrate
characteristics on the contact forces, since both the substrate as well as the sample tread
block are fully interchangeable.

Figure 8: The core of the test rig consists of a solid metal wheel (1) within which a force
link (2) including a tread block sample is embedded. In test rig operation, the solid metal
wheel rolls on the inner surface of a drum (3), which is covered by an interchangeable
sample substrate [27]

The vertical compression of rubber leads to vertical compressive stresses as well as
longitudinal shear stresses directed towards the center of the contact area. A sinusoidal-
like longitudinal force history is found since the tread block is deformed towards the
leading edge at impact and subsequently deformed towards the trailing edge in the
release phase. In Figure 9(a), this sinusoidal-like character is distorted by a superimposed
shear force directed towards the leading edge which correspond to the force required to
overcome the rolling losses of the test rig and maintain a constant velocity. The force
history immediately after the driving torque has been removed is presented in Figure 9(b),
where the superimposed longitudinal shear force is directed towards the trailing edge.
This sinusoidal-shaped force history is found in numerous experimental investigations
of the longitudinal forces on complete rolling tyres (see for example [28]) as well as in
the investigation of a single tread block in rolling contact performed by [26]. Due to the
asymmetry of the tread block shape (leading and trailing edge are not perpendicular to
the direction of travel), also a transverse shear force is measured, although it is small
compared to both the vertical and the longitudinal force components.

Constant acceleration is simulated by the application of a braking torque to the drum
and simultaneously a driving torque generated by the electric motor sufficient to maintain
a constant rolling velocity. In Figure 9(c)-(d), the resulting contact forces are presented for
simulated constant acceleration at the rolling velocity 3.6 m/s. In this case, as one would



Figure 9: Measured longitudinal (solid grey), transverse (dashed) and vertical (solid
black) contact forces for rolling velocity 3.6 m/s and static load 70 N; (a) with driving
torque; (b) without driving torque; (c) with driving torque and braked drum (sx = 0:038);
(d) with driving torque and heavily braked drum (sx = 0:100). NCC Repasfalt / Vialit
Reaktiv Asphalt, maximum stone size 4mm [27].

expect, the longitudinal force is positive for the complete contact length and significantly
larger than before. For the heavy breaking conditions the longitudinal force is larger
than the normal force, which leads to a friction coefficient larger than one, which is in
agreement with experimental results presented by [29].

In order to explore how the rolling conditions influence the frequency content of the
longitudinal contact force, the average frequency spectrum of the longitudinal forces for
the four surfaces considered it displayed in Fig. 10 in free-rolling and heavy acceleration
conditions.

At the velocity of 62 km/h and approximate free rolling condition, the frequency
content of the longitudinal force presented in Fig. 10 is seen to be fairly similar for
the two asphalt surfaces. In contrast, the corresponding results for heavy acceleration,
which are believed to induce slip and stick–slip condition in the trailing half of the contact
length reveal large differences above approximately 400 Hz. Although a broadband
increase is found for both cases which is prominent for the approximate frequencies of
800 and 2700 Hz, it is much larger for the results corresponding to the asphalt with 11mm
stone size than for that with 4mm stone size, which supports the previous observation
concerning a more considerable onset of slip for the asphalt with 11mm stone size. Even
larger differences of the frequency content are found for the results corresponding to



Figure 10: Averaged linear spectra of the longitudinal force (rms) as a function of
frequency for approximate free rolling (black) and heavy acceleration (grey) at 62 km/h;
a) asphalt with stone size 11 mm; b) asphalt with stone size 4 mm; c) aluminium substrate;
d) anti-slip tape substrate [4, 30].

the aluminium substrate and the anti-slip tape substrate. For the aluminium substrate, a
generally higher and broadband level is exhibited for the free rolling condition compared
to all the other substrates which is for the case of heavy acceleration intensified mainly
around the approximate frequency of 2700 Hz. The results for the anti-slip tape substrate
reveal a more moderate broadband contribution for the approximate free rolling condition,
whereas a drastically increased contribution is found for the heavy acceleration case
although the increase is most prominent around the frequencies of 800 and 2700 Hz.
Conclusively, the observations presented here regarding the frequency content of the
longitudinal force component may have considerable importance for the understanding of
the influence of substrate roughness on friction induced tread wear and noise generation.

The capability of the test rig to generate useful results is assessed by presenting
results for both free rolling and accelerating condition at different rolling velocities and
different static vertical pre-loads. The test rig thus provides results which contribute to
the understanding of tyre/road interaction and can be used as input to modelling-based
development of both tyres and roads aiming for improved handling, safety, energy
efficiency, comfort and acoustic performance.



4. SEPARATION OF RAILWAY ROLLING NOISE SOURCES

4.1 Background

In railway pass-by noise, rolling noise dominates for trains travelling at speeds below
300 km/h [31]. With the aim of legal homologation, the technical specification for
interoperability (TSI) NOISE regulates the sound levels of European rail-bound vehicles
to specific limit values [32]. It has however been found that a significant part of the
pass-by noise comes from the track at frequencies below 2 kHz, and for this reason the
compliance of a vehicle with the TSI legislation nowadays largely depends on the track
on which such a vehicle runs. Therefore the need for separating the track and vehicle
contributions to the meassured pass-by noise arises in order to facilitate the homologation
process.

Over the years, several separation techniques have been proposed. The MISO
(Multiple Input Single Output) method obtains an estimate of the rail contribution
by means of measured rail vibration spectra and a transfer-matrix, and the wheel
contribution is inferred from the level difference between the total pass-by and the rail
contribution [33] .The VTN (Vibro-acoustic Track Noise) method proposed in [34],
estimates the sound levels using source models from TWINS [35] for measured vertical
and lateral rail vibrations and sleeper vibrations. The method currently in use is the PBA
(Pass-by Analysis) technique [36], which is a transfer-matrix method that can separate
the contributions down to roughness levels, by means of knowledge of rail vibrations
and sound pressure at one microphone located as defined in ISO3095 [37]. Other
separation techniques include the use of one- and two-dimensional microphone arrays
[38, 39, 40], beamforming arrays. However, a common drawback of beamforming is that
it underestimates the rail contribution by at least 10 dB. The cause of this underestimation
is that beamforming arrays are most suitable for uncorrelated sources, which is not
the case for a spatially extended source such as the rail. The most recent alternative
to beamforming is the so-called SWEAM (Structural Wavenumbers Estimation with
an Array of Microphones) method [41], which calculates an inverse estimation of the
structural wavenumbers and decay rates of the waves in the rail.

In the Horizon2020 Shift2Rail project Roll2Rail a number of existing and newly
proposed methods have been tested and compared [42]: PBA, MISO, TWINS with
measured track vibration, beamforming, advanced transfer path analysis (ATPA) and
wave signature extraction (WSE). The latter method is presented in the next section,
where a short description of the method is provided and the main results are sumarized.
A detailed description of the WSE method can be found in [43].

4.2 Wave Signature Extraction (WSE)

4.2.1 Brief description of WSE

A railway track consists of the rails, pads, sleepers, and ballast. The sound radiation of
the sleepers dominates up to 500 Hz, specially for a track with stiff pads [44]. Below this
frequency, the rail often behaves like a compact source, and most of the sound radiation is
concentrated in a small region close to the contact point with the wheel. As the frequency
increases, the structural waves begin to propagate freely in the rail, and the latter behaves
like a distributed source. Then the rail sound radiation becomes dominant up to about
1600 Hz. Above this frequency it is frequently the case that the rail noise is surpassed
by the wheel noise. In the frequency range in which the rail behaves like an extended



source, the sound field consists of plane waves propagating at an angle to the normal of
the rail longitudinal axis. This radiation angle, lying in the x − z plane, is characterized
by the ratio of the acoustic wavelength and the wavelength of the bending wave that
is excited in the rail. Fig. 11 shows a schematic of this situation, in which the angle
follows φ = arcsin(λ/λB) = arcsin(kB/κ), where kB and κ are the bending and acoustic
wavenumbers respectively.

Figure 11: Sound radiation directivity of the rail. Plane waves are radiated at an angle φ
in the x − z plane, and λ and λB are the wavelengths of the acoustic and structural waves
[43].

During a train pass-by, the rail radiation has contributions from vertical and lateral
bending waves. In general, lateral waves cut-on earlier in frequency than vertical
waves because of a difference in stiffness, and there can be a total of at least four wave
families up to 5 kHz [45]. In order to distinguish between plane–wave families it is
convenient to represent the fields in a dispersion plot. This is a plot of the wave amplitude
versus wavenumber κ and frequency f . Fig. 12 illustrates the dispersion plot obtained
from a vertically excited Timoshenko beam model, and the calculated dispersion from
two bogies passing in front of a microphone array. It can be seen that the dispersion

Figure 12: Dispersion plot signatures obtained from (a) vertical mobility of a periodically
supported Timoshenko beam model, and from (b) array pressure measurements for a train
pass-by section corresponding to two bogies running at 160 km/h [43].

behavior observed in the acceleration data (Fig. 12(a)) is also found in the array pressure
measurement data (Fig. 12(b)), as expected from earlier measurements on an epty track



[44]. Additionally, waves that possibly correspond to noise radiated by the wheels and
the sleepers are identified.

The main principle of the WSE method is to separate the rail noise by means of filtering
the wavenumber spectra obtained from microphone array measurements of the train pass-
by. The key point is the design and application of the wavenumber filters according to the
rail signature measured with the microphone array. As mentioned above, the rail signature
consists of plane waves that typically can be represented as narrow–band signals in the
wavenumber domain, hence justifying the application of band-pass wavenumber filters
that only accept the narrow–band content and reject the rest of the spectrum.

In general the rail signature can be estimated given the knowledge of the structural
properties of the track, which would usually require a static test besides the actual
train pass-by measurement. In this work, however, the rail signature is estimated from
pressure and acceleration recordings taken a few seconds before and after the pass-by
event, provided the microphone array is located in the near-field of the rail and two
accelerometers are located on the rail: one in the vertical and one in the lateral direction.
This procedure to estimate the rail signature allows for the design of the band-pass
wavenumber filters without the need of the additional static measurement. An overview
of the signal processing chain from time–domain signals to the rail sound pressure levels
is shown in Fig. 13.

Figure 13: Block diagram of the wave signature extraction method. The dashed box
comprises the estimation of the optimal filter with data before and after the train pass-by
[43].

The processing steps within the dashed box on the left of Fig. 13 correspond to the
identification of the filter parameters based on the microphone signals just before and



just after the train pass-by. The vertical and lateral acceleration signals are used as a
reference to improve the quality of the pressure spectra used for the filter estimation. The
steps on the right column (outside the dashed box) correspond to the preprocessing and
consequent filtering of the microphone array data. As a result the rail contribution in 1/3
octave bands is obtained, as well as the vertical and lateral vibration contributions. A
detailed explanation of each of the signals and processing blocks involved in the WSE
method can be found in [43].

4.2.2 Experimental results

The measurement campaign was carried out in a high-speed track with standard ballast,
near Munich, Germany, in June 2016. The experimental setup is shown in Figs. 14.

Figure 14: Photograph and schematic side-view of the pass-by measurement setting in
Germany [43].

It consists of a 42-channel line microphone array, two accelerometers and a pass-by
microphone located 7.5 m away from the track center as defined in ISO3095 [37]. The
array consists of 6 GRAS 40BD and 36 GRAS 40PH microphones. The acceleration
sensors are ICP accelerometers B&K 4398, and the pass-by microphone is a BSWA Tech
MA201. All sensors are connected to a VXI multi-channel acquisition system, and the
time signals are simultaneously sampled at 6.4 kHz. The microphone array is positioned
1.2 m away from the nearest rail, and at half the rail web in height. The array is held on
an aluminium frame, which rests on three supports fixed with ballast. The microphone
spacing is 8 cm, which gives an array length of 3.36 m. Windshields are used in order
to minimize the influence of flow in the measurements. The accelerometers are mounted
with magnets vertically underneath the rail and laterally at half the rail web, and located
in front of the left-most microphone of the array. Two train passages at 80 km/h and at
160 km/h are considered. The corresponding rail contributions to the sound pressure level
spectra predicted by WSE are given in Fig. 15, along with the TWINS predictions.

Firstly it can be stated that the rail sound pressure level spectra are very close to the
total pass-by spectra for both travelling velocities, thus there is a significant contribution



Figure 15: Sound pressure level spectra of the rail contribution for the train running,
predicted by TWINS and the WSE method. The total pass-by is that predicted by TWINS.
(a) 80 km/h, (b) 160 km/h [43].

from the rail in the measured pressure in this frequency range. Overall the rail contribution
obtained with the WSE method agrees well with the predictions from TWINS. However,
an underestimation of the rail contribution by the WSE method can be seen at 1600
and 2000 Hz. A closer study of the rail dispersion characteristics measured in [43]
indicates that this underestimation might be due to the appearance of the next bending
wave families, with cut-on frequencies of about 1500 Hz. These wave are filtered out
by the filters designed in [43], which only consider the first vertical and lateral bending
wave families. The possibility of including additional bending wave families is studied in
[46], where the filters schematically drawn in Fig. 16 are designed and assessed for their
effectiveness.

Source: Zea et al., 2018
Figure 16: Wavenumber–domain filter functions investigated: (a) scheme I: double
bandpass [43], (b) scheme II: triple bandpass, (c) scheme III: low and bandpass, and
(d) scheme IV: low-pass.

Four different filtering schemes are proposed in Fig. 16, starting with the filtering
scheme from [43] (scheme I). The remining filtering schemes: II to IV consider different
ways of including a broader range of frequencies. In Fig. 17 a table with the sound
pressure level values at 3rd-octave bands 1600Hz and 2000 Hz, obtained for the different
filtering schemes is provided, along with the TWINS prediction. The closest estimates
are boldfaced.

For 1.6 kHz and both train speeds, the use of triple bandpass filters (scheme II) appears
to reduce the underestimation obtained with the original WSE filters (scheme I) by about



Source: Zea et al., 2018
Figure 17: Rail contributions via filtering schemes I–IV, against reference data predicted
by TWINS (a reference [43].

3 dB. At 2 kHz and 80 kph train speed, the SPL obtained via filtering scheme III is
closest to that predicted by TWINS, although scheme II is rather close as well—just 0.07
dB difference from scheme III. Last, at 2 kHz and 160 kph speed, scheme IV gives the
closest estimate to TWINS’ predicted value, while schemes II and III overestimate the
rail contribution by about 1.5 dB. All in all, the triple bandpass filter (scheme II) seems to
provide the best overall estimation, supporting the expectation that including higher order
bending waves would improve the estimation.

4.2.3 Discussion

Although the implementation of the WSE method presented here makes use of a
uniform line microphone array and two accelerometers, it is straightforward to extended it
to two-dimensional microphone arrays . The novelty of this work lies in the introduction
and application of rail wavenumber filters to microphone array measurements of the train
pass-by. In its current form, the method is limited to the frequency range in which the rail
behaves like a distributed source. The advantage of the method is that no prior knowledge
of the structural properties of the track is in principle needed. This means no additional
measurements are needed, reducing the track-acces time required. However, the track
choosen for the measurement campaign in Germany is a soft track with relatively high
decay rates. It remains to be seen whether this conclusion will hold for a stiff track
as well, since the available pre- and post-passby signal might be too short to allow an
accurate estimation of the dispersion properties of the rail. The comparison to TWINS
demonstrates that the WSE method predicts well the total rail contribution, except at the
frequencies at which the wheel contribution dominates the pass-by noise. Nevertheless
there is room for application of the method even at frequencies in which the wheel
is dominating (above 2kHz), by means of using a denser microphone array. At these
frequencies care must then be taken of possible discrepancies of the rail signature with
and without the train on the track.

5. CONCLUSIONS

This paper discusses the similarities and differences in the sound generation process
of rolling noise for road and rail vehicles. It is shown that in essence the force and
vibration generation mechanisms are similar and the both problems can be modelled
following analogous approaches. Nevertheless, the specific contact interaction conditions
and the sound radiation mechanisms are very different. These two aspects are discussed
in this paper. Since the key to minimizing rolling noise generation are the contact forces,
this paper further explores rolling contact interaction from the modelling perspective for



wheel/rail interaction and from the experimental perspective for tyre/road noise. Finally,
the issue of railway rolling noise source separation is addressed and methods to establish
the track contribution to the total pass-by noise are discussed.
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