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Abstract

Railway noise sources are complex and studied from several years in national and european 
projects. Some models have been developed for rolling noise (Twins), while other sources -
like aeroacoustics sources- knowledge only comes from measurements (at reduced or real 
scale). At last, sources like traction noise or particular case like bridges are not so well 
known. In national schemes, a simplified description of sources is used, and needs some 
improvements.
Another aspect is the measurements methods that have been developed. Some of them are 
environmental measurements, and allow to measure the whole train, while some other are 
used to determine the different noise sources (by antenna for example), and a new one to 
separate noise contribution from track and vehicle.
The objectives of Harmonoise WP1.2 are to provide railway noise sources to be included in 
propagation calculations, with a sufficient degree of accuracy (known, and required by WP2 
& 3). They will be determined from physical point noise sources, keeping in mind that a too 
precise physical description may need too many measurements. As a final result, a prototype 
database will be provided and numerical and measurements procedures will be specified. 
Point sources will be determined from relevant parameters.
The overview on railway sources knowledge allows to identify the relevant parameters to be 
controlled, and will permit to choose the relevant measurement methods to be used among all 
the existing ones.
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Chap1: Introduction

1.1 Context
Prediction methods for environmental noise from rail and other sources have been used for 
more than two decades now in several Member states. A survey made on behalf of the Noise 
Policy Working Group no. 3 on Computation and Measurement concluded that none of the 
existing models is completely adequate for future use as the common European standard. 
Harmonised method for the assessment and management of environmental noise representing 
an essential condition for the new EC Directive is the goal of the HARMONOISE project.
Two indicators have been introduced in the Directive's text: Lden and Lnight. The former is 
defined as follows:
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On the other hand, much research has been carried out on noise control mainly within EC 
funding projects. Objectives of these projects were to improve the knowledge on physical 
mechanisms and to develop modelling tools and measurement methods to characterise the 
sources.

1.2 Aim and limitations of WP1.2 
The noise emission of trains/tracks shall be determined in such a way that the data can be 
used to make sufficiently accurate predictions of rail traffic noise under different conditions. 
WP2 and WP3 will provide results on the basis of Lden indicator. However, WP2 will use well 
controlled conditions to validate the scientific propagation model (sources and propagation 
conditions) while WP3 will use statistical data.
Figure 1. 1 shows different passby histories, the first one is a 24h passby history of sound 
pressure level for a traffic flow, the second one is a zoom on 25s for a train passing while the 
third one is another zoom on 5 s for a vehicle passing. Each passby history allows to calculate 
the Laeq for the corresponding passing time. These figures illustrate how the traffic data can be 
derived on the other way from vehicle data.
Vehicle data can be characterised by a number of point-sources with their own physical 
properties depending on the type of source (rolling, aerodynamic, traction…). Stationary 
noise which is not within the HARMONOISE purpose will be excluded.
The goal of WP1.2 is to translate the physical point noise sources to traffic flow noise sources 
to be included in propagation calculations. Accurate results of the overall sound level for a 
train passage must be obtained when combining the point source models with propagation 
theory. The strength and directivity of the point sources shall be determined as a function of 
their relevant parameters. Sound power level - as an equivalent level per meter track for a first 
proposal - will be derived from the physical point sources and will constitute the source 
models. This will be discussed in chapter 3.
A prototype database of railway sources models will be provided as a final result of WP1.2. 
The purpose is not to provide an exhaustive database of railway source models but is rather to 
determine the most relevant parameters that should be controlled and specify numerical and 
measurement methods to be used to fill in the database. Only test cases representative of 
different railway traffic in Europe will be provided as an input of WP2's and WP3's 
calculations.
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Figure 1. 1: Examples of pass-by history
Top: 24h passby history of sound pressure level for all passing trains, Laeq,24h,7.5m=67 dB(A)

Middle: 25 second passby history of sound pressure level for 1 mixed freight train at 80 km/h
Bottom: passby history of sound pressure level for 1 selected vehicle group in freight train at 80 

km/h, Laeq,wagons,7.5m=92 dB(A)

Advanced propagation methods will be studied in WP2 while an engineering model will be 
developed in WP3. WP4 will provide validation data for these two WPs. The objective of 
WP1 is to provide a prototype database of road and railway sources to be used in both 
scientific and engineering propagation models. WP1.2 deals with railway sources.

1.3 Objective of the present state of the art report
The objective of the present document is 
 to give an overview on railway sources knowledge, focusing on the relevant parameters to 

be controlled to provide an accurate model and on the methods for source modelling
 to give an overview of the source description in the national calculation schemes and give 

the issue to be improved
 to give an overview of the measurement methods to be used to built the source models
 to ask questions to be solved within the WP1.2 work
 to prepare the work content of WP1.2.
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Chap 2: Main noise sources and influence parameters

A good knowledge of the nature and relative strengths of the various sources of noise is a 
fundamental requirement to understand, and moreover to reduce, railway noise. Indeed as 
soon as the noise level from a moving, or stationary, train is measured, two questions 
immediately arise:
 where does the noise come from on the train (and track)?
 how could it be reduced?
It is readily apparent that, as is often the case in acoustics, various sources may contribute to 
the overall railway noise level. First of all, therefore, the investigation is directed towards 
identifying "each" source individually, then towards understanding its generation mechanism 
in order finally to enable mitigation measures.
As previously mentioned in the introduction, many projects on railway noise control have 
been carried out during the last decade, mainly on rolling noise and for high speed operations 
also on aerodynamic noise.
Figure 2. 1 gives an overview of pass-by Laeq average emission measurements results of the 
three main railway sources with their relative strength, which are speed dependent.
 Up to ~50 km/h, railway noise is dominated by traction noise which consists of motor 

noise and auxiliary noise
 From ~50 km/h up to ~300 km/h, noise emission is dominated by rolling noise with a 

speed exponent of around 3. That explains why most of research effort focused on this 
source

 Above ~300 km/h, aerodynamic noise becomes predominant with a speed exponent of 
around 6.

These transition speeds are not strictly fixed and depend on many parameters, for example rail 
and wheel maintenance conditions for the rolling noise. This graph illustrates the rough speed 
intervals on which a type of source is dominant.
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Figure 2. 1 : Relative strength and speed dependence of railway sources

Other sources can be identified in specific operating conditions like during bridges passing, 
curves passing, rail joint passing, breaking. We will further make the state of the art on these 
specific sources and conclude on their relevance for our purpose.
One intermediate issue between the comprehension of the physical phenomena and railway 
noise reduction consists in the source modelling. Development of modelling tools allow to 
help in the physical phenomena understanding and furthermore for the test of noise reduction 
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concepts. For the purpose of HARMONOISE, source modelling is also the input of 
propagation calculations.
We will describe further in this chapter the main railway sources and the main influence 
parameters which should be controlled to describe the sources and be able to build source 
models for propagation calculation.

2.1 Rolling Noise
This paragraph is split into four parts: a global description of the physical mechanisms is 
firstly presented, then, the most important parameters are listed and explained. The principle 
of rolling noise modelling is described afterwards. Finally practical experiences on parameters 
sensitivity are given and results of calculations carried out with TWINS and RIM models are 
discussed. 
Particular rolling noise effects like squeal noise on curves, braking noise and rail joints 
passing are treated in paragraph 2.4.

2.1.1 Physical mechanisms of rolling noise
It is now well established [THOMPSON & JONES, 2000] that rolling noise is caused by 
structural vibrations of the wheel, rail and sleepers induced by the combined roughness of the 
wheel and rail running surfaces as illustrates Figure 2. 2.

Vibration of the wheel appears from
1600 Hz, according its dynamic modal
basis. Contribution of the wheel on the
acoustic radiation appears mainly
between 2000 and 4000 Hz

Sleeper radiation appears in a low
frequency range up to 400 Hz. The
vibration is transmitted by the pads
between rail and sleeper

Surface irregularities on wheel
and rail running surfaces
(roughness) generate vibration
during the wheel/rail contact

Waves propagation on the rail
induces radiation. Contribution
of the rail on the acoustic
radiation appears mainly
around 1000 Hz

Figure 2. 2: Illustration of physical mechanism of rolling noise

The physical mechanisms can also be illustrated through the comparison of vertical 
receptances of wheel, rail and contact spring illustrated in Figure 2. 3 [KRYLOV, 2001]. 

Figure 2. 3: Comparison of receptances of wheel (TGV), rail (UIC 60, bi-block sleepers, averaged 
pad stiffness) and contact spring
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Three frequency bands can be identified:
 100-1000 Hz: rail receptance is higher than wheel and contact receptances
 1000-1600 Hz: contact receptance becomes higher than rail and wheel ones
 1600-4000 Hz: the contact plays a role of vibration filter except for radial and axial wheel 

resonances; wheel receptance becomes predominant above 1600 Hz which generally 
corresponds to the first radial mode of the wheel. 

2.1.2 Influence parameters
The parameters influencing the rolling noise can be split into three categories: 

 Parameters influencing the noise generation
 Roughness
 Type of braking system and wheel maintenance (subsidiarily)
 Rail maintenance

 Contact patch
 Wheel load
 Wheel and rail profiles

 Number of wheels
 Wheels and rails defects (wheel flats, …)
 "Parametric excitation"
 Train speed
 Sleeper spacing
 Statistical variation of mechanical characteristics of track components

 Parameters influencing the track radiation
 Wave propagation
 Vertical and lateral decay rates
 Rail pad stiffness and damping loss factor

 Radiation efficiency of track
 Rail

- Foot width
- Vertical/lateral inertia
- Mass

 Sleeper
- Radiating surface
- Mass
- Type
- Spacing

 Pad
- Stiffness
- Loss factor

 Parameters influencing the rolling stock radiation
 Train speed
 Wheel characteristics
 Diameter
 wheel vibration eigenmodes (eigenfrequencies, modal damping loss factor, 

eigenshapes)
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The following table in Figure 2. 4 shows in an indicative way the parameters sensitivities on 
rolling noise for a conventional railway. According to this study, reported in the METARAIL 
project [METARAIL WORKSHOP, 1999], the wheels and rails roughness and the pad stiffness 
play the most important role, not taking the vehicle speed into account. Of reduced 
importance, but still significant particularly when the rail contribution dominates, is the 
influence of the sleeper type and the pad loss factor, whereas the ballast does not play any 
role.

Figure 2. 4: Parameter sensitivity as presented in the METARAIL project

The effects of these parameters are now presented in more details. The influence of the track 
side is also discussed.

2.1.2.1 Influence parameters on the rolling noise generation
The main parameters influencing the generation are the roughness and the contact patch. The 
"parametric excitation" is also discussed.

Roughness
The combined surface roughness of the wheel and rail running surfaces is the main influence 
parameter on rolling noise generation and differences on noise level as large as 8 dB(A) can 
be attributed to combined roughness conditions.
 The wheel roughness is highly dependent on the type of braking system used and much 

research has been carried out for reducing the wheel roughness induced by the braking 
process. This research led to real noise reduction system which are implemented on many 
rolling stock in Europe including high speed trains. Figure 2. 5 shows the efficiency of 
using disk braked and composite block to reduce the wheel roughness generation, 
compared to cast iron tread braked system. These average results have been obtained from 
around 30-40 spectra taken from data presented in [DINGS & DITTRICH, 1998]. 
Maintenance conditions of the wheel is another important parameter regarding the 
roughness and reprofiling running surfaces is another solution to reduce the wheel 
roughness but this process is however less efficient and practical than the use of an 
optimised braking system.  
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 Rail roughness generation is a mechanism less understood than wheel roughness induced 
by braking system and the characterisation of rail roughness based on track type or usage 
can not be made easily. A grinding process during maintenance can reduce the rail 
roughness significantly. Figure 2. 6 shows rail roughness comparisons for normal, 
smooth, averaged and ground rails. It can be mentioned that for this last one, grinding 
appears to be efficient only at low frequency (long wavelengths). The "average European 
rail" is the average of spectra given in [HARDY, 1997] excluding the UK data and 
containing some ground and some unground rails. 

'Composite block'
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Figure 2. 5: efficiency of braking system on 
the wheel roughness generation (100 km/h)

Average European Rail

Normal rail

Smooth rail

Ground rail roughness

=

=

=

=

63 125 250 500 1k 2k 4k 8k 16k
-40

-30

-20

-10

0

10

20

Frequency [Hz]

R
oughness (dB

 re 1µm
)

Figure 2. 6: Comparison of rail roughness 
(100 km/h)

Wheel or rail roughness can be assessed from measurements using precision instruments with 
a measuring resolution in the order of 1 µm in the spatial domain. They must cover the 
relevant wavelength range which, depending on the vehicle speed, is in the range of about 5 
mm to 200 mm (and even more for high speeds). Roughness is generally measured by direct 
(displacement-based devices) or indirect methods but roughness measurement devices 
commonly used are not always suitable to cover all the necessary measurement lengths. 
Furthermore, care must be taken when processing data. These aspects will be detailed in 
chapter 4.
Influence of roughness on rolling noise will be further illustrated in paragraph 2.1.4 on 
practical experiences.

Contact patch influence
Another important parameter between excitation and radiation is the contact. The wheel/rail 
contact does not indeed occur at a point but over an area called the contact patch which has an 
elliptic shape, typically 5 to 10 mm long. The geometric characteristics depends on the wheel 
load and the wheel and rail profiles. These ones are important for the following reason: when 
roughness wavelengths are short compared to the contact patch length, their effect is 
attenuated because of averaging across the contact patch, which plays a role of filter. This 
effect has been previously mentioned when checking receptances. In conclusion, this filter 
effect on roughness should be well known, particularly in the process of modelling (see 
paragraph 2.1.3). It should be determined by taken into account statistically the profiles of the 
contacting surfaces. Different models are at the moment widely used and included in the 
TWINS3 software : the Remington filter and the Distributed point reacting spring model 
(DPRS).
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Parametric excitation
"Parametric excitation" is a group of phenomena which depends mainly on sleeper spacing 
and statistical variation of mechanical characteristics of track components, that means, contact 
conditions along the track, contact friction during rolling and other non linear effects. This 
phenomenon was studied in particular during the Deufrako K2 project [DEUFRAKO K2, 1999] 
and the results show that the contribution of parametric and friction excitation mechanisms to 
the global way side noise of high speed trains is insignificant compared to roughness induced 
rolling noise and aerodynamic noise.

2.1.2.2 Influence parameters for radiation
Influence parameters for track radiation
The influent track parameters concern the wave propagation in the rail and the radiation 
efficiency. The wave propagation can be characterised by the vertical and lateral decay rates 
illustrated in Figure 2. 7. These quantities influence the effective length of the rail radiation. 
Decay rates vary with frequency (it growths while frequency decreases) and are dependent on 
the rail pad stiffness and damping loss factor. Some models were developed to calculate rail 
decay rates but measurement (either static ones using a hammer impact method or directly 
derived from rail pass-bys accelerations) is still the more accurate way to assess this quantity.
An example of vertical decay rate for different track conditions (reference track : standard 
9mm grooved rubber pads and bi-bloc concrete sleepers, optimised track : reference track + 
dynamic absorbers, alternative track : stiffer rubber pads -4.5 mm grooved + wooden 
sleepers) is given on Figure 2. 8, obtained within the STAIRRS validation campaign in 
France, also illustrated on Figure 2. 9.

Figure 2. 7: Principle of decay rate
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optimised track : reference track + absorbers
reference track : standard pads + concrete sleepers
alternative track : stiffer pads + wooden sleepers

Figure 2. 8: Comparison of vertical decay 
rates for three track conditions

Figure 2. 9: Optimised track used in STAIRRS validation campaign in France : UIC 60 rail, rail 
absorbers developed in the OF-WHAT European project, 9 mm grooved rubber pads, bi-bloc 

sleepers (200 kg per sleeper), NABLA fasteners
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Radiation efficiency of the track depends also on rail characteristics: foot width (2dB(A) 
according to [BOMONT & MERCHI, 1997]) and fasteners system, vertical and lateral inertia and 
mass, and on sleeper characteristics: radiating surface and mass. Furthermore, bi-block 
sleepers appear to be more efficient than mono-block ones [NIELSEN, 1998].

Influence parameters for rolling stock radiation
One parameter for rolling stock radiation is the train speed and obviously the number of 
wheels! The main ones are the geometric (diameter which condition both the radiating surface 
and the wheel stiffness) and dynamic characteristics of the wheels. As it was already 
mentioned, wheel radiation is closely linked to the dynamic modal properties of the wheel. 
Figure 2. 10 shows the results of axial vibrations of a G50 wagon wheel web 
(SNCF measurements within STAIRRS). The first main mode which radiates efficiently 
appears around 1600 Hz. The dynamic behaviour of standard wheels (monobloc and 
axisymetric) can be easily predicted by Finite Element Model. Nevertheless, the wheel 
damping occurring in operational conditions still have to be tuned in case of wheels with 
absorbers.

Figure 2. 10: Axial vibrations of a G50 wagon wheel web 
SNCF measurements within STAIRRS

Black curve: 60 km/h
Red curve: 100 km/h

Blue and green curves 120 Km/h for two different pass-bys

The influence of the superstructure (train body and bogies) can be neglected [DE BEER & 
VERHEIJ, 1998]. There are some situations where an influence has been seen (at low 
frequencies), but it never appears to be relevant.

2.1.2.3 Influence of the track side
The roughness of wheel and rail running surfaces changes not only in the direction of travel 
but also in the lateral direction, especially in curves where the contact patch differs from 
straight tracks: 
 The scanned patch in curves is velocity dependent because of the different height of right 

and left rail and the influence of gravity and centrifugal forces.
 The right and left rail wear out different with the effect that the lateral profile of right and 

left rail are different which leads to different contact areas.
 The right and left rail show different roughness.
Even for straight lines the noise emission to the right hand side of the track may differ from 
the noise emission to the left hand side of the track. Reason is a possibly different roughness 
of right and left hand side of wheels and rails [DB REPORT, 1997]. Airborne noise 
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measurements on both sides of the track in curves and straight lines and investigations on 
wheel running surface roughness of tread braked wheels separate for the left and right wheels 
of a freight train have shown that the influence of the track side is not a parameter which 
seems to be absolutely essential regarding the other ones. 

2.1.3 Models for rolling noise prediction
The aim of this paragraph is to introduce models for rolling noise prediction which can be 
used to built physical point source models within the context of HARMONOISE. 

2.1.3.1 Introduction
In the 1990ies an ERRI committee, C163, studied the generating mechanisms and sponsored 
the development of a prediction tool which is now available and well known as the TWINS 
package (Track Wheel Interaction Noise Software). The first studies on the topic were 
published by Remington [REMINGTON, 1987]. The development of TWINS has been 
documented in a series of articles by Thomson [THOMPSON & JONES, 2000]. TWINS version 
3 is commercially available via ERRI. Within the projects Silent Freight and Silent Track, 
funded by the European Commission, a substantial development has been performed for new 
algorithms in TWINS including their validation.
As TWINS was then not available, DB developed together with Müller-BBM numerical tools 
for the support of current noise abatement research activities. The development was based on 
Remington's model and also influenced by the activities in C163. The tools were then 
collected under the name RIM (wheel/rail impedance model) which is used in DB’s FTZ 
[DIEHL, GÖRLICH & HÖLZL, 1997], [DIEHL & HÖLZL, 1998], [MÜLLER, DIEHL & DÖRLE, 
1998]. It has meanwhile been extended to allow the prediction of ground vibration.
Due to the large number of model parameters it is possible to perform detailed studies of the 
influence of changes of track and wheel designs with respect to the acoustic performance. It is 
however important to keep in mind that the validity of a model has to be checked via a 
comparison with measurements if the parameter variations are large to the validated ones. 

2.1.3.2 Features of the models
General
The models allow for the study of rolling noise generated from track and vehicles. To serve 
this purpose the following properties can be calculated and studied:
 impedances / receptances of the relevant components of track and vehicle 
 vibration levels and distribution on vehicle and track components
 sound power / pressure levels separately for the sources
The excitation mechanism is predominantly based on the combined roughness of the wheels 
and rails running surfaces. The general scheme of a calculation is shown in Figure 2. 11.
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Figure 2. 11: General scheme of rolling noise calculation (TWINS, RIM)

Roughness
As the combined roughness of the running surfaces is the excitation mechanism, it is 
important to have reliable data for the roughness of the running surfaces. Before it can be 
used as excitation source the roughness data has to be pre-processed, filtering pits and spikes 
(which are irrelevant regarding the noise emission – see [CORDIER & FODIMAN, 2000] and 
taking account of the geometrical size of the contact patch. 

Track
Concerning the track, the rail and the sleeper are the main contributions for the radiated 
sound. In the basic model versions, which are the most commonly used, the rail is modelled 
as a beam on a continuous foundation capable of discoupled vertical and lateral vibrations,. 
The discrete fixation of the rails in the rail fastening causes a typical resonance of the rail (the 
pinned-pinned frequency) and also modify the propagation of waves along the track (pass-
band stop band phenomenon) [GRY L., 1996] normally will not be taken into account, as it is 
not of great acoustical importance. The elastic elements in the construction are taken into 
account as complex stiffness, which includes the damping. The vibration behaviour of the 
sleeper can be accounted for, as it does influence the sound radiation in the low frequency 
range (f<400 Hz).

Vehicle
From the vehicle only the wheel has a major contribution to the sound radiation. The input 
receptance and the vibrations of the wheel are determined using modal superposition. The 
sound radiation is described by the radiation efficiency. Both, the modes (frequency, damping 
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and mass) and the radiation efficiency, are not calculated in the models, but must be supplied 
from external sources unless the pre-defined sets are used.
Validation
 TWINS has been validated for both passenger and freight trains on different kinds of 

ballasted track and additional modules have been validated to treat for example high speed 
configurations (validated Speed range 60-350 kph). Further validations have been 
performed on a different set of measurements [THOMPSON & JONES, 2001].

 RIM has been validated for ballasted track with passenger trains. The performance for 
slab track has been studied. [DIEHL & HÖLZL, 1998]

2.1.4 Practical experiences
The most critical parameter for the calculation of sound pressure levels is the combined 
rail/wheel roughness. As an example, Figure 2. 12 shows the sensitivity of the A-weighted 
sum-level to variations of the roughness.
The Sensitivity Scale Factor must be interpreted as follows: Figure 2. 12 gives the effect of a 
10 dB change of the roughness at a particular wavelength on the A-weighted sum level. For 
instance, a 10 dB increase at  = 1cm (v = 63 km/h, i.e. red curve) gives an increase of 0.45 x 
10 dB = 4.5 dB in the sound pressure sum level. Therefore, this kind of diagram indicates 
very clearly the range of wavelengths, which – depending on velocity and train/track 
configuration – dominates the sound emission. Extensive studies of this kind for various 
tracks are published in [DIEHL, 1997].
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Figure 2. 12: Sensitivity scale factor of roughness on the A-weighted pass-by level at 25m 
distance from the track; RIM-calculation for ballasted DB track and 10 dB change of the 

roughness

2.1.4.1 Influence of track parameters on sound emission
In order to thoroughly study the effects of various parameters of the track construction a 
parameter study was done for DB track types and variations based on these types. The 
calculated A–weighted pass–by levels for the three main sources wheel, rail, and sleeper are 
shown in Figure 2. 13, the variations being described in the following enumerated list, the 
numbers corresponding to the labels at the bars in the following graph with A-weighted pass-
by levels for those track configurations:
1. Ballastless track type Rheda (standard NBS) with cast–in sleepers, stiff rail pads and soft 

baseplate pads. The rail determines the pass–by level.
2. The doubling of the mass of the baseplate slightly reduces the rail emitted sound and thus 

the total level.
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3. The use of a heavier rail profile has approx. the same effect as the heavier base plate (case 
2).

4. A higher loss factor of the baseplate pad (thus more resembling ballast) would give a 
reduction of 3dB, but this loss factor cannot be expected from elastomer used for this 
purpose.

5. Significantly enlarging the baseplate, giving it the mass of half a sleeper drastically 
reduces the rail emission. Due to the increased radiating surface of this mass it will 
dominate track emission, which is still lower than wheel emission. This construction 
would resemble a booted bi–bloc sleeper.

6. Raising the loss of the baseplate pad (sleeper boot) as in case 4 combined with the mass of 
case 5 will result in equal contributions to the track emission of rail and sleeper.

7. The substitution of the rail with a heavier one will not give substantial advantages.
8. Due to the small internal loss a mono–bloc sleeper will be less advantageous as a bi–bloc 

sleeper.
9. The combination with the heavy rail profile will reduce the level by 1 dB, 
10. as will the higher loss factor of the baseplate pad.
11. The use of a damped mono–bloc sleeper will drastically reduce both contributions to track 

emissions, 
12. raising the loss factor of the baseplate pad will then just reduce sleeper vibration,
13. whereas the heavy rail profile will give an additional small reduction.
14. This case is standard ballasted track. 
15. The new NBS track with its stiffer subgrade will give the same sound level
16. as a ballasted track on concrete slabs.
17. The use of soft rail pads, as considered necessary for riding comfort and reduced ballast 

wear, will drastically raise the rail emissions, similar as in case 1, ballastless track.

NBS & rail pad = 100 MN/m

ballasted track on slab

ballasted track, stiff subgrade (NBS)
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Figure 2. 13: Calculated A–weighted pass–by levels of a train at 25m, 200km/h on different 
track types

The above calculations were done with RIM using the vertical rail model only, which is 
known to exaggerate the rail contribution, as latter studies showed, but the general tendencies 
are qualitatively illustrative for the influence of the track parameters on the pass-by noise.
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2.1.4.2 Results from model calculations
Extensive measurement campaigns have been undertaken in the early 90's in order to obtain 
reliable sets of experimental data, which form the basis for the validation of the simulation 
tools. This included measurements of rail/wheel roughness, impedance of rail/wheel/sleeper, 
and of air-borne noise levels. 
The corresponding calculations followed the procedure outlined in the previous section. In a 
first step, excitation spectra were calculated from the measured combined wheel/rail 
roughness. This is demonstrated for an example in Figure 2. 14.
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Figure 2. 14: example for measured roughness of wheel and rail. The blue curve represents the 
energetic sum of both. The spectrum was calculated with TWINS for a velocity v=160 km/h

Spectra calculated from measured roughness depend (at least at higher frequencies) 
sensitively on the assumptions made for the wheel/rail contact. Simple models average the 
roughness over the area of the contact patch. More sophisticated models use filter techniques 
or describe for example the surfaces of both wheel and rail by a distribution of springs, which 
are compressed or expanded by the "roughness band". The sensitivity of the contact force 
spectrum to the model for the wheel/rail contact patch is demonstrated in Figure 2. 15 for the 
simple case where the roughness is averaged over a rectangular area with length l. Depending 
on the choice for l, differences of the order of 20 dB are found in the high-frequency part of 
the spectrum. Assuming a roughness-independent transfer function, the same deviations show 
up in the spectrum of the sound pressure level.
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Figure 2. 15: Dependence of the spectrum of the combined rail/wheel roughness on the length l 
of the contact patch (v = 160 km/h)

From these roughness spectra, sound pressure levels can be calculated. An example for the 
calculation of the sound pressure level at the 25m standard distance is shown in Figure 2. 16. 
Calculations were done both with TWINS and with RIM.



HARMONOISE WP1.2 State of the art report

Reference : HAR12TR-020118-SNCF10 Revision Number : 04
Author : WP1.2 partners Date : 05/08/02

Page number : 20/78

60

70

80

90

100

110

160 315 631 1250 2500 5000

Figure 2. 16: Third-octave spectra comparing measurement and simulation. The black curve is 
taken from the TWINS validation. It was measured for a train (Corail wheels) with v=160 km/h 
on a ballasted track with bi-block sleepers. The red curve is the TWINS prediction, the green 

curve the RIM prediction

Above f=300 Hz (which is the acoustic relevant frequency range), typical differences of the 
order of +/- 3 dB occur between measurement and calculation in the third octave spectra. Sum 
levels (both linear and A-weighted) usually also show deviations of +/- 3 dB from the 
measurements. In general, a tendency to slightly overestimate the sound pressure levels in the 
calculations is observed.
A great advantage of the simulations is that they allow for a separation of the contributions 
from wheel, rail, and sleeper to the total noise, that all have different positions. This is 
demonstrated in Figure 2. 17 for a wide velocity range. In this example one can see very 
clearly that the wheel gets more and more dominant the higher the velocity of the train is at 
least for the parameter chosen for this example (ballasted DB track with stiff pads).
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Figure 2. 17: A-weighted pass-by level at the 25m position of a train on a ballasted DB track with 
stiff pads for a wide range of velocities. The curves were calculated with RIM using the 

combined rail wheel running surface “unity” roughness which is defined by the roughness level 
LR=0 dB re 1 m at the wavelength    cm and the slope  -2dB/octave for  < 6.3 cm and –6 

dB/octave for  > 6.3 cm.. In addition to the sum levels, also the contributions from wheel, rail, 
and sleeper are shown separately.
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2.2 Aerodynamic noise
Aeroacoustics is a recent subject of research and its origin can be attributed to Lighthill who 
developed in 1952 his famous acoustic analogy in order to understand the noise emission by 
jet propulsion of aircraft that means applications dedicated to high Mach numbers flows and 
even supersonic ones. Specificity of railway applications of aeroacoustics is that the complex 
turbulent flow which develops around the train is characterised by a high Reynolds number 
and a relatively low Mach number.
Research studies on the aerodynamic noise of high speed trains are even more recent and have 
been carried out for around ten years. This was done in Europe mainly through the German-
French co-operation Deufrako, annexes K and K2 as well as in Japan [TALOTTE, 2000].
Aerodynamic sources become predominant at around 300 km/h for high speed trains but 
recent improvements on rolling noise have the effect of lowering this transition speed from 
the dominance of rolling noise to that of aerodynamic noise at speeds slightly lower than 300 
km/h.
As for the rolling noise, this paragraph is split into four parts: description of the physical 
mechanisms, important parameters, modelling and practical experiences.

2.2.1 Physical mechanisms of aerodynamic noise
Aerodynamic noise is generated by continuously fluctuations in time and space of the 
turbulence. One of the most important difficulties of aeroacoustics is that the sources are 
located in the same medium as the propagation and it is not always easy to separate the 
sources region where the pressure fluctuations are aerodynamical from the propagation region 
where the pressure fluctuations are acoustical. Identification of aerodynamic sources is 
consequently more particular than from sources caused by other physical phenomena. 
Research on physical mechanisms of railway aeroacoustics began with source identification 
and further investigation were carried out afterwards to better understand the mechanisms, 
mainly through experiments in wind tunnel where practical solutions to reduce aerodynamic 
noise were investigated.

2.2.1.1 Aerodynamic sources identification
The use of acoustic arrays for studying railway noise was introduced more than twenty years 
ago. Through Deufrako Annex K array measurements have been developed into a more 
effective technique for the identification of aerodynamic sources on high speed trains. More 
recently it has been used for the characterisation of noise sources on upper parts of the 
Shinkansen in Japan and for the identification of noise sources on the ACELA in the USA. 
[Hanson & Barsikow, 2000]
In relation to source localisation on high speed trains, it is important to take account of:
 the effect of the high speed of moving sources which induces a Doppler shift in frequency 

and a variation in the amplitude in the received signal,
 the turbulent boundary layer, which develops around the train, as well as the ground 

effect. These may modify the propagation and therefore are likely to affect the directivity 
of the sources. They may also influence the array behaviour.

Accurate measurements on a high speed train require the development of specific tools. The 
"dedopplerization" method is currently used to introduce corrections due to Doppler effect 
into the signal recorded by the array. Specific configurations of arrays are necessary to
localise railway sources with a good resolution. The measuring station used by IABG and 
Akustik Data in Deufrako Annexes K and K2 to obtain the map of turbulent boundary layer 
sources on the roof of TR07, is illustrated in Figure 2. 18. Further studies have shown that a 
"star shape" can improve the array resolution by reducing the secondary lobes in the 
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localisation images. The "star" array developed at SNCF, illustrated in Figure 2. 18, consisted 
of 29 microphones distributed along 8 branches of the star. DB-AG has also developed 
recently an array in a spiral shape as illustrated in Figure 2. 18 [NORDBORG, WEDEMAN & 
WILLENBRINK, 2000].

Figure 2. 18: Three examples of acoustic arrays used to identify 
high speed trains sources of TR07, TGV and ICE

The array signal analysis in different frequency ranges enables classification of different kinds 
of source. Moreover, different array configurations can be used to study different ranges of 
frequency. 
Advanced methods to improve array measurements have been investigated in the last few 
years. One was carried out at the University of Le Mans and at SNCF, and was based on using 
time-frequency and ‘time-scale’ tools: a localisation technique provides, for each source, the 
acoustic power, the position along the train, the height and the spectrum. The time-frequency 
analysis allows a refined analysis of the emitted signal. If it is localised in position and 
frequency, the directivity pattern of the source can be computed with this method.
Another method, called SDM (Source Density Modelling), was investigated by Daimler Benz 
through Deufrako Annex K2. This method could be considered as complementary to more 
classical data treatment methods, its main advantage being to give an estimate of the actual 
power of acoustic sources rather than only the emission level at several metres distance. 
When more accurate information is necessary on one particular source, the method is quite 
useful. However, the method is as yet limited to simple cases.

2.2.1.2 Main aerodynamic sources on a high speed trains
The two main aerodynamic sources on a high speed train are the following: the bogie area and 
the pantograph and its equipment (insulators, recess of the pantograph). The recent 
measurements carried out by DB strengthen these results as shows Figure 2. 19 and Figure 2. 
20. Other less important sources can also be identified like intercoach spaces, the antenna at 
the roof, the door section, the nose of the power cars, louvers. And what about the turbulent 
boundary layer which develops along the train ? This is the minimum aeroacoustic source 
which is the most difficult to suppress but fortunately, the less important one compared to 
other sources due to structural elements and for the operating speeds. It could become 
predominant for Maglev trains at higher speeds.
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Figure 2. 19: Example of a measurement result on an ICE3 with the DB's spiral array. Max Level 
93dB(A), dynamic 10 dB, v = 325 km/h

Figure 2. 20: Example of a measurement result on ICE3 with the spiral array. Max Level 86 
dB(A), dynamic 8 dB, v = 330 km/h

The bogie and pantograph area sources are now described in more details. These two sources 
are involved with different physical mechanisms.

Aerodynamic source in the pantograph area
Noise barriers along the track shield rolling and aeroacoustic sources of bogies but do not 
shield aerodynamic sources on the roof such as pantographs. As a result, pantograph noise can 
be significant, at least subjectively. Pantograph noise generation is mainly due to vortex 
shedding around cylinders of the pantograph and the physical phenomena are now quite well 
understood. Optimisation of pantographs has been mainly carried out in Germany and in 
Japan. Until now pantograph noise in Japan has been reduced by installing covers on the train 
roof around the pantograph foot region. However, since the pantograph covers themselves 
generate aerodynamic noise a "new low-noise pantograph" without covers is under 
development. 
A number of experiments was carried out in wind tunnels in Germany for the optimisation of 
cylinder shapes as well as for testing the principle of ribs which allow coherent vortex 
shedding to be broken up and hence reduce noise generation. Adding the component sound 
levels associated with each region of the pantograph that is investigated, the total noise level 
due to the pantograph was reduced by nearly 5 dB(A) in the wind tunnel. Unfortunately, in 
field tests, the overall reduction of generated sound was not as great as that achieved in the 
wind tunnel. As a conclusion, the noise reduction potential for conventional pantographs is 
limited and new pantograph concepts must be considered, including optimisation of the 
pantograph in interaction with its equipment (e.g. insulators). A new ASP-pantograph is also 
currently under development with respect to its aerodynamic and mechanical design. This 
development uses computer models to estimate the aeroacoustic noise. Initial calculation 
results for a recently developed novel pantograph head allow to predict reduction of 10 
dB(A). 
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Aerodynamic source in the bogie area
Aeroacoustic phenomena which can occur in the bogie area are complex. Due to this 
complexity, it is useful to implement different kinds of tool to improve the knowledge of 
physical phenomena and find some solution concepts. Identification of bogie aerodynamic 
sources was carried out at SNCF through wayside measurements with the array illustrated in 
Figure 2. 18. Further characterisation of these sources was investigated with on-board 
measurements using the COP technique previously explained. It was also seen in Section 2 
that CFD can be useful for classifying different solution concepts for the bogie area of a TGV. 
The most efficient solutions were tested in the Cepra19 wind tunnel and encouraging results 
were obtained. Figure 2. 21 shows the comparison of the spectra between the initial 
configuration and the best combination of solutions. Relative to the sum of uncorrelated 
sources, shielding would be the best solution. The optimised solution, comprising fairings on 
the bogie as well as shape modifications of the front end to modify the flow in the bogie area, 
allowed a reduction of 3 to 10 dB to be achieved across the spectrum, giving a reduction of 
8 dB(A) in the total level in the wind tunnel. An extrapolation to operating high speed trains, 
including the effect of other possible sources, could lead to a substantial reduction of 5 dB(A). 
These results must nevertheless be confirmed with field measurements.

Figure 2. 21: Spectrum in the bogie area of a TGV obtained in wind tunnel, comparison of the 
initial configuration with a good combination of solutions

2.2.2 Influence parameters
The main influence parameter for aerodynamic noise is the train velocity. Figure 2. 1 shows 
that the speed exponent of the global aerodynamic noise is around 6.
For sources which can be characterised by tonal behaviour, like pantograph or insulators, the 
characteristic diameter of the structural elements is a dimensional parameters of the frequency 
emission. Directivity pattern is also an important parameter for this source.
For the bogie area where the physical mechanisms are more complex, it is not easy to find 
practical parameters.

2.2.3 Models for aerodynamic noise prediction
Aeroacoustics is a recent subject of research and even more recently of numerical modelling. 
CAA (Computational AeroAcoustics) is being developed into a practical tool and two 
approaches can be identified as having potential for future industrial applications.
The first approach consists of a direct resolution of compressible and unsteady Navier-Stokes 
equations, providing with the same calculation, both aerodynamic and acoustic fields. 
Specific algorithms have been developed recently and simple cases can be computed at the 
moment. The limitation of the method is mainly due to the computing effort required.
The second approach consists of a separated calculation of aerodynamic and acoustic fields. 
Large Eddy Simulation could be a good alternative for the computation of aerodynamic field. 
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This method consists in separating the different scales of turbulence: Large scales of 
turbulence which produce most of the energy and are thus mostly responsible for noise 
generation, are explicitly resolved. An appropriate model (subgrid scale model) is used for the 
action of turbulent eddies, smaller than the size of computational mesh, and must correspond 
to the dissipative scales. The source term is calculated from the LES results and then 
implemented in the linearised Euler's equations for the acoustic propagation. SNCF has 
recently chosen to test this method in co-operation with PSA, EDF and ECL for a forward-
backward facing step. Figure 2. 22 shows the vorticity field obtained at one iteration of the 
LES calculation (using an EDF program) and 
Figure 2. 23 illustrates the interpolation of the source term on the mesh used for the acoustic 
calculation. Results from numerical models have been compared with experiments [TALOTTE,  
ADDAD, LAURENCE, JACOB, GIARDI & CROUZET, 2002] and the agreement is encouraging. 
Numerical tools in CAA are promising but are still limited to simple cases. Further 
developments are therefore still required.

Figure 2. 22: iso-vorticity field obtained from LES calculation

Figure 2. 23: source term obtained from LES calculation
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2.2.4 Practical experiences

2.2.4.1 Semi-empirical modelling
DB AG has developed a semi-empirical simulation tool for pantograph noise optimisation. 
This calculates the sound levels according to the well known expression for the sound 
pressure emitted by slender cylindrical bodies under different flow conditions. The software 
uses a link to a database which contains experimentally obtained values of Strouhal number, 
unsteady lift value and correlation length as a function of Reynolds number and structure 
dimensions. The sound level radiated from each cylindrical structure can be calculated, as 
well as the peak frequency. The overall sound emission can be obtained by a summation of 
the levels of each structure. In addition to the geometry of the structure, some other properties 
such as the turbulence of the flow, the end parameter of the structure (open end, rounded end) 
and the roughness of the surface can be taken into account.

2.2.4.2 Modelling from experimental data
Another way of modelling aeroacoustic sources uses data from on-line measurements carried 
out with the COP technique described previously, and illustrated in 
Figure 2. 24. Analysis of these measurements showed that this region can be considered as a 
sum of uncorrelated sources, with three main sources identified. For each point source, a 
spectrum can be extracted from the measurements and can be used to build source models for 
global modelling. The purpose of modelling was to build a spectrum in one-third octave 
bands along with some relevant peaks to represent the experimental spectrum. Figure 2. 25
shows the final spectrum compared to the measured one.

Figure 2. 24: Experimental arrangement for 
using COP technique

Figure 2. 25: spectrum modelled from 
results
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2.3 Traction noise
The general term "traction noise" indicates any noise from the main diesel engine or electric 
motor and from auxiliary systems, like cooling fans, transformers, generators and choppers, 
compressors, gearboxes, including combustion air and exhaust in- and outlets where 
applicable.
It is relevant for all driven units including locomotives, high speed train formations, DMUs 
and EMUs. Under constant speed conditions, it tends to be dominant at speeds up to around 
60 km/h, after which rolling noise may take over. The transition speed can vary strongly 
depending on the level of traction noise and of rolling noise.
Traction noise is particularly relevant during acceleration or stationary conditions. It tends not 
to increase very strongly with train speed as the most common sources such as diesel engines 
and fans operate within a fairly small rpm range. During maximum acceleration or hauling of 
heavy loads such as long freight trains higher levels can occur; load increase often is 
combined with temporary rpm increase.
Traction noise is often concentrated at the powered vehicle but may also be distributed along 
the train, as is the case for distributed power units.
The source height can vary considerably. For example, engine exhaust can be at roof level, 
whilst electric motors can be at wheel level and cooling vents are often on the side of the 
train.

The noise creation depends on: 
 the mechanical power generated or the electric power used to generate it,
 the rotational speed of the engines, 
 the engine type (e.g. reciprocating compressors or rotating compressors)
 the mechanical power of the gear transmission if present
 the rpm of the power unit
 the type and rpm of the cooling fan
 the design of the cooling vents
 the insertion loss of the enclosure (state of the art of acoustic encapsulation)
 the insertion loss of intake and exhaust mufflers (state of the art of silencing air and 

exhaust in- and outlets)

From the above parameters it is feasible to predict both the sound power level generated by 
such sources (incl. spectral density) and the effect of noise reducing measures applied to 
them. This is a common practice e.g. in noise control engineering in petrochemical industry. 
In most existing computation methods for railway noise, the noise creation of traction noise is 
integral part of the vehicle categorisation approach. Traction noise is not so much treated as a 
separate noise source. 
An example of source localisation carried out by SP for a diesel locomotive is given in annexe 
1 as an example of traction noise treatment.
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2.4 Specific operating conditions
2.4.1 Curve squeal noise

Dutch research [DE JONG, OPMEER & MIEDEMA, 1994] has pointed out that 7% of the group of 
severely annoyed people, are annoyed from noise in curves.
However, curve squeal is not included in the most noise calculation schemes. However, it is 
included in the German scheme Schall03. In this guideline it is taken into account by a radius 
dependent correction value: 3 dB(A) for radii between 300 and 500 m and 8 dB(A) for radii 
smaller than 300 m. In a pilot study on urban rail traffic it is shown by a large number of 
measurements that these correction values are probably too high for urban rail traffic 
[KRÜGER, 1998]. An approach is given to include curve squeal measurements into calculation 
schemes.

Curve squeal is the intense high-frequency noise radiated by the wheels that can occur when a 
railway vehicle traverses a curve or a switch. Rudd [RUDD, 1976] argues that three possible 
excitation mechanisms of curve squeal should be considered:
 lateral creep of the wheels on top of the rail.
 longitudinal slip between inner and outer wheels on a solid axle;
 wheel flange rubbing against the rail;
It is concluded that lateral creep must be the most important mechanism responsible for 
squeal noise, though the other two mechanisms may play a role as well. 
The excitation forces in the last two mechanisms act along the tangent of the wheel tread. 
These mechanisms can be eliminated by applying independently suspended wheels and by 
lubricating the wheel flange, respectively, but still squeal occurs in tight curves. Therefore the 
wheel modes that generate squeal appear to be axial modes. 

During a curve passage, the direction of movement and the rolling direction do not align 
because of the finite wheel base of the bogie, causing lateral creepage of the wheels. {The 
flange contact on the outer wheel of the leading axle of a bogie forces the bogie to turn.} 
Squeal due to lateral creep is most likely to occur at the inner wheel of the leading axle of a 
bogie. Theoretical models studying the equations of motion close to the contact patch 
concentrate on the unstable stick-slip motion, possible if the static coefficient of friction is 
higher than the dynamic coefficient [NELSON]. Measurements of the friction coefficient as a 
function of lateral creep confirm that lateral stick-slip is an important model to explain curve 
squeal. Modification of the friction-creep curve thus seems an attractive approach to noise 
control. Several measures, such as water spray and several lubricants, have been tested, but 
the effectiveness or the reliability of these measures are rather disappointing.

Recently, another important parameter of influence has been found [DE BEER, JANSSENS & 
KOOIJMAN, 2001]: fluctuations in the normal force in the contact point due to wheel vibrations 
can be shown to lead to unstable vibrations under certain conditions. The main parameter of 
influence to this mechanism appears to be the lateral contact position on the wheel tread. 
Squeal could thus be reduced by moving the contact position of the leading inner wheel 
towards the centre of the track, for example by adjusting the rail profile. This measure has not 
yet been tested in field conditions.

2.4.2 Braking noise
The extra noise emission of a train during braking strongly depends on the braking system 
applied. When concentrating on mechanical brakes, block brakes (acting directly on the wheel 
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tread) and disk brakes are applied the most often. Of these two, block brakes are known to be 
noisier than disk brakes, especially when multi-blocks (more than one block per block holder) 
are applied. 
Brake noise is included in the Dutch railway noise calculation scheme. For most tread-braked 
train types, different noise emission curves have been assessed for trains with and without the 
brakes applied. For disk-braked trains in the Netherlands no significant difference between 
the noise emission of braking and non-braking trains has been found.
There are several types of brake noise [CROLLA & LANG, 1990]. The most known and the 
most annoying is the tonal brake noise with high frequency and often high amplitude, also 
known as brake squeal. Like curve squeal, this noise is caused by an unstable motion of the 
brake rotor induced by a static friction force, the braking force. Brake squeal usually occurs 
towards the end of a stop braking, at low speeds. Other important types of brake noise include 
judder, a forced vibration of the brake parts in interaction caused by surface irregularities on 
the contact patches, and knock, an impact-like motion caused by manufacturing tolerances 
being too high.
The brake noise of tread-braked trains consists of noise types with different origin: broad-
band noise, mainly radiated by the blocks, and tonal squeal, mainly radiated by the wheels. In 
some structures the broad-band noise dominates, in others the squeal dominates the brake 
noise [VAN LIER, 2000]. The broad-band noise is probably a combination of judder and 
knock, the latter of which is especially important for multi-block configurations with some 
play between the blocks. Squeal is not an important type of brake noise of tread-braked trains. 
Vibrations of the rotor of the block brake, being the train wheel, are often effectively damped 
by the wheel-rail contact.
For disk-braked trains squeal is probably the most important noise type because in this case, 
the rotor (the disk) rotates freely.
Several theoretical models on brake squeal can be found in the literature. The early models 
studying the equations of motion close to the contact patch concentrate on the unstable stick-
slip motion, possible if the static coefficient of friction is higher than the dynamic coefficient. 
However, experiments have shown that brake squeal also occurs in cases with a constant 
friction coefficient and that the direction of the rotor vibrations does not coincide with the 
direction of the friction forces in general. So another mechanism must be mainly responsible 
for brake squeal, although stick-slip may play a role as well.
The first model describing some general features of brake squeal adequately is the binary 
flutter model [NORTH, 1976]. Fluctuations in the normal force in the contact patch due to rotor 
vibrations can be shown to lead to unstable vibrations under certain conditions with a constant 
friction coefficient. The instability is governed by the dynamic properties of the brake parts 
and the contact geometry. Based on this simple model, a new solution towards brake squeal 
abatement has been found: disturbing the rotational symmetry of the rotor. Application of this 
measure to trains is not known to the authors.
The most successful efforts towards brake noise abatement are the use of smart wheel 
dampers, lubrication of the friction surface (e.g. water spraying), and disturbing the rotational 
symmetry of the rotor. However, the general effectiveness or the reliability of these measures 
is rather disappointing.

2.4.3 Train passing a bridge
When passing a bridge, the sound level emitted from a train is increased compared to the 
sound level measured at an open track. 
Dutch research [DE JONG, OPMEER & MIEDEMA, 1994] has shown that 24% of severely 
annoyed people are annoyed from the noise of bridges. (In 55% percent of the cases concrete 
bridges and in 45% steel bridges.)
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Moreover, the maximum of the sound-emission spectrum is shifted to lower frequencies 
leading to the so-called bridge rooming. Generated by excitations of bridge vibrations, these 
effects are mainly determined by two factors, the transmission of vibrations from the train to 
the bridge and the frequencies of the natural bridge oscillations [Heckl & Müller, 1995]. The 
sound-emission increase is strongly influenced by the type of the bridge and of the track. As 
an example, measured data are summarised in Figure 2. 26.

Bridge Type LA[dB]
Steel bridge1 15
Steel bridge with ballast bed 5

Steel bridge with ballast bed and ballast mat 3

Composite construction bridge with ballast bed 3
Composite construction bridge with ballast bed and vibration isolation 0

Solid reinforced concrete bridge with ballast bed 3
Solid reinforced concrete bridge with ballast bed and ballast mat 0

Solid reinforced concrete bridge with rigid-slab track 0
Figure 2. 26: Maximum sound-level increase for different types of bridges and tracks [DB meas.]

1 This measurement was performed at an existing steel bridge (hollow box girder bridge). For 
the remaining measurements, only newly built bridges were considered

As shown in the table, the sound-emission increase of steel bridges is very large. A reduction 
can be obtained by using ballast beds and additional vibration isolation (e.g. ballast mats) due 
to a damped transmission of train vibrations to the bridge. The measurements have shown that 
the sound levels of composite construction bridges and of solid reinforced concrete bridges 
are comparable to those of an open track.
In addition, the sound-level increase can be reduced in the planning phase of the bridge. 
Before construction, the resonance frequencies of bridge parts and of the bridge as a whole 
can be calculated. Then, the bridge structure should be adjusted in the way that the resulting 
resonance frequencies do not correspond to the excitation frequencies of the train-track 
system in the range of 40-100 Hz [Heckl & Müller, 1995], [project104, 1987]. Moreover, it 
was found that the input impedance of the track should be as high as possible [project104, 
1987]. Both measures lead to a significant reduction of the actual noise emission.
The actual German calculation directive “Schall 03” [AK03, 1990] considers bridges by  
assuming a sound-level increase of 3 dB(A). Factors as the bridge type, the material used to 
damp the excited structure-borne sound and the adaptation of resonance frequencies are not 
yet included in the calculations.
The Dutch calculation scheme "Reken- en Meetvoorschriften Railverkeerslawaai '96"  
contains a sound emission increase per octave band for concrete bridges. For steel bridges it 
contains a measurement protocol to determine the noise from the bridge. Usually this extra 
noise emission is added to the sources that describe the rolling noise. This means that the 
directivity of the sound of the bridge is modelled as a dipole. It is recognised that in this way 
the noise from the bridge is underestimated for positions that are not perpendicular to the 
bridge.
Therefore in practice a hybrid method is developed. First, bridge noise is divided from rolling 
noise by way of statistical energy analysis. Then, bridge noise is modelled apart from rolling 
noise as a monopole line source.
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2.4.4 Impact noise
2.4.4.1 Wheel flats
Wheel flats is another kind of impact noise but this effect has not been well characterised.
An example of the consequence of wheel flats on rail vertical acceleration is given in Figure 
2. 27.
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Figure 2. 27: Time history of a train passing-by
the last wheel contains a flat

2.4.4.2 Ballast impact
Deep pits can occur on the railhead running surfaces. An example of such a defect is shown 
in Figure 2. 28 and Figure 2. 29.
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Figure 2. 28: Measured Roughness amplitude 
vs displacement along the rail (using the 

Müller BBM RM1200E apparatus). A 350m 
pit occurs at x=0.7m.

63 31.5 16 8 4 2 1 0.5
-15

-10

-5

0

5

10

15

20

Figure 2. 29: Rail roughness level (dB ref 
1m) vs wavelength (cm)

Red curve : ISO3095 roughness limit
Black curve : roughness measurement 

including the pit 
Blue curve : average roughness over the 

whole site (excluding the pit)

2.4.4.3 Rail joints passing
Impacts occur when a railway wheel encounters discontinuities such as rail joints. Modelling 
with the help of TWINS [WU & THOMPSON, 2001] has pointed out that the impact noise 
radiation due to rail joints is related to the train speed, the joint geometry and the static wheel 
load. The overall impact Noise level from a single joint increases with speed V at a rate of 
roughly 20 log V. The main parameter is obviously the number of joint per unit length.
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2.5 Conclusion

As a conclusion on the main railway noise sources and their influence parameters, it appears 
that:
 Physical phenomena of rolling noise are today well known and a classification of the 

main relevant parameters that influence the rolling noise can be done. Modelling tools 
like TWINS or RIM can be used to characterise these parameters influence.

 The main aerodynamic noise sources of high speed trains are relatively well known 
but depends on complex interaction of parameters like turbulence of the flow or shape 
of the train irregularities. A simple formulation of these parameters influence can not 
be done. The only parameters that can be easily studied is the train speed. 
Aeroacoustic numerical simulations are still not available for complex geometries. 

 For the other sources, practical experiences have been obtained in different countries 
and can lead to a classification of some relevant parameters. Physical modelling is still 
not available.
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Chap 3: National Calculation schemes and source modelling

3.1 Summary of National calculation schemes
Prediction methods for environmental noise from rail and other sources have been used for 
more than two decades now in Several Member states. A survey made on behalf of the Noise 
Policy Working Group no. 3 on Computation and Measurement concluded that none of the 
existing models is completely adequate for future use as the common European standard. 
The French and the Dutch model were chosen to be most appropriate by the EU framework in 
2000, and were pointed out as interim calculation methods for road and rail noise 
respectively. Recently, the Nordic countries have been involved in a large effort to improve 
their common, so-called Nordic method with considerable progress. This improved Nordic 
model is chosen as a starting point for the HARMONOISE project. Therefore, this survey 
starts with a detailed description of noise sources in the new Nordic model. Additionally the 
source description in the Dutch, French and German national schemes are discussed.
From the old models strengths and shortcomings can be visualised as a starting-point for new 
investigations and improvements in the HARMONOISE model. The new HARMONOISE
method is not intended to be based on one of the existing methods, for reasons of credibility 
and for political reasons.
In the description of the source models we distinguish two levels:
A. Physical and mathematical description. 

The actual source description in sound power, location, directivity and segmentation.
B. Source characterisation and categorisation. 

The source characterisation describes representation of the model source: that means the 
sound power per vehicle, train or axle, and its speed dependence. Train and track are often 
categorised. Additional source power is taken into account representing source 
mechanisms in addition to rolling noise as for instance aerodynamic impact noise, braking 
noise or squeal noise.

3.1.1 Nordic model
3.1.1.1 Nordic 1996
This is the present official Nordic prediction method for train noise. It was published in 1996 
and then replaced the much simpler Nordic84 [RINGHEIM & NIELSEN]. The method is used to 
calculate the octave and A-weighted equivalent and maximum levels for any given time 
period. The sound propagation part is closely related to the Dutch method. It gives results for 
the atmospheric condition of positive temperature gradients and/or downwind, in accordance 
with existing national noise criteria.   
The method describes two type of sources.  
a) The total traffic consisting of any combination of trains and operating conditions
b) Any single train as a source, with a choice of train types and operating conditions
The former is used for calculating Leq, the latter for Lmax. They are both "line sources" and can 
thus be divided into line source elements, short enough to be treated as point sources in a 
computer programme. The source power level and source height is given in terms of 
frequency, corresponding to the varying dominance of rail, wheel and traction unit. The 
source power level per meter of line source is used for both the source types.
A large number of measurements were carried out in the various Nordic countries to give 
input data to the method. The measurement protocol is described below. The measurements 
results are now providing useful input to Nord2000.
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The method handles complex terrain, abate in a simple manner, and is implemented as the 
computer programme NoMeS. The programme uses digital maps to provide easy access to 
terrain and building information, but also allows the user to modify terrain and buildings and 
to create "new terrain".

3.1.1.2 Nord2000
Nord2000 is intended as the basis for the next generation Scandinavian prediction methods. It 
fulfils in many ways the requirements of Harmonoise WP2. To fulfil the requirements for 
Harmonoise WP3 objectives choices and simplifications are required. 
The new Nordic prediction method consists of separate ‘modules’ for road and rail traffic 
sources and a ‘module’ for sound propagation. The source modules contain data on point 
source strength and source position while the propagation module contains algorithms for 
calculating third-octave band attenuation during transmission from source to receiver. The 
noise contributions of rail traffic are calculated for 6 sub sources at six different source 
heights. Rolling noise sources are situated on 0.01m, 0.35m and 0.70m above the rail head. 
For traction noise the actual engine source height and actual exhaust height are taken into 
account. Furthermore the model speaks of an actual aerodynamic source height. If the actual 
heights for traction are not known, a low frequency source at a height of 2,5 metres above the 
rail head is recommended. All these sources are modelled above the nearest rail. Seen from 
the receiver in the horizontal plane perpendicular on the driving direction, the sources are 
situated above the nearest rail. In the driving direction the rolling noise sources are evenly 
distributed along the train. Although it is concluded that horizontal directivity is not of major 
importance for calculating a SEL- or equivalent value, some attention is paid to the horizontal 
directivity, to facilitate future improvements and to allow for more accurate predictions of 
maximum levels. Determining segment lengths is equivalent to the positioning of sound 
sources along the track, with source heights and strengths according to the above description. 
The two basic principles for the positioning include that the sources are distributed 
equidistantly along the track, or distributed at constant view angles as seen from the receiver. 
Combination of the two principles leads to a flexible density of source positions. 
Characteristics: Δxmin = 5-10m, βmax = 10º, RDmin = 0.75, with RD=¦ P1R¦ /¦ P2 R¦ . See 
Figure 3. 1.

Figure 3. 1: Basic rail segments, segment angle β, distances ¦ P1R¦ and ¦ P2 R¦
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In the propagation part of the model special corrections can be made for tunnel openings. The 
noise is represented by 4 point sources that are situated in the plane of the tunnel opening. The 
source strength is based on sound propagation and sound absorption properties inside the 
tunnel.

A. In Nord2000, sound power level is described in 1/3 octave bands. Starting point for the 
calculations is the pass-by measurements, including all noise sources. From the sound 
exposure level of a pass-by the sound power level is determined. 
The sound power level is given in the following form:
Lw,1m = a·lg(v/100) + b (dB per 1m train)
Where v is the speed in km/h and the coefficients a and b are given per 1/3 octave band. 
The sound power level is expressed in dB/m train.
For Sweden, Denmark and Norway 5 train categories are distinguished, each with several 
sub categories based on maximum speed and on train type. Leq can be calculated for any 
combination of train categories, traffic flow and weather conditions, as long as the 
relevant input data are available. 
The model contains four track categories (modern, semi-modern, old and track on steel 
bridge), each divided into 3 sub categories based on rail roughness (well maintained, 
average or worse than average). 
Furthermore driving conditions are considered (acceleration smaller than zero, equal to 
zero, larger than zero, or bends).

Supplemental information on Nord 2000 model is given in Annexe 2.

3.1.2 The French Model NMPB
A. A French prediction method for railway noise called NMPB-FER [DEFRANCE, GABILLET, 

VAN MAERCKE, DINE & GAUTIER, 2000] has been developed on the basis of an already 
existing one for road traffic noise. This method is an octave band approach and is today 
included in the engineering model MITHRA-FER developed by CSTB. The method 
specifies two calculation procedures: with meteorological conditions favourable to sound 
propagation and with atmospheric homogeneous conditions. The result is a long term 
equivalent A-weighted noise level obtained by the combination of the two calculations 
and taking into account the percentage of time when favourable conditions occur. The 
train is modelled as a set of equivalent point-sources, each one related to a bogie or a train 
element, and associated to a specific source type. The emission model used in the present 
method considers two different heights of the line of equivalent point sources:
 80 cm above the rolling plane for lowest frequencies (125, 250 and 500 Hz)
 5 cm above the rolling plane for highest frequencies (1, 2 and 4 kHz)

The body-barrier interaction is taken into account by means of image-source principle.

B. The different train passing for the same category of train allow to obtain a distribution of  
tp,aeqL values (with tp the passing time) which is characterised by its arithmetic averaged 

value Lm and its standard deviation  . This allow to obtain a reference level L0 from 
measurements at 25m from the track axis and at 3.5m high above the rolling plane and for 
the operating speed of the train category considered:

 LLL m0 . From the reference level L0, a maximum sound pressure level can be 
calculated and converted into the equivalent sound pressure level for each octave band. 
The speed dependency is included as 30 lg (v/v0).
The model contains four train categories with subcategories. The categories are based on 
train type and speed. Track conditions are not specified.



HARMONOISE WP1.2 State of the art report

Reference : D10-HAR12TR-020118-SNCF10.doc Revision Number : 04
Author : WP1.2 partners Date : 05/08/02

Page number : 36/78

3.1.3 The Dutch model
A. The source is given as an equivalent sound power level per kilometre track, calculated for 

eight octave bands from 63 to 8000 Hz. The Dutch model uses two line sources above 
each other at 0 and at 0.5 meter above the rail head, situated in the middle of the track. 
Category 9 (high speed train) is modelled with four line source heights (0.5, 2, 4 and 5 
meters). For modelling propagation the line sources are split into segments having an 
angle with a maximum of 5º seen from the receiver. The emission for each octave band is 
calculated as a value a (dependent on category and frequency). The speed dependency is 
incorporated as  b·lg(v), where b is a constant given per octave band, source height and 
category.
Corrections can be made for superstructure, braking and bridges. 
The emission of each octave band is calculated according to:
E = a + b·log v + 10 log Q + c. where v = train speed

Q = number of coaches per hour
Correction for superstructure is separated in correction for track construction and 
correction for joints. Roughness is not included. Correction for steel bridges makes
distinction between rolling noise and bridge noise. 9 Categories are distinguished, based 
on measurements and train type. Most correction values are category- and frequency 
dependent. The result is an equivalent sound power level per coach for two (or five) 
heights. 

3.1.4 The German model
A. The German Schall 03 schemes was published in 1990. A new Schall 03 method is being 

developed at the moment, but the changes will be limited. The actually used method will 
be presented here. The source characteristics in sound levels are given as an equivalent, 
total sound pressure level at 25 meters from the middle of the track at a height of 3.5 
meters above the head of the track. The actual source for further calculations is placed in 
the middle and at the height of the railhead. 
The line source is divided into segments I, such that d/100 < I < d/2, where d is the 
distance from the track to the receiver. This results in separate LAeq’s, which are then 
combined.

B. The sound pressure level is calculated as a standard value (51 dB) with corrections for 
category, intensity, speed, angle, track (sub-structure), bridge, directivity, brake, crossing 
and radius. 
Sound pressure level per length of vehicle. The length of 1 locomotive is 20 meters and 
for 1 wagon 26.4 meters. 
L pE = 51 + Ccat + Cintensity + Cspeed + Cangle + Ctrack + Cbridge + CDI + Cbrake + Ccrossing + 
Cradius in dB(A).
The speed correction has the same factor for all speeds: Cspeed = 20lg(v/100)
Curve squeal corrections are made for squeal noise. Values are defined in the German 
scheme "Schall03". In this guideline it is taken into account by a radius dependent 
correction value: 3 dB(A) for radii between 300 and 500 m and 8 dB(A) for radii smaller 
than 300 m.
14 different train types, categorisations based on maximum speed and normalised per train 
length, resulting in six different correction levels. The correction levels are constant, 
frequency-independent values. No difference is made between diesel or electric 
locomotives. 
Four different track categories are distinguished, based on type of ballast, type of sleepers. 
Corrections of 3 or 5 dB are made for tracks that are regularly ground. 
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3.1.5 Directivity in the models

In the various national models, the directivity definition is closely related to the source 
concept used.

3.1.5.1 Directivity in Nordic 1996
The model does not include the effect of directivity.

3.1.5.2 Directivity in Nord2000
The horizontal directivity illustrated on Figure 3. 2 is taken to follow: ΔL(φ) = 
10·lg(0.15+0.85·sin2φ) + 2, where φ is the angle to the track. The vertical directivity is 
disregarded for the time being. However, provisions have been taken so that it may be 
incorporated later. 

Figure 3. 2: Sketch of angles of directivity.

3.1.5.3 Directivity in the French model
A 3D directivity is assigned to the point sources. In the horizontal plane, the directivity hD
expresses the sound emission due to the rolling elements and infrastructure system and is 
written as:   dBin 4/coslog10 10  hD where  represents the angle between the 
perpendicular to the line source and the horizontally projected source-receiver direction as 
illustrates Figure 3. 3. In the vertical plane, the directivity D expresses the hiding of the 
sources by the body of the carriage and is given by the following analytical expression: 
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fD  where  represents the angle 

between horizontal and vertically projected source-receiver directions as illustrates Figure 3. 
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Figure 3. 3: Horizontal Directivity
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Figure 3. 4: Vertical directivity



3.1.5.4 Directivity in the Dutch model
Both horizontal and vertical directivity indices are 10·lg(cos2φ). 

3.1.5.5 Directivity in the German model
Both the vertical and the horizontal directivity is dependent on CDI = 10·lg(0.22+1.27· cos2φ).

3.1.5.6 Comparison of directivity patterns in the models
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Figure 3. 5: Normalized horizontal directivity according to different national calculation 
schemes. The 0 line is perpendicular to the wheel, and parallel to the wheel axle. The left part 

of the figure does not apply in practise.
The Nordic and the German model turn out to be practically identical.
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Figure 3. 6: Normalized vertical directivity according to different national calculation schemes. 
The 0 line is perpendicular to the wheel, and parallel to the wheel axle. The left part of the 

figure does not apply in practise.
In the Nordic model, no vertical directivity is included up to now

3.2 Comparison of the described models
In May 2000 Working Group 3 of EU framework directive on environmental Noise [MORGAN 
& NELSON, 2000] has made comparison between the legal prediction methods of France, 
Germany, UK, The Netherlands, Austria, Switzerland and the Scandinavian countries. A list 
of criteria concerning source and propagation properties, was prepared according to which the 
models were scaled and is illustrated on Figure 3. 7. By numerical rating the French NMPB 
model was selected to be most appropriate. In the comments the Dutch model, which was 1 
point behind, could be preferred over the French, as it includes a wider range of corrections to 
the source model in terms of the track and ballast characteristics. 

Total score
Austria 49
Denmark 47
France (NMPB) 54
France (MITHRA 4.0) 54
Germany 48
Netherlands 53
Nordic 1996 47
Switzerland 32
United Kingdom 49

Figure 3. 7: Result of the numerical ranking in Working Group 3 of EU Framework Directive on 
Environmental Noise  

Criteria: included parameters and categories 
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The French method was found to be strong in the propagation part, but has minor source 
description. The Dutch model is more practical, not so physically founded. In both models 
track gradients, train speed correction and track type corrections should be approved. Both the 
French and the Dutch model are not as physically founded as Nord2000. However, only the 
Nordic 1996 method was included in the study. The Nord 2000 model was not yet available 
then. The new Nordic method combines strong source description with an extensive 
propagation module, including ray acoustic theory and diffraction theory.
In Nord2000 the horizontal directivity is supposed not to be of major importance for the Leq
values. Still a factor for horizontal directivity is included. Additionally tunnel openings and 
barriers are included extensively. The vertical directivity however, is disregarded completely. 
Track roughness is included in Nord2000 only in track categorisation. Wheel roughness is 
disregarded.
The sound power level is calculated per meter train. This is an indirect way to relate the 
number of sources to a train type. 

3.3 Initial thoughts about the new model
The Nordic model could serve as the starting point for the work proposed in the 
HARMONOISE project. Technical improvements will be made even with respect to all 
existing models, particularly with respect to the versatility of the methods to be adapted to 
local, specifically national circumstances. Extra attention should be paid to monitoring and 
description of the maintenance conditions of a vehicle fleet. Also improvement of accuracy is 
one of the aims of the project.
The objectives of WP2 and WP3 set the framework for deliverables of WP1. WP2 has 
special requirements regarding source data (see measurement requirements). The WP3 
objective ("a simplified engineering model") should however to a large extent determine the 
priority, required accuracy and hence the amount of effort put into the various factors listed 
below.

3.3.1 The source description requirements of WP2
The source description is related to the verification of the sound propagation module of WP2.  
This can to a large extent be fulfilled by describing the source (train, carriage, bogie/wheel, 
rail/sleeper, traction unit, etc) as a collection of (stationary) point sources at a given moment, 
for a given operating condition.
The accuracy of the source description will to a large extent be given by the limitation of 
measuring and calculation procedures used for allocating sound power levels, heights (and 
possibly directivities) to the "partial" sources that constitute a whole train.

3.3.1.1 Sound power level
As initial thoughts, the proposal is to deliver a sound power per unit train length Lw0(f). Next, 
attention must be paid to translate the Lw0(f) per unit train length to an Lw(f) value per meter 
track. (Reference: e-mail Hans Jonasson, d.d. 8-7-02). 
With this sound power per meter track WP2 and WP3 have full freedom in choosing their 
way of segmentation. Sound power of segment sources can be derived from Lw(f).
In Nord2000 description of the equivalent level is treated together with segmentation and 
traffic flow, thus separately from source description.
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3.3.1.2 Directivity
In simple situations the horizontal directivity does not contribute to the total Lden as a result of 
time averaging. However in certain cases the source is just seen from a certain angle. 
Only in special situations, for example in the case of tunnel openings, noise barrier ends and 
reflecting surfaces near the track, screening of the wheel/rail noise by the car body, the 
directivity cannot be neglected. 
The directivity and its measurement methods is further detailed in 4.3.

3.3.1.3 Lateral position
As described above, the source locations may be horizontally averaged and distributed along 
the driving direction of the vehicle.
The lateral source position is chosen in most national schemes to be in the middle of the track. 
Nord2000 however, chooses the nearest rail for the lateral position, which approaches best the 
true situation. Our proposal would be to choose the nearest track for the lateral position in 
case of rolling noise, and some of the aerodynamic sources. Only sources which are evidently 
situated in the middle of the track (such as the pantograph and maybe some engine sources) 
could be located likewise.

Figure 3. 8: Vertical and lateral source location

3.3.1.4 Vertical position of rolling noise
The  Figure 3. 9 illustrates a discussion point about the source height of rolling noise, namely 
the distribution of the rolling noise over wheel and track. In the case of low barriers, it occurs 
that the track is screened, while the wheel axle is left open. Especially in this case the exact 
location or distribution of the source becomes important.

Figure 3. 9: The rolling source is distributed over wheel and track, partly screened by a low 
barrier

3.3.1.5 Separation between WP1 and WP2
In some cases it is not clear where the source description (WP1) ends, and propagation (WP2) 
begins. Does the barrier contribute to the source level, or is it a part of the propagation work 
in WP2, as illustrates Figure 3. 10. Or more generally: at what distance is an object/barrier 
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still considered as part of the source ? This has been point of discussion in the document 
[SALOMONS & DITTRICH, HAR21MO020214TNO01].
Ray-tracing calculations can only be carried out for objects further than 1.5 meter from the 
track. This could be an argument to include all effects at shorter distances in the source 
description. For small barriers near the track, a correction dependent on distance and height 
could be added to the source module. Possibly this factor could be dependent on barrier 
material, train type, etc. 
In any case it is evident that description of small barriers near the source is very desirable. 
Investigation in Metarail on small barriers combined with wheel screens, have pointed out 
that the effect of such measures can be enormous. In the HARMONOISE project the possibility 
should be built in to add these developments to the model.

Figure 3. 10: Reflection of the rolling noise car body and reflection by low barrier. Source or 
propagation ?

3.3.2 The source description requirements of WP3

Source description is related to the description of a traffic situation at any given track 
location. The traffic flow (long term averages for the time intervals day, evening and night) 
can best be described as an incoherent line source or combination of such sources. (E.g. the 
"line source or sources" corresponding to the integrated movement of all traction units in the 
time interval, plus the same for the wheel/rail sources, etc.). These long line sources can in 
turn be divided into shorter line sources or "line source elements", short enough to be 
considered as point source in a computer programme.
The source description of WP3 can partly be based on results obtained from the allocation of 
sound power and heights as described in 3.3.1, but must otherwise depend on practical field 
measurements on trains in traffic. At first WP3 will largely need to use existing data.

3.3.2.1 Coupling with integration (WP3)
In many former schemes line sources were divided into line segments as to approximate 
integration of the whole line source (Nordic, Dutch and German schemes). 
Also in WP3, the vehicle fleet will be represented as a segmented line source, each segment 
representing a yearly averaged sound power level per source height. In this way, in WP1 the 
source locations may be horizontally averaged along the driving direction of the vehicle. The 
only location descriptions needed in WP1 would then be the source height, and the lateral 
position, see Figure 3. 8.

3.3.2.2 Categorisation
In chapter 2 the different noise sources in rail traffic are described. For the calculation of 
long-term average sound levels, source data should be accompanied by information about the 
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type of source, type of vehicle and train flow. For each noise source a categorisation on basis 
of the relevant physical parameters must be done.
In practise the following steps could be taken:
 Description of source type – this leads to a time equivalent sound power for each source
 Description of vehicles as compositions of source types
 Train composition can be described as a composition of vehicles
 Traffic flow can be described as a composition of vehicles or trains

The first step is a source description that is as close to the physical description as possible. For 
example we know that rolling noise can be described as the sound from the axle position. The 
rolling noise of a vehicle is a function of the sound power and the number of axles.
The term ‘point source’ may lead to some confusion when used in reference to multiple 
vehicles such as mixed trains or vehicles with multiple sources. An example of the resulting 
equivalent point-source representation is shown in Figure 3. 11.

4m

0,5 m
0m

2m

5m

Figure 3. 11: Example of equivalent point-source representation of a vehicle

4m

0,5 m
0m

2m

5m
4m

0,5 m
0m

2m

5m

4m

0,5 m
0m

2m

5m

Figure 3. 12: Example of equivalent point-source representation of a train:
Top: individual point sources of the complete train.

Middle: equivalent point sources of vehicle type A and vehicle type B.
Bottom: equivalent point sources of the train.
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Figure 3. 12 shows the way a composition of sources can be made for a single vehicle and a 
train. The value of the equivalent source is a result of the amount of sources on the specific 
height.
The step from single vehicles to traffic flow can be direct, depending on the information about 
the traffic flow. However, the train composition might be of influence as we consider sources 
coming from distinctive vehicles of the train (including aerodynamic or traction source for 
example). 

3.3.2.3 Accuracy
Improvement of the accuracy with respect to the existing methods is one of the aims of the 
project. In particular demonstration of the achieved accuracy (and the limitations of the 
model) by comparison with experimental data is desirable. The level of accuracy required is 
an important question to discuss during this first preparation task and with the other WPs. 
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Chap 4: Measurement methods

In the HARMONOISE project there will be a need to link the calculation method to measured 
values for rail noise. Some measurements might be necessary to investigate the properties of 
the sources and to validate a model for it. For example to examine horizontal distribution of 
the sound power, the horizontal and vertical directivity. 
Furthermore, with a model for the source, a protocol is needed that can be used to obtain 
source strength for (groups of) trains. In this case the main purpose is to collect representative 
data on the total sound power level as a function of different train/track parameters. 

Measurement methods of railway noise have been developed for different purposes. In this 
chapter we give an overview of existing methods and the background to find good methods 
for the purpose of the HARMONOISE project. 
In the 4.1 a survey of existing measurement protocols for national schemes is given. 
Paragraph 4.2.1 is a survey of measurement methods that have been developed for research 
purposes and that can be useful to describe the source. Paragraph 4.2.2. deals with the  
determination of directivity.
The first considerations that should lead to a protocol for the measurements of noise sources 
of different train categories in the HARMONOISE model are to be found in 4.3. 

4.1 Survey of measurement protocols for national schemes
An overview of the existing national schemes was given in chapter 3. This paragraph aims at 
the accompanying measurement methods that have been used to obtain the necessary input for 
these schemes. 

4.1.1 Dutch National Scheme
The present Dutch national scheme does not provide a measurement protocol to determine the 
noise emission of a train. The "emission number" is the source descriptor in the Dutch 
national scheme and the protocol describes how it can be calculated with a simple formula as 
a function of speed. For 10 train categories noise sources are described as "emission numbers" 
in octave bands. These functions are an interpolation of the results of many measurements at a 
number of different sites. 
Measurements of pass by levels at a distance of 25 meter from the track were recalculated to 
equivalent sound level for the period that the sound level is at least the maximum level minus 
10 dB. 
These results were recalculated to emission numbers on the track. 
For conventional trains, two source heights are taken into account, at 0 and 0.5 meter above 
the railhead.
The categories of high-speed trains also have sources at positions of 2, 4 and 5 metres above 
the railhead. The relative source strength at these positions was derived from antenna 
measurements.  
At this moment, a revision of the national scheme is prepared. One of the major changes in 
the new draft version is that a measurement protocol is proposed. This protocol consists of 
two procedures. Procedure A is a simple procedure that can be used for train types that are 
expected to fit in one of the existing categories. Protocol B is an extensive measurement 
method designed for new train types. It consists of a measurement procedure for traction 
noise and aerodynamic noise. And for the measurement of rolling noise, it is based on 
methods that are developed in the METARAIL and STAIRRS project. For separation of noise 
levels the silent vehicle method is proposed. These methods are described in paragraph 4.2. 
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The new draft version will be discussed within national committees this spring. So far no date 
for implementation has been set.

4.1.2 Nordic96 measurement protocol.
The protocol requires that measurement personnel shall be present to observe the events.  
Each measurement covers one passby. A-weighted plus octave band SEL and (average) Lmax
levels shall be recorded. Lmax(F) or Lmax(S) as supplement. Frequency range, octaves 63-
4000Hz.  
Other conditions [Ringheim, 1993] are:
- Minimum 5 and preferably 10 different passbys of a given train type, within each 
20km/h speed interval (60-79, 80-119, 120-139, etc.).  
- Priority given to measurement sites with train speeds above 60 km/h.
- Measurement distance: primarily 25 m from track centre, minimum 7,5m. For speeds 
above V=100 km/h minimum distance should be at least 7,5x(V/100) meters.
- Microphone height above rail head: primarily 3,5m, but 2m for distance less than 
approx. 10m. In uneven terrain all meas. pos. should be at least 2m above ground. 
Supplementary positions 0m (track elevated above ground), 2, 4, 6, ... m above rail head.
- Direct line of sight from the meas. pos. to all important parts of track and train.
- Primary measurements on straight track that lies 0,3 - 1m above surrounding ground, 
with concrete sleepers on ballast and gradient less than 1%. Supplementary measurements on 
track 0-2m above ground, curves and other track foundations will give useful data. 
- Continuously welded rails, primarily 54 kg/m, but 49-60 kg/m allowed. No switches, 
joints etc. unless they are part of the measurement purpose. 
- Reflecting surfaces: Ground can be soft/hard or mixture. Must be described in report.  
Otherwise no surfaces allowed that cause effects that cannot be reliably corrected. Drawing 
with dimensions required if reflecting surfaces other than ground are present.
- Measurement equipment should primarily fulfil IEC651 type 1 or similar. 
- Background noise should preferably be more than 10 dB below train noise, but 
minimum 5 dB below (including wind induced effect).

The above conditions shall all be documented, in addition to the following, for each train 
passby:
- Type of train, traction unit and carriage. Information about audible wheel flats, 
obvious acceleration or braking.  
- Drawing showing topography (map of area) and measurement geometry (profile 
through measurement position at right angle to track). Give all relevant dimensions, and 
limitations as regards view angle from meas. pos. to track. Ground surface properties on 
conditions. Vegetation. Weather.
- Rail mass, fastener type sleeper spacing and radius of curvature for curved track. A 
spreadsheet table (Excel) is available for reporting measured levels and operating conditions 
for each passby, and for calculating average levels for each train type and speed interval.  
- Rail condition. Age of rail and time of last grinding. Braking site? Visual inspection 
and description of rail surface, if possible supplemented by roughness measurements.

4.2 Survey of specific measurement methods relevant for HARMONOISE

Paragraph 4.2.1 gives an overview of more recent measurement methods for rolling noise, 
that provide information on the contributions from the track and from the vehicle. As a result 
of the METARAIL project, some of these measurement methods are proposed for type testing 
procedures.
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Paragraph 4.2.2 deals with the measurement of directivity.

4.2.1 Research measurement methods 

4.2.1.1 Introduction
With respect to rolling noise, much work has been done in the METARAIL and STAIRRS 
project. Rolling noise is the total noise level that can be separated into a main contribution 
from wheel and track. For the source description in HARMONOISE, this separation is useful for 
describing the position and directivity of the noise source.
The METARAIL project (1997-99) covered the development of a measurement method, 
focussed on type testing and monitoring methods. Special attention was paid to characterising 
the track properties and rail roughness to ensure good reproducibility. Work was performed 
on separation techniques for track and vehicle noise contributions.
In the STAIRRS project, a further step is taken. The focus is on separating responsibility for 
the total noise level of wheel and rail. 
The rolling noise emission during a train pass-by is characterised by four important spectra: 
the wheel and the rail roughness, and the vehicle and the track transfer function. This transfer 
function is defined as the difference between the noise radiated by a source and the total 
roughness. These four quantities, Lr.wheel, Lr,rail, Hvehicle and Htrack, and their relation are shown 
schematically in Figure 4. 1.

+ =TrVe To

Noise:
Roughness:

+ RW = T

Figure 4. 1: Definition of the four quantities defining a level 2 characterisation: Lr.wheel, Lr,rail, 
Hvehicle and Htrack

It was a logical step to examine the intended parameters and define some levels in 
measurement purposes. 
 Level 0 is the microphone measurement, without any separation. Result of this kind of 

measurement is the equivalent sound level Lp. 
 Level 1 techniques imply the separation of the sound radiation from track and vehicle. 

This kind of measurement technique delivers the equivalent sound level of wheel and 
track, Lp,vehicle and Lp,track.   

 Level 2 techniques take a further step, separating roughness and vibro-acoustic transfer 
functions. This provides independent acoustic characteristics for vehicle and track. 

 Level 3 takes more vehicle and track parameters into account, such as roughness, 
dynamics and acoustic input parameters. To obtain track and vehicle noise, TWINS-like 
calculations will be required. 

In a level 3 approach all detailed effects are included, whereas the level 2 approach provides 
sufficient separation of track and vehicle effects for practical purposes. This has already been 
demonstrated in measurement campaigns in the STAIRRS project. Level 1 methods provide 
separation of the radiated sound from vehicle and track, but that is insufficient to apportion 
the causes.

http://4.2.1.1
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4.2.1.2 Measurement methods for roughness 
Rail and wheel roughness can be measured in a number of ways. The measurement methods 
can be divided into direct and indirect methods. Direct methods can distinguish between rail 
and wheel roughness, which make it possible to separate responsibility for corrugated tracks 
or wheels. Indirect methods do not have this advantage. On the other hand, indirect methods 
measure the actual roughness ‘felt’ by the wheel/rail contact, hence the roughness excitation 
itself. Direct methods have limited accuracy in determining the total effective roughness, due 
to problems in post processing, for example the uncertainty in the wheel/rail contact filter. 
Rail roughness measurements have been standardised in latest version of the international 
standard for type testing of exterior noise of rail vehicles, [EN ISO 3095, 2001], but this 
standard is still in a draft version. The measurement protocol described therein is developed in 
parallel with the METARAIL project. In the STAIRRS project more experience is gained 
with roughness measurements and analysis methods. By comparison of different methods, the 
accuracy can be assessed. 

Direct methods 
These are measurement procedures in which the height variation of the rail or wheel surface is 
scanned directly with a fine mechanical sensor. The most frequently used systems employ 
displacement transducers or accelerometers in sensors that touch the rail or wheel surface. In 
the STAIRRS project more experience is gained with roughness measurements and analysis 
methods. By comparison of different methods, the accuracy will be assessed. 

Processing of roughness data
The first step is to edit the measurement data to remove pits and spikes. The second step is the 
frequency analysis which has to use the best adapted window to minimise the frequency 
leakage. The third step makes use of a rail-wheel contact filter which is a part of modelling 
software like RIM and TWINS. Wheel and rail roughness have to be handled different.
The wheel roughness is a periodic signal which needs no window to minimise the frequency 
leakage. Normally the Hanning window is used. This is a mistake by only looking at the 
middle part of the roughness signal.
For example making use of the Hanning Window for a single wheel can lead up to a mistake 
of +/-3 dB(A) or even more than working without window. 
Concerning the rail roughness the window is not critical because in practice the measurements 
are done for different rail sections and an average is built for several rail sections which 
belongs to the track length having an influence to the measured airborne noise.

Single roughness indicator 
In many cases it is desirable to present a single value for roughness, a calculation scheme can 
be one of these occasions. In the STAIRRS project a validation for the single roughness 
indicator LλCA is carried out. The single roughness indicator is a procedure of data processing 
to translate roughness to a level that is related to sound pressure level.
LλCA is calculated as follows: 
The roughness signal can be considered as a displacement. This displacement is differentiated 
to velocity with the use of an optimised lambda-filter. Then a C- filter is applied to represent 
the wheel-rail contact. After this the wavelength spectrum is transferred to the frequency 
domain. Finally A-weighting is carried out and a summation to a dB(A)-level. 
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Indirect methods 
These are measurement procedures in which the total effective combined roughness of rail 
and wheel are obtained by measuring direct related parameters. 
Indirect measurements are carried out in two ways. The first method is to carry out 
measurements on-board of a running train, using axle box vibration or noise levels in the 
bogie. Both measure indicators of the actually felt total roughness. In this way differences in 
rail roughness can be detected for long distances of track. 
The second way is by measuring rail vibrations during a train pass-by. This method, (indirect 
roughness based separation tool) is under research in the STAIRRS project. The measured 
parameters are vertical railhead vibration, train speed and vertical spatial decay of the track. 
With this method, fast on-line information of roughness levels of whole trains is obtained 
without taking the train out of operation. 

4.2.1.3 Methods to separate noise contributions
Antenna techniques
In the METARAIL project some research was done to an antenna measurement system, 
improved for railway noise applications. In the study the antenna system was applied to 
moving trains at a distance of 7.5 metres from the track. 
The antenna in this configuration was found to be useful for locating sources on the 
superstructure that are not weaker than 15 dB per square meter than the strongest source. 
The system resolution varies from 0.8 m. at 2000 Hz to 3.2 m. at 500 Hz. At 200 Hz the 
fundamental limitation that applies for a system at 7.5 meters from the track is limited to 6 
meters. Therefore, this system is not feasible for locating very low frequency (aerodynamic) 
sources or separating two sources at very little distance from each other such as track and 
wheel noise.
Apart from the METARAIL project, antenna measurements have been extensively applied for 
the measurement of the noise emission of high-speed trains. Especially aeroacoustic sources 
have been determined using antenna array techniques as illustrated in paragraph 2.11.

The reference vehicle method
The noise level of the track is equivalent to the total noise level in the special case that a 
vehicle hardly radiates any noise. This straightforward method requires a quiet vehicle, which 
should be at least 10 dB quieter than the track. This could be achieved with damped wheels, a 
small wheel diameter or the use of full wheel enclosures. The roughness of the wheel tread is 
not important. 

The reference track method
The reference track method is the counterpart of the reference vehicle method. In the reverse 
way, the noise level of a vehicle will be equivalent to the total noise level when measured at a 
quiet track (low track response function). The difficulty here is defining a track that is quieter
than most vehicles in the relevant frequency ranges. 

Hybrid methods
Hybrid separation methods make use of theoretical modelling and measured data processing 
in order to separate track and vehicle noise. Three of such methods are explored in STAIRRS.

 Vibro-acoustic track noise method
The vibro-acoustic track noise method is based on a pure energetic analysis. It assumes that 
two rails and a continuous uniform distribution of sleepers radiate energy towards the 
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receiver, i.e. a microphone at 7.5 metres from the track. The time-averaged energy radiation 
of the track is estimated from vibration spectra of sleeper (vertical acceleration) and rails 
(vertical and horizontal acceleration), using basic equations for vibrating bodies. Depending 
on the radiation model used (measured or modelled transfer functions), an accuracy of 3 
dB(A) of the track contribution will be possible (compared to TWINS calculations). The 
vehicle contribution is calculated afterwards as the difference between the measured total 
sound pressure and calculated track contribution. The accuracy of the vehicle contribution 
will therefor be lower than that from the track. This method will be tested in the STAIRRS 
project.

 Temporal decay separation method
A second hybrid method uses differences in sound decay properties of rails and wheels, 
measured close to the track (1.75 m). A vibrating wheel is considered as a source distribution 
with limited dimensions. On the other hand, a vibrating rail has a much larger effective source 
length in direction of the track. During pass-by of a train, the combined source distribution of 
wheels and rails is ‘scanned’ by a nearby microphone as illustrated on Figure 4. 2. Assuming 
that the wheels dominate the sound peaks of the pass-by signal, the slopes to the side of those 
peaks are defined by the wheel source distribution only. Further away from the peaks (e.g. 
midway between the bogies), the rail source distribution will define the slope and level of the 
measured signal. Using measured rail vibration decay functions and TWINS estimations for 
the wheel sound power, the rail and wheel contribution to the total noise can be assessed. This 
method has been partly explored in STAIRRS.

Lp

time 

wheel 
contributions

Figure 4. 2: Illustration of temporal decay separation method

 MISO method
The basic idea of the separation method developed by SNCF is to assess the track 
contribution from noise measured on the standard microphone position (7.5m or 25m) using 
supplementary captors : accelerometers to characterise the dynamic behaviour of the track, a 
“near field” microphone to measure the acoustic radiation and a device to detect wheel 
passing and train speed. Then the method relies on four fundamental steps :
- assess the track transfer function between track vibrations and “near field” noise emitted 

midway between the bogies, assuming that the track is, at that time, the dominating source 
(this assumption has been checked),

- derive the overall track contribution for a whole pass-by which is equal to the track 
transfer function times the track vibrations,

- infer the vehicle contribution from the difference between the total noise measured and the 
contribution of the track,

- apply the same weight (ratio vehicle/track contribution) to the standard microphone.
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Concerning the assessment of the track transfer function, the number and the position of each 
accelerometer on the track as well as the distance and the height of the “near field” 
microphone are key parameters that are still being addressed. At least two accelerometers are 
necessary (vertical and lateral rail vibration located midspan).
Therefore, calculation of the track transfer function (step 1) requires a specific processing due 
to the partially correlated inputs (track accelerations). A complex system has to be solved, 
using the so-called MISO technics (Multiple Input Single Output technics – see [BEN86]).
The core of this technic is to transform the initial system into an equivalent uncorrelated 
system easier to solve (see Figure 4. 3).
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Initial system with correlated inputs Equivalent system with conditioned inputs
( derived from a MISO solver)

Figure 4. 3
Vi (t) : measured track vibration inputs. They are partially correlated.
Vi.(i-1) ! (t) : conditioned(uncorrelated) vibrations derived from MISO solver and used to assess the 
track transfer. 
P(t) : measured “near field” acoustic pressure 
Hip : Transfer function between the vibration input i and its contribution to the output P(t) 
Lij : Transfer function representing the correlation between inputs i and j 

(part of the energy of the input n°i comes from the inputs (i-1), …2,1)
Lip : transfer function between the conditioned input i and its contribution to the output P(t)

This method demonstrated interesting first results during a STAIRRS field test campaign in 
2001.

4.2.2 Assessment of the directivity of the sound power level from a moving vehicle
Purpose of this work package in the HARMONOISE project is to describe the rail noise in terms 
of source power, source position and directivity. This aim is different from the research 
projects mentioned in the former paragraph. One existing problem is the determination of 
directivity of sources. This paragraph is an overview in five steps of the method that will be 
followed.

I Definitions  

Together with three coordinates shown in Figure 4.3 – 4.5, the following definitions are used 
in this file. 

1. The reference sound power level, WrefL . A moving, omni directional sound source with 
the sound power level WrefL will give the same sound exposure level during a pass-by as a 



HARMONOISE WP1.2 State of the art report

Reference : HAR12TR-020118-SNCF10 Revision Number : 04
Author : WP1.2 partners Date : 05/08/02

Page number : 52/78

moving source with unknown directivity. WrefL is radiated in the horizontal plane or in a 
plane close to the horizontal plane with the same radiation characteristics.

2. The horizontal directivity of a vehicle is defined as the difference between the sound 
power level in the horizontal direction considered, produced by the vehicle, and WrefL , i.e., 

    WrefWW LLL   . And, by using WrefL , the horizontal directivity has been 
normalized in the way defined by the equation (4.2) in [SALOMONS & VAN DER TOORN, 
HAR21MO020204TNO01].  

3. The cylindrical vertical directivity of a vehicle is defined as the difference between the 
sound exposure level in the vertical angle direction considered and the sound exposure 
level in the reference direction, produced by the vehicle, i.e.,      0SELSELLW   .

4. The spherical vertical directivity of a vehicle is defined as the difference between the 
instantaneous sound power level in the angle direction considered and the instantaneous 
sound power level in the instantaneous reference direction, produced by the vehicle, i.e., 

     0,,,  WWW LLL  .

Three coordinates 

(1) The rectangular coordinates in the horizontal plane, with l being the length of a vehicle 
and ( x , 0) being the receiver position. 

(reference direction) 
y (vehicle’s direction of motion) 

l



x (receiver side) 

Figure 4. 4 The rectangular coordinates ( x ,  y ), or equivalent, ( x ,   ). 

(2) The cylindrical coordinates.   

(vehicle-to-receiver) 



y l
x (reference direction)  

(vehicle’s direction of motion) 

Figure 4. 5 The cylindrical coordinates ( x , y ,  ). 
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(3) The spherical coordinates. 
(vehicle-to-receiver) 

r

l




(reference direction)  
(vehicle’s direction of motion) 

Figure 4. 6 The spherical coordinates ( r ,   ,   ).  

II. The measurement conditions  

Basic 
1. The railway track chosen for directivity measurements should be straight, level (in the 

sense of engineering) and long enough in both directions, such as [-5d, 5d], with d 
being the horizontal distance between the receiver and the track. 

2. The site should be free from screens and large reflecting objects. 
3. The background noise level should be reasonably low.
4. Single pass by with a constant speed.
5. Small (< 5 m/s) or zero wind.

Favored 
1. The track bed having high elevation (to minimize the effects of variations in weather 

and ground condition). 
2. The topography around the track being flat and the ground being acoustically uniform 

and soft (impedance  630 kRayls). 
3. The weather conditions being moderate inversion or slightly downwind without any 

precipitation.

III. The measurement settings 

1. For vertical directivity: Use a microphone array, which covers the vertical angle 
range of interest, and put it as close to the track as possible. A track with high 
elevation is favored. 

2. For horizontal directivity: The principle is that the distance between the receiver 
and the track should be long enough to guarantee a good point source assumption for 
the vehicle under measure but short enough to get high signal-noise ratio. The receiver 
height should be as high as possible to minimize the excess ground attenuation but low 
enough to ensure that the measurement is representative for essentially horizontal 
sound propagation. 
 For vehicles with a short length, such as personal cars and small trucks, a distance 

of 25 m should be used. The receiver height should be 4-5 m above the local 
ground, provided it is also above half the height of the vehicle. 
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 For vehicles with a long length l , such as long trucks and trains, two distances will 
be used: lx *5,11  for the large angles ( 45 degree) and lx *32  for the small 
angles (< 45 degree). The receiver height should be 4-10 m above the local 
ground, provided it is also above half the height of the vehicle. 

 One ground microphone should be located close to the rolling line of the wheels, 
in order to record the wheel pass-by and the angular position of the vehicle (the 
speed and the distance(s) between the axles being known).

IV The data to measure  

Measure sound exposure level for cylindrical vertical directivity. 

Measure the time history of sound pressure level both for spherical vertical directivity and for 
horizontal directivity. 

V Determination of the directivities 

It is straightforward to determine the two vertical directivities if the ground attenuation is not 
important, otherwise one should use a suitable propagation model to compensate the ground 
effect. Below is the way to determine the horizontal directivity.  

With  N2...,,2,,0 , where  N2 correspond to 15x or farther positions if 
recorded, the time history of the data should be divided into corresponding time segments. 
Integrate sound exposure level for the segments,  EL , from the time history. Calculate the 
ground excess attenuation at the corresponding angular position,  excessA , by a suitable 
propagation model. Determine the horizontal directivity by the formula below

)()()()()()( 212121  excessexcessEEWW AALLLL  . 

Normalize  WL by the reference sound power level WrefL , which can be calculated by the 
sound exposure level of the pass by.

4.3 Measurement methods for Harmonoise 

4.3.1 Considerations of measurements for a source model.
Every calculation method needs representative input data. This input consists of values for the 
parameters that describe the noise source in the calculation method. The more precisely these 
parameters are known, the more accurate the calculation result will be. 
Reliable and representative measurement data can only be obtained if the measurement 
conditions are controlled and the vehicle is clearly defined. Under controlled conditions, only 
a limited number of measurements are needed to achieve the necessary accuracy. 
The vehicles tested should be stated as representative for the fleet of that type, taking into 
account the running in conditions (Conformity of Production, COP). 

In the implementation phase of a measurement protocol for a calculation scheme also other 
aspects should be considered, since it may be difficult to define the "representative" vehicle or 

http://...,
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train, an alternative is to do statistic measurements on trains in regular traffic, at a well 
defined site. 
For example one aspect is that the parameters under concern should be representative for an 
average value, for example a whole category of vehicles or a type of track. For that reason 
there is a need to take statistics into account. Depending on the spread of the parameters 
within such a category, which can be rather large, the measurements should be carried out as 
often as required (many vehicles, sites, tracks, times etc.) to cover all major influence 
parameters to obtain a reliable statistical estimate. A measurement protocol should give a 
requirement for this. 
Furthermore, time dependent variation of maintenance condition of vehicles and tracks has 
somehow to be taken into account. For example, wheel tread condition should be the average 
wheel tread condition that is typical for the vehicle category under concern. A type test on one 
vehicle is not only representative for one vehicle but also only for that moment in time. The 
wheel tread condition can change in time for example as a result of an emergency brake. The 
duration of the lower wheel condition is dependent of the maintenance regime of the train 
owner. A change in maintenance regime of wheels and track can affect noise production. For 
that reason it is desirable to have control measurements on a regular basis. Paragraph 4.3.2 is 
the first step to a measurement protocol that has to be adapted to the needs of the Harmonoise 
model.

4.3.2 Statistical test method for a whole train
4.3.2.1 The aim of the test method 
The test method for a whole train is believed to be the primary method to collect input data 
for the prediction method. As we think that representative data are required, that is a large 
number of measurements during different situations have to be carried out, the test method 
should not be too complicated. Most measurements will be carried out on the national level. 
For special purposes, other more advanced methods will be required.
The purpose of the test method is to determine the sound power level of a train during pass-
by. The sound power level should be calculated from a level, measured at a certain distance 
from the track. To be able to do this calculation a kind of source model is needed as well as an 
accurate description of track elevation, ground impedances and microphone positions. In 
addition the desired train/track specific data has to be determined. 
Optionally simultaneous measurements could be carried out to estimate location and strength 
of train specific sources, such as exhaust noise, motor noise and pantograph noise.

4.3.2.2 Test methods 
The starting point for the test method could be [EN ISO 3095, 2001]. However, this method 
cannot be used without changes. It is adapted to type testing which is a purpose different from 
ours. Aspects that are related to conversion to sound power level and statistical representation 
are not included A proposal to cover these aspects is given in [DITTRICH & JANSSENS, 2000]. 
A summary of the current prEN ISO 3095 standard prepared by M. Dittrich is given in 
Annexe 3. 

4.3.2.3 The general requirements 
The most important requirements are outlined below:

General Information necessary to record 
 Type of track including rail, pads, roughness, track bed, etc.
 Elevation and width of the track bed.
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 The terrain profile of the measurement site and the ground impedance(s), reflecting 
vertical surfaces, if any.

 Meteorological conditions during the measurements.
 Description of the train including the locomotive: Wheel sizes, dimensions, number of 

cars, wheel roughness, exhaust and engine openings, etc. 
 Microphone positions, height relative top of rail and height relative the ground. 
 The measurement instruments. 

Microphone positions
The number of microphone positions and their locations depend on the purpose of the 
measurements previously described. 
For the purpose of getting information for the source modelling, at least two distances with at 
least two microphone positions at different heights are necessary. One position should 
coincide with that of EN ISO 3095. For time histories one distance should be close to the 
train. This distance should be flexible because ditches and safety issues may make it difficult 
to select it completely freely. Preferably one microphone should be relatively close to the 
ground, 0,2 m - 0,5 m, to yield a + 6 dB reflection at low frequencies, one at intermediate 
height giving a reasonably high ground attenuation, e.g. 2 m, and one rather high, such as 3,5 
m above the top of the rail to be compatible with EN ISO 3095 and to yield a rather small 
excess ground attenuation. By using several distances and microphone heights it is possible to 
check the validity of the source model used.
Measurements 
The frequency range should be 25-10000 Hz and the measurement should be carried out in 
1/3 octave bands.
 The primary measurement is the sound exposure level during pass-by. This measure is the 

most suitable one to use to calculate the sound power level.
 A secondary measurement is the time history that can be used to identify sources specific 

to the locomotive or to a wagon with bad wheels. A suitable time weighting is 1/64 s. 
 A third measurement is the maximum sound pressure level with time-weighting F. 

Although the maximum sound pressure is likely to be calculated from the sound power 
levels it is useful to have a measured value as reference. 

Data format 
The data format for the reporting of the result should be standardised on an Excel spread 
sheet. All data, including the general information, should have its standardised location and 
format. 

The good measurement conditions 
Sometimes, for the reason of the data being comparable, especially good measurement 
conditions are required. 
 The chosen track for the measurements should be straight, level and long enough in both 

directions. It is favoured to have the road/track bed being elevated about 1 m to minimise 
the effects of variations in weather and ground condition.  

 The topography around the track should be flat and the ground impedance should be 
uniform. The site should be free from screens and reflecting objects. 

The weather conditions should be moderate inversion or slightly downwind without any 
precipitation. 
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Chap 5: General conclusion

This state of the art report gives an overview of the present knowledge on railway sources, 
useful to built source models to be included in propagation calculations. A state of the art on 
the parameters that should be controlled to define a railway source with sufficient accuracy is 
in particular given and provides a good basis to specify the most relevant parameters that 
should be included in the future source database.
From a number of physical point sources, the data will be translated into traffic noise data for 
propagation calculations. As shown in this report, sound power level as an equivalent level 
per meter track will be derived.
This report also shows that the description of sources in existing models in different countries 
can be improved, in particular the description of the directivity behaviour.
After the definition of the form of the source database through representative railway traffic 
examples and the classification of the relevant parameters that should be controlled to provide 
a good accuracy in the final calculations, another objective of WP1.2 consists in the 
specification of the methods to be used to fill in this database. This document presents an 
overview of the existing measurement methods and is a good start for a measurement method 
definition adapted for HARMONOISE purpose.
Some practical experiences are also given in annex of this document.
In conclusion, this document provides the main elements to prepare WP1.2 work content.
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Annexes
Annexe 1: Diesel locomotive noise: an example of source localisation

A1.1 Introduction 

In 2001 SP measured the noise of a diesel locomotive illustrated on Figure A1. 1. In the 
picture, the long-side 2 was shown.
The recorded data were:
 The sound power level of the diesel engine when it operated at its full power (~ 900 rpm), 

with the locomotive being stationary (above a concrete surface); 
 The time histories of pass-bys with different operating conditions: the constant speeds of 

45 km/h and 79 km/h; fully accelerated with the speeds being 39 km/h and 70 km/h when 
the train was in the front of the receivers. 

For the pass-by measurements, the locomotive was running on a straight and level track with 
half loading of 1018 tons (9 material wagons + 5 tank wagons). The total length of the train 
was about 215 m.   

A1.2 The diesel locomotive 
Most of the noise emission from the engine could be tracked to large openings in the side 
walls at an approximate height of 2,5 m above the top of the rail. 

Figure A1. 1: the tested diesel locomotive

A1.3 The results 
A1.3.1 The engine sound power spectra 
The sound power level was determined using a box-shaped measurement surface according to 
ISO 3746. Based on the measured data the sound power levels of each side were determined 
as shown in Figure A1. 2. The most distinctive feature is the peak around 100 Hz.
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Figure A1. 2: The sound power levels of the diesel engine

A1.3.2 The engine effect on pass-by data 
The track at the measurement site had a speed limit of 80 km/h. Four controlled pass-bys took 
place: 
 Two pass-bys with constant speeds of 50 km/h and 80 km/h (but in the real operation the 

speeds were 45 km/h and 79 km/h, correspondingly); 
 Two pass-bys with the start speeds of 30/60 km/h and full acceleration. The corresponding 

speeds when the train was in the front of receivers were 39/70 km/h. 

The measurement site and the microphones are shown in Figure A1. 3. The purpose of the 
ground microphone (0.3 m from the nearest rail) is to locate the axle positions in the time 
history recording of a pass-by. Three microphones were mounted on the first stand (3.8 m 
from the nearest rail) with heights of – 0.45 m, 1.1 m and 3.5 m (with the railhead as the 
reference height). Two microphones were mounted on the second stand (10 m from the 
nearest rail) with the heights of 1.5 m and 3.5 m. One microphone was mounted on the third 
stand (25 m from the nearest rail) with the height of 3.5 m. The stubble field had the ground 
impedance of 400 kRayls.

Figure A1. 3: The measurement site and the microphones

The day was windy. The maximum wind speed was about 10 m/s, with the average direction 
of 30 degree leftwards to the receiver (if facing the track from the receiver side). The train ran 
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from left to right (if facing the track from the receiver side) for the all pass-by measurements. 
(No measurements were made when the train ran backwards.) 

The SEL data clearly show (Figure A1. 4) the speed dependence of rolling noise. For the 
cases of acceleration the engine effect can be seen around 100 Hz. This frequency will be 
important for indoor sound pressure levels. The agreement at 100 Hz with the level calculated 
from the stationary measurement on the locomotive only is good. 
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Figure A1. 4: The engine effect on the SEL data

Looking at the time histories of the pass-bys the peak of the engine noise can clearly be seen. 
One example of these time histories is shown in Figure A1. 5. 
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Figure A1. 5: Some relevant spectra, which show the engine noise in the time history of the pass-
by data ID15

A.1.3.3 The noise from a compressor 
A by-product of the pass-by data ID15 is the noise from a compressor. In the time history the 
two peaks can be found that are caused by the air-puff noise from the compressor. The spectra 
of the peaks clearly show that air-puff noise is a purely high frequency noise (above 1600 
Hz). In Figure A1. 6 the relevant spectra are shown.  
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Figure A1. 6: The air-puff noise from a compressor. The top-left: the time history of pAL . Top-

right: (relevant time period only) 800 ~ 1250 Hz components of the spectra, which show no 
peaks. The last three: 1600 ~ 10000 Hz components of the spectra, which show the peaks (20 ~ 

30 dB!)

Annexe 2: Some supplement to Nord 2000

In Nord 2000 version 1.0, 3 wheel sources and one low frequency source are used (No VERY 
high speed trains!). Some later analysis, see below, has shown that it is probably not enough 
with one low frequency source. A single source will overestimate peaks and dips.
Figure A2. 1 shows the measured and calculated difference between the microphone heights 4 
and 2 m at a distance of 25 m from a 0,3 m high rail bed. Both locomotives have strong 
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cooling fan sources at about 3 m height at frequencies around 250 Hz. The speed of both 
trains is less than 200 km/h. The calculations have been carried out using the Nord 2000 
propagation model with measured ground impedances.
The calculations show that only one point source at 3,2 gives too high a peak at 315 Hz and 
too low a dip at 160 Hz. By adding a low source representing radiation from the rail bed, the
sleepers and the rail a much better agreement is obtained up to about 500 Hz. Between 500-
1250 Hz one low source (the rail?) seems to give a good fit. At 1600 Hz and above the 3 
sources wheel representation gives a reasonably good fit.
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Figure A2. 1: Measured and calculated differences between 4 and 2 m at 25 m distance. hs 
indicates the source height above the rail bed. The sound power has been equally distributed 

between the sources

Figure A2. 2 shows the same figure for another type of train, the Arlanda train with all 
traction units and other equipment located at low height below the car body. In this case there 
is no low frequency peak as there are no high low frequency sources. The speed is close to 
200 km/h. Above 1000 Hz the 3 wheel sources give a good fit with the exception of the very 
high frequencies where the model does not seem to be as good.
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Figure A2. 2: Measured and calculated differences between 3,5 and 1,5 m at 25 m distance. Rail 
bed on ground level

Discussion
With free propagation it seems to be rather uncomplicated to model a train by using up to 5 
different source heights. A problem is how to distribute the sound powers between the 
sources. For free propagation it will probably work reasonably well with an equal distribution. 
However, if one source is screened it will probably be more difficult to get accurate results.
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Annexe 3 Summary of the current prEN ISO 3095 standard

A3.1 Content and scope
The current version of prEN ISO 3095: 2001 "Railway Applications - Acoustics -
Measurement of noise emitted by railbound vehicles" includes some substantial 
improvements on previous versions of ISO 3095: 1975 and the CEN TC256/WG3 draft. The 
main reason that the previous standards were updated was due to the fact that they produced 
measurement results with a too large spread caused by site dependency.
The main improvements were:
 tighter specifications for the measurement site;
 a new measurement quantity (TEL) for pass-by noise;
 a rail roughness measurement method and a threshold to minimise the effect of rail 

roughness on the measured noise level;
 a list of track parameters to register;
 optional methods to characterise track behaviour;
 an optional method to separate vehicle noise and track noise contributions;
 the addition of a measurement method for braking noise (deceleration).

The contents of prEN ISO 3095 are listed below. Many of the sections are modified or 
completely new, compared with previous versions.

Forward
1. Scope (modified)
2. Normative references (modified)
3. Terms and definitions (modified)
4. Measurement quantities (modified)
5. Instrumentation (modified)
6. Test conditions (modified)
7. Test procedure (modified)
8. Test report (modified)
Annex A - Normative - Additional measurements (modified)
Annex B - Informative - An operational method for deriving vehicle and track noise levels 
(new)
Annex C - Informative - Procedure for determining the rail roughness limit spectrum (new)
Annex D - Normative - Rail roughness measurement specifications (new)
Annex E - Informative - Major influence parameters on track noise (new)
Annex F - Informative - Description of rail pad behaviour (new).
Annex ZA - Clauses of this European standard addressing essential requirements or other 
provisions of EU Directives (new)
Bibliography (new).

A3.2 Scope
The standard provides a measurement method most frequently applied for compliance type 
testing on delivery of new vehicles. Compliance testing for legislative limits is a slightly 
different although similar application, which requires some additional restrictions on track 
and operating conditions. 
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The fact that the measurements are performed under controlled (type testing) conditions on a 
smooth track can lead to somewhat lower noise levels than might normally be encountered 
from the same vehicle along an arbitrary railway line.
The scope of application for the standard is defined as follows:
"This European standard specifies the conditions for obtaining reproducible and comparable 
measurements of levels and spectra of noise emitted by all kinds of vehicles operating on rails 
or other types of fixed track except for track maintenance vehicles in operation. The results 
may be used, for example:
 to characterise the noise emitted by these vehicles (type testing and monitoring)
 to compare the noise emission of various vehicles on a particular track section."

The procedures are stated to be of engineering grade, which is suitable for noise declaration 
purposes. Engineering grade suggests a measurement uncertainty of  2 dB, which is 
consistent with the findings of the METARAIL Round Robin test, in which procedures in this 
standard were applied. In addition, it is stated that wheel-rail rolling noise contains a 
significant contribution from the track, which can sometimes be dominant.

There are other potential applications of the standard, which are not explicitly mentioned, 
probably as they were not foreseen in the original text:
 assessment of noise control measures;
 regulation for network admission in relation to legal noise emission limits;
 input for prediction schemes.

These applications would all set additional requirements to the current version of the standard.

A3.3 Measured quantities
The standard includes test procedures for constant speed (pass-by), stationary conditions and 
for braking and acceleration tests. The procedures are summarised here. The quantities 
measured are given in Figure A3. 1 below, the measurement positions are shown in Figure 
A3. 2 to Figure A3. 7, corresponding to prEN ISO 3095: 2001.

Constant speed 
test
(At least 3 pass-
bys)

Stationary test
(At least 60 sec.)

Acceleration and 
braking test
(At least 3 pass-
bys)

Parts of trains LpAeq,T
d=25m or
d=7.5m

LpAeq,T
d=7.5m

Whole trains and 
single vehicles

TEL
d=25m
If L< 50m, d=7.5m

LpAeq,T
d=7.5m

LpAFmax
d=7.5m

Figure A3. 1: Measured quantities for the procedures of prEN ISO 3095
d = distance to track centreline, L = train length , both in meters.

Measurement heights are 1.2 m at 7.5 m distance, if required also 3.5 m height; at 25 m 
distance the measurement height is 3.5 m. (See Figure A3. 2).
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Figure A3. 2: Microphone positions for measurements on vehicles at constant speed

Figure A3. 3: Lateral microphone positions for measurements on accelerating or decelerating 
trains

Figure A3. 4: Microphone positions for measurements on accelerating trains with individual 
power unit

Figure A3. 5: Microphone positions for measurements on accelerating trains with distributed 
power and on decelerating trains
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Figure A3. 6: Microphone positions around stationary vehicles

Figure A3. 7: Microphone position at the intake or exhaust opening

The equivalent A-weighted sound pressure level is defined as

where the measurement time interval T = t2-t1 , long enough to include all the energy from the 
train, pA(t) = the instantaneous A-weighted sound pressure [Pa], p0 = 2.10-5 Pa the reference 
sound pressure [Pa].

The transit exposure level, TEL, is defined as

noting that Tp < t2-t1 ; Tp is the pass-by time of the train in seconds, from buffer to buffer, 
equal to the train length L [m] divided by the train speed V [m/s].

LpAFmax is the A-weighted maximum sound pressure level with time weighting 'Fast'.

In Figure A3. 8 to Figure A3. 10, illustrations of the time curve and measured quantities are 
shown.

For type testing measurements, at least three measurements must be made for each measuring 
condition (speed). These must be within a spread of 3 dB, otherwise a new series of 
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measurements must be made. The measured values are averaged arithmetically, and rounded 
to the nearest integer decibel.

If for the constant speed tests, measurements are performed on each side of the vehicle, and 
results are different, the higher values are retained.

T

pAFmax pAeq,T
L L

Lp(t)
(t)
7.5m

Figure A3. 8: Example of sound level measurement on part of a train

Lp(t)

7.5m

Tp = L/V
T = t2-t1

Figure A3. 9: Difference between passage time Tp and overall measurement interval T

Lp (t)
7.5m

T = t2-t1

Tp=L/V

tt
Figure A3. 10: Importance of TEL for short vehicles at high speeds: 

a large difference between T and Tp.
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A3.4 Track conditions
The track has to satisfy a rail roughness limit (see Figure A3. 11) to ensure a minimal spread 
in noise level. Earlier investigations performed by ERRI showed that the spread in measured 
noise levels is then less than 2 dB.

prEN ISO 3095 Rail Roughness Limit
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Figure A3. 11: Rail roughness limit according to prEN ISO 3095. The horizontal axis is defined in 
terms of roughness wavelength and corresponding frequencies for 90 km/h

The standard requires well-maintained and fault-free, dry and not frozen track. The track used 
for the measurements should be ballasted and with wooden or concrete sleepers, or may be of 
a specific design on which the vehicle is to be used.

No requirements are given for railpads or other design details. This gives considerable 
freedom to the user of the standard, but is not beneficial for reproducibility.
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Annexe 4 : An example of vertical directivity measurement

A4.1 Introduction
As was shown in [ZHANG, JONASSON & HOLMBERG] the acoustic literature gives a strange 
picture of the vertical directivity of trains. As an example some references claim that hardly 
any sound radiates horizontally. One explanation for such findings could be that the ground 
attenuation was high. It is also possible that the directivity can vary between different 
countries as both tracks and trains are different from the ones we have in Sweden. In any case 
it is necessary to carry out some measurements on national level.

A4.2 Test site
As test site was chosen the railway between Borås and Göteborg where the elevation was high 
in order to minimise the ground attenuation. The test site is shown in Figure A4. 1 and Figure 
A4. 2. 

Figure A4. 1: Test site at Sandared

Figure A4. 2: Test site at Sandared
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A4.3 Train types

Identification Engine Total length Speed
Id 11 X2 88 m 54 km/h
Id 12 X11 50 m 88 km/h
Id 13 RC 6 115,5 m 86 km/h
Id 14 X 11 50 m 77 km/h
Id 15 RC 4 92,5 m 90 km/h 
Id 16 X 2 88 m 100 km/h
Id 17 Work vehicle 51 km/h
Id 18 RC 6 115,5 m 94 km/h 
Id 20 RC 6 115,5 m 89 km/h 

Figure A4. 3: Train types

A4.4 Measurements
The sound exposure level was measured simultaneously in 8 microphones as shown in Figure 
A4. 1 with coordinates as shown in Figure A4. 4 and the corresponding angle positions as 
shown in Figure A4. 5. All measurements are normalised to the distance 11,1 m using the 
correction 10 lg (distance) for the SEL level.

Microphone no Horizontal distance 
from top of rail, (m)

Height relative to top of rail, 
(m)

1 10,6 -2,8 (0,2 m above ground)
2 11,1 -1,5
3 11,1 0
4 11,1 1,0
5 9,8 3,5
6 9,8 4,9
7 9,8 6,4
8 9,8 7,8

Figure A4. 4: Microphone positions
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Figure A4. 5: The vertical angle positions for the measurements
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A4.5 Results
A4.5.1 X2
The train can be seen in Figure A4. 6 and the results are given in Figure A4. 7. Apart from the 
significant ground effect at –2,8 m and –1,5 m there seems to be very little directivity.  –2,8 m 
is very close to the ground. Thus we get a +6 dB reflection at low frequencies and some extra 
ground attenuation at high frequencies. At –1,5 m we get destructive interference at low 
frequencies and some excess ground attenuation at high frequencies. 

Figure A4. 6: The X2 train set in Id 16
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Figure A4. 7: Normalised SEL-levels during pass-bys of an X2 train at 100 km/h
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A5.2 X 11 train
The train can be seen in figure 1.6 and the result is given in figure 1.7. As for the X2 train 
there is no significant directivity.

Figure A4. 8: X11 train of measurement, Id12
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Figure A4. 9: Normalised SEL-levels during pass-bys of an X11 train at 88 km/h
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A4.6 Conclusion 
The measurements cover the angle positions from –14.8 degrees to 38.6 degrees. Based on 
these data we like to draw some conclusions below: 
When wheel/rail source is not screened by the car body the vertical directivity is negligible. 
Strong vertical directivity described in some literature probably depends on the interference 
between direct sound and reflect sound. 

A4.7 References
[ZHANG, JONASSON & HOLMBERG], ZHANG X., JONASSON H. & HOLMBERG "Source 
modelling of train noise - Literature review and some initial measurements", SP report
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Annexe 5: Example of ground impedance measurements

The procedure for measuring ground impedance [NT-ACOU, 1999] is described as follows. 

A5.1 Test geometry 

Source height 500 mm
Bottom microphone height 200 mm
Top microphone height 500 mm
Horizontal separation source/receiver 1750 mm

Figure A5. 1: Test geometry

A5.2 Measurements 

The test signal shall consist of broadband random or pseudo random noise. 
Measure the heights along the normal to the surface of an average ground plane, see Figure 
A5. 2. When defining the ground plane exclude vegetation such as grass.
Note. It is especially important to measure the distances and heights accurately if the surface 
to be measured is hard (like asphalt or packed soil). 

Figure A5. 2: Geometry of the source and receiver
The average ground plane (-----)

Direct the microphones towards the point on the ground below the source. Direct the source 
towards the point on the ground below the microphones. Measure, during at least 15 seconds, 
the time-averaged sound pressure level in one third octave band within the frequency range of 
interest. Make at least 4 independent measurements, and between each measurement translate 
and/or rotate the source and the microphones to an adjacent piece of identical ground.

Following the procedure in [NT-ACOU, 1999] the ground impedance will be determined by 
these data. 

A5.3 References 

[NT-ACOU, 1999] Nordtest method, NT ACOU 104, approved 1999-11


