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The wheel–rail contact generates a moving force excitation that induces a complex wave field in the rail, 
governed by dispersive wave propagation and interaction with the track support. These mechanisms lead 
to frequency-dependent behaviour, including pass and stop bands, and determine the rail’s role as an 
extended source of airborne sound. This contribution presents a numerical framework for simulating near-
field sound radiation from the rail during a train pass-by. The rail vibration is computed using a Finite 
Element formulation in the wavenumber–frequency domain, while the non-stationary response is obtained 
using moving Green’s functions. Acoustic transfer functions are precomputed using a 2.5D Boundary 
Element method and transformed into the space–time domain. The radiated sound is then obtained by 
convolution with the rail surface velocity. The method captures key physical effects and provides an 
efficient, physically consistent approach for predicting railway noise and analysing transient phenomena.

1 Introduction 

Shifting freight and passenger transport from road to rail is essential for achieving climate targets, but it also transfers 
part of the environmental noise exposure to railway systems. Effective mitigation measures are therefore required without 
compromising the competitiveness of rail as a sustainable transport mode. Reliable prediction methods are needed not 
only to quantify noise levels but also to ensure that descriptors correlate with human perception and support 
communication with stakeholders. 
At conventional operating speeds, rolling noise, generated by the wheel–rail interaction, is the dominant source of airborne 
sound [1]. The rail often contributes significantly to this radiation, particularly below 2 kHz. It behaves as a distributed 
sound source, where vibrations generated at the contact point propagate as dispersive waves and radiate continuously into 
the surrounding air. The resulting sound field depends on wave propagation, attenuation, and interaction with the track 
support, leading to behaviour that is characterised by both localised and extended radiation [2-3]. 
A key challenge is the moving nature of the excitation. The contact force travels along the rail at train speed, generating 
a non-stationary wave field whose characteristics depend on the relation between train speed and wave propagation in the 
track. This leads to a Doppler effect in the structural waves in the rail. 
Engineering models such as TWINS [1] provide efficient predictions of source power and are widely used in practice. 
However, they rely on simplified representations of the track dynamics and typically operate in the frequency domain 
using equivalent roughness spectra. More detailed numerical approaches based on finite element (FE) and boundary 
element (BE) methods allow for a more complete description of structural dynamics and acoustic radiation but are 
computationally demanding and typically also work in the frequency domain. 
Auralisation methods have been developed to address perceptual aspects of railway noise and improve communication. 
These approaches often represent the track radiation using equivalent sources. For example, Pieren et al. [4] use discrete 
monopole sources moving with each wheel, while Maillard et al. [5-6] employ a line of coherent stationary monopoles 
distributed along the rail. More recently, a combined approach using both moving and fixed equivalent sources has been 
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proposed, where moving sources represent strongly decaying waves near the excitation and fixed sources represent 
propagating waves along the rail [3]. While these approaches may produce convincing auralisations, the high number of 
equivalent sources required leads to a comparably high computational effort, and they still rely on simplified 
representations of the underlying wave physics. 
Despite these developments, there remains a need for computationally efficient methods that capture the full wave 
behaviour of the rail while enabling accurate prediction of near-field sound pressure during a pass-by. For example, as 
long as the source signal of the equivalent sources is still calculated in the frequency domain, transient effects such as 
impacts in the wheel–rail interface and the interaction with the rail supports cannot be represented. Further challenges 
include modelling the dispersive wave propagation and efficiently computing radiation from an extended source. 
This contribution presents a hybrid numerical framework to address these challenges. The rail vibration is computed using 
a FE formulation in the wavenumber–frequency domain, enabling an efficient description of wave propagation in the 
track. The time-dependent response during a pass-by is obtained using moving Green’s functions. Acoustic transfer 
functions are precomputed using a 2.5D BE method and expressed as Green’s functions in the time domain. The airborne 
sound pressure is then obtained by convolution with the rail velocities. In contrast to approaches based on equivalent 
roughness spectra or simplified source models, the proposed method predicts rolling contact forces, structural vibration, 
and radiated sound consistently in the time domain, making it suitable for analysing and auralising transient phenomena. 

2 Physical background 

The vibration of a rail subjected to an excitation force is governed by the propagation of different wave types in the rail 
and their interaction with the track support. The resulting response determines the structural vibration and, therefore, the 
radiated sound.  
The rail can be modelled as an infinite waveguide, in which multiple wave types occur in the frequency relevant to rolling 
noise. The level of excitation of each wave type depends on the wheel – rail contact conditions. Figure 1 shows examples 
of the wave types evaluated in previous work [7]. 

 

 

Figure 1: Top: Cross-sectional deflections of the rail for (left to right) lateral bending wave, vertical bending wave, 
torsional wave, web bending wave, head rotation wave, and foot flapping wave.  

Bottom: Dispersion diagram of a (free) 60E1 rail. 

For this free rail, four wave types have no cross-sectional deflection, namely the lateral and vertical bending wave, the 
torsional wave and the longitudinal wave. These reach the wavenumber 0 rad/m at 0 Hz, corresponding to the rigid body 
motion of the rail. Higher order waves have nonzero cut-on frequencies, and their cross-sectional deflection can be in part 
characterised by nodal points. 

32.5 63 125 250 500 1k 2k 4k 8k

10
0

10
1

Frequency (Hz)

W
a
v
e
n
u
m
b
e
r
(
ra
d
/
m
)

Wavenumber in air

Lateral bending

Vertical bending

Torsion

Longitudinal

Web bending

Head rotation

Longitudinal shearing

Foot flapping



   

 3 

The interaction with the track support at the rail seats modifies the wave propagation. The discrete, periodic nature of the 
support leads to pass bands and stop bands in the vibration response. Within pass bands, waves propagate along the rail, 
while in stop bands the vibration decays rapidly away from the excitation point. This behaviour strongly influences the 
effective length of the radiating source. 

 

Figure 2: Simulated and measured vertical point and transfer receptance of a 60E1 rail. The legend indicates the number 
of rail seats between the excitation and the measurement position. The thick, opaque lines represent measured data [8]. 

Figure 2 shows the simulated and measured point and transfer receptance of a ballasted track. Model parameters and 
description can be found in [7]. The measurements are taken from [8]. At low frequencies, the receptance decays quickly 
as the rail support prohibits wave propagation. The peak at about 300 Hz marks the resonance at which the rail and 
sleepers vibrate with opposite phase. Above this frequency, the influence of the rail seats on the rail vibration is decreased, 
leading to longer wave propagation (see, e.g., the transfer receptance to 15 and 30 sleeper spans). Sharp resonances are 
visible just above 1 kHz, at 2.8 kHz, and 5 kHz, corresponding to frequencies at which the distance between rail seats is 
a whole-number multiple of half a wavelength in the rail (so called pinned-pinned mode).  

3 Numerical method 

The simulation framework combines an efficient description of rail dynamics with a precomputed acoustic radiation 
model. The approach is based on a separation between structural vibration and sound radiation, enabling computationally 
efficient prediction of the airborne sound during a train pass-by. The framework components, briefly described in this 
section, are shown in Figure 3. 

 
Figure 3: Components of the numerical simulation model.  
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3.1 Structural vibration model 

The track dynamics are described using a FE formulation in the wavenumber–frequency domain, which is well suited for 
modelling wave propagation in rails, since invariant properties can be assumed along the rail. In this formulation, only 
the rail cross-section is discretised into finite elements (cf. Figure 4); propagating, decaying waves describe the vibration 
along the rail. The rail supports are integrated as virtual forces acting on the rail. The response of the track to a stationary 
harmonic unit force produces the structural Green’s functions [7].  
Sorting these functions according to the vehicle position at each time step produces moving Green’s functions. 
Convolution with the excitation history then produces the rail surface velocity during the pass-by. This approach avoids 
explicit time-domain simulation of the full track and provides a computationally efficient way to obtain the non-stationary 
vibration field. See [2, 9] for further details on the formulation of the rail model and moving Green’s functions. 

 
Figure 4: Discretised cross-section of the rail (FE-model, one element highlighted in orange), and principal sketch of the 

sound radiation. The green section of length L highlights one acoustic source.  

3.2 Acoustic radiation model 

The sound radiation from the rail is described using precomputed acoustic transfer functions, obtained from a 
wavenumber-domain BE formulation (2.5D BE). Similarly to the FE model, this approach exploits the longitudinal 
invariance of the track geometry and enables efficient computation of the radiated sound from an extended source. 
The transfer functions relate the rail surface normal velocity of the rail to the sound pressure at a receiver. These are 
computed in the frequency–wavenumber domain and subsequently transformed into the space–time domain, yielding 
acoustic Green’s functions for a set of discrete sources of finite length along the track. One such source is highlighted in 
green in Figure 4. Further details of the acoustic formulation are given in [9].  
Convolution of these functions with the rail surface velocities produces time signals of the sound pressure at a stationary 
track-side receiver. This procedure can be interpreted as a superposition of contributions from a series of short rail 
segments, each acting as a localised radiator. The total sound field is thus obtained without explicitly modelling the full 
acoustic domain in the time domain. 

4 Illustrative results 

The proposed method and the underlying physical mechanisms are illustrated in a simple simulation. In this simulation, 
a vertical force moves at 100 km/h over a straight track with the specifications described in Section 3. The wheel-rail 
force is a synthetic white noise signal band-limited to the frequency range 5 Hz to 8 kHz. This synthetic excitation allows 
the frequency-dependent behaviour of the rail to be clearly identified without the influence of the wheel and rail roughness 
and wheel dynamics. 
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Figure 5: Simulated vertical velocity of a rail in a 24 m rail section, excited by a moving force. Top: Response at 40 
consecutive rail seats; Bottom: Short-term weighted velocity signal level at the central rail seat (indicated by the dashed 

white line in the figure above).  
This moving excitation produces a space-time dependent wave field in the rail, demonstrated in Figure 5. The upper figure 
shows the vertical rail velocity at a series of rail seats. There is a clear dependency of the velocity level on the proximity 
to the excitation force. The velocity level, shown in the lower subfigure, increases more rapidly as the force approaches 
the considered rail seat. This is because close to the excitation point, the rapidly decaying low-frequency components 
dominate, while further away, propagating waves dominate the response. The relative importance of these contributions 
depends on the frequency and the wheel–rail interaction. From an acoustic perspective, the rail therefore acts as a 
stationary, extended source for airborne sound driven by a moving structural vibration field. This predicted velocity field 
serves as the input to the sound radiation prediction as described above. 
Figure 6 shows the spectrogram of the sound pressure level at a stationary receiver near the track during the passage of 
the moving load. Several characteristic features can be observed. At low frequencies, the response is dominated by rapidly 
decaying components, resulting in a short-duration signal as the excitation passes the receiver. This behaviour reflects the 
limited propagation of bending waves in this frequency range, where the vibration remains localised near the excitation 
point. 

 

Figure 6: Spectrogram of sound pressure at a stationary receiver during passage of a moving white-noise force. 
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In the frequency range between approximately 500 Hz and 1.5 kHz, the vibration persists over a longer time interval, 
indicating efficient wave propagation along the rail. In this range, the rail behaves as an extended waveguide, and the 
vibration field is no longer confined to the vicinity of the moving load. As a result, a larger section of the rail contributes 
to the radiated sound.  
A pronounced feature is observed around the pinned–pinned frequency, where the interaction with the discrete track 
support leads to a strong amplification of the response (visible as a distinct band just above 1 kHz in the spectrogram). 
The Doppler shift is visible especially at high frequencies, where distinct lines are shifted towards lower frequencies after 
the pass-by. 

 

Figure 7: Top: Short-term weighted sound pressure level at a stationary receiver. Bottom: Corresponding pressure 
spectrum. 

Figure 7 shows the corresponding sound pressure level during the passage (top) and the corresponding frequency 
spectrum (bottom). The time signal exhibits the characteristic pass-by shape comparable to the structural response shown 
in Figure 5. The spectrum has a broad maximum between approximately 500 Hz and 1 kHz, corresponding to efficient 
wave propagation in the rail and an increased effective radiation length. At lower and higher frequencies, reduced 
structural wave propagation leads to lower sound pressure levels.  

5 Discussion 

The results demonstrate that the proposed method captures the mechanisms governing rail vibration and sound radiation 
under moving excitation. In particular, the transition from localised to propagating wave behaviour, as well as the 
influence of the track support is consistently reflected in both the vibration and sound pressure results. This confirms that 
the combination of wavenumber-domain modelling and moving Green’s functions provides a physically meaningful 
description of the problem. 
Compared to approaches based on equivalent roughness spectra or simplified source models, the present method retains 
the full wave physics while remaining computationally efficient. The separation between structural dynamics and acoustic 
radiation allows the most demanding computations to be performed in a preprocessing stage, making the approach suitable 
for parametric studies and optimisation. In addition, the time-domain formulation enables the analysis of transient effects, 
which are not captured by conventional frequency-domain methods. 
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While the contact problem can be solved in the time domain and thus include nonlinear solving algorithms, the presented 
method linearises the track dynamics and the acoustic radiation. 

6 Conclusion 

A numerical framework for simulating rail sound radiation under moving excitation has been presented. By combining a 
wavenumber-domain FE model with moving Green’s functions and 2.5D BE precomputed acoustic transfer functions, 
the method efficiently captures the wave propagation in the rail, including the interaction with the rail seats, and radiation 
from an extended source in the time domain. 
The results demonstrate that key physical mechanisms, such as pass and stop bands and the transition from strongly 
decaying to propagating structural waves, strongly influence the radiated sound. The proposed approach provides a 
computationally efficient and physically consistent basis for predicting railway rolling noise and analysing transient 
phenomena, with potential applications in auralisation and track design optimisation. 
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