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Environmental Impacts of High-Speed Rail.
Part 1: Acoustic Impacts
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Summary

The article discusses issues related to acoustic impacts generated by high-speed railways. It indicates the most important
legal regulations concerning noise in railway transport and characterises the main sources of noise generated by high-
speed railway lines. It attempts to determine the negative acoustic impact on various elements of the environment during
the construction, operation and decommissioning of a high-speed railways. Furthermore, it also outlines the most fre-

quently applied solutions to minimise this impact.
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1. Introduction

A major challenge in the process of increasing ur-
banisation is to provide adequate conditions for the
rapid movement (Latin: mobility) of the population.
For this reason, the promotion of the construction or
expansion of high-speed railway systems has been no-
ticeable for many years. Maintaining economic growth
while taking environmental protection into account is
one of the main “obstacles” affecting the further devel-
opment of the global economy. The increased environ-
mental awareness of society mandates the consideration
of the environment in the development of all sectors of
the economy, including rail transport. As a result, indi-
vidual sectors have started to implement environmen-
tally friendly solutions or reduce their negative impact
on the environment [1-5].

Rail transport is considered to be one of the most
environmentally friendly modes of transport. Emis-
sions of pollutants emitted by means of rail transport
to the environment are definitely lower than in the
case of road or air transport [ 6, 7]. Therefore, the
further development of the railway system, including
high-speed lines, taking into account the principle of
sustainable development, is a very important aspect.
This principle involves such a socio-economic devel-
opment, which integrates political, economic, and so-
cial activities while maintaining natural balance and
permanence of basic natural processes in order to
guarantee the possibility of satisfying the basic needs

of individual social groups and citizens, both today
and for future generations [8].

The implementation of the construction/moderni-
sation of the railway line and its subsequent operation
must comply with environmental protection require-
ments. Consideration of environmental principles
will significantly enable the reduction of the nega-
tive impact of the investment on the surroundings.
A major challenge lies in identifying all the factors
that can affect the environment and its processes, not
only the obvious ones that are easily measurable (such
as noise or air pollution) but also those that are dif-
ficult to identify (landscape). Defining all the sensi-
tive elements of the environment, their sensitivity and
the most important features and processes will make
it possible to identify the threats that may have an
adverse impact on its condition and will enable the
identification of possible solutions, actions, or safe-
guards to protect them from negative impacts. The
main threats connected with the construction, mod-
ernisation, and operation of a high-speed railway line
include:
® noise emissions,

e vibration emissions,

e land occupation, change of terrain, impact on the
landscape,

e impact on valuable natural areas, including pro-
tected areas,

e impact on biodiversity, including protected habi-
tats. plant and animal species,
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emissions of pollutants into the atmospheric air,
impact on climate,

impact on surface and groundwater,

other impacts (e.g. impacts on historic monuments,
cumulative and transboundary impacts) [9].

The first part of the article presents issues related
to the acoustic impact generated by high-speed rail-
way vehicles. It discusses the legal aspects regulating
noise in high-speed rail transport, characterises its
sources, determines the influence of acoustic impacts
on the environment and presents the most important
noise-reducing solutions.

A report by the European Environment Agency
[10] shows that rail transport is the second largest
source of noise in Europe. It affects approximately 4%
of the population during the day-evening-night peri-
od and 3% of the population during the night period,
making it one of the more troublesome sources of en-
vironmental pollution [11]. Adequate recognition of
the impacts generated by high-speed railway vehicles
will enable effective selection and implementation of
solutions to reduce the impact of noise on the envi-
ronment and its elements.

2. Assessment of noise nuisance in
normative acts

The main legislation laying down rules on protec-
tion against rail noise is Directive 2002/49/EC of the Eu-
ropean Parliament and of the Council of 25 June 2002
relating to the assessment and management of environ-
mental noise [12], which aims to define Community
measures to reduce noise from major sources, includ-
ing but not limited to rail transport. Member States are
obliged to determine the level of exposure to environ-
mental noise by drawing up noise maps (at least every
5 years) for, inter alia, railway lines on which more than
30,000 train sets pass annually. Common methodolo-
gies and assessment indicators make it possible to ob-
tain comparable results from all EU Member States, on
the basis of which preventive and mitigating measures
are defined for the prevention and protection of acous-
tic climate quality in areas with no exceedances [13, 14].

When discussing the legal acts that define the
framework for rail transport at the European level,
it is important to mention the technical specification
for interoperability relating to the subsystem ‘rolling
stock — noise’ (hereinafter TSI Noise) [15]. This docu-
ment defines permissible sound levels for stationary,
starting and pass-by noise for railway vehicles, includ-
ing high-speed vehicles.

Stationary noise is the noise generated by a rail-
way vehicle when stationary in the normal state of

Polak K.

engagement of engines and auxiliary equipment, in-

cluding, but not limited to, cooling systems and air

conditioning (compressors). For stationary noise, limit

values under normal conditions have been defined for:

e the equivalent continuous sound level A of the
unit (LpAeq,T[unit])’

e the A-weighted equivalent continuous sound level
at the nearest measurement position “i’, including
the main air compressor (L', eq1)-

Limits for stationary noise levels for electric mul-
tiple units (including, but not limited to, high-speed
railway vehicles), are presented in Table 1.

Table 1

Limits for stationary noise levels [15]

Type of rolling stock

LpAeq,T[llnit] [dB] LipAeq,T [dB]

Electric multiple

. 65 68
units

Starting noise limits for high-speed vehicles for
the maximum sound level with A correction and
FAST time constant (L,p,,.,) were set at 80 dB for
electric multiple units travelling at speeds of less than
250 km/h. For vehicles with higher speeds, the limit
value was set at 83 dB.

For noise from the passage of high-speed vehicles
(electric multiple units), the maximum limit values
for the equivalent continuous sound level A are de-
fined in Table 2.

Table 2

Limits for pass-by noise [15]
Type of rolling stock = L x.qmpisokmm) [AB] | Lpacq1p(250 knsm [AB]

Electric multiple

. 80 95
units

For high-speed railway vehicles with a maximum
speed of 250 km/h, the pass-by noise must be deter-
mined at 80 km/h and at the maximum speed of the
unit. If the maximum operating speed v max of the
unit is greater than 80 km/h and less than 250 km/h,
the pass-by noise must be measured at 80 km/h and at
the maximum speed of the unit. Both measured val-
ues of the pass-by noise must be normalised to a ref-
erence speed of 80 km/h L, 10 kmmy Dased on the
following relation [15]:

LpAeq,Tp(80 km/h) = LpAeq,Tp(Vtest) - 30 log 80 kt:'tl/h (1)

where: V,

test

- speed recorded during the measurement.
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The normalised value must not exceed the limit
value Ly s.q 1p(s0 sy S€t OUL in Table 2.

For vehicles with an operating speed of 250 km/h
or more, the pass-by noise must be measured at
80 km/h and at the maximum speed of the unit, but no
more than 320 km/h. The pass-by noise measured at
80 km/h must be normalised, using the relation (1), to
a reference speed of 80 km/h L, 1(s0 km/m)- The pass-
by noise values for the maximum speed of the unit
must be normalised to a reference speed of 250 km/h
L req1p(250 iy according to the following relation [15]:

v
test (2)
250 km/h

LpAeq,Tp(ZSO km/h) = LPAeq,Tp(Vtest) -50 IOg

where: V,

est

speed recorded during the measurement.

The normalised value must not exceed the limit
value set for the reference speed of 80 km/h, i.e. 80 dB
and 95 dB for a reference speed of 250 km/h.

Environmental protection against noise is regu-
lated by the Environmental Protection Act (EPA) [8]
together with implementing acts, which ensure that
noise is kept below or at the very least at the permis-
sible level, and where this level is exceeded, that noise
is reduced to at least the permissible level. The basic
tool defined by the EPA for limiting excessive noise
in the environment is the assessment of the acoustic
climate of the environment, which implements the
provisions of Directive 2002/49/EC [12], as described
at the beginning of this chapter.

An important tool for protecting the environ-
ment against noise is the determination, by way of
a regulation [16], of permissible noise levels caused by
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individual groups of noise sources, including railways.
The regulation divides noise-protected areas according
to their function and type of development, establishing
different noise limit values for the daytime (6:00 a.m. to
10:00 p.m.) and the nighttime (10:00 p.m. to 6:00 a.m.).
Noise limit values for railways, covering the different
groups of areas, are presented below (Table 3).
Standards are vital in shaping European and na-
tional legislation on environmental noise protection.
The most important documents relating directly or
indirectly to the acoustic impact of rail transport are
standards covering the measurement of noise emitted
by rail vehicles [17], the calculation of aerodynamic
impacts caused by passing trains [18], requirements
for noise protection devices [19-24] and sound at-
tenuation during propagation in open space [25, 26].

3. Noise sources in railway vehicles

Noise generated by passing high-speed rail vehi-
cles depends on many factors ranging from the tech-
nical condition of the rolling stock and the railway
line to traffic density to terrain and speed [27-29].
Noise sources in rail transport can be divided into
5 groups: rolling noise, impact noise, squealing noise,
starting and braking noise and aerodynamic noise.
For high-speed rail, the dominant noise sources are
rolling noise and aerodynamic noise. With this in
mind, for the purposes of this article, the author only
characterised these two noise sources.

The sound created at the wheel-rail interface and
transmitted to the vehicle structure and track compo-
nents is known as rolling noise. The main factor gen-
erating such noise is wheel and rail vibrations, even

Table 3

Permissible values of noise for railway lines [16]

No. Intended use of the area

a) spa protection areas A,
b) hospital premises outside urban areas.

a) single-family housing development areas,

¢) social care homes,
d) hospital premises in urban areas

a) multi-family and collective housing development areas,
b) homestead areas,

¢) recreation and leisure areas,

d) residential and service areas.

b) developed areas associated with a permanent or temporary stay of children and youth,

Permissible noise level [dB]

LAqu LAeqN
daytime f=16h night-timet=8h

50 45

61 56

65 56

4. | Areas in the inner-city zone of cities with more than 100 thousand inhabitants 68 60
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though their contact area is only about 1.5 cm?® The
unevenness of the rail and wheel running surfaces
leads to vibrations in both components. By spread-
ing, these vibrations condition the generation of the
sound radiation of the individual parts, which are the
components of rolling noise [27, 30].

The noise at the wheel-rail interface is generated
by the roughness of their surfaces (macro roughness),
which causes these components to move against each
other (vibrate). Vibrations are transmitted to both in-
contact structures equally, i.e. regardless of which ele-
ment has the greater roughness [31]. If a wavelength
A [m] is applied to either part and the vehicle is mov-
ing at a speed v [m/s], a sinusoidal vibration will be
generated at a frequency f [Hz], according to the fol-
lowing relation [32—34]:

f= 3)

Y
A

where:
f - frequency [Hz],
v - vehicle speed [m/s],
A — wavelength [m].

Rolling noise on high-speed trains is most signifi-
cant at speeds up to about 200-250 km/h. The rolling
noise level is strongly dependent on the vehicle speed
and increases by about 9 dB as the speed doubles. The
frequency range is between 50 Hz and 5,000 Hz, with
higher frequencies characterised by wheel vibrations,
medium rail vibrations and lower frequencies corre-
sponding to sleeper vibrations [27, 35-38].

Aerodynamic noise is generated by the movement
of particles in an elastic medium (air) and not by vi-
brations in solids. With this in mind, the higher the
vehicle speed, the greater the aerodynamic interac-
tions [39]. While a railway vehicle moves, its various
components — primarily the pantograph, the running
gear (bogie) and the body - cause non-uniform flows
of air layers [40, 41]. Due to the different technical
designs of railway vehicles, aerodynamic noise can
dominate at different speeds for specific high-speed
vehicles. Nevertheless, studies to date have con-
firmed that this type of noise occurs at speeds above
250 km/h [33, 42, 43].

Around a railway vehicle travelling at high speed,
the elastic medium (air) is put into motion, in the
form of a flow of layers ranging from free to zero
movement (at the surface of the vehicle body). Par-
allel layers of air move at different speeds, creating
disturbances (turbulence) in the movement of the air
near the vehicle’s surfaces. The thickness of the layer
affected by airflow disturbance (the so-called bound-
ary layer) is about 2 m behind the front of the train,
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increasing significantly along the train’s vertical axis
and becoming the widest at the track surface [27, 33,
44, 45]. A schematic of the airflow boundary layer is
shown in Figure 1.

Boundary layer

y=2117 mm

Track axis

y=1358 mm

Level of rail head

Fig. 1. Airflow boundary layer schematic [40]

The aerodynamic noise spectrum for high-speed
trains is considered to be broadband noise, with a fre-
quency range between 800 Hz and 4-5 kHz [46, 47].

4. Impact of high-speed rail on the
acoustic environment

Noise is one of the most diffuse pollutants in the
environment and is one of the main concerns regard-
ing the environmental impact of high-speed rail proj-
ects. Acoustic events on a railway line can be heard
as many as several hundred metres away [48]. Noise
nuisance depends on many factors, such as the vol-
ume of traffic, the type of railway vehicles, the tech-
nical condition of the unit and the railway line, and
the terrain. Considering the subjective perception of
each individual (whether human or animal), acoustic
impacts can vary considerably for different sections
of a high-speed railway line. Determining the impact
of noise on the environment requires knowledge of
the local population structures, the state of the natural
environment, as well as the land use in the vicinity of
the railway line.

When carrying out an impact analysis for the re-
construction or expansion of a high-speed railway
line, the impact condition of the existing line should
be taken as a reference. The analysis should include
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an assessment of the impact during the projects con-
struction, operation and decommissioning phases.

During the construction phase, negative acoustic
impacts will be related primarily to the operation of
heavy equipment and other construction machinery
and the need to transport construction materials and
raw materials. The level of noise nuisance along the
railway line will vary greatly and be more noticeable
near the interchange (station), engineering structure
and other construction sites, as well as near construc-
tion site camps and machine operation areas. Con-
struction work may cause discomfort among nearby
residents; however, any such nuisance would be tem-
porary, effectively ceasing once the project is complet-
ed. In the case of construction work, we are dealing
with short- to medium-term noise. Since the param-
eters influencing noise emissions, i.e. vehicle types
and the technical condition and number of equip-
ment and machines used for construction work and
the duration of their operation, are largely unknown,
detailed noise predictions for the construction phase
are impossible. Based on the list of basic construction
machinery used during specific work and a simple re-
lationship defining noise decrease with distance [40],
the author believes that no significant risks from noise
emissions should be present at 50-70 m from the
project site.

Wildlife may be adversely affected during the con-
struction phase as it will be driven away from the
settlement areas and forced to change its migration
routes or periodically abandon its feeding or breeding
grounds. However, as in the case of human impacts,
this will be a temporary impact, limited to a certain
area, which will cease once all construction work is
completed.

During the operational phase, acoustic nuisance
will be associated with high-speed vehicle traffic. In-
formation on the types of vehicles, traffic volumes and
land use near the high-speed railway line is required
to accurately determine the spatial distribution of
noise levels. The input data used to develop the noise
propagation model would enable the detailed repre-
sentation of the environmental noise level distribu-
tion in the form of isolines. An example map with the
noise level isolines from the railway line is shown in
Figure 2.

The railway line may cause a nuisance in the
neighbouring noise-protected areas like single- and
multi-family housing development areas, developed
areas associated with a permanent or temporary stay
of children and youth, hospital premises, social care
homes and spa protection areas. Excessive and pro-
longed exposure to noise can lead to mental and phys-
ical health problems in addition to discomfort.

<0-450B(A)
45-50dB (A)
[ /50-55dB(A)
B 55-604B (A)
- Peo-esdB(A)
i 6s-704d8 (A)
P 70-754dB (A)
B 75-804dB (A)
I I :e0aB A

Fig. 2. Example map of a railway line with noise level distribution (isolines) [49]
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According to a World Health Organisation (WHO)
report [50], noise exposure can cause slow but per-
manent hearing deterioration by damaging internal
hearing system structures. Prolonged or excessive
noise results in health problems such as cardiovascu-
lar disease, cognitive impairment in children, tinnitus
and hearing loss. Noise can also cause poor concen-
tration, increased stress levels, lower productivity at
work, as well as irritability, problems communicating
with people, chronic fatigue and, in the long term,
even immunity problems [51].

Wildlife can also be adversely affected by noise
during the operation of a high-speed railway line.
Acoustic impacts can have many behavioural and
physical effects on wildlife. Excessive noise can scare
animals away, causing a barrier effect, i.e. disrupting
the cohesion and continuity of migration corridors
and preventing animals from accessing feeding and
breeding grounds. Long-term noise can also gener-
ate stress, limiting the wildlife’s ability to reproduce or
causing it to abandon existing habitats.

The decommissioning phase of the high-speed rail
lines is bound to be associated with similar acoustic
impacts as the construction phase. This is because
such work will be carried out using similar construc-
tion machinery as in the construction phase.

5. Solutions to Minimise Acoustic Impacts

Choosing solutions and measures to protect
against railway noise is one of the most important
decisions while constructing or modernising railway
infrastructure. Proper identification of noise sources
is vital, as it enables a more effective selection of ac-
tions and measures to reduce acoustic impacts from
high-speed rail. The issue of limiting the negative ef-
fects of railway noise is frequently addressed in the
literature [29, 52—54]. Rail noise mitigation solutions
can be broken down into three phases: construction,
operation and decommissioning.

During the project implementation/decommis-
sioning phase, the reduction of negative impacts in
terms of noise emissions is effected through:

e restricting construction work in the vicinity of
noise-protected areas to daytime,

e setting up construction camps and access roads
in areas where they will be less of a nuisance to
people and animals,

e using modern and efficient construction equip-
ment in good working order,

e regularly inspecting and maintaining construction
machinery,

e optimising the use of construction equipment and
means of transport (minimising unnecessary trips,
limiting idling of machinery, etc.).
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At the operational stage, solutions to minimise
negative acoustic impacts can be broken down into
two groups: those under the responsibility of the high-
speed railway line manager and those under the re-
sponsibility of the rail carriers (vehicle manufacturers).
For noise reduction, high-speed railway line managers
typlcally apply such solutions as:

line upgrading/refurbishment,

rail grinding

installing noise barriers (earth embankments,

trenches, noise barriers),

e noise insulation of buildings (replacing windows

and doors, installing noise barriers) [9, 40, 55, 56].

In the case of high-speed rail, the widest range of
measures to reduce the negative impact of noise on
the environment are available to the carriers. The
most common solutions include:

e replacing vehicles with modern rolling stock,

e modernising rolling stock (installing modern wheels,
slip control systems, replacing cooling systems),
using aerodynamic pantographs,

reducing the number of pantographs,

installing pantograph covers,

installing bogie covers [57-60].

6. Conclusions

Today’s society spends a significant amount of
time either travelling or hauling goods so transport is
becoming an increasingly important part of everyday
life. This trend is forcing the creation of new travel
solutions, such as high-speed rail. Increasing train
speeds is not an end in itself but merely a means of
meeting the demands of the modern world, which in-
clude faster rail transport. Nonetheless, accommoda-
tions introduced for some (passengers) must not be at
the expense of the living conditions of others (people
living near high-speed rail lines). Environmental pro-
tection must be also taken into account when build-
ing/upgrading the high-speed rail system (rolling
stock, infrastructure).

This article aims to provide an overview of the
acoustic impact of high-speed railway lines. It dis-
cusses the most important legal regulations concern-
ing noise in railway transport and characterises the
main sources of noise generated by high-speed rail-
way lines. The article attempts to identify the negative
acoustic impact on various elements of the environ-
ment, together with the most commonly used solu-
tions to minimise this impact.

A detailed knowledge and, above all, understand-
ing of the individual elements of the environment and
the processes that take place in it, will enable its ef-
fective protection. In turn, state-of-the-art solutions
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will make it possible to reconcile the desire to increase
railway speeds with the need to reduce the acoustic
impact on the environment.
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