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Executive Summary
The current document summarises the development of tools and methodologies from within the
DESTINATE project. Deliverable 3.1 has its focus on cost efficiency, interior noise simulation and
source characterisation. Auralisation and visualisation is subject to deliverable 3.2. I parts, this
document is also a direct follow-up on deliverable 2.1 and the interested reader is strongly advised
to read up on the methodologies and requirements comprised in deliverable 2.1. It should also be
noted at this point that final results of the tool and methodology development will largely be
covered in deliverable 4.1 alongside the validation of the methods and tools.
Chapter 1 to 3 introduce the topics specifically targeted by the DESTINATE project. Thereby
chapter 1 motivates the project goals specifically those related to cost-benefit and noise
prediction and puts them into perspective in regard to potential fields of application and possible
stakeholders. Chapter 2 looks at the current practice in noise mitigation and noise control in the
railway sector, distinguishing between measures at the source, in the propagation path and at the
receiver. Finally chapter 3 shortly summarises the most important objectives and tasks targeted
in this deliverable.
The remaining chapters of deliverable 3.1 are thematically separated into three parts addressing
the big topics cost efficiency, interior noise prediction and source characterisation of work
package 3.
Part I (chapter 4 respectively) comprises a framework of the cost efficiency prediction and noise
mitigation under realistic conditions. Methods introduced in section 4.1 are cost benefit analysis
and multi criteria analysis tailored for railway noise control. Section 4.2 explains the concepts of
LCC (Life Cycle Cost) and RAMS (Reliability, Availability, Maintainability and Safety), both
important methods in the railway sector to assess the cost and benefits of different assets. Section
4.3 then discusses possible mitigation measures in the rail sector, giving examples and indicating
how costs are determined. Finally section 4.4 to 4.6 take on the task of defining how benefits may
be determined in regard to legal requirements and also taking into account subjective perception
of the noise at resident’s homes as well in the interior of the train.
Part II (chapter 5 respectively) then sketches out how the interior noise model from within
DESTINATE is build up. The model bases on OTPA (Operational Transfer Path Analysis) and is able
to simulate interior sounds that may readily be auralised. The model uses real measurement data
as input both for determining the relevant transfer characteristics from all sources into the interior
and for the subsequent simulation of the interior noise. Thereby a result of the OTPA is a ranking
of all sources and paths respectively in regard to their contribution to the total noise at the
receiver position. From this ranking already promising mitigation measures may be deduced.
Design changes or a change in the traffic scenarios can be accounted for in the model through
either artificially altering the transfer characteristics or input signals.
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Part III (chapter 6 respectively) focuses on characterisation of sources and train sub-assemblies
and the specifications for the required methodologies. In section 6.2 the emphasis lies on
characterisation of vehicle bound sources. Exemplarily an HVAC unit was experimentally studied
using different methods for structure borne sound characterisation. Section 6.4 then discusses the
vehicle track interaction and how it may be accounted for in interior noise predictions.
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1 Introduction
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Paul de Vos
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Main author

Nathan Isert

MBBM-RAIL

Contribution

1.1 The DESTINATE project
DESTINATE is a non-member project funded by the Shift2Rail Joint Undertaking (S2R JU), a Horizon
2020 initiative. This means that the members of the S2R-JU are not represented in the consortium
carrying out the DESTINATE project.
The DESTINATE project is carried out by a consortium of eight partners from 6 different European
countries representing a well balanced mix of skills, expertise and stakeholders. It is coordinated
by TU Berlin. The research and innovation project focuses on methodologies, techniques and tools
to support cost-effective railway environmental noise reduction and enhance acoustical comfort
for passengers. DESTINATE aims to promote modal shift from road to rail transport by facilitating
informed decisions on railway noise mitigation alternatives.
DESTINATE is linked to its complementary Shift2Rail JU member project FINE1 (Future
Improvement for Energy and Noise) coordinated by Bombardier Transportation.

1.2 Objectives of the project
The acronym DESTINATE stands for Decision supporting tools for implementation of cost-efficient
railway noise abatement measures. The project’s main objectives are to
Enhance railway sound quality through improving identification of cost-effective solutions through
a set of effective and reliable techniques, methodologies and tools and assessing the usability of
new technologies for railway Noise & Vibration (N&V) control.
These objectives, formulated simply in an abstract manner, are manifold when they are divided
in their different areas of application. The techniques, methodologies and tools that DESTINATE
intends to develop are supposed to support
•

The identification of cost effective solutions for railway noise and vibration control,

•

for a given set of representative traffic scenario’s

•

including the identification of applicable criteria

•

in order to allow selection of the preferable solution from a set of alternative options

•

as well as assessing the optimal size and extend of the selected solution.
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1.3 Fields of application
The scope of the work is the field of railway noise and vibration control. This scope however shall
be interpreted in as broad a sense. This implies that it will refer to
1. any possible action or intervention intended to comply with requirements based on an
applicable legal regulation or standard; this applies to the standards for rolling stock, in
particular the Technical Specifications for the Interoperability (TSI) based on the European
Union’s Commission Regulation No 1304/2014 of 26 November 2014, in as far as these refer
to pass by, accelerating and stationary noise. It also applies to limit values, usually for
traffic flows of any composition that are laid down in national/federal noise control acts
and the corresponding regulations.
2. Moreover the scope refers to noise and vibration produced by the rail traffic and observed
by residents living nearby a railway track, in as far as this exposure to noise and vibration
can be perceived as annoying, disturbing or otherwise unpleasant by the residents, both
inside their house and outside near their house, irrespective of the fact whether or not
their noise exposure complies with applicable limits. The hypothesis here is that residents
that are not exposed to such particularly disturbing sounds may be less annoyed, which
could contribute to a lower health impact and fewer complaints to be handled by the
infrastructure manager.
3. Finally the scope refers to noise and vibration experienced by the passengers on board a
train, in as far as the noise and vibration contributes to the comfort or discomfort and
satisfaction or dissatisfaction of the passengers. The hypothesis here is that a higher level
of comfort and a higher satisfaction could lead to more people choosing for the train as
the preferred mode of transport, and that passengers experiencing a higher level of
comfort would be prepared to pay a (somewhat) higher fare for their journey.
In summary three fields of application are to be distinguished:
1. Legal requirements
a. Based on national environmental noise limits for a given railway traffic at a given
location, expressed as upper limits to the noise exposure level of residents living
along a railway line. The limits apply to a mix of different train types, as present
at the location under concern, not to particular rolling stock which is part of that
mix.
b. Based on type approval or homologation limits according to TSI NOI, expressed as
pass by levels at a given distance from the track for well-defined operation
conditions of new rolling stock. Moreover, TSI NOI includes limits for stationary
noise. Note that the limits apply to freight, passenger and high speed passenger
rolling stock; urban and suburban rolling stock is generally not subject to
requirements of TSI NOI (TSI NOI, 2014).
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2. Perception by residents
Self-imposed by the rail infrastructure manager and on a voluntary basis are measures that
intend to avoid or reduce noise at the receiver which is particularly annoying or disturbing,
even though it is complying with the legal limits as addressed by 1a.
3. Passenger comfort
Requirements defined by the party purchasing passenger rolling stock from a manufacturer,
and referring to the passenger acoustic comfort and passenger sound satisfaction under a
certain range of operation conditions of the rolling stock to be purchased.
Note that the latter scope extensions 2) and 3) represent a significant innovation compared to the
current practice, which is usually limited to the first application 1) only. A key result of the
DESTINATE project would be the conclusion whether or not the indicated extension of the scope
could lead to different decisions about the cost efficiency of certain measures, the selection of
the preferable option or the cost efficient extent of certain options. If it turns out that the scope
extensions indeed affect the outcome of analyses applied so far, the development of an integrated
tool, such as suggested in this project, is recommendable.
Another question refers to the combination of railway induced noise and vibration control.
Although there is some evidence for the interaction of these two phenomena with respect to the
impact on residents, it is not at all obvious that there is an interaction in the efficiency of
mitigation measures. Such a combination may be effective or counterproductive, depending on a
wide range of parameters typical for every single case. The control of railway vibration
transmitted through the ground and emerging at the receiver as audible low frequency noise (so
called ground borne noise) or as sensible vibration is not subject of this report.

1.4 Stakeholders
Typical for railway economics is the presence of many stakeholders with sometimes common,
sometime adverse interests. In the present report, we distinguish the following stakeholders and
interests:
Rolling stock manufacturer: Today, most of the rolling stock manufacturers are large system
integrators, with a clear interest to optimise their economic profit, among other by an efficient
design and production, and optimising their market share by offering good quality and by efficient
sales and promotion. Sustainability, including noise and vibration control are an integral part of
the offer. Rolling stock manufacturers have interactions with fleet owners (their customers) and
operators, as well as with regulatory bodies such as the European Rail Agency. The TSI NOI
requirements are most relevant to the manufacturers, as non-compliance would inhibit the sales
of their products to be use on EU Rail freeways. Other requirements might be part of the
specifications in the contract between the manufacturer and the customer purchasing the rolling
stock.
Fleet owners and operators. In some cases the fleet owner may be a leasing company, leasing
out the rolling to operating companies. In other cases, the operating company itself owns the
fleet. The operating company may consist of a series of participants, operating a particular service
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in collaboration. After the restructuring of the railways in the late 1990-ies, most of the former
national railways currently are shareholder enterprises with the national state holding the shares.
New private companies have been established as operators mainly in regional passenger services
and in freight. The interest of these companies is to optimise their economic profit, among other
by using the lowest possible infrastructure charges. Fleet owners and operators have interactions
with infrastructure managers and regulatory bodies, with their shareholders, with passengers
(their customers) and with manufacturers.
Infrastructure managers are responsible for the planning, construction and maintenance of rail
infrastructure. Their close link with operation has been diminished under the restructuring
directives. Today, infrastructure managers are either still closely linked to operators, state owned
bodies or private shareholder enterprises. Their interest is to provide sufficient, safe and secure
rail capacity at a fair price to the user. Infrastructure managers have interactions with operators
– who pay them a charge for the use of the infrastructure - , with the regulatory bodies, to their
shareholders, and with residents living along the track. The latter are sometimes represented by
local authorities like municipalities.
Residents, private persons living in the vicinity of the railway line, on the average between 25
and 500 meters. Their interest is to be ensured of a healthy and good quality environment. Among
others they do not want to be exposed to noise levels that may endanger their health, cause
annoyance or disturb their sleep. Moreover they do not like their view across the railway to be
interrupted by any constructions, e.g. noise barriers. They do not like the value of their property
on the real estate market to be affected by the presence of the railway line. They are particularly
susceptible to changes that may lead to an increase of their exposures and they want to be
informed in a sincere and transparent way. They have interactions with the infrastructure manager
(e.g. when they have a complaint, the infrastructure manager would be their natural counterpart)
and with their local authorities. More and more they tend to get organised and informed in local
pressure groups.
Passengers, people who travel by train. A common way to distinguish different groups of
passengers is by the purpose of their journey, for example, according to (Roll2Rail project, 2016):
•

Commuting (daily or less, for work or education),

•

Business (personal or company),

•

Leisure (for a trip, sport or a holiday).

This distinction is closely linked to for example the type of rolling stock (suburban; regional; long
distance; high speed) or the characteristic of the trip (speed of the train, number of stops,
duration of stops) and with the characteristics of the passenger (age, income level, education)
and his needs (including luggage (size / amount / kind), required information level, comfort,
needed privacy, functional needs / storage, language). Modal shift is one of the key objectives of
the Shift2Rail program. The choice of the traveller depends on many of the aspects mentioned
above, but in addition his personal relation to sustainability and the attractiveness of alternative
travelling modes is highly significant. The passenger has interactions with the operator. Passengers
are sometimes organised in passenger pressure groups and forums, who tend to have a positive
but critical attitude towards operators in particular.
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Freight shippers. Freight shippers are the clients of freight operators. They are commercial
enterprises offering logistic services. They are organised in the European Rail Freight Council. In
principle freight shippers have access to any mode of transport and for every load they would look
for the most economically attractive option, including safety and security of the delivery. Freight
shippers are not involved in any noise related issue and are therefore left out of this study.
Society. Internalising environmental externalities is an important aspect of the EU transport
policy. Transportation noise is an example of a situation where this is far from achieved, certainly
across transport modes. Where environmental burden of transport leads to impacts to public
health, biodiversity, landscape, property value and many other values, it is either the individual
being affected or the society which will be accountable. Society is an ever present stakeholder
which will balance out cost and benefits and therefore should not be forgotten. Nevertheless, in
the present report, we will mention the society as a particular stakeholder only seldom.
The different stakeholders introduced above are presented in Figure 1. For reasons of simplicity,
society is not shown as a stakeholder. Society has transactions with all other stakeholders.

Freight
shipper

Regulatory
body
manufacturer

Operator/
fleet owner
passenger
Infrastructure
manager
residents

Local
authority

Figure 1: Interactions and interrelations between stakeholders in railway noise - For noise, the
graph illustrates that relations between the party causing the noise, the party controlling it and
the party receiving it are sometimes complex and indirect.

GA No 730829

21

2 Current practice in railway noise control
Name

Organisation

contribution

Paul de Vos

SATIS

Main author

Francis Franklin

UNEW

Contribution to 2.1

Nathan Isert

MBBM-RAIL

Contribution to 2.2

2.1 Introduction
The state of the art of railway noise control has been addressed in detail in DESTINATE Deliverable
2.1, Review on the results of the requirement analysis and assessment (DESTINATE, July 2017). In
chapter 3 of this deliverable, the impact of railway noise (annoyance and health effects) and the
usual way to quantify it (indicators) have been identified and explained. The relevant sources
causing these effects were introduced and the current practice of noise control at the different
sub-systems (at the track, at the vehicle, in the propagation path and at the receiver’s dwelling)
were treated. At the vehicle, a performance beyond the requirements of TSI Noise is hardly ever
required. Most options for noise control at source therefore focus on the track.
Section 3 of D2.1 explains why railway noise control is well established in the areas where
legislation is at stake:
•

increase of environmental noise due to significant alterations of an existing line or even
the planning and construction of an entirely new line, and

•

compliance with the type approval limits laid down in TSI Noise.

For three other cases noise control is not required in such a well-defined way:
•

perceived annoyance along a track due to incidental sounds,

•

depot noise,

•

interior noise affecting the comfort of passengers.

In addition to these cases, the issue of perceived railway induced vibration inside dwellings is of
growing relevance.
D2.1 introduces different options to control noise (and vibration) in the various areas of interest.
The DESTINATE project intends to assess methods to select between these different options, with
a particular interest in Cost Benefit Analysis as the preferred tool to achieve such a selection.
The present section of D3.1 takes this assessment a few steps further, first by completing the
entire set of cases beyond the straight forward case of a legislation demanding the compliance of
pass by noise exposure to a certain limit level.
In addition, this section links directly to the FINE 1 Deliverable 5.2 “Vehicle Scenarios for N&V”
(FINE 1, October 2018).
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2.2 Deciding between railway noise control options
It is the great complexity of railway noise that makes a Decision Support System (DSS) so
potentially useful to track and vehicle designers, partly as a design aid for material selection and
for identifying relevant solutions, and partly to ensure awareness of factors and special cases that
are rare and easily overlooked during project specification and design.

TSI NOI
limit or
type test

Perceived sound
on board the train

Noise control
act
exposure limit

Perceived interior
noise

Perceived exterior
environmental noise

Figure 2: Different receiver definitions and receiver position of railway noise.
In practice, a noise exposure limit (outside, at the façade) is defined in the legal scheme
(paragraph 1.3, legal requirements). The effort should be focused on complying with this limit by
mitigation either at the source or in the propagation path. Only in case this is not feasible, not
cost efficient or not acceptable for aesthetic reasons, an excess of the limit value outside is
acceptable, but only under the provision that the transmission loss of the façade be improved so
much, that another limit value for interior noise is met.
The common approach to transport noise control is to focus either at the source, the propagation
path or the receiver. The preferable priority is to start with the source, as this is generally
expected the most cost effective option. Some comments to this general approach are required
for the purpose of this report.

2.3 Noise control at the source
In Deliverable 2.1 (DESTINATE, July 2017) noise control options for pass by noise have been
introduced. In the current chapter some of these options are commented on, with respect to their
feasibility, applicability and reliability in particular.
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Roughness control
For railway transport, the approach for noise control at the source necessarily is a system
approach. The primary noise source is rolling noise, emerging from surface irregularities (called
“roughness”) on the rail head and the wheel thread. In rolling contact, both these two components
are excited to vibrate and radiate noise. The vibrations are transferred to other components in
the track (sleeper, ballast bed) and - to a lesser extent - in the vehicle.
Mitigation at source focuses most efficiently on removing the generating mechanism, i.e. avoiding
that roughness is generated in the first place. For the wheel, it is well understood and
demonstrated, that tread braking with cast iron brake blocks is the major cause for wheel
roughness originating. Currently the rail freight community in Europe acknowledges this fact and
is retrofitting several hundreds of thousands freight wagons, replacing the cast iron brake blocks
by composite brake blocks. The overall reduction per wagon is about 8 to 10 dB. The roughness on
wheels that are tread braked is usually lower than or in the same order as the roughness on a good
quality, well maintained rack and further reduction therefore has limited effect.
For rail roughness, the generation mechanism is not as well understood. It is almost certain that
it is not caused by rolling on the track with rough wheels, which nevertheless is often cited as a
major cause. More likely it is the dynamic behaviour of the track system, particularly the rail, as
vibration occurs both in travelling and standing waves, each with typical damping factors.
The sound power of rolling noise depends on the so-called combined roughness of wheels and rails.
There is therefore no point in smoothing the wheels as long as the rails are very rough. Or, vice
versa, there is no point is further smoothing the rail as long as rough wheels are operated on that
same track. Clearly, a system approach is necessary, particularly when rolling noise is at stake.
In the current design of new passenger rolling stock, disk brakes are the standard braking system.
Disk braked wheels are generally smooth, although wheel defects other than roughness may occur
(e.g. wheel out of roundness, wheel flats due to brakes blocking). Given that situation, keeping
the rail head smooth, .e.g. by monitoring and regular grinding, is an efficient way to avoid high
levels of rolling noise. In addition, a modification of the dynamic properties of the track
(optimising rail pad stiffness and damping; applying tuned rail absorbers) may be effective
depending on the reference situation. The noise radiated by a vibrating wheel may be reduced by
the application of wheel dampers.
Summarising, reducing rolling noise in a situation of smooth wheels and rails needs a system
approach, and requires close collaboration between different stakeholders (infrastructure
manager, fleet owner, possibly rolling stock manufacturer).
Rail dampers
Rail dampers, also referred to as tuned rail absorbers, are a common means of noise control at
source. Rail dampers serve to enhance the so called track decay rate (the attenuation of vibration
energy with distance from the source in a vibrating rail). Although generally well understood, the
efficiency of these devices is subject to high expectations in many cases where the result may be
somewhat disappointing. Clearly, with stiff rail pads, there is a high amount of track decay rate
present already and rail dampers will not add a lot to that. With soft rail pads however the
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efficiency could be limited but noticeable (order of magnitude 2 to 3 dB for the overall rolling
noise sound power).
Noise control for technical equipment
At lower train speeds or at standstill, various technical equipment and processes may cause noise
issues. Those can be breaking squeal, engine, compressors, valves, exhausts and fan noises. For
the train interior it highly depends on the transmission losses and damping in the structure whether
noise is an issue. Interior noise contributions from technical equipment may even be significant at
higher train speeds, if the shielding of the technical equipment noise source (i.e. HVAC) is
insufficient whereas the shielding and damping of the rolling noise is effective. Assessing the
benefit of a mitigation measure for a vehicle bound source on exterior and interior noise separately
may lead to different optimal solutions, hence a decision process should take into account the
effect on both exterior and interior noise.
Means for controlling and mitigating the noise from technical equipment will often include
damping and decoupling for structure-borne noise and encapsulation and absorption for airborne
noise. Silencers specifically designed for valves, fans, exhausts can be applied and encapsulations
be built around noise sources if the required space is available. Absorption and shielding i.e. in air
channels has the side-effect of increasing the flow resistance and thereby requiring higher fan
capacity. Resilient mounting is accessible only where safety is not affected by it. The effect of a
measure will therefor often be composed of benefits and some trade-offs that must all be taken
into account in a decision process.

2.4 Noise control in the propagation path
The common method of noise control in the propagation path is the construction of a noise barrier
or earth berm between the track and the dwelling under concern. Where there is little space, a
thin barrier would be preferred. Up to date barriers are constructed from concrete, glass or
metallic boxes. The height of the diffraction edge above rail head is decisive for the detour, the
sound has to make relative to the direct sound path. This height needs to be sufficient.
For safety and maintenance reasons, noise barriers are usually at least at some 4.5 metres distance
from the heart of the nearest track.
For noise barriers, a big difference in cost may be found between new track situations (1 and 2)
and existing track situations (3 and 4). With an existing track, the cost will be substantially higher,
due to various reasons, for example
•

Ground cables have to be removed before the foundation of the barrier can be installed,

•

Construction work has to be carried out in periods without train traffic (for safety reasons),

•

Heavy machinery can’t access the building site when there is a track in operation.

In cost assessment for barriers, a differentiation has to be made between existing track and new
track situations.
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Another issue is the maintenance of noise barriers. There may be many factors affecting the
maintenance cost, for example
•

In populated areas, there may be some degree of vandalism, resulting in graffiti or glass panels
being molested. A common policy among infrastructure managers is to remove graffiti only
when it might be offensive. Theories about prevention of graffiti say that is should be removed
instantly in order to discourage the perpetrator.

•

Glass panels are advertised to residents as being transparent, but in practice due to dirt and
moss collecting on the panels they are rather translucent than transparent. For aesthetic
reasons regular cleaning is required, and this again is costly due to the work being carried out
during traffic hours.

•

Possibly the most important factor: maintenance of noise barriers is not generally accounted
separately. It is usually part of the work carried out by a track maintenance contractor.
Therefore the cost of maintenance of barriers is difficult to trace and quantify. Who does
what?

In practice, the type of mitigation measures and the responsibilities of the stakeholders are
different. In most cases, the rolling stock would comply with TSI NOI or similar type test
specifications. Any modifications of an existing rolling stock would be highly complicated; the
retrofitting of the existing freight fleet is a rare exception. Therefore, mitigation measures will
be applied under the responsibility of the infrastructure manager only. They will consist of track
maintenance (regular grinding) and possibly rail dampers. Only in the case of a new track or a
major renewal of an existing track, an optimisation of rail pad stiffness may take place, again
under the responsibility of the rail infrastructure manager.
Quite different is the situation for other sources than rolling noise. The second most important
source could for example be the engine noise from traction engines in an electrical or diesel
multiple unit (EMU or DMU). Noise mitigation to an existing traction engine, i.e. as a retrofitting
situation, again is highly complicated and would take place only very seldom. It would most
probably require involvement of the rolling stock manufacturer. Measures may consist of replacing
the cooling fan of the traction engine, replacing the gearbox or encapsulation of various
components. Again, it is unlikely that this kind of measures would be applied in the case where
an existing rolling stock complies with TSI NOI (TSI NOI, 2014).
Only for a new situation, i.e. commissioning of a new rolling stock type, it might be feasible to
significantly reduce the noise from traction engines, assuming that there is separate noise
specification for this component.

2.5 Noise control at the receiver
With respect to the receiver, there is little difference between the approaches for whatever type
of environmental noise. Noise control at the receiver focuses on the transmission loss of the
exposed façade, assuming that the receiver stays inside the house. In the legislative procedures,
the exposure is assessed as the Lden (day-evening-night level) outside the house, 1 m from the most
exposed façade, at a relevant height (different for different legislative schemes). This exposure

GA No 730829

26

level refers to the incident sound, i.e. ignoring the increase in the level due to the reflection
against the façade. The transmission loss of different façade components, such as window panes,
light weight panels, ventilation openings, brick and concrete walls, depends heavily on the surface
mass (kg/m2) of these components. Typically, the windows and ventilation openings are the
weakest elements. The effective transmission loss of the façade depends on the surface of these
weak elements divided by the total surface of the façade in the room under concern.
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3 Objectives and tasks targeted in deliverable 3.1
Name

Organisation

contribution

Paul de Vos

SATIS

Main author

Nathan Isert

MBBM-RAIL

Author 3.2

Bartosz Firlik

PUT

Author 3.3

3.1 Objectives of task 3.1
For each of the three fields of application introduced in chapter 2 a set of predefined traffic
conditions (referred to as traffic scenarios) have been defined and for these cases the different
sources of noise are to be assessed. The complementary project S2R-CFM-CCA-02-2015 has been
involved in defining these scenarios. Methods that allow for an assessment of the main sources
and their impact shall be described and identified. Ideally, for each of the scenarios and ranking
of the sources, different mitigation options shall be identified and methods will be described that
allow assessing their efficiency in reaching objectives for each of the scenarios. This will allow
assessing a priority approach for each of the traffic scenarios (see Figure 3). For each priority
approach the possible measures will be identified and methods to assess the cost involved in the
application of each possible measure will be defined.
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Traffic scenarios

legal
requirement

Resident
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Passenger
comfort

Rolling stock
types

Rolling stock
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Rolling stock
and journey
type

speed

speed

speed

Day/evening/
night intensity

Expected
impact

Receiver track
geometry

Compare
to
objective

Track type &
quality

Set of
mitigation
measures

Day/evening/
night intensity
Receiver track
geometry
Track type &
quality
Type, number,
position and
strength of
other sources

Expected
impact
Compare
to
objective

Set of
mitigation
measures

Position of
passenger
Journey type
Track type &
quality
Type, number,
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strength of
other sources
on board the
train
Type, number,
position and
strength of
other sources
outside the
train

Expected
impact
Compare
to
objective

Set of
mitigation
measures

Figure 3: Noise control procedures - The three fields of application with the list of “traffic
scenarios” required to estimate the expected impact. This impact is to be compared to the
objective (legal limit or desired target) in order to derive a set of mitigation measures that will
help to comply with the target values.
The efficiency of these measures in controlling the impact of the rail noise has to be assessed as
well. The ability to obtain a lower undesired effect or a higher desired effect is addressed as the
benefit of the measure. The relation between cost and benefit is a helpful indicator when the best
mitigation measure has to be selected. This is illustrated in Figure 4 and will be discussed in more
detail in the following chapters.
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Method and
indicator
Reference
situation
Intervention
option i

Impact
∆Impact =
benefit i

Cost i
Modified
impact

Situation with
intervention
Method and
indicator

Figure 4: Procedure for the assessment of cost and benefit for a given intervention i Assessment of cost and benefit for a given intervention i that brings changes to a reference
situation. The intervention can be realised at a certain cost but will cause a change to the
impact of the situation which is addressed as benefit of intervention i. This model is the basis of
the cost benefit analysis, which is one of the decision support methods treated in paragraph 3.2.

3.2 Objectives of task 3.2
The main work of task 3.2 derives from the technical objective 2 which states:
“Develop a novel simulation model of interior noise, based on existing numerical, analytical,
statistical and experimental methods and data for airborne and structure-borne noise on-board
rolling stock, both at the passenger’s position and in the driver’s cab.”
The technical objective 2 is met by the combined tasks of 3.2 and 4.2, wherein task 3.2 will focus
on the methodology and model development while task 4.2 will be in large parts on applying the
model for predicting traffic scenarios or design changes as well as on validation.
Within task 3.2 an OTPA measurement was conducted on a real vehicle. The measurements are
used for building the transfer path based model. Exemplary results are discussed and the
possibilities of the model to simulate design changes or traffic scenarios are lined out. The results
contain rankings of sources and transfer paths, which allow for an easy assessment of the benefits
for a mitigation measure. The sources in the OTPA model are represented from structure-borne
and airborne sound emissions in close proximity to the actual source. Sources are being
characterised from their own operation on the train. The validation of this representation will be
part of task 4.2.

3.3 Objectives of task 3.3
An important aspect in the DESTINATE project is the focus on sources of noise and the attempt to
characterise them. Identification of relevant source and sub-assembly input data for noise
prediction tools and development of a methodology for source and sub-assembly characterisation
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is a main objective of task 3.3. The task can be divided on few aims which are related to each
other. Better description of existing methodologies for source characterisation is the first of them.
It includes better description of sources mounted on the vehicles and their configuration. Moreover
the development of innovative approach of air-borne and structure-borne noise sources
identification using the main OTPA assumption was performed. Also the overview of methodologies
and modelling approaches of main infrastructure railway noise sources was the task content.
Rolling noise is the main railway source, which mostly depends on the condition of the rail and
wheel surface. Thus, examination of the influence of corrugation and waves on the rail head and
the wheel tread on the vibro-acoustic emission was the last aim. When all methods which allow
for an assessment of the main sources and their impact are identified, the assessment of cost and
benefit for intervention could be picked up. Also the decision support tools can be used in relation
to invented source methodologies and their specifications.
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4 Part I: Tool for cost-efficiency prediction of N&V mitigation
actions under realistic conditions
Name

Organisation

Contribution

Paul de Vos

SATIS

Main author

Cristian Ulianov

UNEW

Contribution to 4.1

TUB

Contribution to 4.4, 4.5

Francis Franklin
Gordana Vasić
Márton Pálinkó
Qiuyong Tian

4.1 Decision support systems
Introduction
Decision support systems have been developed and applied from the early years of computer
application in large companies (around 1970). DSS are a special brand of Management Information
Systems (MIS) supporting making strategic and operational decisions in an organised manner. In
1971, Michael S. Scott Morton’s, who was a professor at the MIT Sloan School of Management,
published his book Management Decision Systems: Computer-Based Support for Decision Making,
which is considered to have set the horizon (Scott, 1971). Decision support systems use information
to help people make decisions about problems that appear to be unstructured. Decision support
systems usually apply computers, but they may as well be based on human thinking only.
The level of complexity of a problem depends on a range of factors:
•

The number and character of stakeholders involved and the variation of interests that they
bring in,

•

The number and character of criteria the stakeholders bring up; criteria should be used to
either approve or reject solutions (these criteria can be indicated as thresholds) or to rank
solutions in the order of preference,

•

The availability of knowledge that is required to judge the various solutions in an objective
manner; knowledge can be present in databases and references, in general: information.
The availability of this information makes the decision supported by the DSS an “informed”
decision.

Classical so-called “passive” decision support systems are capable to suggest a choice between
different pre-defined solutions. They are not capable of suggesting alternative solutions
independently. “Active” or “co-operative” systems are capable of doing so.
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In his 2002 book on decision support systems, Daniel Power suggested different types of systems,
respectively communication-driven DSS, data-driven DSS, document-driven DSS, knowledge-driven
DSS, and model-driven DSS (Power, 2002).
•

A communication-driven DSS enables cooperation, supporting more than one person
working on a shared task;

•

A data-driven DSS (or data-oriented DSS) emphasises access to and manipulation of a time
series of internal company data and, sometimes, external data.

•

A document-driven DSS manages, retrieves, and manipulates unstructured information in
a variety of electronic formats.

•

A knowledge-driven DSS provides specialised problem-solving expertise stored as facts,
rules, procedures, or in similar structures.

•

A model-driven DSS emphasises access to and manipulation of a statistical, financial,
optimisation, or simulation model. Model-driven DSS use data and parameters provided by
users to assist decision makers in analyzing a situation; they are not necessarily dataintensive.

In the DESTINATE project, a model driven DSS probably complies best with the objectives.
Examples
In order to illustrate the role of such a system in a relatively simple decision, an everyday example
may be helpful:
Example 1
Let us assume that a person based in Amsterdam wants to attend a one day meeting in Berlin. The
person generates five different options to travel to Berlin and back. The options are:
1) Walk to Berlin from door to door,
2) Take the bike and cycle to Berlin from door to door,
3) Drive a car from door to door,
4) Drive a car to the station, take the train to Berlin and take an S-Bahn to the meeting event,
5) Take the train to the nearest airport, fly out to Berlin and take the S-Bahn to the meeting
event.
In all five options the person will need a hotel in Berlin. Therefore, that element is left out of the
decision making process. It is assumed that the way to return will be identical as the way to get
to Berlin, so it is sufficient to analyse only one way.
The person considers different criteria in order to decide which one is the best option. The decision
making process may be scheduled following these criteria.
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The first criterion is the duration of the trip. The person sets a threshold criterion of one full day
(24 hours) maximum. This criterion now eliminates options 1 (20 days) and 2 (10 days). In order to
be able to make this decision, the person needs information: the average speed of walking or
cycling; the distance from Amsterdam to Berlin, possibly even the route. New criteria may come
up during this consideration: health impact, the price of replacing the shoes and several hotel
accommodations.
Now being left with only three options, all complying with the duration threshold criterion, the
person analyses the trip within the three remaining options. The person maintains the criterion of
the total duration of the trip, but this is no longer a threshold but a preference criterion. The user
now adds the criterion of cost. The decision support system provides information on the distance
of the trip by car, the fuel consumption of the car, the prices of fuel along the way and possible
highroad tolls. It will also provide train and S-Bahn (urban traffic) schedules and trip duration (for
1st and 2nd class). And for option 5 it will provide flight schedules, flight ticket prices, and S-Bahn
ticket prices.
Let us assume that option 5 (the flight option) now comes out as the preferred option, would the
decision be well informed and complete? Most likely the user may want to add other criteria: for
option 3 the road tax, cost of car maintenance and car depreciation should be added to the cost.
The risk of congestion should be added to the trip duration. For options 3, 4 and 5 the amount of
time usable for working or reading (none in the car, a lot in the train, little in the aircraft) could
be considered. And if the person is a responsible modern citizen, the environmental footprint of
options 3, 4 and 5 would have to be assessed and included as a criterion.
From this simple example we conclude, that the main function of a decision support system in this
case is to allow making an informed decision, based on knowledge contained in a substantial
number of databases (flight and train schedules, distance tables, fuel consumption and fuel price
data, ticket prices, environmental footprints) and models (in this case simple models) handling
the information contained in the databases. The fact that this information is originating from a
pre-defined database, instead of for example the gut feeling of the user, is what makes this a
valuable decision support system, producing neutral, objective, realistic and reproducible
decisions. We also conclude, that the system may be capable of suggesting solutions (travel modes
that may have been overlooked by the user, such as car sharing or a coach) and suggest criteria
(such as the environmental footprint), but only in as far these alternative solutions and criteria
have been addressed in the system before.
The example illustrates that eventually, as a final step, an overall analysis will have to be made,
integrating all relevant criteria into the identification or selection of the “best” solution. This
final step is typically a Multi Criteria Analysis. This is treated in the next paragraph.
Multi Criteria Analysis
In the previous paragraph in example 1 we have seen that the final decision basically consists of
an analysis of a range of different criteria. Multi Criteria Analysis is the process of allocating scores
to different criteria, possibly weighting the given scores according to their relevance to the user.
For a user who does not care at all about environmental issues, the foot print criterion could be
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deleted or weighted with a very low factor. For an environmentalist however, this criterion might
overweigh all other criteria.
Multi Criteria Analysis is a process that is highly suitable for decision making in groups. The key
element of decision making then is to allocate scores and weightings to the different criteria. This
is best done in an open discussion, however with pre-defined rules.
Another key issue is the quantity used for scoring. In our example 1 we have different indicators
for different criteria: The duration of the trip is expressed in hours and minutes, the cost of the
trip is expressed in euro, the environmental footprint may be expressed in tons of CO2 and NOx,
numbers of residents being annoyed by noise and square meters of area being used for
infrastructures. This makes it difficult to compare scores.
There are different ways to overcome this problem:
•

One common method is to turn all scores into non-descript indicators such as “+” for
positive effects and “-“ for negative effects. The scale of the scores usually is either 3
point scores (“+”, “0” and “-“ respectively) or 5 point scores (“++”, “+”, “0”, “-“, “--“).

•

An alternative is to use numbers, often on a 5 point scale (1,2,3,4,5 where 3 is the neutral
score) or a 10 or 11 point scale, where 10 is a very good option (with respect to the
particular criterion) and 0 is a very bad score. One further method to structure that scoring
process is to rank the options using a unique scoring according to the ranking of the option
in the criterion under concern. In our example 1: maximum 5 points can be attributed to
the best option in each criterion. Option 1, walking, would receive 1 point in duration and
5 points in footprint. Another method often seen is the task to “distribute 100 points across
the options”.

•

Finally, a method used regularly is to express all scores in the same identical quantity. A
common and very practical indicator for this identical quantity is euro. This step is called
monetisation and the process ahead of decision making according to this method is called
Cost Benefit Analysis. This is treated in more detail in paragraph 2.1.5. But first we will
introduce the element of Cost Efficiency in the next paragraph.
Cost efficiency assessment

The cost efficiency as a concept allows comparing options of interventions, either with the same
effect but with different cost, or with the same cost and with different effect. Cost efficiency
answers the question: using this particular intervention, how much noise reduction do I get for 1
euro? And what would the answer be for each of the other options?
Or, the other way around: how much does 5 dB of noise reduction cost when it is to be achieved
by this particular intervention? And what would be the cost for each of the other options?
From these examples it is obvious that this method does not require the effect – the benefits –to
be expressed in monetary quantities. Even the cost does not need to be expressed in monetary
quantities, provided that the quantities expressing either the cost or the benefits are unified. This
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then allows ranking the options according to the best cost efficiency ratio, i.e. in an objective
way.
Cost Benefit Analysis
When we assume that any effect of any intervention can be expressed in euro, we have a very
suitable way to allocate, compare and weight the scores of different options in all relevant
criteria. The terms cost and benefits refer to effects negative and positive to the objectives of
the intervention, which are supposed to be clearly defined by the criteria.
According to Wikipedia, “Cost–benefit analysis (CBA) is a systematic approach to estimate the
strengths and weaknesses of alternatives; it is used to determine options that provide the best
approach to achieve benefits while preserving savings. The CBA is also defined as a systematic
process for calculating and comparing benefits and costs of a decision, a policy (with particular
regard to government policy) or (in general) an intervention.
Broadly, CBA has two main purposes:
•

To determine if an investment/decision is sound (justification/feasibility) – verifying
whether its benefits outweigh the costs, and by how much;

•

To provide a basis for comparing options for interventions – which involves comparing the
total expected cost of each option against its total expected benefits.

CBA is related to (but distinct from) cost-effectiveness analysis. In CBA, benefits and costs are
expressed in monetary terms, and are adjusted for the time value of money, so that all flows of
benefits and flows of project costs over time (which tend to occur at different points in time) are
expressed on a common basis in terms of their net present value.”
The concept of net present value possibly requires some explanation. It reflects the total cost or
benefit of the intervention, measured over the entire life span of the intervention. It differs
substantially from the investment costs, which is what is sometimes erroneously taken as the
relevant cost indicator. The net present value represents the capital that is required at the
moment of the decision for a particular intervention (in case it represents a cost) or the total
imaginary capital available at that same moment, which would generate the same benefit as can
be earned at the end of the life span of the intervention.
Here we give a highly simplified example:
Example 2
A rail infrastructure manager plans a modification of an existing line, adding a third and fourth
track to a two track link. The investment required for that extension, including planning, design,
engineering and construction, testing and putting into operation is estimated to be 500 million
euro. The life span of the track is estimated to be 100 years. We assume that the total investment
is due to be paid at the day of the track starting into operation. During the 100 years, regular
maintenance is required every 10 years. One maintenance operation for the full extension is
estimated to require another investment of 1 million. A major overhaul is expected to be required
after 50 years. This overhaul will require an investment of 50 million euro. The interest rate
expected during the full life span of the extension is 2%.
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Now we have to calculate the net present value of the total cost of this line. Paying 500 million
euro on day 1 of 100 years of operation means that the infrastructure manager loses 500 million
that can’t be invested on the capital market. The net present value of this investment therefore
is 500 million.
NPV (investment) = 500 million euro
For the major overhaul that takes place after 50 years, the infra manager has to make sure that
he has 50 million euro available after 50 years. He can acquire that sum by investing its net present
value on day 1. This NPV is then:
NPV (major overhaul) = 50/(1+0.02)50 = 18.6 million euro
For the regular maintenance, taking place every 10 years, the infrastructure manager has to invest
the net present value of 1 million being available every 10 years, in total
NPV (regular maintenance) = 1/(1+0.02)10 + 1/(1+0.02)20 + 1/(1+0.02)30 + 1/(1+0.02)40 +
1/(1+0.02)50 + 1/(1+0.02)60 + 1/(1+0.02)70 + 1/(1+0.02)80 +
1/(1+0.02)90 = 3.8 million euro
The NPV of the total cost of the new infrastructure then amounts to 500 + 18.6 + 3.8 = 522.4
million euro.
In order to gain the same net present value as income (track access charges) from the operators
using the new tracks, and under the assumption that the annual track access charges would have
to be stable over the full 100 years of the track’s life span, the annual track access charge would
have to amount to 12.1 million euro.
The example illustrates the use of Net Present Value for the cost and benefits, bringing these two
elements at a comparable level, independent of the time the actual expense or income takes
place. The method presents both the cost and benefits in monetary terms, which then allows
assessing the benefit to cost ratio fairly easily. This quantity is applied to express the cost
efficiency of an intervention, where the intervention is considered to be cost efficient when the
benefit to cost ratio is ≥ 1 (the benefits outweigh the costs). In the case that there are no benefits
(the intervention makes the situation worse) one should present the benefits as negative. Costs
are usually presented as positive.
For a range of alternative options, assessing the benefit to cost ratios of each intervention allows
to rank the options according to their cost efficiency and to select the option with the best ratio
(i.e. the highest positive number). Note that both cost and benefits are then indicated as positive
numbers.
Obviously it is not an easy task to assess costs and benefits that are expected over a long period
of time. The circumstances could change over time, leading to a different outcome of the ratios
of various interventions. A good understanding of the (limited) accuracy of the method and a
sensitivity analysis of the uncertainties and their consequences is highly recommended.
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According to Wikipedia, the process of a Cost Benefit Analysis is composed of the following steps
(slightly modified, based on (Boardman, 2006)):
1) Define the goals and objectives of the intervention.
2) List alternative options.
3) List stakeholders.
4) Select measurement(s)/assessment methods and measure all cost/benefit elements.
5) Predict outcome of cost and benefits over relevant time period.
6) Convert all costs and benefits into a common currency.
7) Apply discount rate.
8) Calculate net present value of intervention.
9) Perform sensitivity analysis.
10) Adopt recommended choice.
Cost benefit analysis is a common method in railway decision making, both for the infrastructure
and the rolling stock. Where possible we have adhered to this method in the DESTINATE project.
Experience with CBA in (railway) noise control
CBA methods have been applied for a long time in various significant projects dealing with railway
noise control. Here a summary of a few major projects is presented.
Stairrs project (Stairrs, 2003)
The STAIRRS project was a 5th Framework EU supported collaborative research project, dealing
with Strategies and Tools to Assess and Implement noise Reduction measures for Railway Systems.
The project was started in 2000 and lasted 3 years. Partners were the collaborative European Rail
Research Institute (now dissolved), UIC, DB, SNCF, SBB, AEA Technology (currently DEKRA Rail),
TNO, Free University of Brussels, ISVR Southampton, ETHZ, Psi-A and Politecnico Torino. A key
element of the project was the assessment of the costs and benefits of a wide range of different
railway noise mitigation options, looking at a scope of the entire EU network. The project referred
to the case of a legislative limit for pass by noise. The mitigation options ranged from retrofitting
the majority of the freight fleet (exchanging cast iron brake blocks by composite brake blocks),
rail grinding, and the erection of noise barriers and installation of sound proof windows. The
benefits were expressed in non-monetary terms, indicating the percentage of population being
exposed to certain levels of noise at their façades.
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Figure 5: From STAIRRS Final Report, discounted cost and effectiveness of noise mitigation
options, for 21 EU countries, excluding the cost of sound proof windows. (Stairrs, 2003)
Good practice guide on noise exposure and potential health effects ISSN 1725-2237 , EEA
Technical report No 11/2010 (European Environment Agency EEA, 2010)
The Good Practice Guide was produced by the Expert Panel on Noise, advising the European
Environment Agency. It presents indicators for noise exposure and introduces different health
impacts of environmental noise. It presents a risk assessment based on cost benefit, including an
evaluation for Europe using the concept of Disability Adjusted Life Years (DALY). The loss of a
DALY is supposed to represent a cost to society. Reducing the loss of DALY from a given reference
situation therefore is a benefit to society, which can be indicated as a monetary quantity. The
method is applicable to any situation where health effects due to noise are expected.
UIC real cost (UIC, 2013)
The Real Cost project was a study carried out in 2012 under assignment of UIC, assessing the life
cycle cost and cost efficiency of a range of different noise mitigation options, taking into account
that the size of the EU freight fleet to be retrofitted was been diminished considerably. The
project referred to the legislative limit for pass by noise. The project basically answered the
question whether or not the findings of the STAIRRS project (namely that freight retrofitting was
the option with the best benefit to cost ratio) were still valid. This was confirmed and new cost
figures were assessed (Figure 6).
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STAIRRS + UIC real cost, NPV no windows/PB
350.000 wagons
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Figure 6: Updated version of figure 2, result from the UIC project Real Cost (2013)(UIC, 2013)
Go-Leise project (Oertli, 2017)
The Go-Leise project was carried out in 2016 by SBB in conjunction with Müller-BBM, M+P and
dBvision, and was commissioned by the Swiss Federal Ministry of Traffic. It’s objectives were to
include new elements in the cost benefit analysis of certain noise control options, and particularly
to look at measures that could have a high cost efficiency for noise but a low (even negative) cost
efficiency for vibration and vice versa. The project intended to balance noise and vibration levels
along the track against the life cycle cost and RAMS elements (Reliability, Availability,
Maintainability and Safety) of the track system. Again, the focus was on the legislation for pass by
noise.
The United Kingdom – WebTAG (Department for Transport (DfT), 2018)
The U.K.’s Department for Transport uses WebTAG (Web-based Transport Analysis Guidance) for
modelling and appraising public transport projects (Department for Transport (DfT), 2018).
WebTAG consists of guidance and a toolkit (software tools) that assist the development of a
business case, and is a requirement for government approval. The primary purpose is the
development of options along with impact assessments.
The methodology includes:
•

Demand forecasting, and cost-benefit analysis,

•

Route and destination (and how these are affected by the planned options),

•

Mode choice (e.g., shifting between rail and other public transport systems).

Environmental impact (noise, air quality, etc.) is not included in the transport model directly, but
guidance is given on measuring these. For noise, a strategic case and an economic case need to
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be developed as inputs to the business case. Where direct estimates of costs are not possible,
hedonic pricing can be used for valuation (e.g., by estimating the impact of noise levels on house
prices). Predictions from research and experiments may be acceptable, but need to be reviewed
by experts.
Noise is considered as impact area requiring specific expertise, and is carried out within Stage 2
(Further Appraisal) on WebTAG. However, an assessment is carried out within Stage 1 (Option
Development) by an experienced professional for the Option Assessment Report (OAR) that may
conclude the noise impact is neutral, or alternatively may conclude that a noise model is required.
Noise impacts would be assessed as ‘neutral’ if resultant levels do not exceed accepted standards
or if resultant levels can be addressed with a limited number of noise barriers. However, where
major mitigation measures are required which will have a significant impact on cost, for example
to address loss of a listed building or creation of extensive lengths of noise barrier, a ‘neutral’
assessment should not be used.
The noise assessment includes:
•

Establishing the baseline environmental conditions
o

•

Inputs: Noise maps, population density and traffic flows

Geographical map of predicted noise impacts (likelihood and severity) for each transport
option
o

Inputs: Stage 1 specification and design options

o

Outputs: Estimated number of people likely to be annoyed

In addition to the quantitative estimation of number of people annoyed by the new transport
option(s), the noise assessment will provide general commentary, a qualitative assessment
(ranging from ‘adverse’ to ‘beneficial’), and a monetary assessment.
Cost-benefit analysis is a core part of WebTAG, and noise is considered as an environmental impact
that can be monetised. The following principles apply:
•

•

The cost of each option should be compared to the baseline ‘do nothing’ option, and
presented as a benefit-cost ratio (BCR)
o

All options should include the same housing, employment and (additional unrelated)
transport developments

o

BCR > 1 indicates that the benefits outweigh the costs

Costs should normally be appraised over sixty years, including the development,
implementation periods
o

•

Costs for maintenance and renewal should be included also

Costs should be extrapolated from forecasts covering at least the next two years
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•

Sensitivity testing should be performed to indicate uncertainties

For transport projects, willingness to pay (WTP) is the principal methodology. In this, the
willingness of each individual impacted by the transport option to pay for benefits, or to receive
compensation for dis-benefits, is summed to give a total willingness to pay.
Noise assessment in WebTAG follows the guidance from the Department for Environment, Food &
Rural Affairs (DEFRA) (Department for Environment, Food & Rural Affairs (DEFRA), 2014), which
uses impact pathways and looks at:
•

Annoyance,

•

Sleep disturbance,

•

Health (heart disease, stress and dementia).

A key measure is Disability-Adjusted Life Years (DALY) and an associated monetisation.
The WebTAG methodology has five steps:
•

Scoping
o

To identify the area potentially affected by the noise and to determine methods
for assessing the noise impact.
For rail … scoping should consider whether explicit modelling of night time noise,
and assessment of sleep disturbance impacts, would be proportionate given the
likely impacts of the scheme.

•

Quantification of noise impacts
o

•

Estimation of affected population
o

•

Defra’s noise modelling tool provides estimates of population affected by different
noise levels, and monetary valuation on a household basis. Monetary values are
assigned for noise levels in the range 45–81 dB LAeq,16h.

Monetary valuation of changes in noise impact
o

•

Standard prediction methodologies should be used, such as the Calculation of
Railway Noise (1995) (Department of transport, 1995), which uses LAeq,18h but
LAeq,16h is preferred in WebTAG in order to separate out Lnight for the period 23.00–
07.00.

Valuation of the noise impact in terms of DALYs, with a monetary value of £60000
per DALY.

Consideration of the distributional impacts of changes in noise
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Table 1 : Cost per U.K. household of a change in noise levels affecting sleep and impacting health
– from Defra’s Transport Noise Modelling Tool (Department for Environment, Food & Rural Affairs
(DEFRA), 2014).
Change in noise metric by decibel
(dB)
Lreference
45.0
46.0
47.0
48.0
49.0
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0
58.0
59.0
60.0
61.0
62.0
63.0
64.0
65.0
66.0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
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% population affected
by noise

Lnight
46.0
47.0
48.0
49.0
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0
58.0
59.0
60.0
61.0
62.0
63.0
64.0
65.0
66.0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
81.0

36.7
37.6
38.5
39.4
40.3
41.2
42.1
43.0
43.9
44.8
45.7
46.6
47.5
48.4
49.3
50.2
51.1
52.0
52.9
53.8
54.7
55.6
56.5
57.4
58.3
59.2
60.1
61.0
61.9
62.8
63.7
64.6
65.5
66.4
67.3
68.2

Impact from rail noise on sleep disturbance
(Lreference)

37.6
38.5
39.4
40.3
41.2
42.1
43.0
43.9
44.8
45.7
46.6
47.5
48.4
49.3
50.2
51.1
52.0
52.9
53.8
54.7
55.6
56.5
57.4
58.3
59.2
60.1
61.0
61.9
62.8
63.7
64.6
65.5
66.4
67.3
68.2
69.1

1.92
2.06
2.22
2.39
2.57
2.78
2.99
3.22
3.47
3.73
4.01
4.30
4.61
4.93
5.27
5.62
5.99
6.38
6.77
7.19
7.62
8.06
8.52
9.00
9.49
9.99
10.51
11.05
11.60
12.16
12.74
13.34
13.95
14.58
15.22
15.88

Total cost per UK
household
(£/hh)
£13.59
£28.65
£45.17
£63.16
£82.62
£103.54
£125.93
£149.78
£175.11
£201.89
£230.15
£259.87
£291.06
£323.71
£357.83
£393.42
£430.47
£468.99
£508.97
£550.43
£593.35
£636.26
£679.18
£722.10
£765.02
£807.94
£850.86
£893.77
£936.69
£979.61
£1,022.53
£1,065.45
£1,108.37
£1,151.28
£1,194.20
£1,237.12
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The United Kingdom – HS2 - Noise Mitigation Measures
HS2 is a new high-speed railway that will connect London with the West Midlands (Birmingham)
and the north of England. Construction is expected to begin in 2019. The planned route takes the
railway through rural areas, including areas of outstanding natural beauty (AONB), and concern
over the noise impact has been a major political issue. A wide variety of noise mitigation measures
are likely to be employed in the final design.
Noise and vibration mitigation are designed into the project (Department for Transport (DfT) HS2, 2013):
•

Quieter trains, quieter track, quieter maintenance
o

•

Noise barriers
o

•

Mitigation on the train is preferred to noise barriers

Landscaped earthworks are preferred to noise barrier fences

Reducing the noise entering properties

Sections of the route will pass through tunnels. Some of these will be bored or mined, but green
tunnels will be used also. Green tunnels are constructed using a cut-and-cover method, with soil
covering the tunnel once the structure is complete. The land, therefore, can be returned to its
former use, allowing vegetation and roads. For noise mitigation at portals, where trains enter or
exit the tunnel, tapered, perforated and reinforced concrete structures can be used to reduce
noise and air pressure effects.

Figure 7: Visualisation of a portal to a green tunnel (Department for Transport (DfT) - HS2,
2013).
Viaducts, constructed of reinforced concrete, will include a solid 1.4 metre safety barrier that will
act as a ‘low level’ noise barrier. Where this is insufficient, further mitigation measures will be
included, such as acoustic absorption in the railway side of the 1.4 metre low level barrier, or to
add 3–4 metre high acoustic parapets.
Noise barriers will normally be in the form of earthworks, equivalent to a 3 metre high barrier
fence positioned 5 metres from the track. In key locations, where it is necessary to use a noise
barrier fence, a fence higher than 3 metres will be used.
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Figure 8: Parapets and low-level noise barriers on viaducts (Department for Transport (DfT) HS2, 2013).
For residences affected by noise, HS2 offer (High Speed Two (HS2) Limited, 2017):
•

Secondary glazing (a separate pane of glass fitted 10-20 cm inside the existing window) for
living room and bedroom windows,

•

Extra ventilation, such as a small electric fan in an outside wall, so you can close windows
to block out noise,

•

Blinds on façades,

•

Insulation for external doors.

A detailed overview of the noise calculation methodology is given in Ref. (High Speed Two (HS2)
Limited, 2017) (Annex D1 ‐ Operational assessment – ground‐borne sound and vibration, and Annex
D2 ‐ Operational assessment – airborne sound). The methodology was used also (and validated) in
HS1, but has been revised for high speed trains.
The methodology for ground-borne vibration takes into account:
•

train design (train type and length, unsprung mass, axle spacing, etc.),

•

train speed – including the change in dynamic forces as a result of the combined wheel and
rail roughness,

•

track design (track form, sleeper spacing, etc.),

•

tunnel design and depth,

•

ground conditions,

•

receiving building foundations and type.
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The methodology for airborne vibration takes into account:
•

rolling noise
o

•

power, traction and auxiliary systems
o

•

•

source at rail height

source 2 metres above rail height

the pantographs
o

recess: source at 4 metres above rail height

o

raised pantograph: source at 5 metres above rail height

the bogies – particularly the leading bogie
o

source 0.5 metres above rail height

o

also other body aerodynamic sound:


the nose of the train



gaps between carriages



projections (e.g., door handles and grills) and cavities.

Noise impact is included in the WebTAG cost-benefit model, with CadnaA (compliant with
Calculation of Railway Noise (1995)) used for the detailed noise modelling (Temple-ERM, 2013).
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4.2 Assessing the cost of railway noise mitigation
Introduction
Method and
indicator
Reference
situation
Intervention
option i

Impact
∆Impact =
benefit i

Cost i
Modified
impact

Situation with
intervention

In this chapter, approaches to cost assessment are
introduced for three fields of application, i.e. legal
requirement, perception and passenger comfort. With
respect to Figure 4 introduced before, this chapter treats
the red box.

Method and
indicator

Life cycle cost
Life cycle costing is a way to assess the cost of an asset in a standardised way, such that it can be
easily compared to the cost of another asset. The method has been introduced in section 4.1.5
before. Life cycle costing supports the decision on which asset is economically the “best”. Life
cycle costing is particularly helpful when different assets have different life spans. A more
expensive asset may last longer and its replacement may therefore be postponed longer, than a
less expensive asset. Life cycle costing then allows deciding which of the two alternatives would
be the “best” in the long run.
In principle all relevant aspects of cost are to be identified and their value assessed over the
complete lifetime of the asset. In the case of different lifetimes, the total cost can be assessed
over the lowest common multiple time span in order to arrive at comparable cost factors.
Essential elements of life cycle cost are:
•

The lifetime itself. Often, a distinction is made between the technical lifetime and the
economic life span. The first is the time span where the asset is capable to deliver a given
function. This span is generally longer than the economic life span, i.e. the period where
the replacing asset has lower operating and maintenance cost, so that it is economically
better to replace the asset. If not mentioned otherwise, we will use the economic life span
as decisive.

•

Acquisition cost. In the case where the asset is supposed to deliver certain revenues, the
acquisition cost is often referred to as investment. Usually, the net present value of the
capital required to be able to renew an existing asset at the end of its life time is used in
life cycle cost assessment. Generally in assets that have to be constructed on site, the
acquisition cost include all cost such as planning, design, engineering, material acquisition,
construction site preparation, construction, delivery and cleaning the construction site,
and particular any particular cost with respect to safety during train traffic or increased
labour cost due to the fact that the work can only be carried out during traffic stops.

•

Operating cost, i.e. any alteration in the cost of operating a system (e.g. a railway system)
directly or indirectly caused by the asset.
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•

The maintenance cost, i.e. the capital required to be able to pay for the maintenance
cost during the full life span of the asset. Distinguish between predictive and corrective
maintenance.

•

Disposal cost, i.e. site preparation, demolishing, recycling of materials, disposal of nonrecyclable materials.
The concept of Net Present Value

Net Present Value has been introduced in section 4.1.5 before. The Net Present Value allows
including future cash flows into a current decision. NPV calculates both the cost and benefits of
an investment. It takes into account that investments usually come earlier than benefits. It also
takes into account that an asset needs to be replaced at the end of its lifetime. NPV accounts for
the investment that is required today to be able to pay for all the cost during the lifetime period,
sometimes including the replacement. Setting aside this capital means that if can’t be used for
something else, for example gaining interest in a bank. As long as the capital is not used however
it can gain interest. Each cash flow F is discounted as follows:
F𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =

Fnet,t
(1 + d)𝑡𝑡

where Fdiscounted is the discounted cash flow, Fnet,t is the net (i.e. positive minus negative) cash flow
at time t, and d is the discount rate.
The Net Present Value (NPV) is then calculated as
𝑇𝑇

NPV(T) = �
RAMS-elements

𝑡𝑡=0

Fnet,t
(1 + d)𝑡𝑡

In railway management, the concept of RAMS is considered highly relevant. RAMS stands for the
topics Reliability, Availability, Maintainability and Safety. These four topics are the key elements
of a good quality railway. When assessing the cost of noise mitigation measures, one should bear
in mind that any alteration to the system may have an effect on one or more of these essential
topics. It is highly recommended, when assessing the cost of an intervention such as a noise
mitigation measure, to check whether or not there may be an influence on any of these four
topics. If so, then this influence should be quantified and the corresponding (additional) cost shall
be assessed. They may be part of the operational cost or maintenance cost; in exceptional cases
the cost of RAMS should be assessed separately and added to the overall cost.
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4.3 Sources of noise; identification, mitigation and cost
Sources identification and mitigation
4.3.1.1 For legal requirement
For an assessment of conformity with the legal requirements, the environmental noise of the
railway stretch under concern shall be assessed. The assessment is usually carried out by means
of a standard prediction method (for example Schall03 in Germany, SRM2 in The Netherlands,
SonRail in Switzerland). In some European member states, there is an intention to adopt the
harmonised prediction method according to the Environmental Noise Directive 2002/49/EC,
generally indicated as Cnossos, as the standard prediction method for impact assessments.
All of these methods are implemented as (commercially available) software (examples: Cadna,
Soundplan, Predictor, SonRail and others). The software produces sound exposure levels at a range
of receiver positions, based on a model of the real situation. These exposure levels are expressed
as Lden (day, evening, night levels) according to the Environmental Noise Directive The model may
reflect a current, an historic or a future situation with respect to the location of the track and the
receivers (residential dwellings).
The railway traffic is modelled as a series of sources, distributed over a certain length of track.
The sound power of the sources depends on the number of train passages per unit of time for three
periods of the diurnal day, e.g.: the daytime (7:00 – 19:00 hours), the evening time (19:00 – 23:00
hours) and the night time (23:00 – 7:00 hours). For each period, the yearly average traffic intensity
and the yearly average weather conditions should be adhered to. For the evening and night period,
there are two different penalties included:
For the evening period, the number of wagons or coaches and the number of locomotives in each
train is tripled.
For the night period, the number of wagons or coaches and the number of locomotives is multiplied
by 10.
The sound production of each individual axle of each wagon or coach is calculated on the basis of
algorithms in the prediction method. The algorithms are based on the expectation that the
resulting sound power per axle depends only on the speed of the train, the type of train and the
type of track. The sound power assessment assumes that rolling noise is the only source of noise
for wagons and coaches. For locomotives and motor vehicles traction noise is added.
Due to this method, as described above, sources may be distinguished in terms of
•

The period of the diurnal day where the type of train is running,

•

The type and speed of the train,

•

The number of axles passing the receiver during the particular period of the diurnal day.

Note that, if we assume all trains to be identical and to have identical speeds, obviously the train
type that runs during the night is the most relevant (as its number of wagons is multiplied by 10
to reflect the night time penalty).
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This implies, that even after the EU wide freight retrofit operation, which is expected to reduce
the sound power of freight trains to a level where it is fully comparable to that of passenger trains,
freight trains are by far the dominant source because they mainly operate during the night.
The identification of the main source therefore, in the case of a legal requirement, is fairly
straightforward:
If there is freight transport present on the railway line under concern, the preferred way of noise
control at source is to look for possible mitigation of the freight wagons. If there are no measures
taken at the freight wagons, then taking measures at the passenger trains running during the day
and evening has almost no effect, i.e. it will only reduce the overall exposure levels by a very
small number. Therefore, in these cases, the options are limited (and mentioned before:
•

Noise mitigation by sound barriers,

•

Noise mitigation by rail dampers (although with questionable result),

•

Noise mitigation by rail roughness monitoring and grinding.

If the above methods are not sufficient, then (additional) façade insulation shall be applied.

Figure 9: Noise barrier of woodchip concrete mixture and glass panel (Photo: P.de Vos).
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Figure 10: Rail dampers in a ballasted track with concrete mono block sleepers (Photo P.de
Vos).
For all of these options, the resulting reduction follows directly from the prediction method
applied. Only in exceptional cases would there be an obligation to demonstrate the real reduction
achieved. For noise barriers (propagation path), the reduction depends on the geometry between
railhead, barrier diffraction edge and receiver position. The insertion loss of the barrier therefore
is different for every receiver position. The overall “benefit” of applying a barrier therefore
depends on the total “cluster” of receiver positions taken into account in the benefit assessment.
This is not the case for the source related options (rail dampers, roughness control). Here, the
achievable reduction is identical for every single receiver point. For façade insulation, the
necessary reduction depends on the exposure level outside at the façade and is therefore different
for every single receiver point.
In all cases, the indicator to be applied to express the benefit is the reduction of Lden achieved by
the mitigation measure. For barriers, rail dampers and rail grinding this is the resulting Lden outside
at the façade (with and without mitigation); for façade insulation, it is the resulting Lden inside
the dwelling (with and without mitigation).
4.3.1.2 For residents’ perception
For the residents’ perception of the sound caused by the nearby railway, the identification of
sources is not standardised. Neither are the methods to assess the relative contribution of
individual sources to the overall perceived annoyance. Nevertheless there are strong indications
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that railway noise is appraised differently by different residents and in different situations. The
individual appraisal of noise depends on both personal and situational conditions, such as for
example:
•

Individual sensitivity to noise;

•

Individual relation to the source of noise or to the party responsible for it;

•

General appreciation of the living environment;

•

Time spent at home relative to time spent at work and during leisure;

•

Time spent inside/outside the house when at home;

•

Possibly urban/rural environment;

•

Character of the total sound and the sound from the source under concern (mix of different
sources including masking; frequency spectrum; tonality; continuous or intermittent or
impulsive);

•

Possibility to relax (calm areas in close proximity of the house, quiet façade, possibility to
locate the sleeping room at the quiet side of the building).

These situations may be affected by the composition of the noise produced by the railway traffic.
Apart from these conditions, it is likely that the character of the noise has a significant influence
on the appraisal of the noise. This can be derived for example from the type and number of
complaints received by rail infrastructure managers. There are strong indications that incidental
noises, provided that they can be perceived by the residents, can cause more annoyance than the
common noise, which are familiar and well known to most of the residents.
Building on this assumption, the focus is on the sources of noise that complies with the following
specifics:
•

It occurs irregularly (it is difficult to predict),

•

It is perceivable or even remarkable,

•

It stands out against the regular noise,

•

Its origin is not always known.

If we assume, that the typical frequency spectrum (see for example Figure 11) for rolling noise
shows main contributions in the 500 to 5000 Hz third octave bands, has its peak at approximately
800 Hz, and is fairly constant over pass-by (with the exception of the Doppler effect), a noise
event that would represent an exception would be either more tonal, more impulsive than the
spectrum according to Figure 11, or would show an entirely different spectrum.
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Figure 11: Track contribution to overall sound power level - Frequency spectrum of the overall
sound pressure level of a common train pass by (from (Roll2Rail Project, 2017)), and various
contributions from different sources: rail vertical vibration, rail lateral vibration, wheel
vibration, sleeper vibration. Red= measured, black = calculated. NB. Levels are linear (not Aweighted).
Examples of sources that may cause a noise that complies with these characteristics are:
•

High frequency tonal noise from curve squeal,

•

Highly frequency tonal noise from brake screech,

•

Impulsive noise from rail joints in turnouts and switches,

•

Impulsive noise from wheel flats,

•

Low frequency noise from corrugated track.

The latter two sources are characteristic for insufficient vehicle and track maintenance. Railway
operators and infrastructure manager are motivated to restrict the occurrence of these sources to
the lowest feasible level.
Unlike the legal requirement introduced in 4.3.1.1, it is hard if not impossible to rank or prioritise
the above sources with respect to their mitigation. In fact, all of these sources should be avoided
or removed; in as far as they are perceivable by residents living along the track.
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Different options exist for different sources:
•

To avoid curve squeal, water spraying, flange lubrication (on board the train) or rail head
lubrication may be applied. In some cases, a-symmetric rail profile (inner and outer rail)
has achieved removal of squeal noise.

•

For brake screech in existing rolling stock, remedies are hard to find. Changing the length
of the braking section of the track before a stop may be efficient.

•

Impact noise in turnouts and switches can’t be entirely avoided, but it can be reduced by
either locating the switch as far from residential areas as possible (in the track design
phase) and/or by reducing the number of joints in the switch as much as possible.

•

Wheel flat are usually prevented by good quality anti block systems. In case of failing ABS,
wheel monitoring in the track can be carried out, in combination with wheel or vehicle
recognition; this can be the start of highly adequate wheel maintenance.

•

For highly corrugated track, most rail infrastructure managers operate some kind of
monitoring system which provides incentives to grind the rail as a form of corrective
maintenance.

In most of the track monitoring cars in operation, the generated rolling noise level measured from
the car is an indication of the track corrugation. In all other cases mentioned above, indicators
for excessive noise still have to be defined and developed.
4.3.1.3 For passenger comfort
Passenger comfort on board of trains is composed of various sensory elements, such as lighting,
climate (heating/cooling and ventilation), ergonomics and touch of the furniture, smell and other
elements such as service level. The expectations and perception of the passenger depend on the
situational and personal conditions. A good overview of all the relevant elements of passenger
comfort is presented in (Roll2Rail project, 2017).
The acoustic comfort of the passenger depends on many different parameters, and certainly the
perception of comfort by the passenger depends on the expectation of that same passenger. For
example, the acoustic properties of the space surrounding the passenger affect the way sound is
perceived. And with respect to the expectation, there is a big difference between a passenger
standing on the balcony between two coaches on the one side and a passenger having a single
chair in a first class coach on the other. The sounds perceived by the passenger may be coming
from the train track interaction, from the traction, from other equipment on board of the train,
from loudspeaker announcements, door opening warning signals, from rattling and shaking
constructional elements such as doors or tray tables, and – last but not least – from other
passengers.
As far as we could identify, the only regulation applicable to acoustic comfort in trains, UIC 660
(UIC, 2002) specifies mandatory limit values of noise in the areas designed for passengers,
applicable in high speed vehicles only. These are listed in the following Table 2.
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Table 2: Target and limit values of dB(A) for different areas in high speed vehicles, according to
UIC 660 (UIC, 2002)

Maximum
running
speed km/h

Running on open track

Running in tunnels

Noise level in dB(A)

Noise level in dB(A)

At

centre

of

passenger areas

Vestibule

Inter coach

At

areas

gangways

passenger areas

1st and 2nd class
300 km/h

250 km/h

centre

of

Vestibule

Inter coach

areas

gangways

1st and 2nd class
Limit 80

Limit 82

Limit 85

Target 68

Target 75

Target 80

Target 75

Target 82

Target 87

Limit 65

Limit 75

Limit 80

Limit 73

Limit 82

Limit 85

Target 70

Target 80

Target 82

For other rolling stock than high speed rolling stock, no similar guidelines exist. The only applicable
standard applies to sound measurements inside the train and the preferred locations for
measurements (EN ISO 3381, 2005).
The noise inside trains is a mix of sounds of much different character and origin. An attempt to
categorise these sounds is made below (Figure 12).
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Rolling noise, airborne sound transmission

Rolling noise, structure borne sound transmission

Auxiliary equipment noise, airborne sound transmission

Direct noise: HVAC, PA system, door warning signals
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Direct noise: internal reverberation

Direct noise: rattling tables, lighting, doors, panels

Figure 12: Seven different categories of noise sources and corresponding alternative transmission
paths for interior noise and one picture illustrating the effect of interior reverberation.
Some remarks about each of the above pictures:
Category 1: Rolling noise, airborne transmission
Noise created in the wheel rail contact or in the bogie. This may include noise from any other
equipment radiating its noise mainly to the surroundings of the train, such as air compressors,
traction engines, gearboxes in or close to the bogie. All these sources are in operation when the
train is running. However, for the noise created by the wheel rail contact, the track condition is
highly relevant; rail joints, rail corrugation, curve squeal, etc. may be transmitted through this
path. These sources create a sound field under the train and aside of the train. This sound field is
affected by the space around the train and the surfaces enclosing this space, such as the ballast
bed, the bottom of the train and – when there is a barrier or a tunnel wall – the vertical surfaces
of the barrier or the tunnel facing the train. The sound field around and under the train produces
a sound intensity directed towards the train, which will be partly transmitted through the floor of
the train, the wall panels, the window panels and doors, and possibly even the roof. This
transmission will be affected by a transmission loss, which is dependent of the surface and the
material properties (mainly the mass and the stiffness) of the transmitting panels. The sound field
in the train is constituted from the contributions of the transmitted sound energy through all the
panels that together build the enclosure of the train compartment.
Category 2: Rolling noise, structure borne transmission
In principle these are the same sources as in category 1. These sources are fixed to the train,
sometimes with resilient fixation, sometimes rigidly. Sources like the bogie and possibly rotating
equipment will vibrate and the vibrations will partly be transmitted to the construction of the
train. The transmission is dependent on the mass and stiffness of the fixation points and the
properties of the fixation. The vibration in the construction of the train, such as the floor panel
and the wall panels, will be transmitted to other structural elements. All vibrating elements will
radiate some of the vibration energy into the enclosed space of the train, in the form of sound.
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The amount of radiated energy depends on the radiation efficiency, which is dependent on mass,
stiffness, size of the radiating body and on the frequency.
Category 3: Auxiliary equipment, airborne transmission
This category covers all the equipment which is mounted on the train and has no direct relation
with rolling or traction. Such equipment may be the converter for the electric power supply, the
HVAC equipment, resistors for braking energy, etc. Such equipment is mounted in separate
enclosures in the train. Sound created by this equipment is radiated into the enclosure and is
transmitted through the wall panels of the enclosure. Weak elements might be doors and locks.
Category 4: Auxiliary equipment, structure borne transmission.
This category is dealing with the same sources as category 3, but the sound is transmitted as
vibration energy through the construction of the train.
Category 5: Direct sound from HVAC, PA systems and door warning signals.
The list of sources may not be complete.
Category 6: Direct sound, other passengers.
This may be the sound created directly (speech) or indirectly (personal audio, telephone) of other
passengers.
Category 7: Rattling.
This category includes the rattling and screeching sounds produced by tray tables, internal doors,
lighting enclosures, during the running of the train. It shall be avoided completely if possible.
Category 8: Internal reverberation
This category illustrates that any sound created in the passenger compartment is reflected by all
the enclosing wall panels. The total energy reflected contributes to what is call the reverberation
of the enclosed space. The walls and ceilings are usually covered with an absorptive material, in
order to limit the reverberation of the room. The quality of this absorptive material is decisive for
the amount of reverberation.
The above listing introduces a large amount of different sources and different transfer paths. With
this method, the contributions of all conceivable transfer paths are assessed for one single
combination of source and receiver position. The analysis requires a large effort, in order to assess
the transfer functions for all the potential transfer paths.
Attempts have been made, by different manufacturers and vehicle designers, to model the sound
and vibration output of all conceivable sources and to estimate their contributions on the basis of
their potential transfer paths. Such models may be based on modelling methods such as Statistical
Energy Analysis, Finite Elements methods or Boundary Elements methods, Ray Tracing, or
combinations of these. Such methods are confidential, and details of the methods are not
published. One of the most developed method is probably BRAINS, Bombardier Railway Noise
Software), developed by the former Bombardier Competence Centre in the years 2010-2015 (Fried,
et al., 2012).
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Given the confidentiality of these instruments, in the course of the DESTINATE project, it was not
feasible to derive the priority of the different sources and of the many corresponding transfer
paths, in terms of their contribution to the overall noise level at any passenger’s position.
This part must be left to the manufacturer. In general terms however, some remarks can be made
with respect to the type of mitigation measures per category and about the objectives to be
achieved with these measures.
With respect to the mitigation measures:
For category 1, rolling and traction noise, airborne transmission, measures are partly identical to
the measures to be considered for legal requirements: reduction of rolling noise by roughness
control on both wheels and rails. But with respect to this type of stationary noise, it may well
have a positive, masking effect for other, more irritating aspects of interior noise. Therefore, the
urgency to control this type of noise should not be put at a too high level. For impulsive and tonal
noise however, such as the noise from joints and switches and from curve squeal, this should be
possibly suppressed, as it is likely to be easily noticed, irritable and annoying. Suppression of this
type of noise is probably better achieved at the source than by improvement of the transmission
loss of wall and window panels.
For category 2, rolling and traction noise, structure borne transmission, by nature the more
broadband noise, such as the impulsive noise from rail joints, is transmitted better than the tonal
noise from curve squeal, which is likely to be blocked by the resilience (primary at secondary
spring) between bogie and vehicle. Impulsive noise should be avoided at the source.
For category 3, on board auxiliary equipment, airborne transmission, the effort is put best at
avoiding pure tones (converters), high acoustic absorption in the machine enclosures, and borne
possibly high transmission loss of the enclosure walls (possibly achieved by double panel walls and
floors).
For category 4, on board auxiliary equipment, structure borne transmission, the effort is put best
at the mounting of the equipment, preferably on resilient mountings, fixed to a high impedance
(high stiffness) location.
For category 5, HVAC, PA systems and door warning signals. For HVAC, noise is generated both by
the air flow through the outlet grille and by the fan. The first can be reduced by selecting an
optimised grille type and by dividing the flow equally through all outlet grilles. The latter can be
reduced by silencers in the ducts and by selecting a fan with odd number of blades and possibly
low rotational speed. For PA systems, the intelligibility should be possibly good, at a moderate
sound level. Warning signals should have modest loudness and short duration, whereby pure tonal
noise should be avoided.
For category 6, noise from other passengers, it can be optimised by acoustic absorption,
orientation of the seats, quiet compartments and limited use of mobile phones.
Category 7, rattling shall be avoided in any case.
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Cost of mitigation measures
4.3.2.1 For legal requirements
For reasons of operational and legal consistency, different member states have implemented
standard cost benefit rules for situations where legal requirements have to be met. These rules
refer to complying with environmental limits only. The process is usually limited to the installation
of noise barriers; in some countries the application or rail dampers is included.
In the background of these rules there is a standard expected life cycle cost of noise barriers and
rail dampers. Noise barriers are categorised in terms of their height above rail head. Situational
differences, such as the installation with rail traffic present or not, are usually averaged out.
The process to decide whether or not a barrier is cost efficient is roughly as follows:
•

First, define a cluster of dwellings, either in one storey family houses or in apartment buildings
with a number of floors. The cluster should be such, that all dwellings can have a benefit of
the installation of either a single barrier or of rail dampers on a single stretch of track.

•

Compute the expected sound exposure level at every single dwelling and compare with the
required maximum limit value.

•

Model a barrier of minimum height and re-calculate the exposure levels. The difference in
exposure level for the situation without and with barrier, multiplied by the number of buildings
where this difference occurs, is defined as the total cluster benefit. The cost are related to
the length and height of the barrier.

•

Continue the process only as long as the total benefits outweigh the total cost, and as long as
there are still dwellings with an excess of the limit exposure level.

•

Increase the height of the barrier and re-calculate the exposure levels. The maximum benefit
per dwelling is equal to the difference between level without mitigation and limit value.

The above process is illustrated in Figure 13. Note that in this case the benefit (summation of total
achieved reduction above limit value, expressed in euro or reduction scores) serves as an available
budget for the optimisation of the barrier height.
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Define cluster
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Noise prediction
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N exposure
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no
ready
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no

Cost >
budget

yes

ready

Figure 13: Process of cost benefit optimisation for application of barriers in a legal requirement
case.
For rail dampers a similar process can be applied, but rail dampers can only be installed or not
installed. Obviously, there is no increase in height such as with barriers.
In case the cost outweighs the benefits, the process is stopped. For dwellings which still have an
exposure level in excess of the limit value, façade insulation is offered such that the sound proof
elements of the façade achieve a total difference between outside exposure level and interior
exposure level consistent with the limit values.
In applying the above methods, although the figures themselves differ in different countries, there
are clear similarities, i.e.
•

The infrastructure manager is the primary stakeholder. Sometimes, residents and local
authorities are involved, for example when deciding about the aesthetics of noise barriers.

•

The cost is expressed as life cycle cost. RAMS elements may not always be sufficiently
considered in the cost assessment (for example for maintenance of barriers,
maintainability and availability of the track for rail dampers).

•

The effect indicator is the exposure level Lden. For specific elements of the impact, in
particular sleep disturbance, Lnight may be used as a more specific indicator.

•

Lden is related to the group health effect, and so is the national limit value. A reduction of
health impact and therefore a saving in health care cost is therefore the benefit of the
mitigation measure. The net present value of health care savings should be expressed over
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the life span of the mitigation measure. The method to assess the benefits is explained in
more detail in the next sections (4.4-4.6).
4.3.2.2 For residents’ perception
The mitigation measures for improvement of the residents’ perception have been mentioned
before. Compared to the previous paragraph, these measures are manifold, ranging from flange
lubrication systems to relocation of switches, wheel flat monitoring or wheel maintenance
systems. A clear distinction with the “legal requirements” case is the fact, that more than just
one stakeholder is involved. For example, for reduction of curve squeal, the infrastructure
manager and all operators are to be involved in the decision and cost could be shared between
these. RAMS elements are not always taken into account in the cost assessment, although these
are likely to be relevant.
The cost involved with such measures is varying, depending on the situation and the type of
measures. RAMS elements are to be involved in the cost assessment. For the purpose of the present
report, it is not feasible to even give an indication of the cost of these measures.
Lden is probably not a suitable indicator for the effect of the mitigation measure. The noticeable
presence of a certain noise event (e.g. curve squealing or joint with audible impact) is probably a
better indicator. More detail about indicators suitable for this case is given in section 4.4.
4.3.2.3 For passenger’s comfort
For passenger comfort we have presented 7 categories (Figure 12) of sources and transmission
paths. In fact, for every source there would be many different transmission paths in each category.
It is not feasible to present here a priority of sources to be treated. This being the case, it is not
feasible either to give any presentation of the cost.
The stakeholders involved are the vehicle manufacturer, particularly the design department; the
operator and vehicle owner, and the passenger. In some cases, for example for the reduction of
rolling noise, the infrastructure manager would be involved as well.
In first instance, the cost of any measures would be borne by the vehicle manufacturer. But the
vehicle manufacturer would try to increase his price and earn back the additional cost made for
an improved acoustic comfort. The desired level of comfort would be specified by the party
purchasing the vehicle (the vehicle owner or the operator) and he would be willing to pay
somewhat higher prices for the vehicle, provided that the specified requirements are complied
with.
The market price of a railway vehicle is kept confidential between the manufacturer and the party
making the purchase. It is not feasible for the purpose of the present report to give any estimate
of the additional cost. However, in general terms, one might conclude that most mitigation
measures would have a tendency to increase the mass of the vehicle (such as heavier wall and
floor panels, heavier and stiffer mounting of equipment, additional panels and silencers). More
mass of the empty vehicle means that the pay load of the vehicle would be slightly affected, and
this is probably one of the most significant cost elements.
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Note that most of the measures suggested in this report would be suitable to be implemented at
the design and construction phase of the vehicle. In general it is hardly possible to implement such
measures as retrofit or additional measures in an existing vehicle. Possibly however this could be
achieved during a big overhaul of an existing fleet.

4.4 Benefits of noise control
Introduction
In this chapter we will propose and analyse methods to assess the benefits of certain noise
mitigation measures. The objective would be to define methods that allow expressing the benefits
in monetary terms, i.e. in euro, so that these benefits can be used in a full cost benefit analysis.
This should then help to decide whether or not mitigation should be undertaken and if so, which
source should be taken into account by preference, and with which measure(s). Often the
monetary amount of the benefits helps to decide the extent (the size, the length, the height) of
the mitigation measure.
We will see that the procedure to assess monetary benefits and use these as the reference for
“acceptable cost” is more or less standard for cases where a legal requirement for environmental
noise is concerned.
In these cases there is a logical chain of causes and consequences, i.e.
Noise exposure → annoyance → health effects → loss of healthy life years → cost to society
All of the elements mentioned in this logical chain can be quantified, where the value depends on
the value of the previous element. For example: a higher noise exposure causes more people to
be annoyed.
For the other cases the logical chain is not equally obvious and quantifiable relationships are not
always identifiable. For example, for perceived annoyance due to curve squeal the resulting
annoyance is not directly dependent on the noise exposure. In order to eliminate annoyance one
would have to eliminate the source rather than to reduce it. For parked trains in a depot there is
no known exposure response relationship that would allow to derive the extent of the annoyance
caused by the noise. For rail induced vibration, the health effects are still very uncertain and the
effect of mitigation measures is even more uncertain. And finally, for interior noise, there is the
issue if comfort should rather be targeted than health effects, leading to an entirely different set
of resulting parameters with different economic and monetary effects.
Because of these differences, the following paragraphs are limited to the straightforward case of
pass by noise and legal noise exposure limits.
Benefit indicators
For the application field of legal requirements, the indicators to be applied have been defined in
the legal regulations themselves. For the other cases, the same indicators are applicable, at least
in as far as health effects are at stake. For almost every country with noise control legislation
applicable to railway noise, the day-evening-night level Lden is the common indicator for noise
exposure. This indicator is a long term average equivalent noise level, reflecting the yearly
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average in terms of traffic and weather. While Switzerland uses separate Leq levels for day and
night, Scandinavian countries tend to apply the LAmax level as an add-on to the Lden. These
exceptions are not further taken into account in the present report.
For the application of TSI NOI, the standard indicator is the pass by level LAeq, tp dB(A) (over pass
by time tp). This indicator is defined and explained in detail in the TSI NOI.
The use of Lden has the advantage that this quantity relates directly to the percentage of annoyed
and highly annoyed persons, as well as to the percentage of highly sleep disturbed people,
according to (European commission, 2002). These percentages in turn relate directly to health
effects and monetised benefits if health effects are reduced. This will be explained in the
following paragraph.
Health effects of exposure to noise
4.4.3.1 Introduction
The benefit of noise control is to be considered/defined as the reduction of negative effects of
railway noise on human beings. The negative effects to be considered depend on the scope
(chapter 1.3). The negative effects of environmental noise (scope (a)) have been addressed in
legislative frameworks and in many studies supporting the setting of limits and the introduction
of legislative schemes. Lately, a recent revision of the WHO report on the effects of noise
“Environmental Noise Guidelines for the European Region” (WHO, 2018) has re-confirmed the main
effects, being
1. Noise annoyance,
2. Sleep disturbance,
3. Cardiovascular effects,
4. Cognitive impairments/ learning disability.
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Figure 14: Cardiovascular effects of noise (Babisch, 2015).
Usually the health effects (cardiovascular diseases) are considered to be the more serious effects
and a so-called endpoint of other impacts such as annoyance and sleep disturbance This means
that, on the average, and after many years of exposure, a given percentage of people exposed to
a given level of environmental noise (at their façade) will be annoyed or even highly annoyed. This
annoyance is measured in field studies and is the outcome of surveys, where residents are
requested to estimate the seriousness of annoyance over the last year according to either a five
point or eleven point scale. When the score is above a certain threshold, the resident is considered
to be either “highly” (high score) or “moderately” annoyed or not at all annoyed.
Following the latest insights, annoyance occurs – in a very small percentage of the exposed people
– from exposure levels of around 42 dB Lden. With increasing exposure levels, the expected
percentage of people annoyed and highly annoyed increases.
Obviously, when the exposure level is reduced by applying a mitigation measure, the percentage
of annoyed people will reduce. Therefore, there is a benefit of the mitigation measure.
In order to be able to apply this benefit in a CBA, the indicator needs to be a monetary quantity.
Currently, there are three common methods to transfer reduced annoyance (and reduced sleep
disturbance) into euros. These are the method of “willingness to pay”, “hedonic pricing” and the
method of “reduced loss of DALY”. These methods are introduced in the next two paragraphs.
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4.4.3.2 Willingness to pay
Citizens who suffer annoyance or sleep disturbance from noise may worry about their health. They
would be striving to remove the health effects of noise from their daily life. Surveys have shown
that residents, on the average, are willing to pay a small amount of money if the effects to their
health could be reduced. This so called willingness to pay is explained in the European
Environmental Agency’s Position Paper (European Environment Agency EEA, 2010). The following
text is quoted from this document:
“The European Commission Working Group Health and Socio-Economic Aspects (WG-HSEA)
provided the position paper 'Valuation of noise' based on the willingness to pay data from Navrud
(2002). The paper recommends the use of a benefit of 25 euro per household per decibel per year
above noise levels of Lden = 50–55 dB. Purchasing power parity (PPP) indices could be used to adjust
the values for use in accession states. These are published indices which adjust the exchange
rates between countries by differences in the cost of living. Even though this figure has been
criticised as being too low, it appears that most noise abatement measures have a positive cost
benefit ratio”.
Although this document is now more than 10 years old, updated figures have not been published.
Therefore, as an option for the assessment of benefits of noise mitigation measures in the case of
legal requirements, it is recommended to consider this method of willingness to pay with the
figures mentioned here. One more alternative approach is hedonic pricing, introduced in the
following paragraph.
4.4.3.3 Hedonic pricing
Hedonic pricing data come from studies of the real estate markets: it was found that properties
exposed to higher noise levels are likely to have a lower value on the market than a similar building
exposed to a lower noise level. This is valid for residential houses (for which there is extensive
literature) but probably also for office buildings. The best estimate is that house prices lose 0.5 %
of their value per decibel higher than 50–55 Lden (European Environment Agency EEA, 2010). The
variability range based on research results is between 0.2 % and 1.5 %, with a tendency for higher
values for aircraft noise.
Hedonic pricing could be used as an alternative method to willingness to pay to assess the benefits
of mitigation measures in the case of legal requirements.
4.4.3.4 Reduced loss of DALY
We start again with a partial quote from the EEA with some amendments:
“The DALY (Disability Adjusted Life Year) was developed by WHO and the World Bank to enable
policy makers to make rational choices for medical treatment. To do this each clinical
phenomenon is assessed to establish a weighting factor. According to the protocol designed to
assess these weights, the factor takes into account mortality, (loss of) mobility, self-care, daily
activities, pain/discomfort, anxiety/depression and cognitive function.”
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In principle the DALY is calculated as the sum of years of potential life lost due to premature
mortality and the years of productive life lost due to disability:
DALY = YLL + YLD
Years life lost = YLL = ND (number of deaths) x DW (disability weight) x LD (standard life
expectancy at age of death in years)
Years life lost due to disability = YLD = NI (number of incident cases) x DW (disability weight) x LI
(average duration of disability in years)
Although the procedure is not without critics, it can be used to rank policy alternatives. One
critical point is the choice of the disability weights. It can be suspected that different cultures or
even different population groups come to different weights. Studies indicate that there is such an
effect, but seems to be of modest magnitude. It appears that, for exposure to (road traffic) noise,
there is a consensus amongst researchers that the weight factors could be ranging from 0.04 to
0.07 to 0.10.
Using exposure data from the Netherlands, the Dutch Environment and Health Agency RIVM made
a comparison in burden of disease from several environmental exposures. Although the uncertainty
in these estimates is large, it does provide a useful insight. Recently the authors of this study
stated that Environmental DALYs allow comparative evaluation of the environmental health risks
of a multitude of pollutants and, consequently, the setting of priorities. The use of DALYs may
also improve risk communication as their number can be expressed as a fraction of total burden
of disease.
At the same time they caution against indiscriminate use (e.g. in small populations) and point to
ethical objections. As these apply also to other evaluation systems (like cost-benefit analysis), the
sensible advice is to discuss these with the partners in the project at hand.
Once the total number of highly annoyed people in a given population is known, the total burden
of disease in this population can be derived as the number of disability adjusted life years (DALY),
a concept that was introduced by the World Health Organisation in 1999 and has been used in
different applications since. More information on the way to transfer the number of highly annoyed
persons into a number of Disability Adjusted Life Years lost per year as a consequence of this can
be found in (A. Lex, 2015).
Looking at the figures from (A. Lex, 2015), we can conclude, that:
•

With today about 750 million Europeans, of which 72% (540 million) live in cities

•

Of these, about 22 million Europeans are highly sleep disturbed, losing about 800,000 DALY
per year (3.6%)

•

And of these, about 46 million Europeans are highly annoyed, losing about 487,000 DALY
per year (1.1%).

Finally, once the number of DALY lost in a population per year is known, one can derive the value
lost (in other words) the cost of noise exposure. The English Department for Environment, Food
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and Rural Affairs has used values for DALYs lost due to aircraft noise ranging from 40 to 110
thousand euro.
In summary, a reduction of the preferred indicator for legal requirements in environmental noise,
to be achieved by a mitigation measure, can be transferred to euro. By applying the Lden, a
complete cost benefit analysis can be carried out to select the optimised mitigation measure and
to optimise its (e.g. barrier height).
National practice
In several countries, where legal requirements exist that oblige to take mitigation measures in
specific cases, there are practical rules that help to decide whether or not measure should be
actuated and if so, to what extent (e.g. for barriers: to what length and height). Here are some
examples of such national practices.
Switzerland
Assumption: for a 1 dB(A) noise reduction at home, residents are willing to pay 1% higher rental
fees. This seems to be a pretty constant factor, not only in Switzerland but in many countries.
In Switzerland, the annual rental fee of a dwelling unit for three people is in the order of SFr.
30,000.- or SFr. 10,000.- per person. Consequently a 1 dB(A) noise reduction represents a
maximum “value” of SFr 100.- per person and year. With an assumed lifespan of 30 years this sums
up to SFr. 3,000.- This is the amount that can be “spent” per affected person and per year for the
realisation of a noise barrier. If this amount is exceeded, the barrier will not be built, but sound
proof windows will be offered.
Germany (Forschungsinformationssystem (FIS) - Mobilität und Verkehr, 2016)
Germany has introduced a method that defines the budget and thus basically the type, height and
length of noise barriers. It is related to the efficiency of the barrier at a certain location.
Example:
3m height

-15 (14) dB

3,500 euro

Ratio 0.004

2m height

-12 (11) dB

2,500 euro

Ratio 0.0044

1m height

-8 (7) dB

1,500 euro

Ratio 0.0047

In this case, the efficiency (benefit) of the 1 m barrier is the best, but may not be sufficient to
reduce the noise exposure to the required limit.
But the height of a barrier depends on the requirement, in this table the barrier with 3m is most
efficient, but if the requirement needs only to reduce the noise less than 15 dB, then the barrier
with 2m has advantage.
The ratio of cost and benefit CBR is calculated with the following form:
𝐶𝐶𝐶𝐶𝐶𝐶 =
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Where:
CBR= Benefit to cost ratio
B = benefit is € 55 per dB(A) reduction, per resident and per year (probably based on willingness
to pay or on hedonic pricing)
∆L = reduction in dB(A)
E = number of residents exposed to a level which exceeds the limit (2.1 residents per dwelling)
t = 25 years, the length of the period where a benefit exists
C = the cost for the mitigation measure under concern
Details of expected reduction, height, cost and life cycle are presented in the following Table 3
(from (Forschungsinformationssystem (FIS) - Mobilität und Verkehr, 2016)).
Table 3: List of different barrier types with their expected reduction, height, price and life cycle
(for application in Germany).
Material

dB(A) reduction

height

Price(Euro)

Life cycle(year)

concrete

-10 dB

6m

10,000 per km dB

50

and year
gabion

-3 dB

2m

7,130 per dB km

70

year
gabion

-10 dB

5m

5,980 per dB km

70

year
Low gabion

-4 dB

0.5-1 m

4,250 per dB km

70

year
low gabion

-4

0.5-1 m

6,600 per dB km

45

year

Examples for different types of noise barriers:
1. concrete noise barriers
6 m high: -10 dB reduction, 10,000 euro per km, dB(A) and year
2. Gabion wall
5m high: -10 dB(A) reduction
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2m high: -3 dB(A) reduction
The investment cost for a 4.5 m high gabion wall is around 4.2 million euro per km. For a 2 m
wall this is 1.5 million euro per km. Gabion walls have a long life time of about 70 years and
require hardly any maintenance.
For a 2 m high gabion wall, the annual cost 1 per dB(A) and per km are approximately 7,130
euro. For a 5 m high wall, the reduction is potentially 10 dB(A), resulting in annual cost per
km and dB(A) of 5,980 euro.
3. Low height noise barrier
The low height noise barrier has a reduction potential of 4 dB(A).
The investment costs are depending on height and type of the low height barrier, and can be
estimated at 1.1 to 1.3 mio euro per km. With the expected reduction of 4 dB(A), this results
in annual cost per dB(A) reduction and per km of about 4,250 euro for a low height gabion wall
which has a life type of 70 years. A low height concrete barrier with a life time of
approximately 45 years has annual cost per dB(A) reduction and per km of approximately 6,600
euro.
The Netherlands (information from ProRail)
The Netherlands government has introduced a method based on dimensionless quantities, socalled reduction points. The use of these dimensionless quantities avoids discussion about the cost
of mitigation measures and the benefits of their application, but one should bear in mind that
these factors are behind the dimensionless numbers. The costs assumed in this system are
presented in the following tables for noise barriers and rail dampers respectively.
Table 4: Assessment of life cycle cost for noise barriers including investment and maintenance.
Height

1m
1.5m
2m
3m
4m

1

Investment
euro/m
1279(1075)
1339(1125)
1398(1175)
1865(1567)
2251(1892)

Maintenance cost over 30 years
maintenance
life cycle total maintenance
per year
year euro
euro/year.m
50
1366(1075+73)
€ 27.32
50
1445(1125+89)
€ 28.90
50
1524(1175+106)
€ 30.48
50
2029(1567+138)
€ 40.58
€ 49.10
50
2455(1892+171)

P x 30
euro/m
820
867
914
1,217
1,473

I + Px30
euro/m
2,099
2,206
2,312
3,082
3,724

I + Px30+
IPK(15%)('LCCcost')
euro/m
2,414
2,537
2,659
3,544
4,283

Note that this number is not calculated back into a Net Present Value.
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Table 5: Assessment of life cycle cost for rail dampers including investment and maintenance.
Maintenance over 30 years

Raildamper Investment
source
ProRail
BSV
average

euro/m

Life cycle
year

total
Maintenance
maintenance
per year
euro

euro/year.m

P x 30

I + Px30+
I + Px30 plus VAT IPK(15%)('LCC(19%)
cost')

euro/m

euro/m

€ 300

25

0.00

0.00

0.00 €

300 €

€ 180

25

0.00

0.00

0.00 €

180 €

€ 240

25

0.00

0.00

0.00 €

240 €

euro/m
357 €

214 €

286 €

euro/m
411
259
335

4.5 Benefits for human perception
Introduction
In the previous sections noise exposure from railways was related to health effects, allowing to
assess the benefits of noise control in terms of improved protection against health risks. This
method of benefit assessment is not suitable for cases where the perceived noise may lead to
people being instantly upset, disturbed or annoyed. Human perception plays a role in the situation
of an observer, usually either outside in the open – in the vicinity of a railway line – or inside the
train. In these situations, a different approach to the assessment of the benefits is required.
In the struggle to reduce the impact of sound it has been demonstrated that in some cases less
(sound) is not always better. Some sounds are more annoying or disturbing than others, which
opens the possibility to reduce noise impact through manipulating the sound quality. There has
been considerable research in this area which finds its application in sound designs from
dishwashers to airplanes.
Broadly spoken, two approaches can be followed to evaluate a particular sound environment. The
first is to analyse the acoustic signal to detect the (annoying) elements and apply an algorithm to
predict the quality. The second is to directly employ humans in the form of listening panels.
In the next sections first the psychoacoustic trail is followed and then the panel methods.
Much more detail on psycho-acoustic indicators and their application is presented in (Salford
University, 2018). In principle, a suitable set of psycho-acoustic parameters could be selected that
complies with the following requirements:
•

The set of parameters predicts, with sufficient precision, the perceived annoyance of
resident’s exposure to a particular noise (such as railway noise).

•

The set of parameters allows identifying the main sources responsible for the perceived
annoyance and the ranking of these sources.

•

The set of parameters allows predicting the benefits of mitigation measures applied to
these sources.

The following paragraphs present alternative approaches.
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Psycho-acoustic approach
Psycho-acoustics is the scientific study of sound perception and audiology. It can be further
categorised as a branch of psycho-physics. The psycho-acoustics describe the relationship between
the physical stimuli and the psychological response. The psychological response depends strongly
on the human being (attitude, personal condition) and the environmental conditions.
People respond to the physical stimuli through hearing. Normally, the human ear can perceive the
sounds in the range from 20 Hz to 20,000 Hz, but this range depends on the age and the health of
the listener.
The science of psychophysics tries to solve the problem by closely linking perceptual experience
to physical stimuli. The basic principle is to use the physical stimuli as a reference system. Stimulus
characteristics are carefully and systematically manipulated and observers are asked to report
their perception of the stimuli.
The threshold is a very important concept in this respect; a threshold is a point of intensity at
which the listener can just detect the presence of a stimulus. The stimulus with an intensity below
the threshold is not detectable. There are two kinds of thresholds: the absolute threshold and the
difference threshold.
Some important indicators for psycho-acoustics are:
Loudness:
The attribute of a sound that determines the magnitude of the auditory sensation produced>
Loudness depends mainly on the intensity of the sound and the frequency.
Loudness is reflected in the A-weighting and may be a helpful add-on in the assessment of
perceived annoyance for specific events. Loudness is defined in ISO 532: 1 and 2.
Tonality:
Here, this is interpreted as the presence of distinct peaks in the frequency spectrum, often defined
further as the level difference between one particular frequency band (preferably in third octave
band width or narrower) and both adjacent frequency bands.
Tonality is a suitable indicator for the perception of curve squeal, brake screech and (at a lower
frequency) for tonal elements in rolling noise sometime occurring with heavily corrugated tracks.
Tonality is defined for example in DIN 45681.
Sharpness:
The sharpness is a sensation which is caused by high frequency components in a given noise
spectrum. Sharpness delineates human sensation in a linear manner as well. The calculation of
sharpness has been defined in the DIN 45692.
Sharpness is a suitable indicator for curve squeal and brake screech.
Low frequency sound:
Sound with frequencies below 250 Hz, is sometimes considered to largely bypass the inner ear
even at intense levels, simply because human hearing thresholds for frequencies below 250 Hz are
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relatively high. Nevertheless low frequency sound may cause strong responses of residents. Low
frequency sound is characteristic for noise created when passing steel bridges and viaducts. See
for example ISO7196.
Roughness:
Roughness is the human perception of temporal variations of sounds. Usually, pass by of trains has
low roughness, provided that there is sufficient distance between the resident and the track.
For impulsive noise, such as the noise created in rail joints and turnouts, roughness could be used
as an indicator, but there are probably other indicators better suited, such as LA,peak, or the rise
time.
Fluctuation strength:
Fluctuation strength is similar in principle to roughness except it quantifies subjective perception
of slower (up to 20Hz) amplitude modulation of a sound.
Harmonica indicator
The Harmonica project was a Life project finalised in 2014 (Bruno & Vincent, 2015). The initial
objective of the Life Harmonica project was to develop a simple index for presenting
environmental noise levels, that is 2:
•

“easy for the public to understand, because it is based on a scale of 0 to 10, rather than
decibels;

•

easy to calculate combining the type of data used for noise predictions and samples usually
collected by noise measurement devices, namely the LAeq,1s levels (A-weighted,
equivalent continuous sound level for 1second);

•

possible to calculate for one-hour time slots;

•

relevant in terms of acoustic physics, taking into account the two major components that
affect the noise environment: background noise and noise events that exceed this
background noise (noise peaks);

•

more representative of people's perceptions of their noise environment than the
environmental noise indicators currently used in French and European regulations.

For this, a three-stage methodology was designed for the creation of the index.
First step: selection of the parameters for the index
The choice of the parameters involved in the construction of the index was based on a preliminary
statistical analysis carried out on a database of elementary acoustic measurements (LAeq,1s) from
24 sites that are representative of the eight main types of noise exposure (land transport noise,
air traffic noise, and quiet areas) in a variety of environments (urban, suburban, and rural). The

2

The text is quoted from a Harmonica information sheet
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aim was to choose acoustic parameters that would account for a significant proportion of the
variability of many of the acoustic indicators.
Around 60 different energy- and event-based descriptors used in the available literature or
proposed by the teams were calculated on an hourly basis using this elementary data from all 24
sites. The correlation between the 60 descriptors was studied in order to evaluate the descriptors
that were interrelated (to avoid redundancy), thereby eliminating those that measure the same
thing and defining families of descriptors that are uncorrelated and, therefore, which provide
complementary information. This method of statistical analysis is called Principal Component
Analysis (PCA).
Using this PCA, it was possible to define two main families of interdependent and complementary
physical descriptors, which provided most of the information:
•

The background noise,

•

The noise peaks that emerge from the background noise.

Then the teams proposed different suggested indices based on various parameters which describe
these two noise dimensions (background noise and noise peaks).”
Note of comment from the author of this report: The tonality was ignored. As this is probably a
relevant property for railway noise (curve squeal and brake screech), it should somehow be
included.
Second step: Consideration of the public's opinion and perceptions
The suggested indices were compared to the public's impressions using face to face interviews
with 246 residents from 8 areas chosen for the diversity of their exposure to noise, and tests in
laboratory conditions (individual interviews following binaural playback) on three groups of
respondents: general public, associations, and local authorities (130 people in total).
The aim of this research phase was to evaluate the comprehensibility, the acceptability, and the
relevance of the suggested indices and to take into account people responses in the final
construction of the index.
Third step: Development of the formula for the index
The formula for the index was then set up by testing the different selected descriptors in an
operational way, on all the operational measurement data stored by the noise observatory
Bruitparif, in order to take into account the diversity of environmental noise situations. These
tests led to the elimination of some descriptors that were proven to be insufficiently robust and
to adjust the coefficients of the index formula, in order to present the variations in hourly noise
levels on a scale of 0 to 10. This last stage allowed us to propose the following formula:
Hourly Harmonica Index = background noise sub-index (BGN) + peak noise sub-index (EVT)
The Harmonica index, therefore, is divided into two parts:
•

A component related to the background noise: BGN sub-index
BGN = 0.2 x (LA95eq - 30)
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LA95eq is the equivalent background noise level during the hour period, the background noise being
evaluated every second by the noise level exceeded 95 % of the time during the 10 minutes period
before
•

An event-related component: EVT sub-index that represents the acoustical energy provided
by noise peaks that emerge above the background noise

EVT = 0.25 x (LAeq - LA95eq)
LAeq is the equivalent noise level during the hour period. “
An example of the composition of the indicator is presented in the following figure.

Figure 15: example of the composition of the Harmonica indicator from two elements (back
ground noise and event noise) and the evaluation of it on a ten points scale (HARMOnized Noise
Information for Citizens and Authorities (harmonica), 2011-2014).
Comment from the author of this report.
The Harmonica indicator is composed of
•

1 hour equivalent levels, which could be derived from a conventional prediction method,
however with the disadvantage, that different position along the track would have a
different hour shift and therefore different outcome; although they would have the exact
same train traffic.

•

1 second LAeq from specific events. These are not usually part of the prediction scheme.
This kind of data would have to be collected by measurements at the site, which is
elaborate.

Probably the value of the indicator is difficult to predict. It could be used as a targeted value for
good quality environment. The EVT element allows evaluating peaks (including audible impulsive
noise) but does not account specifically for tonal noise. Therefore it does not allow identifying
and ranking the different sources.

GA No 730829

75

Auralisation and panel judgement
The anticipated response of a population of listeners to a certain type of noise may be assessed
with the help of auralisation supported by visualisation. The objective of this approach is to create
a credible virtual reality situation, where listeners are exposed to a range of different noise
sources. Listeners are then requested to judge and rank these sources in terms of the likelihood
that these sources may cause annoyance or other unwanted effects when perceived in real
situations.
A highly sophisticated auralisation and visualisation tool has been set up by EMPA in the course of
the DESTINATE project. Further details about the tool can be found in deliverable D3.2.
Suggestions on the use of auralisation tools in general can be found in section 4.6.6 of the present
deliverable.
The method of jury or panel testing by applying an auralisation tool allows predicting the impact
of a given future situation on the perception of residents. It also allows identifying specific sources
and ranking them. It would allow setting objective and threshold values in terms of the outcome
of the jury testing. This outcome could then be interpreted as the indicator to be used for benefit
assessment.
Soundscape approach
According to ISO 12913-1 (2014) (ISO 12913-1, 2014) a soundscape is defined as
An acoustic environment as perceived or experienced and/or understood by a person or
people, in context.
A soundscape can be described in words, in pictures, as a recording, or in other ways. It may be
time or location dependent, or both. Over the past 20 years, much research has been dedicated
to sound scapes. One of the main researchers was prof. Jian Kang of the University of Sheffield.
It was demonstrated in a range of projects, that a soundscape of certain characteristics is likely
to be judged as positive by the majority of people encountering it. Other soundscapes tend to be
judged as negative. The challenge has been to identify the physical parameters that are behind
this general appraisal. Once these are known, one can start to reshape or redesign soundscape
such that they will be perceived as positive by the majority of listeners. Vice versa, the aspects
that lead to a negative appraisal could be avoided or diminished.
There is a wide range of literature on this subject, of which we mention only a few here (Bruno &
Vincent, 2015), (ISO 12913-1, 2014). A researcher paving the way is Prof. Dick Botteldooren of
Ghent University. Here we quote one important finding of his article in AAA (De Coensel &
Botteldooren, 2006):
A ﬁrst factor which seems to arise as the most important factor in all studies considered, is related
to the pleasantness or loudness of the soundscape. A second factor is related to the temporal
structure, the eventfulness or the activity of the soundscape.
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This idea has found many supporters since it was first published. The following figure illustrates
how soundscapes can be categorised according to these two dimensions pleasantness and
eventfulness.

pleasant

calm

lively

eventless

eventfull

chaotic

Bor ing
scar y
unpleasant

Figure 16: two dimensions to categorise soundscapes with semantic indications in each of the
four areas and some examples of environments where these indications might be applicable.
Although many other factors have their influence (such as the familiarity of the sound and the fact
whether it is manmade or natural), the two factors seem to apply consistently in many cases.
The noise exposure of the environment of a residential house due to railway traffic on a near track
can be classified as a soundscape. By asking the residents whether how they rate the pleasantness
and the eventfulness of the sound, the perception is given a certain rating.
If one can find relations between this rating and physical parameters such as tonality, and
impulsiveness, one can reshape or redesign the soundscape to a more pleasant one.
Finding the link between the appraisal and the physical parameters, particularly the tonality and
the impulsiveness, is something that is the current objective of a company called Sound Appraisal.
This company has developed a mobile telephone application called MoSart. It asks users of the app
to make a short (30 – 60 seconds) recording of the sound at a particular location and at the same
time rate the soundscape according to its pleasantness and eventfulness. The recordings are then
analysed according to the content of tonal and impulsive components (among others). This method
is suggested here as an alternative to the ones mentioned already, which are able to rate the
perception of citizens, to identify particular sources and to rank them.
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The presence and ranking of particular sources will be indirect, because in this method only the
complete soundscape is analysed and there are no means to modify it. However, by comparing
one spot to another, one might be able to compare situations with a particular source (e.g. a
narrow curve) present to locations where such a source is absent. From such a comparison, the
effect of removing this source from the total soundscape could be quantified.

4.6 Specific benefits for acoustic comfort
Introduction
With respect to interior noise, the benefits of noise mitigation or – to put if slightly differently –
noise optimisation are not obvious. The general opinion is that passengers are mainly interested
in their basic desires being fulfilled and that comfort in general, and acoustic comfort in
particular, are an add-on that is mostly underestimated.
There is however evidence that the order of passenger desires differs significantly from what is
generally expected. This can be shown with the following “pyramid of customer desires”.

The pyramid of customer desires (M. van Hagen)

safety

experience

5.Positive emotions,
worth the time

comfort

4. Physcial effort
Comfort of travel

ease

3. Mental effort, no
hassle

speed

2.Time spent door to
door, the faster the
better

reliability

1.Trust
Safe trip, perform as
promised

Figure 17: The “pyramid of customer desires” introduced by Mark van Hagen of Netherlands
Railways (NS). (Van Hagen & Bron, 2014)
The pyramid of desires comes close to the well-known pyramid of Maslow, indicating the levels of
desires of every human being. The idea is that the green levels indicate the so-called satisfiers
whereas the red and yellow levels indicate the dis-satisfiers. In general it is easier to influence
the satisfiers than the dis-satisfiers.
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Netherlands Railways conducts passenger surveys on a regular basis. One of the findings of these
surveys is that comfort (a satisfier) is considered to be 5 times more important to passengers than
punctuality and safety (dis-satisfiers) together. In spite of that, policymakers and decision makers
are focussing on the dis-satisfiers much more than on the satisfiers.
Assuming that the comfort, including the acoustic comfort, contributes significantly to the
satisfaction of the passenger, there is a clear perspective for the benefits of improving the
comfort. It can only be fair to expect that the passenger, being more satisfied, would be willing
to pay a little bit more for the trip. After all, this is what happens when passengers decide for a
first class fare rather than a second class fare. But the difference between first class and second
class is not entirely the same as the difference between a high level of comfort and a lower level
of comfort. Therefore, there is good reason to expect that improving the comfort level can have
an impact that is positive and – moreover – is relatively easy to monetise.
The same applies to the choice for the train as the preferred mode of transport. If the level of
comfort experienced by the passenger is somewhat higher, then there is good reason to expect
that a larger percentage of travellers will prefer the train over e.g. the car or the airplane.
Summarising:
Acoustic comfort is an element of comfort which is highly valued by the passengers of railways. It
deserves a more serious approach than it received so far. In this chapter we make an attempt to
scan options for such a more serious approach.
One aspect of the low level of attention dedicated to the issue of acoustic comfort is that there
are, to date, no suitable indicators
•

to define the targets,

•

to help comply with these targets by identifying the main sources and

•

to identify the most efficient control measures, or

•

to demonstrate compliance with the targets.

In this chapter we will suggest options for such indicators and for methods to apply them sensibly.
dB(A) approach to passenger comfort
The dB(A) approach is the one implemented in the Technical Standard UIC 660. As mentioned
before, this standard refers to high speed rolling stock only. It specifies maximum dB(A) sound
levels inside the passenger compartments of the train at maximum and average speed. The values
are quite high, in the sense that if the threshold values would be completely exhausted, it would
make a normal conversation between passengers at neighbour seats difficult if not impossible, it
would make intelligibility of loudspeaker messages almost impossible, short if would affect
acoustic comfort.
Reducing the A-weighted level to a value that comes close to a normal conversation level (i.e.
around 65 dB(A) (the current limit at the centre of passenger areas at 250 km/h speed), would
lead to other sounds than the rolling and traction noise becoming more pronounced and
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perceivable. It is by no means certain that this would lead to an experience of better acoustic
comfort.
Therefore, the dB(A) indicator, used in as general terms as they are used in the UIC regulation, is
not suitable to support improvement of the acoustic comfort.
It might be applied as an indicator for the contribution of different sources, for example in
comparison to the general train operation noise (rolling noise, traction noise). One might for
example use the dB(A) level of the door warning system to be at the same level as the train
operation level during stand still. Thanks to the tonal character of most of the door warning
systems it would still be audible. This is only one example of many. However the conclusion is that
the dB(A) level is not the best suitable indicator for interior noise.
Reverberation time
In the passengers seating area inside a train, the acoustic comfort is only partly affected by the
dB(A) level. To a certain percentage, the personal acoustic comfort is also affected by the
interference of the person’s personal sound “bubble” and the surrounding sounds. This
interference may disturb the conversation between the passenger and its neighbour(s), or it may
disturb the music the passenger is listening through his personal audio. Particularly this equipment
is intended to isolate the persons bubble from the surrounding sounds. In turn however, the music
passing through the ear muffs, may disturb adjacent passengers.
In a crowded passenger section, conversations may mix, generally leading to the so-called Lombard
reflex or Lombard effect, where speech is produced at a higher level under the expectation that
it will be better understood by the conversation partner. This Lombard effect obviously makes the
sound level higher and does not improve the overall intelligibility. The Lombard effect is
particularly strong in spaces with large reverberation times. This occurs often in restaurant spaces
and visitors may feel uncomfortable about their conversation being overheard by other guests.
A design parameter for passenger compartments would therefore be the so-called critical
distance. In room acoustics, the critical distance is the distance from a sound source, where the
sound level of the direct sound is equal to the total sound level of all the reflected sounds. Moving
closer to a speaking person therefore generally improves the intelligibility, because one is moving
closer than the critical distance. Increasing the critical distance – by reducing the reverberation
time – will improve the intelligibility of nearby partners in conversations and may help to avoid
the Lombard reflex. The relationship between critical distance dc and reverberation time T (for
an omni-directional source) is given by the following equation:
1 𝑉𝑉
𝑑𝑑𝑐𝑐 = √
4 6𝜋𝜋𝜋𝜋

With T = 60 dB reverberation time in seconds and V = the room volume in m3.
Passenger surveys
Passenger surveys are carried out by many operators regularly. The passenger surveys serve to
assess for example the purpose of the journey, the age, sex and social level of the passenger, etc.
This information can be used to market train journeys more efficiently.
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One element sometimes included in the survey is the experience of the passenger with respect to
the comfort. As mentioned before (paragraph 4.6.1) the comfort, including the acoustic comfort,
is generally considered a very important satisfier by most passengers.
Passenger surveys can only assess the satisfaction of the passenger in an existing situation. There
is no indication of what needs to be done to improve the comfort and there is no indication
whether or not the designer of a new rolling stock has fulfilled the desires of the party purchasing
the train.
However, when comparing the scores for comfort given by the passengers travelling in different
kind of rolling stock, one can get an impression of the quality of that particular type of rolling
stock. In the NS passenger survey, 8 different types of intercity and regional rolling stock were
compared (confidential information). The scores with respect to the sound quality in the train
ranged from 6.7 to 7.4 (on a 10 point scale). This is considered a significant difference.
Such scores could be used to assess the current quality, but looking at the differences between
these rolling stock types in terms of design, particularly in terms of the sources and transfer paths,
it is probable that one can draw relevant conclusion on how to improve the quality of future new
or modified rolling stock.
Moreover, passenger surveys therefore are highly recommended to compare before and after a
major overhaul of existing rolling stock.
Psycho-acoustic approach
Similar to the assessment of benefits for the perception of residents, the psycho-acoustic approach
could be used to assess the quality on interior noise in existing rolling stock. Using the most
suitable indicators may indicate which sources are the most relevant (for example, if pure tones
are dominant, probably the converter should be looked at). Some sounds, like rattling, should be
completely avoided.
But similar to the perception of residents, assessing the benefits for interior noise involves the
choice of the proper indicators and developing a threshold value, which for interior noise is much
more complex than for resident’s perception. Therefore, we do not prefer the psycho-acoustic
approach for this application.
Auralisation and jury testing
Auralisation and jury testing is a promising method to assess the benefits of certain interventions.
The auralisation and visualisation refers to the experience of someone travelling on a train.
In the DESTINATE project, NLR investigates the feasibility of a tool to auralise and visualise this
experience. For visualisation, video recordings within a moving train will be combined with 3D
models of the train interior. An interior noise prediction framework is developed by MBMM. An
interior noise simulator can be used for purposes of jury testing and demonstration of specific
measures to improve the interior comfort in the train for passengers. Deliverable 3.2 will discuss
this interior framework.
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Soundscape approach
The soundscape approach has been introduced in paragraph 4.5.5 of the previous chapter. The
use of the MoSart app, developed by Sound Appraisal, is envisaged as an experiment supporting
the work in DESTINATE.
The idea is to ask people about their “appraisal” of sound during their train trip. There would be
a record of that sound of about 30 to 60 seconds, which the staff carrying out the survey would
collect. This record would be analysed by Sound Appraisal. This would, in the end, lead to a
“translation” from physical parameters like presence of tonal or impulse noise, presence of
speech, and loudness, to the personal parameters which are pleasantness and dynamic properties
of the sound.
Conclusion
Broadly spoken there are 2 methods to assess sound quality: physical analysis of the sound signal
(under the somewhat misleading flag of psychoacoustics) or via the analysis of the responses of a
panel of persons exposed to the sound (jury method). Both have their merits, and they can even
be used in combination. A single best psychoacoustic index could not be found; instead indices for
specific purposes (like speech intelligibility or reverberation time) may prove useful if such need
arises. Proof for the effectiveness of most other indices is on thin ice.
The jury method is particularly useful when dealing with complex sounds of known sources. Setting
up the listening experiments is challenging and may turn out more costly than a simple
measurement and having software derive the indices.

4.7 Conclusions and outlook to validation
The decision support tools to be developed in DESTINATE are supposed to serve as a tool for
infrastructure managers, railway operators, vehicle manufacturers, as well as politicians and the
general public. The methods developed will be evaluated in work package 4. It is very important
that the evaluation and analysis of these tools focuses on relevant, practical situations.
Many of the parties mentioned are represented in the Horizon 2020 complementary project FINE1.
The present paragraph is intended to specify, in agreement with the participants in both projects,
a limited list of specific and representative situations that are suitable to serve as test cases for
the decision support tool(s) to be developed.
In setting up these specific and representative situations various criteria apply:
1. Noise is to be controlled where and when it is annoying. The project is not only about noise
level reduction but also about improvement of acoustic comfort.
2. Acoustic comfort is not only about the noise exposure of residents living in the vicinity of a
railway line, but also about passengers travelling on a train.
3. The assessment of costs and benefits of regular noise abatement measures, such as noise
barriers and sound proof windows, is reasonably straightforward and has been done before.
For example: life cycle costs for barriers are reasonably well known and the benefit can be
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expressed in terms of reduction of numbers of residents exposed to certain noise levels. In the
previous chapter it has been discussed how these numbers can be transferred into financial
terms.
4. Acoustic comfort however is a much more experimental field of interest. Comfort indicators
have not been harmonised yet, and deciding whether something is an improvement or not may
have to be based on listening tests or field surveys. The typical situations to be used as test
cases for the decision support tool(s) will have to allow the application of different
interventions to improve the acoustic comfort and to assess the cost of these interventions.
5. The definition and specification of the representative situations needs to be sufficiently
precise and detailed so that consistent model calculations and simulations can be made.
6. The number of specific and representative situations shall be limited in order to maintain focus
and uniformity.
For legal requirements, the intention is to demonstrate and evaluate different mitigation
measures on some typical sections. In theory, some of the following situations could be simulated:
•

A straight track in flat landscape (track and ground level of buildings in an identical level),

•

Track on embankment (ground level of buildings is lower than the track),

•

Track in a cutting situation (ground level of buildings is higher than the track),

•

Situation with a typical bridge (corresponding to the situation in IP 3),

•

Eventually also a situation in a curve (if special measures will be developed).

In practice, for validation purposes only, a limited number of situations will be selected for
simulation.
For the other fields of application, i.e. residents’ perception and interior noise, tools will be
developed within DESTINATE that could allow simulations typical for these applications.
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5 Part II: Framework for interior noise prediction
Name

Organisation

contribution

Nathan Isert

MBBM-RAIL

Main author

Otto Martner

MBBM

Second author

This chapter summarises the interior noise modelling of task 3.2. The focus will be on the
methodology and the fundamental basis for the prediction rather than on exemplary results. The
later will be part of deliverable 4.1 alongside the validation.

5.1 Interior noise prediction modelling
Interior noise prediction
An overview over some commonly used noise prediction tools and methods was given in chapter 4
of deliverable 2.1 from the DESTINATE project. These could roughly be grouped into the following
categories:
•

Deterministic modelling with FEM/BEM aims at building a 3-dimensional model of the test
object assigning physical properties, formulating restraints and deriving the dynamic
response to an excitation from solving the vibrational problem of the global structure. This
will often only work in the low frequency regime due to the high computational effort. The
result of the modelling highly depends on the precision of the pre-processing steps. Carried
out with care, a deterministic modelling gives the user a high degree of confidence in the
result of the prediction.

•

Statistical modelling such as SEA looks at the average transfer of energy from one part of
the system into another. These methods produce fast results but require sensitive tuning
of input parameters (i.e. coupling loss factors), which often require experimental tests for
validation. Only averages can be predicted, which also means the method is prone to errors
at low frequencies.

•

Predictions based on experimental analysis methods require an actual test object to
perform some initial characterising tests on. The characterisation must be representative
for the targeted application; hence it will often only be applied to subsystems wherein a
minor part is being exchanged. The characteristics derived from extensive experimental
probing such as the OTPA allows for predictions based purely on the basis of these
experimental results for any given excitation. This however requires the test object to not
be changed. A change in the structure of the test object must be accounted for by altering
the corresponding characteristics (i.e. transfer functions). Experimental analysis methods
are often applied to generate input for statistical methods or validate the results of
deterministic modelling.
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Hybrid models combine any number of the above mentioned methods. Any modelling is an
investment which comes at a cost/effort weighted against the gain of information/reliability of
the result. At the same time the expected benefit of a noise mitigation measure is oftentimes
derived from modelling and hence the model with its methodologies has a high impact on the
decision taken on a specific noise problem. The decision process itself and the question of how
costs and benefits are best weighted out against each other is subject to the previous chapter. At
this point it may only be stated that any modelling that reliably predicts the effect (benefit) of a
measure (design change) is valuable to the decision process. The effort, time requirement and
costs for the modelling itself is thereby limited by the requirement that generally there is a given
budget to a project and that the decision must be made within a certain time frame.
Interior noise prediction on the basis of OTPA
The transfer path methodology was described in chapter 4 of deliverable 2.1 as was the conceptual
methodology of an operational transfer path analysis (OTPA). We shall therefor restrict ourselves
to a short and comprehensive description of the actual operational transfer path method used and
shall then focus on the possibilities and limitations one has in such a model to predict and simulate
the interior noise for traffic scenarios and design changes.
The OTPA is built from experimentally derived characteristics, which are the transfer paths from
all relevant sources to a receiving position, here in the interior of the train. Unlike deterministic
models, the OTPA is not directly interconnected with a 3-dimensional model, which may make it
more difficult to grasp. We however shall see in the following that the transfer paths are inherent
to the assembled structure and hence may be viewed as a frequency equivalent to the spatial
dynamics of the train.
If a structure is loaded with a force it will respond by deforming or the buildup of stress.
Deformations and stresses at one point in the structure may also cause corresponding deformations
and stresses in other parts. If the loading force has a time dependency, i.e. by being cyclic or a
short impulse, the deformations and stresses will travel as waves in the structure causing other
parts in the structure to displace in response. The amplitudes of these displacements are therein
related to the physical properties of the structure such as Young’s modulus, density, etc. A 3dimensional model is generally able to visualise the effect a load has on a structure. To determine
the noise contributions from various sources to an interior position in the train, the deterministic
model calculates the displacements of all adjacent surfaces, which are then translated into
radiated sound through a radiation model.
A statistical model estimates the energy transmitted, which it generally does without using a 3dimensional model. It instead uses predefined coupling loss factors to account for the transfer of
energy from one part in the structure to another. Oftentimes these coupling loss factors are
derived from experimental tests or deterministic modelling, they may however also be estimated
by other means. This makes statistical modelling a fast tool for estimates for the cost of reliability.
The OTPA model uses transfer functions, which again describe the transmission of a physical
quantity such as displacement, velocity, acceleration or pressure from the source to a receiver. It
thereby shares some distinct features with a statistical model. Like the statistical model it has no
related geometrical model, yet unlike the statistical model it generally maintains a higher degree
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of information, such as phase and frequency resolution. Unlike both other models, the OTPA model
does not give easy excess to information for points in the paths or distinct positions from the
receiver. The transfer function is the result of the displacements, stresses and radiations from
above, yet the information of which part of the structure caused which part of the loss is lost in
measuring only point to point transmissions. This makes the OTPA or any model based mainly on
transfer functions a tedious approach for any kind of troubleshooting without a clear definition of
hotspots (receiver positions) prior to the examination. It also requires a test object to perform
measurements on. The OTPA’s main advantage is that it is relatively easy to apply as in comparison
to building a deterministic model and still highly accurate estimates in comparison to a simple
statistical model. It is also able to cover the entire frequency range, which both of the other
prediction approaches struggle to do.
To better be able to envision the OTPA approach, we will take a look at Figure 18 and study its
left most drawing. Two distinct sources are schematically drawn in the figure, one being the rolling
contact of the wheel tread on the rail head (red) and the other the climate aggregate (HVAC) with
its fans and compressor (green). Both sources emit airborne noise and structure-borne noise in its
close proximity. The airborne noise of the wheel-rail contact largely stems from the vibrating
wheel and rail (with its support). The airborne noise of the HVAC stems either directly from fans
(aerodynamic noise and secondary noise from structure vibrations) and the compressor (radiated
vibrations of its surface) transmitted through the enclosing capsule or openings in it, or from
surface areas in close proximity, which radiate noise in consequence to the structural excitation.
The airborne noise contributions from both sources can be transmitted to the interior. In addition
to the transmission of a pressure wave through a separating wall, there may be excitation of wall
modes which then lead to secondary noise generation.
Both sources on the left hand side in Figure 18 are also drawn as to be emitting structure-borne
noise into the train body. In the case of the wheel-rail contact, the excitation is caused by the
periodic or impulse-like up and down of the rolling wheel on a combined roughness profile of rail
head and wheel tread. This causes the axles to vibrate and transmit some of the vibration through
the secondary and primary spring into the train body. Similarly, the HVAC will induce motion into
the car body through its mounting points. The cause to the excitation thereby is the operation of
the compressor and/or any imbalance in the fan rotation. As a consequence to the induced
structural vibrations on the interior surfaces, the later may radiate sound. Our test person riding
the train will therefore be exposed to a mixture of noise components stemming from two sources,
but taking various paths to his ears.
The OTPA approach considers paths instead of a geometrical model. It does so by assuming a fixed
(linear) relation between a source and a receiver (person sitting inside) and calculates the
contribution of the source to the noise at receiver position from an appropriate number of transfer
paths. The emissions of a source are split into sound pressure radiated from the source (recorded
with a microphone in close proximity) and vibrations induced into the passive structure (recorded
with acceleration sensors adjacent to the mounting points of the source to the car body). All three
translational degrees of freedom should be taken into account. The source representations are
schematically displayed on the right hand side in Figure 18. The representation for the rolling
contact may be moved up to the passive structure. This however means that the excitations from
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additional sources in the bogie, such as engines and gearboxes will get intermingled with the
rolling contact excitation.

Figure 18: Noise transmission and source representation Left: Schematic drawing of transfer
paths for airborne and structure-borne noise from two distinct sources (rail-wheel contact and
HVAC). A reference person sitting inside is subject to the sum of the transmitted airborne noise
as well as the secondary noise radiated in consequence to the structure-borne excitation.
Middle: Cross-talking contributions at the position of the other source. Right: Source
representations from using microphones (orange crossed circles) close to the airborne noise
source and having accelerometers (blue boxes) in the main transmission paths from structureborne noise sources (generally on the passive structure/car body side). The person inside is
substituted by a microphone (black crossed circle).
To determine the transfer functions from all the relevant sources (or rather their representations)
to the receiver position in the interior, the OTPA uses the excitations from operation. Therein the
full transfer characteristics may only be derived from a broad variety of different operations (the
entire frequency range of interest should be covered). From the measurements at operation the
transfer matrix (or rather the transmissibility matrix) is calculated. As all transmissibility functions
are being determined from parallel operation of multiple sources, cross-talking contributions are
to be expected at the location of one source representation from some of the other sources (see
middle graphics in Figure 18). To circumvent cross-talking and to be able to rank source
contributions to the receiver signal, the intermingled source responses are decomposed into
uncorrelated components. This process was sketched out in chapter 4 of deliverable 2.1.
In the above approach of only source representations plus a receiver, the calculated contributions
of a source to the receiver signal is the sum of all its transmissions through all possible paths. For
an effectively noise mitigation it may become necessary to additionally separate the contributions
from different paths. This requires additional sensors (microphones and acceleration sensors) in
the most prominent transfer paths. Selection of sensor positions for source representations and
the selection of paths to track alongside is a delicate process, as it may impact the quality and
reliability of the result.
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OTPA measurements on a tram vehicle
Within the DESTINATE project there was a measurement campaign carried out to collect input
data for the interior noise prediction model to be built upon. The measurements were all taken
on a Stadler Valencia (STAV) vehicle operated on the local tram network in Valencia. A light rail
vehicle (LRV) was equipped with multiple accelerometers and microphones and then various
operational conditions of the vehicle were recorded. The measurements are used as an input to
the operational transfer path analysis (OTPA), which links the interior noise in the LRV to its
sources and transfer characteristics respectively. The main line used for the test was line 4 of the
Valencia tram network. All tests were carried out between the 20th and 28th of September 2017.
The front part of the tram vehicle was being equipped with microphones close to airborne noise
sources and in all relevant transmission paths for airborne noise. Acceleration sensors were
mounted at the coupling points of structure-borne sources and in all relevant paths for structural
vibrations. A schematic drawing of the tram with some of the sensor and microphone positions is
displayed in Figure 19. Opposite to the description in the graphics, the tram cars equipped were
CAR B and CAR D, which however are symmetrical to the CAR A and CAR C in the drawing. A
partition wall made of a wooden plate covered with absorption material was installed to separate
the front part of the vehicle from the rest. The drivers stand was not part of the test setup. The
wheel roughness was determined on all four wheels in the front bogie. Roughness on the wheel
tread was found to be good.
With the measurements running all along line 4 of the Valencia tram network, the impact of the
infrastructure and specifically the rail roughness was expected to vary significantly. In the OTPA
approach the sum of all infrastructure related vibrations induced into the car body as well as the
sound generated from it is captured with acceleration sensors and microphone in the transmission
paths. Unlike tram bound sources, the excitations caused by the infrastructure are not an integral
part of the operation of a train itself, but rather of an operation of that train on a specific track.
It is important to know whether a high interior noise contribution from the rolling noise is caused
by bad infrastructure condition or rather by the fact that mitigation in the transmission paths of
airborne and/or structure-borne noise into the car body is insufficient. The impact of the
infrastructure on the rolling excitation was therefore determined by means of an indirect
acceleration measurement at the axle boxes in combination with geo positioning (GPS). The
methodology for this is sketched out in Figure 19.
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Figure 19: OTPA setup on the tramlink Schematic drawing of the tram prototype. Sensor and
microphone positions are displayed as coloured squares (acceleration sensors) and crossed
circles (microphones). Dashed lining indicates the position being not within the drawing layer.
There are additional positions underfloor. At the location of the purple line a partition wall was
installed (sealed stiff wall covered with absorption material).
A total of 66 acceleration channels were recorded alongside 54 microphones capturing sound
pressure. Three microphones in the interior were used for a reference. In addition to the
transmissibility functions derived from the operational tests, impulse hammer excitations were
measured at all sensor positions accessible to hammer excitation with all the full set of
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acceleration sensors recording responses. No acoustic transfer functions could be determined due
to the background noise in the workshop was too much of a disturbance.
The acceleration sensors and microphones were positioned to at the location of the following
sources and in the following transmission paths (S standing for acceleration sensors on the
structure and M for microphones):
•

Roof aggregates (S mountings on HVAC side, S roof coupling, M HVAC housing, S traction,
S+M cooling unit),

•

Bogie (S secondary spring, M at wheels, S at axle boxes, M gearbox/engine, S cross dampers,
S push-pull rods),

•

Coupling from CAR B to D (S at dampers, S at joints),

•

Car body surface (M at windows, doors, gangway, underfloor, panels),

•

Interior (M seat and standing place, M in cooling air channel).

Unless stated otherwise all acceleration sensors were placed on car body side. All measurements
were done using the multichannel measurement device MKII and the measurement software PAK.
In addition to the acceleration sensors and the microphones, the speed of the tram was recorded
in parallel and the geo positioning information (GPS) tracked separately.
Sound synthesis in OTPA
The actual operational transfer path analysis was done using the software PAK. Modifications to
transfer paths or input time signals were generally calculated in MATLAB. A subset of the
measurements was chosen as basis to calculate the transfer matrix from. These measurements
had a variety of operational conditions (speed, aggregate operation, infrastructure, routing) which
ideally represent all the important excitation stages the tram may experience in normal operation.
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Figure 20: Example transfer functions Left: Transmissibility function (transfer function) between
the acceleration measured in vertical direction above the secondary spring and the sound
pressure recorded at the microphone of the reference point. Right: Transmissibility function
(transfer function) between the sound pressure at the engine/gearbox and the microphone of
the reference point. Note: The unit scale is offset by an arbitrary constant value.
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In a first step the transfer functions for all sensor/microphone positions to reference microphones
in the interior were calculated in PAK using a crosstalk canceling algorithm (principal component
analysis). The results could then go into the synthesis process in a second step. Transfer functions
or rather transmissibility functions were determined directly from acceleration and sound pressure
as exemplarily depicted in Figure 20.
The synthesis again is built in PAK and uses input time signals from all the sensors and microphone
positions to calculate the signal at a reference microphone position from the transfer functions
(transmissibility functions) and all those inputs. Figure 21 depicts the synthesis setup for the
DESTINATE operational transfer path measurements at the tramlink in Valencia. Therein the
individual contributions from all of the input channels are summed up to represent sources or
paths respectively. Airborne (ABN) and structure-borne (SBN) noise contributions are treated
separately, such that the evaluation of all the contributors also reveals the principal nature of the
sound transmission into the vehicle. From deliverable D2.1 (DESTINATE, July 2017) we may recall
that the fundamental equation of the transmission from an input (source representation) to a
reference point was
𝐕𝐕𝑅𝑅 (𝑓𝑓) = 𝐓𝐓𝑅𝑅𝑅𝑅 (𝑓𝑓) ∙ 𝐕𝐕𝐼𝐼 (𝑓𝑓)

(1)

𝐕𝐕𝑅𝑅 (𝑡𝑡) = 𝐓𝐓𝑅𝑅𝑅𝑅 (𝑡𝑡) ⨂ 𝐕𝐕𝐼𝐼 (𝑡𝑡)

(2)

Where 𝐕𝐕𝐼𝐼 stands for the input signal, 𝐕𝐕𝑅𝑅 for the signal at the reference position and matrix 𝐓𝐓𝑅𝑅𝑅𝑅
for the transmissibility function connecting these two. The equation holds true for input and
reference signals in the frequency domain. In the time domain the simple pointwise multiplication
turns into a convolution

The input, reference and transmissibility functions are the time domain correspondents to
equation (1). For the actual synthesis of a time signal the transfer functions (transmissibility
functions) are therefore transformed into corresponding FIR filters applied to the input time
signals.
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Figure 21: Interior noise synthesis in PAK The source inputs are recordings at all sensors and
microphones from a measurement (first column). The transfer matrix is determined from a
subset of all the measurements using the principal component method (second column). The
individual contributions for the input channel are summed up to represent contributions from
entire sources or paths respectively (third column). Finally, total airborne (ABN) and structureborne (SBN) noise contributions are added up (fourth column) and the total synthesised signal is
calculated (OTPA – here for the reference microphone position M46)
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Noise contribution ranking in OTPA
If there were any openings to the outside in the passenger compartment or if the sealing of the
car body (windows, panels, doors, floor, etc.) had a low transmission loss, the airborne noise is
expected to have a significant contribution or even be dominant at operations with high exterior
noise generation. Likewise, noise from interior noise sources such as aeroacoustics noise generated
from the flow of air out of the cooling system is likely seen in a large airborne noise contribution
to the total noise. Structure-borne noise generated as secondary noise from structural excitations
will likely require different mitigation measures than airborne noise issues. In either case it is vital
to know the origin of the noise in order to be able to abbreviate it. Any measure taken on sources
and transmission paths that were not significantly contributing in the first place are futile.
Within the OTPA the individual source and transfer path contributions are separated and thus can
be ranked for an in depth evaluation of the interior noise. Exemplary evaluations of the tramlink
vehicle used within the DESTINATE project are shown in the following figures.

Figure 22: Example of an OTPA result Bottom left: train speed (green), recorded sound level
(black) and synthesised sound level (red). Top: APS of recording (right) and synthesis (left).
Bottom right: contributions to the synthesis for the window selected in the APS of the synthesis.
Figure 22 is an example of an OTPA result. The bottom left shows the train speed of the
measurement m_26 (green), the recorded sound level at the refrence position M46 (black) and the
synthesised sound level at the same position (red). The synthesis is calculated from the input
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sensor signals of all microphones and accelerometers within the measurements of m_26 in
combination with the transfer matrix derived from a different set of measurements beforehand.
The top depicts the auto power spectrum (APS) of the recording (right) and the synthesis (left).
On the bottom right the contributions to the synthesis are shown for the window selected in the
APS of the synthesis. The contribution analysis indicates that at a speed of 50 km/h engine and
rolling noise dominates and that the larger part of the noise stems from structure-borne
transmissions.
To be able to interpretate the ranking in the contribution analysis the abbreviations are shortly
explained in the following. Therein the prefix M_ stands for a microphone (airborne contribution)
while all names without are related to structure-borne contributions.
Acronym

Description of source/path

ab. sec.
B/D_coupl.
cooling_unit
cross_damper
dampler_car_D
HVAC
pullpush
trafo
M_wheel
M_gearbox
M_gangway
M_underfloor_a
M_bellow
M_underfloor_b
M_B_doors
M_B_windows
M_B_panels
M_D_doors
M_D_windows
M_D_panels
m_cooling_air
M_cooler
M_HVAC
SBN
ABN
M46_OTPA
M46_orig

Acceleration induced into car body at secondary spring
Coupling element between car B and car D
Mounting of engine cooling unit to the roof of car B
Damper from bogie to car body horizontal and crossed to driving
Damper between car D and B (accelerometer on D)
Mounting points of HVAC on roof of car D
Push/pull rods from bogie to car body
Mounting of transformer on the roof of car B
Microphones close to wheel/rail contact
Microphone close to gearbox
Microphones below the gangway/bellow
Microphones on the underfloor of car B
Microphones at the sides of the bellow
Microphones on the underfloor of car D
Microphones on the doors of car B
Microphones on the windows of car B
Microphones on the side panels (skin) of car B
Microphones on the doors of car D
Microphones on the windows of car D
Microphones on the side panels (skin) of car D
Microphone in the air duct coming from the HVAC
Microphones close to the cooler unit on the roof
Microphones around the HVAC unit on the roof
Sum of the total contributions from structure-borne noise
Sum of the total contributions from airborne noise
OTPA synthesis of the sound signal at reference position M46
Sound recording at reference position M46 (seat in car B)
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Figure 23: OTPA source ranking for standstill and at 50 km/h Combined measurement/synthesis
of the tram at standstill with engine on idle and HVAC on (up to second 60) and a driving run at
max speed 50 km/h. The standstill noise is underestimated by the OTPA synthesis. The
contribution analysis clearly shows the highest noise stemming from the HVAC, cooling unit and
the air duct. Overall the main transmission path is structure-borne.
In Figure 23 and Figure 24, two additional OTPA analyses are depicted. Figure 23 shows the impact
the operation of the HVAC has on the interior noise at the reference position M46 while the tram
is at standstill with the engine on idle. The overall level is dominated from contributions of
structure-borne noise. There is a mismatch of the overall noise level from the synthesis to the
recording. This has mainly two causes. For once there was noise generated by the people on the
train (talking and moving about) and secondly the synthesis suppresses high frequency
components. The lack of precision for high frequency noise components stems from the fact that
the repetition of principal components being determined from a residue must be aborted at a
certain point. The modes containing the high frequency noise is weak. It therefore often remains
uncorrelated to any source and discarded in the process. The error is minimised for increasing the
number of principal component considered and the range of the frequency for which the transfer
functions are being determined.
Figure 24 shows a measurement of the tram running at only 25 km/h on a track section with low
rail roughness. The HVAC was operated at max cooling (compressor and fan) and still the overall
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level at the reference position M46 is dominated from the engine and rolling noise. This changes
for the reference position M48 in car D, where the contributions from the HVAC become distinct.
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Figure 24: OTPA interior response positions Comparison of the two response positions M46 (seat
in car B) and M48 (standing height in car D) for a measurement of the tram running at 25 km/h
with the HVAC on. The rail roughness in the section for the contribution analysis was low. The
overall noise level is still dominated from rolling/engine noise at the reference position M46. At
M48 the noise level is considerable lower and the contribution analysis as well as the APS clearly
shows the impact of the HVAC (structure-borne noise).
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5.2 Modelling design changes within an OTPA model
The synthesis process in PAK allows for several ways the actual synthesis of a signal at the
reference point from a number of input signals may be interacted with. So far the model
represents the vehicle as it was measured initially. To account for design changes or to estimate
the impact of mitigation the synthesis must be changed accordingly. The following principal
methods for simulating a change within the sound synthesis are possible. Thereby the method
chosen also depends on the expected nature of the noise to be simulated (steady state or dynamic)
and the boundary conditions to the evaluation (predicting design changes or designing lower noise
solutions).
1. The ranking of sources and contributing paths from 5.1.5 allows focusing on the most
promising parts. A natural question to ask would therefore be: what happens if I were able
to reduce the noise from the dominant source by a given factor, i.e. 10 dB? With the focus
only on overall noise levels, this may be achieved from simply weighting the inputs to a
contribution with an appropriate factor.
2. For altering single noise sources or individual paths, a FIR filter function may be introduced
in the PAK synthesis. This is particularly useful for realising exchange functions,
representing the change in input acceleration or sound pressure for replacing one source
with a different one. A function could also be designed to account for any difference in
characterisation measurements on a mock-up as in comparison to the built in situation on
the train.
3. If the desired interior noise levels at the receiver positions are not always met or a given
limit is violated for certain operational conditions, the problem may be reversed by
changing the reference noise level to match the desired one and recalculate the transfer
paths and source contributions to see what requires changes to achieve this. PAK readily
offers a simple version of this called response modification analysis (RMA). Generally this
is achieved by applying filters to the response signal in advance to the principal component
analysis that determines the transfer characteristics for all the sources and paths.
4. For time varying excitations such as corrugated tracks that are unlike any of the recorded
ones within the OTPA measurements, it does not suffice to apply filters in the frequency
domain (even ones that are transferred into the time domain for the actual sound
synthesis). Instead the input signals must be altered to incorporate the time variance.
Altering time signals must be done outside of PAK, however PAK allows for exporting and
reimporting entire measurements.
In the following the above described methods for interfering with the sound synthesis in PAK shall
be discussed in some more details and with some examples at hand. It is important to remember
that a transfer function model on the basis of OTPA is unable to easily be updated for fundamental
changes to the vehicle, such as ones significantly altering the stiffness, size or material properties
of the structure defining the transfer characteristics. We will only consider a single interior
reference point, but the procedure is similar for taking into account several positions.
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Modifying the synthesis by applying weighting factors
If the target is a reduction in the overall noise level at the interior reference position, however
with no specific mitigation measures in mind, the fastest way of exploring the impact of a broad
band mitigation measure in selected paths or for specific sources may be to change their weighting
in the summation of the synthesis (see Figure 21). With changing the contribution of a dominant
source or transfer path, not only the overall noise level at the receiver position is altered but also
the frequency content and hence the listening experience may change.
Figure 25 shows an example of a real driving test from the OTPA measurements in Valencia once
as measured/synthesised without any design changes applied and then with the contributions from
the structure-borne excitations above the secondary spring reduced by a factor of 3 from using
0.33 as weighting factors within the inputs of the third column in Figure 21 for ab sec.
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Figure 25: OTPA: weighting factors - Weighting factors may be used to change the impact of
individual sources or paths in the synthesis. Exemplarily this was done here for the structureborne accelerations above the secondary spring which were factored only at 0.33 to lower their
contribution by approximately 10 dB; everything else is unchanged. The synthesised time signal
(APS on top left) still resembles the original signal (top right) but the listening experience may
already differ.
In result the noise contribution of the structure-borne excitation from the rolling noise is lowered
by approx. 10 dB. This also lowers the overall noise level and changes the dominant contribution
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to be airborne noise. It is not said that one can find a technical solution to realise this kind of
mitigation but the ability to narrow down measures to specific paths/sources can help save the
effort for most promising mitigation candidates.
Modifying the sound synthesis with FIR filters
Similar results to the ones from the weighting factors may be obtained from adding in FIR filter
functions into the sound synthesis.

Figure 26: OTPA: filter functions - FIR filter functions (i.e. right) added into the synthesis (left)
in between the source signals and the transfer matrix. The input signals of the original
measurement are altered by the filtering to mimic the exchange/modification of the
source/path.
The filters are chosen such that they change the input signal of a given OTPA measurement to a
desired input representing a design change of a sources and/or transfer paths. In Figure 26 the
structure-borne accelerations representing the HVAC were altered from an operation with only
the fans operating in the HVAC to one were the compressor was running at steady state. The FIR
filter thereby is the transfer function between the two operational states; it was obtained from
two measurements. The difference may also stem from a mock-up measurement; however no true
exchange of sources were available to the DESTINATE project to test this.
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Figure 27: OTPA: Example FIR filter (simulating HVAC operation) - Results for synthezising the
HVAC operation from a standstill measurement with the aggregate switched off. On the upper
right part of the figure the APS (time signal) of a measurement with HVAC on is displayed. On
the upper left the synthesised signal is shown, which was generated purely from adding
appropriate filters in the synthesis path for all HVAC related sensors and microfones. On the
lower left the noise level is displayed for the the original measurements with and without HVAC
operation and the synthesis. The lower right graph depicts the expected contribution changes
from the operation of the HVAC (blue) as in comparison to the contribution analysis for the
measurements with (red) and without (green) HVAC operation.
In Figure 27 the results of the synthesis are shown as comparison between the original
measurement with HVAC operation and the synthesis on the basis of the measurement without
HVAC operation. Notably the original measurement has higher content of high frequency noise to
it which is diminished in the synthesis. The synthesised signal also appears to have more
fluctuation. This is partly due to the fact that the FIR filters don’t add to signal but rather amplify
a given signal to be of approximately the same level and frequency composure as the original
signal. This means the synthesis inherits a bad signal to noise ratio from the standstill
measurement without HVAC operation. The contribution analysis on the bottom right in Figure 27
suggests that the synthesis using FIR filters to simulate the sound generated from HVAC operation
underestimates the contributions from various other sources. The noise generated from the flow
of air in the ducts and from the fans is broadband and it is difficult to distinguish the principal
components were there is a lot of broadband background noise. It is therefore unclear if indeed
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the contributions of other sources are as high as the measurement analysis with the HVAC switched
on suggests. In the end this is of little importance to a design oriented analysis, as the main
contributors are significantly higher than any of the sources/paths showing deviations. It should
also be kept in mind that the synthesised signal is missing in high frequency noise components in
comparison to the actual measurement with HVAC operation and it could well be the sources and
paths disregarded in the FIR simulation of the HVAC noise are contributing parts of it.
The discussion from above highlights how important it is to include all the dominant paths and
sources in redesigning on the basis of existing measurements. It also shows that simplistic
approaches such as the above example of an HVAC operation can readily capture the most
prominent characteristics of the noise but may not sound quite the same. To have better sound
like experiences the input signals would have to be superimposed with the sound contributions
from the added source. It may also be helpful to determine more of the principal components, as
much of the high frequency noise is random and hence belongs to multiple components.
FIR filters may also be used to simulate the change from operating a source on a mock-up to
operating it on the train. In this case filter represents the transfer function between the responses
at the coupling points on the mock-up to the response at the same coupling points on the train.
Different sources characterised on the mock-up may thus be simulated in the OTPA from using an
exchange filter function in combination with a filter function accounting for the difference in
mock-up operation. For this to work, one source must have been part in the original OTPA
characterisation and the exchange sources must share some similarities with it, such as mounting
positions.
Response modification analysis (RMA)
Response modification analysis is a tool within the cross talk canceling CTC (principal component
analysis) of PAK that allows to manually altering the sound level of part of the signal at the receiver
position to a level that is more desirable. The tool uses bandpass filters and lets the user modify
the noise level through lowering or increasing the position of supporting nodes of a polygon fit to
the new centerline for the noise level in a selected time range. The convolution with the filter
changes the original time signal. The result is saved and used in the CTC to derive alternative
transfer functions. A comparison of the contribution analysis for the original and modified receiver
signal shows what could be done to the individual contributors to arrive at the desired noise level.
RMA is specifically useful where under certain circumstances the noise levels rise and it is unclear
what would best be done to prevent or mitigate the high noise.
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Figure 28: OTPA: Example response modification analysis - Result of a response modification
analysis (RMA), where the sound level or the original recording at the interior receiver position
(red curve on the bottom left) was band pass filtered in the time intervall 55 to 70 seconds to be
6 dB lower on average (blue). The result of the response modification was saved and used in the
CTC to redetermine a set of transfer functions. A new synthesis was made and the sources/paths
ranked according to its new transfer characteristics. The upper left: APS of modified time signal,
upper right: APS of original recording; bottom right: comparison of the contribution analysis for
the original response (red) and the modified response (blue). The high noise clearly stems from
rolling noise and must be mitigated in all paths dominated by rolling noise. CH131 denotes the
tram speed.
In Figure 28 RMA was used on a high noise interior recording of the driving tram (second 55 to 70).
The tram was going over a corrugated part of the track. To see what the RMA would make of this,
the section for the corrugated track in the interior sound signal was manually modified as depicted
in the below Figure 29. The new transfer matrix solving for the modified response was used in the
synthesis to yield the APS on the upper left. The contribution analysis in Figure 28 (bottom right)
for the modified interior sound field (blue) suggests that mitigations should indeed concentrate
on all paths dominated by rolling noise. It is a relic of the new transfer matrix determination that
indicates the contributions from some paths would actually increase.
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Figure 29: Manual modification of the interior sound signal in the RMA tool of PAK.
The concept of response modification is not limited to the bandpass filtering offered within the
RMA tool. Having once solved the problem for the original response will always give the user the
opportunity to manipulate the response (i.e. by selective filtering supressing certain frequencies)
and comparing the recalculated transfer characteristics to the original ones to see what would
have to be done to achieve the desired solution.
Simulating time varying processes
Some operational conditions or traffic scenarios generate time varying excitations, for which the
methodology presented so far may only predict averages. An example is the rolling excitation of
the train on a corrugated track. The dynamics cannot be captured in the synthesis alone, as it
operates in the frequency regime, but must rather be contained in the input signals already.
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Figure 30: OTPA: time signal modification - Left: acceleration above the secondary spring on a
corrugated track (blue) with a scaled running mean of the dynamics up to 20 Hz (red curve).
Right: acceleration above the secondary spring at a similar speed on a good track (green),
corrugated track (blue) and the original signal of the good track modulated (multiplied) with the
dynamics of the corrugation (red). The red signal is the new input signal into the synthesis. It
contains the same total energy as the original signal with the dynamics of the corrugation.
In the following the process of adding corrugation to an OTPA measurement recorded on a good
track shall be discussed. The train speed is assumed to be similar in both scenarios. The green
curve on the right side of Figure 30 shows the acceleration recorded above the secondary spring
on a good track, the blue curve another measurement on a corrugated track. The later
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measurement is independent of the OTPA measurement on the good track. The dynamics of the
corrugation is extracted in two steps. In a first step, an exchange filter function is derived for the
frequency content and strength of the average excitation by direct comparison of the energetic
mean of the two measurements. As both measurements used the same sensor position and the
same vehicle and wheel set, the exchange function is directly drawn from the difference in
spectral density. This may also be viewed as the transfer function for the excitation from running
on a good track as in comparison to running on the corrugated track. In a second step the time
variance of the corrugation is extracted from the measurement on the corrugated track by
calculating the running mean (convolution of the time signal with a rectangle window of width
equivalent to 20 Hz). The scaled result of this process is displayed in Figure 30 on the left hand
side as red curve. The OTPA measurement (green on the right of Figure 30) is modulated
(multiplied) with the dynamics of the corrugation to create the red curve as the new input signal
to the OTPA synthesis. To account for any differences on the two rails, the calculation is done on
both sides; their effect on the structure above the secondary spring is taken as equal for each
wheel on one side.
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Figure 31: OTPA: Example simulation of driving on corrugated track - Top: APS of the
measurement on the corrugated track (right) and APS of the synthesis from modified input time
signals of a measurement on good tracks and FIR filtering on relevant paths (left). Bottom left:
Interior noise level of the train running on the corrugated track (red), the good track (green) and
the synthesis (blue). Bottom right: contribution analysis corresponding to the interior noise
levels.
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A new set of input signals was created from the time modulation and the recordings on a good
track. Only the main contributors for rolling noise were modified (structure-borne acceleration
above secondary spring and airborne sound pressure close to the wheels). Likewise, FIR filters in
the synthesis accounted for the changes in spectral density. The results are displayed in Figure
31. The synthesised interior noise signal has some higher frequency components missing to it in
comparison to the recordings on the corrugated track. This also changes the listening experience.
The overall features are captured and in the synthesised sound files.
The lack of high frequency components in the noise may be addressed from either trying to
calculate more of the principal components and perform the calculation for a wider frequency
range, or from artificially changing the FIR filters to better transfer higher frequencies.

5.3 Outlook to validation
The actual prediction of a set of design changes will be part of deliverable 4.1. It will also contain
a few traffic scenarios such as the train running on free field and running in a tunnel. The
simulation of some of the design changes as well as some traffic scenarios require coupling to
physical models. For design changes this is necessary to approximate the change in the transfer
paths if no comparable operation/configuration exists as a measurement. An example could be a
higher mass of the floor which changes the sound transmission and shifts the resonance
frequencies. For traffic scenarios a tunnel can be simulated from a simple model that
superimposes each microphone position on the outer skin of the train with the most dominant
airborne noise source (i.e. rolling noise) geometrically spread and with some absorption added.
This is equivalent to estimating the airborne transfer paths from the dominant noise source to all
the exterior microphone positions, in the reflective surrounding of a tunnel. Alternatively,
raytracing models with only a single noise source could be used to extract the transfer
characteristics of a given tunnel geometry and its absorption. Those could then in return be used
to generate input signals for the OTPA model from superposing the transmitted noise from all the
selected sources at each microphone position.
The benefit of a design change may be approximated from the different synthesised sound signals
at receiver position by comparison of overall noise level, frequency band noise levels or listening
evaluations. To better capture the impact of an actual design change it is advisable to only
compare synthesised sounds rather than synthesised and recorded ones as the later likely contains
more information, which in a direct comparison would falsely be attributed to the design change.

GA No 730829

105

6 Part III: Specification of methodologies for different types of
sources and train sub-assembly characterisation
Name

Organisation

Contribution

Pawel Komorski

PUT

Main author 6.1, 6.2, 6.4.1,
6.4.3

Bartosz Firlik

PUT

Contribution to 6.4.1, 6.4.3

Tomasz Nowakowski

PUT

Contribution to 6.4.3.1

Grzegorz M. Szymanski

PUT

Contribution to 6.4.3.2

Jenny Böhm

TUB

Main author 6.3

Francis Franklin

UNEW

Main author 6.4.2

Nathan Isert

MBBM-RAIL

Main author 6.4.4

6.1 Introduction
There are several different types of noise prediction approaches (as explained in previous project
deliverable). The main focus of them is a high efficiency of noise simulation and application
flexibility in different kind of railway cases (e.g. traffic scenarios, environmental condition or
infrastructure and vehicle construction). Accurate characterisation of sound sources and train subassemblies is crucial in this context. The virtual acoustic simulation cannot be accurate when input
data are wrong or inaccurate. Especially, the passive sub-assemblies of the rail vehicle have to be
applied in correct form. What is also important, the proper setting of material data (e.g. floor
material or window insulation). With regard to sound sources located in the vehicle, there are
several ISO standards and other procedures which allow determining air-borne or structure-borne
sound emitted by sources. Moreover, proper noise prediction tools lead to cost benefits which are
described in previous sections of this deliverable.
For some equipment manufacturers are responsible for source and sub-assembly characterisation.
On the other hand, many parts of vehicle equipment with acoustic relevance are delivered by
suppliers. They need to provide some acoustic data about the equipment. However there is no
standardised procedure in the European railway industry regarding acoustic source and subassembly characterisation. Furthermore acoustic data can be insufficient in the complex rail noise
prediction context (e.g. provide only overall sound power level instead of third-octave band power
spectrum). Specification of methodologies for different types of sources and vehicle sub-assembly
characterisation will be explained in this chapter.
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6.2 Sources
There are plenty of different railway sound source types which can have various contributions to
overall interior and exterior sound. A sound source can radiate airborne sound or transmit
structure-borne sound (or both at the same time) as explained in previous project deliverable D2.1
(DESTINATE, July 2017). One of the highest railway noise components is the rolling noise (around
80-90% of overall railway noise emission). It is caused by dynamic wheel-rail interaction during
vehicle passage. Structure and amplitude of the rolling noise depend on several track and vehicle
parameters which are interrelated. Even the most silent vehicle will be noisy on a track with poor
technical condition. Railway sound sources are described in the previous project deliverable D2.1.
Thus, in this section there is only a short summary of relevant sound sources (Table 6).
Table 6: Relevant sound sources
Type of noise
Wheel-rail noise

Main cause/source

Environment

Dynamic wheel-rail interaction, excited by wheel and rail

Interior as well as

irregularities, e.g. rolling noise, impact noise,

exterior

squealing/flanging noise
Aerodynamic noise

Only in high speed trains caused by sound pressure

Interior as well as

transmission around external elements of vehicle

exterior

construction, e. g. pantographs, bogies with their
elements, nose/rear of the train, train surfaces, edges and
inter-coach spacing
Traction noise

Sound emitted by vehicle traction equipment which is in

Interior as well as

general located on vehicle bogies and roof, e.g. diesel and

exterior

electric motors, gears, turbochargers, exhaust equipment
Braking noise
Interior noise

Mainly caused by friction between brake discs or brake

Interior as well as

blocks and wheel surface. Also air compressors.

exterior

Noise emitted by vehicle interior equipment, e.g. HVAC

Interior

system, speakers, passengers and others

In the following sections characterisation of vehicle-bound sources (section 6.3) and the impact
of the infrastructure on rolling noise generation (section 6.4) are further studied. For vehiclebound source characterisation, the focus lies on testing the method of in-situ blocked force
measurement for structure-borne sound sources. This is done for an HVAC unit mounted on a tram
roof as example for a typical railway sound source. Validation and applicability of this source
characterisation method will be shown in the next project Deliverable 4.1. In section 6.4, the
focus lies on track/infrastructure parameters influencing the rolling noise. The impact of
corrugation on low-frequency pass by and interior noise is experimentally researched.
Furthermore, it is shown how the rail head condition can be assessed indirectly using the OTPA
measurements as a basis.
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6.3 Characterisation of vehicle bound sources and sub-assemblies
Introduction
The sound pressure level at a certain position inside a train (e.g. a passenger’s ear) consists of the
contribution of a variety of vehicle-bound and infrastructure-related airborne and structure-borne
sound sources. There are various paths from the source to the receiver that modify the source
signal. Figure 32 illustrates the general process. The sound pressure level at a certain position
inside a train consists of contributions from the airborne and structure-borne sound path.
Furthermore, it depends on the interior design (absorption, partitions, etc.).

Figure 32: Vehicle-bound sources and paths that contribute to interior sound.
Airborne sound sources and paths
Relevant vehicle-bound airborne sound sources that directly radiate sound are equipment like
motor, gearbox, transformer, and HVAC. One of the major sources of airborne sound is rolling
noise. Rolling noise is excited by wheel/rail interaction and radiated by both wheel and
infrastructure. Therefore, a train manufacturer cannot fully control this source. At higher speeds
aero-acoustic sound generation gains importance. There are two major paths to an interior
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receiver position. Interior airborne sound sources directly radiate sound inside the train (e.g. HVAC
vents). Exterior sound sources radiate sound outside the car body (e.g. wheel, motor, gearbox,
etc.). The exterior sound field is transmitted through the car body (including windows, doors,
openings) before it reaches the interior.
Structure-borne sound sources and paths:
Structure-borne sound sources generate vibrations that are transmitted to the train structure via
the coupling points. Some relevant structure-borne sound sources are mounted to the car body
(e.g. equipment on the roof or underfloor like HVAC, transformer, pantograph, etc.) others are
mounted to the bogie frame (e.g. wheel, motor, and gearbox). Structure-borne sound is
transmitted via the coupling elements from the bogie to the car body. The vibrating car body
radiates audible sound and thus contributes to the interior sound field.

A train manufacturer has to comply with legal acoustic requirements and additional requirements
that may be set by the purchaser. The earlier acoustic requirements are integrated in the design
process, the more cost-efficient can they be realised. When the first prototype is built and the
acoustic performance can be measured, additionally needed sound mitigation can be difficult to
achieve and expensive. Therefore, accurate prediction of the acoustic performance of the train is
essential. A high uncertainty in the prediction can lead to over- or under-achieving the target
values. Over-achieving the target values can be critical if it increases the production costs. For a
reliable acoustic prediction with low uncertainty, it is essential to have valid prediction tools and
especially accurate input data on source and sub-assembly properties.
As many relevant sound sources and sub-assemblies are produced by suppliers, a train
manufacturer needs to set acoustic requirements to the suppliers. Railway acoustic prediction is
not standardised. Different manufacturers use different prediction tools that may require
different kinds of input data. This means, that a supplier may have to characterise the same source
in different ways to comply with the requirements from different manufacturers. This increases
costs that could be reduced if source and sub-assembly characterisation was standardised in the
railway industry. The complementary Shift2Rail member project FINE 1 strives to overcome these
issues.
From a purchaser/operator point of view, a good acoustic performance of the train is necessary
to avoid complaints from residents and passengers. Target values have to be set for all relevant
operating conditions and in relation to the given infrastructure. The setting of adequate acoustic
target values and testing methods is a difficult task. Over-restrictive values can lead to an
unacceptable increase in costs. If the target values are not strict enough, the acoustic
performance of the train could be below state-of-the-art and give rise to complaints. To find an
optimum solution with regard to cost-efficiency of acoustic design options decision-supporting
tools are necessary. This is one of the topics investigated in DESTINATE.
The informational gain from source and sub-assembly characterisation data is very dependent on
the level of detail. Different levels of detail are shown below.
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Data that are given as average over the complete relevant frequency range (e.g. in dB(A)) allow
a general comparison of sources and sub-assemblies. However, as sound generation and transfer
are very frequency dependent prediction would be very uncertain. To give an example two
imaginary exterior airborne sound sources are compared. Source A emits mostly low frequencies
and source B high frequencies, the overall sound power level in dB(A) is the same. The transmission
loss of the car body is higher for high frequencies. As a result, the overall sound pressure level
inside the train caused by source A is higher as for source B. This cannot be predicted if the sound
power level is only known in dB(A). Therefore, the data should at least be determined as a
frequency average in third-octave bands. From third octave band spectra frequency distribution
can be analysed and annoying tonal components can be identified. For a complete description of
the source and sub-assembly characteristics the time signal or FFT-spectrum is needed. This
information may be used to identify excitation mechanisms e.g. gear mesh frequencies or blade
passing frequency. Moreover, the time signal may be used to identify annoying characteristics like
impulsiveness.
Source and sub-assembly input data can be determined experimentally, through analytical or
numerical calculations or a mixture. For some sources like rolling noise, there are standard
calculation tools like TWINS. Equipment mounted on-board rolling stock is often characterised
experimentally. DESTINATE has a focus on experimental characterisation methods. A discussion of
these can be found in Deliverable 2.1 (DESTINATE, July 2017). Experimental airborne source
characterisation methods are well standardised. Structure-borne sound source characterisation is
less standardised and more challenging because sound transmission depends on the receiving
structure. Often, special test-benches are designed to determine the source data. DESTINATE is
investigating a structure-borne sound source characterisation method to gain receiver
independent source data in the installed condition. The measurements were carried out as part
of WP3 and are described in the following section.
In-situ structure-borne sound source characterisation measurement for an HVAC unit
In-situ measurement of blocked forces is a practical method to cover a wide range of relevant
vehicle-bound structure-borne sound sources. It has the advantage that the measurements can be
carried out while the source is attached to a principally arbitrary receiver. Thus, the receiver can
also be the rail vehicle itself. An HVAC unit mounted on the roof of the TramLink prototype from
Stadler Rail Valencia was chosen as typical railway sound source. The measurements were carried
out at an operator’s workshop in Valencia.
The blocked force 𝑭𝑭𝒃𝒃𝒃𝒃 is a receiver independent quantity to describe the source activity. It can be
determined in-situ from the coupled mobility 𝒀𝒀𝑪𝑪 and coupled velocity 𝒗𝒗𝑪𝑪 using the following
equation (Elliot & Moorhouse, 2008):
𝑭𝑭𝒃𝒃𝒃𝒃 = 𝒀𝒀−𝟏𝟏
𝑪𝑪 𝒗𝒗𝑪𝑪
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This equation is valid under the condition that source and receiver are rigidly connected. Resilient
coupling elements may be counted as part of the source or the receiver.
The determination of the blocked force using above equation requires the inversion of the coupled
mobility matrix. Matrix inversion may amplify measurement errors. In theory, the full matrix
containing all point, transfer, cross and cross-transfer mobilities for all degrees of freedom has to
be determined. In practice, it is common to neglect some degrees of freedom to reduce
measurement complexity. Therefore, it is important to check the validity of the blocked force
determined with the in-situ method.
Measurements
The blocked force was determined in-situ for the HVAC unit installed on the roof, see Figure 33.
In order to check the quality of the measurement results, on-board validation measurements (see
(Moorhouse, et al., 2011)) were carried out at the same time.
In the project, the original coupling elements of the HVAC unit were exchanged with metal blocks
to enhance accessibility of the contact points for hammer excitation and mounting of sensors and
to allow comparison with the exchanged coupling designed for validation. Figure 33 shows the
original coupling elements and the manufactured metal block coupling designed to determine the
blocked force in-situ.
To determine the coupled velocity all other structure-borne sound sources that have a relevant
contribution to vibration at the coupling points of the tested source need to be turned off. For
equipment like an HVAC unit, ideally, an external power supply is used. In the project, this was
not possible. The pantograph had to be connected and the transformer turned on. The
contributions from these other sources were well below the source signal at the coupling points.
The operational measurements were carried out during standstill.

Figure 33: HVAC unit on TramLink prototype with original coupling (top) and metal block
coupling designed to determine the blocked force (bottom).
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To measure the coupled mobility the coupling points were excited with an impact hammer.
Accessibility of the coupling points for excitation can be more challenging when in-situ source
characterisation on board a train is used than when a specially designed test stand is available.
The practical built-in situation does not leave much space to carry out hammer blows. This is
illustrated in Figure 34.

Figure 34: Limited space for hammer excitation at contact points.
For validation and to test transferability of the measured blocked force, a modified coupling
between source and receiver was designed. The metal blocks were exchanged with rubber blocks,
see Figure 35. The rubber block is not fixed on source or receiver side. For mobility measurements,
this does not cause any problem. However, for operational measurements, there is the risk that
the source jumps from the rubber supports and damages the train. Therefore, the source had to
be secured by brackets fixed at receiver side and loosely connected at source side. This can be
seen in Figure 35.
The source characterisation measurements described above were carried out as part of WP3. In
the following WP4 the results will be analysed and discussed in Deliverable 4.1.
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Figure 35: Modified coupling with rubber elements (top) and securing source during operational
measurements on soft coupling elements (bottom).

6.4 Assessing the impact of the vehicle track interaction
Introduction
Considering the overall railway noise emission, the rolling noise is the dominant component. Thus,
the investigation of influence of dynamic wheel-rail interaction on the vibroacoustic emission,
especially inside the vehicle is well-founded. The wheel and rail roughness levels are crucial in
this context. However it has to be mentioned about various types of rolling stock and infrastructure
parameters which have influence on the overall frequency shape and amplitude of propagated
sound wave. Infrastructure parameters have the most influence on noise emission in low and
medium frequency range and cannot be neglected in virtual acoustic simulation context. Thus, it
is important to shortly describe some existing methodologies for characterising railway
infrastructure noise sources. The most relevant infrastructure parameters can be sorted in mainly
three categories: track stiffness (e.g. pads, sleepers, fastening system, ballast types, etc.), wheelrail interaction (e.g. track condition and curvature, types of rail joints, etc.) and infrastructure
type (e.g. different kind of track bed types and track environment). It is explained in detail in the
previous project deliverable D2.1 (DESTINATE, July 2017). Clearly the railway vehicle-track system
is complicated combination. It is essential to provide efficient tools or methodologies to assess
the most important noise sources.
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Methodologies for characterising railway infrastructure sources
This section focusses on main railway infrastructure sources. Vehicle is excited by imperfections
in the track, such as:
•

Rail roughness, both microscale and macroscale (e.g., corrugation).

•

Impact loading from misaligned rails or patterns of uneven wear at rail joints.

•

Abrupt track stiffness changes caused by:
o

Fishplated rail joints – or expansion joints, or insulated joints.

o

Localised track degradation over time, perhaps as a result of inadequate drainage or
overdue maintenance (broken sleepers, missing pads, etc.).

o

Change of track substructure, necessitated by a bridge or tunnel, or a result of shifting
geological conditions.

o

Track geometry features, e.g., switches and crossings.

o

Differences in track parameters between sections of different age, e.g., a change of rail
section (or even rail profile), or different pads, fastenings, sleepers, etc.

The track and the surrounding environment and infrastructure are also excited by the wheel-rail
interaction:
•

•

Noise radiates from rails as well as wheels, and also the sleepers and ballast:
o

Wheel noise is dominant in range 2–5 kHz, while rail noise is lower in frequency; sleepers
contribute more noise at lower frequencies.

o

Frequencies below 250 Hz are particularly relevant for ground-borne noise and vibration,
including vibration and noise emission of ballast.

o

The rail-sleeper system has resonances at around 100 Hz and 500 Hz, although these
depend on pad stiffness and rail and sleeper masses.

o

For most track forms the rail is supported periodically, typically with a sleeper spacing
of 60 cm, resulting in a ‘pinned-pinned’ resonance.

o

The first two pinned-pinned frequencies are in the regions of 950 Hz and 2.2 kHz.

o

The periodic support of the rails also filters the wave patterns that can propagate along
the rails.

Environment and support infrastructure can be excited as secondary noise sources:
o

Viaducts, especially steel viaducts, have a large radiative surface above ground level.
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o

Soft ground support can be a problem for high-speed traffic; if train speed exceeds the
wave speed of the soil, this causes a sonic boom effect.

The vehicle and track systems are not independent, and how they interact is critical:
•

Track and vehicle suspension form a combined system with resonances that depend on the
whole system.

•

The size of the contact patch between wheel and rail (on the order of 15–20 mm) has the
effect of averaging out shorter wavelengths of wheel and rail roughness (corresponding to
frequencies above about 5 kHz).

There is no model that captures all the complexity of wheel-rail noise analysis, but TWINS (Track
Wheel Interaction Noise Software) addresses the core problem of noise generated by vehicle-track
interaction, taking into account radiation from wheels, rails and sleepers. TWINS is used
extensively by the railway industry for noise modelling (and is integrated, for example, in
Bombardier’s BRAINS tool), and has been validated experimentally. It can predict noise levels
close to the track to within about 2 dB, and damping materials and tuned absorbers can be
included in the model.
An earlier alternative to TWINS is RIM (wheel/rail impedance model); these and other noise
modelling tools are described in D2.1.
For standardised higher-level approaches to modelling railway noise and vibration:
•

For modelling, measurement and mitigation of ground-borne noise and vibration, ISO
13837-1:2005 (Mechanical vibration — Ground-borne noise and vibration arising from rail
systems) provides an overview and reference.

•

CNOSSOS-EU is a methodology for noise assessment developed for the European
Commission, and consists of a framework for classification and measures. Values of the
contact filter and vehicle and track transfer functions have been provided for a selection
of common cases (but must otherwise be determined through measurement or modelling
with, e.g., TWINS).

CNOSSOS-EU is integrated into CadnaA (Computer Aided Noise Abatement) noise prediction
software, which is being used by HS2 for noise modelling.
ISO 13837 and CNOSSOS-EU provide effective frameworks for assessing noise and vibration, but
require suitable databases of input parameters and transfer functions for the specific
environments, track forms and vehicles in use. For cases not covered by existing databases, these
parameters can be determined experimentally or through the use of validated noise modelling
tools such as TWINS.
Impact of corrugation on low frequency noise generation
Examination of the impact of corrugation and wheel surface irregularities on low frequency noise
emission will be discussed below. These kinds of experimental research were also made by several
researchers in the past, e.g. (Grassie, 2009), (Han, et al., 2018), (Janssens, et al., 2006), (Sadeghi
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& Hasheminezhad, 2016), (Thompson, 1996), (Thron & Hecht, 2010), (Wu & Thompson, 2006).
However not all of them are complex. Many of such works do not include interior and exterior
vibroacoustic signals or include only rail roughness measurements. What is more important, none
of them concern light rail vehicles and urban transportation. In this task the vehicle-track dynamic
interaction is described and examined with respect to the low frequency sounds (50-250 Hz)
resulting from the wheel and rail irregularities. The main focus of this research is the dynamic
interaction that leads to interior noise inside the railway car. However, exterior vibroacoustic
emission was also measured during pass-by tests. Experimental research is well-founded among
other project assumptions, like a cost effectiveness analysis of selected railway noise abatement
methods. Also development of decision supporting tools is related with this task. Corrugated track
and wheel surface in poor technical condition are something unacceptable, especially for
passengers. That is the reason of the influence on decision made by infrastructure and vehicle
managers.
6.4.3.1 Research methodology
Experimental study consisted of two different steps. In the first part, the rail head and wheel
tread acoustic roughness measurements were carried out in accordance to ISO 15610 standards.
The rail roughness device during measurements is presented on the left side in Figure 36.
Corrugation on the rail surface is also visible.

Figure 36: Rail roughness device (left side) and wheel roughness device (right side) during
measurements.
The wheel roughness device under measurement condition is shown on the right side in Figure 36.
All wheels of the four selected vehicles were measured. However, in further work only trailer
bogie wheel roughness was taken into consideration. The highest wheel roughness values occurred
between 5 and 32 cm wavelengths.
In the second part, several vibroacoustic measurement series have been made during pass-by tests.
The vehicle’s speed was about 50 km/h. Interior and exterior vibroacoustic measurements were
carried out simultaneously. Due to the aim of this task and lack of additional motor/gear noise
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emission, the vibroacoustic signals emission only from trailer bogies was taken into further
examination. The weather condition during research was optimal for noise measurements (no rain,
approx. 50% of humidity, temp. 4°C, wind speed less than 3 m/s). The pass-by measurements were
carried out during night time conditions, when background noise did not influence experiment
results. Five vibroacoustic measurements were made for each vehicle and on each track. A
significant amount of different measurement data can provide well-founded analysis.
The location of noise and vibration measuring devices inside and outside the vehicle is shown in
Figure 37. Complex interior measurements included three microphones (MI-1,2,3) type B&K 4958
located above each tram bogie (according to ISO 3381 standard). On the floor, above the trailer
bogie, one-axis vibration transducer (T-1) type B&K 4519-002 was mounted (according to the ISO
12299 standard). Also one three-axis vibration transducer (T-2) type B&K 4504-A was placed on
the axle box of the trailer bogie. On-board GPS system was used to point out the measuring cross
section. Thus, interior measurements could be harmonised with exterior measurements.

Figure 37: Measurement points location: MI-x - inside microphones, MO-x – outside microphones,
T-x – vibration transducers.
Exterior vibroacoustic measurements consisted of three microphones (MO-1,2,3) type B&K 4958
located at different points of the track: 1 m (on the height of 0.5 m above the ground), 3 m and
7.5 m (on the height of 1.2 m above the ground – according to the ISO 3095 standard). Also two
vibration transducers were mounted on the rail web (T-3) and on one of the track sleepers (T-4).
Thus, rail vibrations on the z-axis were measured during the vehicle-track dynamic interaction.
Two photocells were located on both sides of the track. Signals emitted between them were used
to pinpoint the start and the end of a tram passage. Furthermore, the time selection of signal
measurements was determined. Therefore, all acoustic measurements were synchronised in the
speed domain.
Four different tramway vehicles were chosen for the examination (Figure 38). The selection was
based on the operator’s data (different wheel diameter, wear and mileage) and own observations.
All vehicles were in good technical condition which is important due to their vibroacoustic
emission. This type of vehicle is a full low-floor articulated tramway, with five carbodies and three
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bogies. Only the middle one is a trailer bogie. The main technical parameters of the tramway are
shown in Figure 38.

Figure 38: The research object - Tramino Solaris S105p tram.
All experimental research was conducted on a tram network in Poznań (Poland). Two different
types of tracks with different corrugation wave and wear were selected for examination. Selected
sections of tracks are ballasted and separated from the road traffic (as shown in Figure 39). Track
A is composed of rail type S49, mounted on pre-stressed concrete sleepers with fixing system type
SB-3. Track B is structurally different and is located at Poznan’s Fast Tram route. The track is
composed of rail type Ri59 with mounting system type K on wooden sleepers. The main difference
between track constructions is the ballasting level. On track A up to the level of the rail head,
and on track B up to the sleepers’ surface.

Figure 39: Two different tracks selected for the examination.
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6.4.3.2 Selected combined roughness and vibroacoustic analysis
The wheel and rail effective acoustic roughness levels are expressed as one-third octave spectra
with respect to wavelengths. Combined acoustic roughness levels were calculated according to
equation:
𝑳𝑳𝒓𝒓,𝒕𝒕𝒕𝒕𝒕𝒕 (𝝀𝝀) = 𝑳𝑳𝒓𝒓,𝒘𝒘 (𝝀𝝀) ⊕ 𝑳𝑳𝒓𝒓,𝒓𝒓 (𝝀𝝀)

The frequency filter (high pass) of the contact patch can be ignored in this assessment, because
the comparison is focused only on the low frequency bands. Two different combined roughness
wavelength spectra are shown in Figure 40. Combined roughness amplitude levels are high in
context of limited values in wavelength bands. Typical corrugation wavelengths in both examples
are between 5 and 50 cm. This wavelength range corresponds to low frequency sound between
30-270 Hz. Shapes of combined roughness were influenced by irregularities of both rails and
wheels. Moreover, wheel roughness had a major influence on the shape of the graphs in the
presented results. In comparison to railway noise, the rail roughness has more significant impact
than the wheel roughness. It is probably caused by stricter railway procedures for rail and wheel
grinding, especially in passenger trains.
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Figure 40: Two selected combined roughness measured on different tracks (A and B) and
different vehicles (No. 525 and 547).
The comparison of sound pressure level (SPL) and combined roughness spectra are shown in Figure
41 and Figure 42. Both interior SPL are processed signals from microphones located in the middle
of the trailer bogie (previously marked as MI-2). Acoustic signals recorded by microphones at a
distance of 7.5 m from the track axis are marked as exterior SPL. The A-weighted characteristic
is not applied in this specific analysis, however it was intended by the authors to see how roughness
in low frequencies influences the raw acoustic wave (without filtering). Results are expressed as
one-third octave spectra in a low frequency range. This range is relevant in context of impact of
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combined roughness on sound emission. The significant correlation between the combined
roughness and sound emission can be observed. In the first example there is an increase of
combined roughness in lower frequency bands, between 40-100 Hz. It can be observed in a similar
case of sound emission. In the second example the combined roughness is higher, between 100500 Hz frequency bands which translates into higher SPL in this range. Differences in dB amplitudes
(even 5 dB when interior SPL is considered and even 10 or more dB when exterior SPL is considered)
are visible especially between the 63-500 Hz bands in both examples.
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Figure 41: The roughness and acoustic spectra comparison measured on the B track and tramway
No. 525.
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Figure 42: The roughness and acoustic spectra comparison measured on the A track and tramway
No. 547.

Moreover the correlation coefficients (Table 7) were calculated to show the relations between
wheel and rail irregularities and vibroacoustic emissions in several research examples. These
values are taken from signals processed in the full rolling noise frequency range, also including
low frequency bands (30-5000Hz).
Table 7: The correlation coefficients between combined roughness and vibroacoustic signals

Combined
Roughness

Interior
SPL

Exterior
SPL 7,5m

Floor
Vibration

Wheelset
Vibration

Rail
Vibration

Sleeper
Vibration

0.91 ÷ 0.93

0.92 ÷ 0.95

0.55 ÷ 0.69

0.08 ÷ 0.09

-0.72 ÷ -0.57

-0.72 ÷ -0.57

The correlation coefficients between roughness and sound emission are above 0.9 which points to
a significant relation. Thus, it is vital to monitor wheel and rail surface condition by a frequent
grinding process. Usually, in the tramway field it is not as common as in the railway. Considering
the floor vibration, there is extensive roughness influence in low and medium frequency bands.
Vibration amplitude levels in a whole rolling noise frequency range are high while roughness levels
are decreasing with increasing frequency. Similarly with respect to wheelset vibration where
vibration values are enormous (between 120-140 dB re 10-6 m/s2 as shown in the Figure 43). There
is no correlation between wheelset vibration and combined roughness in presented results.
However it is obvious that the tram suspension characteristics determine how well the vibrations
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are damped before reaching the vehicle body. Opposite phenomena occur with track vibration.
Rail and sleeper amplitudes vibration are small in low frequencies and increasing in medium and
high frequency bands. Thus, the correlation with roughness signals is negative.
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Figure 43: The roughness and vibroacoustic spectra comparison measured on the B track and
tramway No. 525.
Based on experimental research the influence of rail and wheel irregularities on the vibroacoustic
emission in low frequency bands was proven. The acoustic combined roughness spectra for several
research examples were calculated and compared to vibroacoustic emissions expressed in onethird octave spectra. Wheel roughness levels measured from motor bogies were not taken into
examination due to worse surface technical condition (the negative sand impact) and due to
additional noise sources, namely gears and motors, in vibroacoustic signal measurements.
Moreover, the correlation coefficients between combined roughness and vibroacoustic signals in a
rolling noise frequency bands were calculated. Based on the examination it can be concluded that:
1. There is a significant correlation between sound pressure levels and acoustic combined
roughness (the correlation coefficient above 0.9).
2. The floor vibration is not as related to roughness as sound pressure levels. This is highly
dependent on vehicle suspension and damping characteristics.
3. The wheelset (axle box) vibration is not related to roughness in rolling noise frequency
range at all. It is most likely due to extensive vibration levels throughout all low and
medium frequency range. However it can be observed some correlation between 50-100
Hz frequency range.
4. The negative correlation occurred between combined roughness and track (rail and
sleeper) vibration. It means that combined roughness does not influence z-axis track
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vibration in low frequencies. The main vibration amplitude occurred to 200-500 Hz, 2000
Hz and 4000 Hz frequencies.
Research shows that not only rail roughness (corrugation), but also wheel roughness has strong
influence on the overall noise emission. It is a slightly different case than in a railway where rail
roughness is the main component in combined roughness and noise emission. Nevertheless, a more
frequent grinding process of wheel and rail surfaces is one of the best solutions for decreasing the
level of vibroacoustic emissions, especially in the urban rail transport where dynamic wheel-rail
interactions are rapidly changing.
Furthermore, based on the measurements, the transfer function between different vibroacoustic
signals can be calculated. Using the OTPA assumptions, a basic interior and exterior sound
prediction can be carried out. Transfer function between the source (wheelset vibration) and the
receiver (interior noise emission) can be estimated (example is shown on the Figure 44),
considering wheel and rail roughness changes alongside.
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Figure 44: Transfer function between the accelerometer measured in vertical direction on the
fourth vehicle axle box (wheelset vibration) and the sound pressure recorded above the middle
bogie (microphone MI-2).
Indirect assessment of rail head condition within the OTPA measurements
The OTPA measurements were taken on a single vehicle (TramLink) supplied by Stadler Valencia
operated on the local tram network in Valencia. The TramLink is a light rail vehicle (LRV) which
was equipped with multiple accelerometers and microphones and various operational conditions
of the vehicle were recorded. The entire line 4 of the Valencia tram network was driven up and
down. All tests were carried out between the 20th and 28th of September 2017 during the night
times at good weather conditions of approx. 20°C and with no rain. To link the interior noise to a
specific operational condition or a certain boundary condition it is vital to document as much
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information as possible. The information may then be used to clearly distinguish between different
scenarios and be able to assert a change in excitation either to an operation or boundary condition.
For this purpose all the tram operational conditions were documented alongside taking the
measurements. The speed and GPS coordinates of the tram were recorded constantly, such that
maps may be used to determine some of the features of the surrounding. There was little traffic
or other disturbing exterior noise sources during the night. Parameters important to the
interpretation of the results are:
•

Train parameters (speed, operational condition, wheel tread condition),

•

Route parameters (curves, crossings, switches, reflective objects, mixed traffic zones),

•

Infrastructure parameters (rail head condition, decay rate, structural changes).

The wheel roughness of the first bogie on the tram was measured and found to be good. The wheel
roughness is determined according to EN 15610:2017. The measurements were carried out using
an m|wheel measurement device from Müller-BBM Rail Technologies. Results are displayed in
Figure 45. The measured roughness on all four wheels was better than the average wheel roughness
on a typical disc-braked wheel. Only at small wavelengths below 2 cm do the results slightly
exceed the reference curve. No significant excitations from wheel defects are to be expected.
The rail roughness is determined according to EN 15610. It was measured using an m|rail trolley
measurement device from Müller-BBM Rail Technologies. The rail roughness was determined at
two distinct measurements sections in line 4 of the Valencia tram network over 25 m. The section
1 denoted as into the city was in between two stopping points, where the tram would generally
be going at constant speed. The section 2 indicated as out of the city is in the breaking zone of a
station. As expected the breaking zone displays some clear rail head corrugation.
There is grooved rail along the largest parts of line 4 of the Valencia tram network. No further
information is available for the track superstructure. The support could not be seen and the
stiffness and damping of the track components were unknown. A track decay rate measurement
was done on section 1.
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Figure 45: Left: Average roughness for all four wheels in the first bogie of the TramLink. Right:
roughness of the rail head at two distinct reference positions in line 4.
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The track decay rate measurement procedure is defined in the standard EN 15461. “It is applicable
for evaluating the performance of sections of reference tracks for measuring railway vehicle noise
within the framework of official approval tests. The method is not applicable for characterising
the vibration behaviour of tracks on loadbearing structures such as bridges or embankments” [EN
15461]. Therefore it is strictly speaking not applicable to the embedded grooved rail that line 4
of the Valencia tram network largely consists of.
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Figure 46: Track decay rate of the embedded grooved rail in section 1 on line 4 of the Valencia
tram network.
The track decay rate is a measure for the vibrating surface area from the rail in response to a
point excitation and therefore proportional to the radiated sound from the rail. To evaluate the
impact of the rail noise contribution it was measured at one location and only in vertical direction.
Figure 46 shows the result of the track decay rate measurement.
At low and high frequencies any vertical excitation of the rail decays fast. At mid frequency range
(300 Hz -800 Hz) particularly the left rail displays high response mobility. The result has a high
uncertainty to it as it was an embedded grooved rail and the positions for hammer excitation could
not be interlaid with the support. Due to the embedding of the rail the actual vibrating surface
area may be small because only the rail head is seen.
To gain information on the rest of the line the direct roughness measurements were used as
calibration for an indirect roughness measurement on the entire track. For this task the vibrations
at axle box position were evaluated, taking into account the excitation response as well as
correcting for the actual speed of the tram. The calibration uses the narrow band spectra from
the roughness measurement with the m|rail trolley device and relates this to a matched narrow
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band spectra for the vibration on the same section of the track. In result to the calibration a
wavelength spectra of the rail head roughness can be calculated for any section on the track. One
spectrum was calculated for each GPS coordinate. GPS data was obtained every 0.5 seconds. At
maximum speed this sets the resolution to approx. 7 m.

Figure 47: Example for the indirect roughness calculation. The coloured line in the map indicates
the rail head condition. The spectrum on the left is the result of the calculation for the good
section (blue box) and bad section (red box).
Figure 47 shows a small extract of the results from the calculation. The sections shown were also
the ones used in the discussion of the OTPA synthesis for m_27 in chapter 5.2. Below a larger part
of the map is displayed with a roughness indication using the scale:
•

Green:

Good to ok rail head condition,

•

Yellow:

Weak corrugation / intermediate roughness levels,

•

Red:

High roughness / corrugation or rail head discontinuities.

From the maps and coloured roughness/corrugation indicator below it can be followed that
roughness/corrugation tends to be high
•

In narrow curves,

•

In sections where the trams typically break (stops),

•

At crossings with car traffic (streets).

While there was a correction for the tram speed made in the roughness calculation, both for the
selection of the range of wavelengths considered as well as the higher response at the axle box
sensors from higher driving speeds, there is still a partial correlation to the speed left in the
calculation. To improve the measurements one would have to use driving tests at a more constant
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speed in the entire line. Parts of the result from the indirect assessment of the rail head condition
in line 4 of the Valencia tram network is shown in Figure 48.

Figure 48: Part of the roughness indication map for line 4 of the Valencia tram network.

6.5 Outlook to validation
The work started in WP3 will be carried on in WP4. WP4 contains validation and further application
of source characterisation measurement methods. The results will be part of deliverable 4.1. As
in WP3 the focus will be on measurements taken under realistic conditions at train-level.
Validation of the measurement results is aimed for by comparison with standard methods or
comparison of prediction and measurements. Feasibility and applicability of the methods will be
investigated with focus on application at train level.
Regarding structure-borne sound source characterisation, the in-situ measurements for an HVAC
unit on a tram roof (section 6.3.2) will be analysed and validated in WP4. Investigation of the
impact of railway infrastructure on interior and exterior sound of tramways (section 6.4.3) will be
extended to different infrastructure types such as bridges and tunnels. Additionally airborne sound
source characterisation for interior sources will be investigated in a tram.
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