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Abstract: In this work, the problematic identification of the main sources of noise occurring from
the exploitation of railway vehicles moving at a speed of 200 km/h were analyzed. Within the
conducted experimental research, the testing fields were appointed, measurement apparatus selected,
and a methodology for conducting measurements was defined, including the assessment of noise
on a curve and straight track for electric multiple units of the so-called Pendolino, an Alstom type
ETR610 series ED25 train. The measurements were made using a microphone camera Bionic S-112
at a distance of 22 m from the track axis. As a result of the conducted experimental research, it was
indicated that the noise resulting from vibrations arising at the wheel-rail contact (rolling noise) was
the dominant source of sound.

Keywords: railway noise; high-speed railways; environmental impact

1. Introduction

Due to the continuous modernization of railway lines aimed at increasing the operat-
ing speed of vehicles, as well as the systematic approach of acoustically protected buildings
to railway areas, the noise threat is increasing. Noise has for many years become the main
source of pollution from rail transport; therefore, its effects are experienced by an increasing
number of people. There are many ways of limiting and reducing noise in rail transport,
including constructional solutions used in railway vehicles as well as methods used on
railway lines to preserve acoustically protected areas. In order to effectively select and
apply solutions and methods to reduce the negative impact of noise on the environment, it
is necessary to properly and thoroughly identify the acoustic emission of railway vehicles,
including among others. the main sources of noise emissions [1–5].

It is worth mentioning that the occurrence of noise, or acoustic emission, can also
bring many benefits. Acoustic emission analysis is used in many sectors of transport
and industry, among others, to detect and monitor damages, leaks, fatigue, or structural
analysis of various materials (e.g., concrete, plastics, wood, ceramics) [6–12].

The aim of this paper is to present the results and conclusions of an experimental
study using an acoustic camera. The research was conducted in order to identify the main
sources of noise coming from vehicles with an operating speed of 200 km/h.

Currently, on the railway lines in Poland, Alstom company vehicles type ETR610
series ED250 (the so-called Pendolino) can move at such a speed. There is a great need to
analyze the dominant sources of noise from high-speed railway vehicles and to determine
unambiguously whether, at speeds of about 200 km/h, the main contributors are rolling
noise or aerodynamic noise [13–15]. Identifying the dominant sources of noise from
Alstom’s ETR610 series ED250 vehicles will enable a more effective selection of noise
mitigation solutions. A block diagram of the tests carried with the use of an acoustic
camera is shown in Figure 1.

The topic of identification of the main sources of noise from railway vehicles has been
addressed by many authors [15–20]; however, studies included measurements of vehicles

Energies 2021, 14, 3957. https://doi.org/10.3390/en14133957 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1889-4925
https://doi.org/10.3390/en14133957
https://doi.org/10.3390/en14133957
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14133957
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14133957?type=check_update&version=1


Energies 2021, 14, 3957 2 of 19

moving at speeds above 200 km/h. The analysis of the available literature did not reveal
detailed measurements carried out on Alstom ETR610 series ED250 vehicles traveling at
speeds of 200 km/h.
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Conducted measurements with the use of an acoustic camera were one of the three
stages of the conducted tests. In the course of the research, the following actions were
also performed:

• Measuring of the sound level in the measurement cross-section with the use of the
2 × 4 microphone array (four measurement points at the distance of 5 m, 10 m, 20 m,
40 m from the track axis, and two microphones each at the height of the railhead and
4 m from the railhead);

• Measurements of track and sub-track vibrations.

The experimental tests were to enable obtaining the acoustic signature of the examined
vehicle by:

• Identification of the main sources of noise;
• Obtaining time history, recorded for each train passage separately, with a step of

1 s, containing the average sound level LAeq 1s, as well as obtaining the frequency
spectrum of noise ranging from 20 Hz to 20 kHz, with bands divided into thirds;

• Obtaining the vibration propagation pattern in the nearest surroundings of the railway
line (track and sub-track);

• Obtaining the vibrations propagation scheme in the nearest surrounding of the railway
line (track and substructure).
The methodology of the conducted experimental research is shown in the following

block diagram (Figure 2).
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2. Materials and Methods
2.1. Technical Specification of the Alstom Composite Trainsets, Type ETR610—ED250
Series—Pendolino

The object of experimental research was an Alstom composite traction unit type
ETR610—series ED250—Pendolino (Figure 3). These vehicles are managed by the biggest
carrier in Poland—PKP Intercity S.A. Pendolino vehicles are bi-directional electric multiple
units consisting of seven units, including four engine units (two outboard on both sides)
and three outboard (middle) units [20].
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Standard gauge vehicles (adapted for 1435 mm gauge track) are equipped with 8 trac-
tion motors, asynchronous, three-phase with a power of 708 kW each. The train is suitable
for passenger service at stations with a platform height of 760 mm and 550 mm above the
railhead, as well as at lower platforms up to a height of 250 mm with the use of a special
step. The basic technical parameters of the test object are shown in Table 1.

In Pendolino vehicles, the drive and engine are located entirely under the car bodies.
All the power is transmitted to the wheelset by means of a Cardan articulated shaft and an
axial bevel gear. Appropriate dynamic characteristics of the vehicle on curves at speeds of
250 km/h are ensured by two-axle bogies equipped with steering dampers. The bogies
have one drive axle and one rolling axle with very low weight. The bogie frame is a steel
construction, while the train bodies are made of aluminum profiles [20,21].

The vehicle was equipped with two braking systems: pneumatic (steel discs and
sintered pads) and an electromagnetic rail brake. The average acceleration of the vehicle
on a horizontal straight section is equal to 0.36 m/s2 [20].
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Table 1. Basic technical parameters of the ETR610 vehicle—ED250 series—Pendolino [20–22].

Track Width 1435 mm

Drive power 5664 MW;

Supply voltage
3 kV DC

15 kV AC;
25 kV AC

Body width 2830 mm
Body height 4100 mm

Pavement height over the railhead 1260 mm
Length of the outermost section 28,200 mm

Length of the middle section 26,200 mm
Wheelbase of trolley 2700 mm

Train weight 395.5 t
Loaded train weight 427.7 t

Medium acceleration from 0 to 40 km/h 0.49 m/s2

Medium acceleration from 0 to 120 km/h 0.46 m/s2

Minimal curve radius 250 m
Number of seating places 402

2.2. Railway Track Tested

For experimental research, we chose two sections (a straight section and a curve) of the
railway line No. 4 Grodzisk Mazowiecki–Zawiercie, on the section Grodzisk Mazowiecki–
Idzikowice. Detailed information on the location of measurement cross-sections is pre-
sented in Section 2.3. Below, basic construction parameters of the railway line, on which
acoustic measurements were conducted, and the area around measurement cross-sections
were characterized. In Figure 4, the experimental research area on the curved railway line
at km 18 + 600 is presented.
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According to the manual [23,24], the railway line in question is a main line, electrified,
and mostly double track. It is built with UIC60 contactless rails, on pre-stressed concrete
sleepers with the SB fastening system, laid on a ballast bed. The general technical condition
of the railway track on which the measurements were conducted was defined as good.

In the case of the measurement cross-section located at km 18 + 600 (the curve), the
area around the measurement site is mainly agricultural with single-family houses (the
nearest buildings are situated behind the measurement cross-section at the distance of
approximately 15–20 m). The area around the research site located at km 21 + 300 (straight
section) is agricultural.
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2.3. Location of the Testing Ground

The measurements of acoustic signals were conducted on No. 4 railway Line Grodzisk
Mazowiecki–Zawiercie, section Grodzisk Mazowiecki–Idzikowice, at two locations:

• Curve—approximately km 18 + 600 (Świnice, Dluga street);
• Straight section—approximately km 21 + 300 (Szeligi, Dojazdowa street).

2.4. Selection of Measuring Equipment

Measurements of the sound level from high-speed railway vehicles were made using
measurement equipment consisting of the following devices:

• Noise Inspector Bionic M-112 acoustic camera;
• Speedmeter;
• Davis Instruments Vantage Pro2 weather station.

2.5. Weather Conditions

The experimental tests were performed on days with favorable meteorological con-
ditions, i.e., no precipitation (rain, snow, and hail) and conditions not exceeding the
parameters specified in Annex No. 7 of the regulation [25].

Measurement of atmospheric conditions: wind speed and direction, atmospheric
pressure, air temperature, and humidity, was performed using a Davis Instruments Vantage
Pro2 weather station located outside the range of the gust from a passing train at the height
of about 3.5 m.

2.6. Methodology of Site Measurements

Experimental tests were carried out in 8–9 August 2019 (straight section) and 28–29
August (curve) on railway line No. 4 Grodzisk Mazowiecki–Zawiercie. The measurements
were performed on working days (2 days, in each of the measurement cross-sections)
during the operating hours of increased speed vehicles, i.e., between 08:00 and 20:00.

Experimental tests were carried out during the passage of Alstom railway vehicles
type ETR610—ED250 series—Pendlino on the selected measurement route without stops
at a speed of about 200 km/h on a straight section and curve. At a distance of about 22 m
from the track axis, the measurement was carried out using a microphone camera Noise
Inspector Bionic M-112, with a sampling frequency of 12 Hz. The acoustic camera used
during the measurements is shown in Figure 5, whereas in Figure 6, a schematic of the
measuring section is presented.
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The extracted, measured values were processed using in-camera software to obtain
the noise levels at the object under study (source). In order to determine the sound levels
at the source, the following relation was used [25,26]:

L = Lzm + 20log(l) [dB] (1)

where L is the estimated noise level at source; Lzm is the value measured at the receiver
(acoustic camera); l is the distance from the noise source (m).

The measurements made it possible to determine the dominant sources of noise
generated by high-speed railway vehicles.

The acoustic array used for experimental research, equipped with an optical camera
and 112 directional microphones, uses for measurements the method of acoustic holography
(from 40 Hz) and beamforming (above 400 Hz), which enables us to obtain results within
the range of frequencies up to 24 kHz [27]. For localization of dominant noise sources, the
second method was used, which was dedicated to measurements above 1 m from the source.
This method processes the spatial-temporal signal recorded by an acoustic camera. Each
microphone has an assigned time delay relative to the center of the acoustic matrix, allowing
the signal beam to be focused in the direction of acoustic wave propagation [28–33]. A
simplified diagram of signal analysis by an acoustic camera is shown in Figure 7.
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Time delays assigned to each microphone of the acoustic matrix enable focusing the
signal beam in the direction of propagation of an acoustic wave. The signal received by
the microphones, delayed by an appropriate time, is summed at the output of the matrix
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and thus amplified compared to measurements with only one microphone [31–38]. This
calculation in the time domain was performed using the following formula [28,35,37]:

y(t) =
N−1

∑
n=0

ωn(t − τn, c)[s] (2)

where ωn is the weight multiplied on the output signal of the nth microphone; τn is the
time delay for each microphone of the matrix; pn is the coordinate of the nth microphone.

In the case of transformation of the above formula in the frequency domain using
Fourier’s transform, the resultant signal can be expressed by the formula [31,37]:

Y(ω, k) = wT(k)F(ω)[Hz] (3)

where ωT is the output signal of the nth microphone; k is the unit wave vector; Fn is the
Fourier‘s transform of the signal of the nth microphone.

Thanks to the use of time delay for individual microphones, the measured signal was
the same for the whole microphone matrix. The size of time delays depends on the type of
acoustic wave (flat and spherical), which travel differently in respect to the nth microphone
and the reference microphone [32,36–38]. The acoustic beamforming for a plane wave is
shown in Figure 8.
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Time delay (τn) for a flat wave is determined accordingly to the below formula [31,37,39,40]:

τn =
dn

c
=

a ∗ Pn

c
[s] (4)

where dn is the difference in distance covered by the wave; pn is the defined position
of the nth microphone; a is the unit vector of the incident wave; c is the speed of sound
wave propagation.

For a spherical wave occurring in the case of a point source, the magnitude of the time
delays is determined by Equation (5) [31,39]:

τn =
r − l

c
[s] (5)

where r is the distances between the acoustic matrix middle and the point source and l is
the distance between the nth microphone source and the point source.
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According to the criterion for assessing the harmfulness of noise for the environment,
the equivalent sound level should be taken into account. For the steady noise, the average
sound level with the correction filter A (LAm) or the equivalent sound level (LAeq) for
the observation time is to be determined [41]. It is taken as the eight most unfavorable
hours of the day (in the range 6:00 a.m.–10:00 p.m.) or thirty analogous minutes during
the night time (in the range of 10:00 p.m.–6:00 a.m.). In the case of transient noise, the
A-weighted sound level (LAeq) for the above-mentioned time and the maximum A-sound
level (LAmax), taking into account the slow time characteristics. The equivalent sound
level, taking into account sound events from a given time interval, can be determined using
Equation (6) [42,43]:

LAeq,Te = 10log
[

1
Te

] ∫ Te

0

(
p(t)
p0

)2
dt [dB] (6)

where Te is the exposition time; p is the measured value of the sound pressure in Pa; p0 is
the reference pressure, set at 20 µPa.

2.7. Intensity and Energy of Sound Waves

The instantaneous value of the acoustic energy density is the sum of the kinetic energy
density and the potential energy (Hall, 1987). Energy In the near field, for a short distance
from the sound source, the kinetic energy density is much greater than the one of the
potential energy, but the condition for energy transfer in space is the conversion of kinetic
energy into potential and vice versa. For the far-field, the average values of the kinetic and
potential energy densities are equal [44]. The intensity of the acoustic wave is equal to the
sound power transmitted by the wave. It can be defined as the average value of the energy
flux flowing during 1 s through a unit area of 1 m2, perpendicular to the direction of wave
propagation. They can be presented using the following formula in the case of a spherical
wave [44,45]:

I =
p2

ρ0cr2

[
W ∗ m−2

]
(7)

Since the intensity of an acoustic wave is the product of the average density of its total
energy and the speed of sound in air, the total energy in the far-field can be calculated
using the following formula [44,45]:

E =
I
c
=

p2

ρ0c2r2

[
J ∗ m−3

]
(8)

According to the theory, doubling the distance from a sound source means a four-fold
decrease in the intensity or energy of the sound, which is important because the area
occupancy in the case of railway lines is significant. In the next section, the analyzes of the
intensity ranges of the emitted sound waves are presented.

3. Reference to the Normative Values in Force

An important document, in reference to the noise generated by high-speed railway
vehicles, is the technical specifications of TSI Noise [46,47], which defines, among others,
limit values for the sound levels for stationary noise, starting noise, and pass-by noise. The
limit values for electric multiple traction units are shown in Table 2. When determining the
average value of the equivalent sound level, for 20 passes, at a distance of 7.5 m from the
track, according to the TSI requirements, the values shown in Table 2 were obtained.



Energies 2021, 14, 3957 9 of 19

Table 2. Acceptable values of sound levels for the stationary noise, starting noise, and pass-by noise of electric traction units.

Vehicle Type
Stationary Noise (dB) Starting

Noise (dB)
Pass-By Noise (dB)

V = 80 km/hLpAejedn Li
pAeq,T

Electric traction units 65 68 80 80

The value obtained for the straight section of
the track at a speed of

200 km/h
- - - 76

The value obtained for the curve section of
the track at a speed of 200 km/h - - - 77

For stationary noise, the acceptable values under standard conditions are defined for:

- The equivalent continuous sound level A of the unit (LpAeq,T(unit));
- The equivalent continuous sound level A at the nearest measuring position “i”, in-

cluding the main air compressor (Li
pAeq,T).

The starting noise acceptable values for high-speed vehicles for the maximum equiva-
lent continuous sound level with A correction and the FAST time constant (LpAF,max) are
set at 80 dB.

For pass-by noise, the maximum acceptable values for the equivalent continuous
sound level A for high-speed vehicles at 80 km/h is equal to 80 dB. According to the
TSI Noise guidelines, the obtained measurement results were normalized to the reference
speed (80 km/h) using Equation (9):

LpAeq,Tp(80km/h) = LpAeq,Tp(Vtest) − 30 ∗ log (Vtest/80 km/h) (9)

where Vtest is the speed measured during tests.
In Poland, the normative values of noise in the environment, which originate from rail

transport, are indicated in the Regulation of the Minister of Environment, 14 June 2007, on
permissible levels of noise in the environment [47]. The regulation [47] introduces a division
of acoustically protected areas, depending on their function and type of development, for
which different permissible noise levels have been defined for the daytime (16 h), i.e.,
during the period of the day from 6:00 to 22:00, and at nighttime (8 h), covering the period
from 22:00 to 6:00.

In the first group of acoustically protected areas, there are areas of health-resort
protection and areas of hospitals located outside the city. The second group includes
single-family housing, housing with a permanent or temporary occupation by children and
youth, or seniors care facilities and hospitals in cities. The third group of areas includes
multi-family housing and collective residence, homestead development, recreational and
leisure areas, and housing and services.

The last group of areas allows the creation of a downtown zone in cities with a
population over 100,000, i.e., areas of intensive development in the city-center area as
specified in the local spatial development plan with a concentration of service, commercial
and administrative facilities.

An excerpt from the annex to the regulation indicating permissible noise levels for
individual groups of areas is presented in Table 3.
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Table 3. Classification of protected areas and acceptable values for environmental noise levels expressed as LAeqD and
LAeqN indicators for railway lines.

Lp. Area Designation

Permissible Noise Level in dB

Railway Tracks or Railway Lines

LAeqD
Daytime
t = 16 h

LAeqN
Nighttime

t = 8 h

1. (a) Health-resort protection;
(b) Hospitals located outside the city. 50 45

2.

(a) Single-family housing;
(b) Housing with permanent or temporary occupation by
children and youth.
(c) Seniors care facilities;
(d) Hospital areas in cities;

61 56

3.

(a) Multi-family housing and collective residence.
(b) Homestead development;
(c) Recreational and leisure;
(d) Commercial and administrative facilities.

65 56

4. Downtown zones of cities with populations over 100,000. 68 60

Based on the above guidelines, in this paper, the cumulative impact on the surround-
ings was analyzed, taking into account the n analyzed frequency bands (i). For this purpose,
the total equivalent sound level has been determined using Equation (10):

LAeq = 10 log
n

∑
i=1

100.1LAeq(i) , [dBA] (10)

Taking into consideration a simplified model of noise propagation, instantaneous
equivalent sound levels LAeq(r) were determined as a function of distance from the source
according to Equation (11), for the distance at which the train is treated as a linear source
and in the second case as a point source:

LAeq(r) =

 LAeq(r0) − 10log
(

r
r0

)
LAeq(r0) − 20log

(
r
r0

) , [dBA] (11)

where r0 is the distance of the referential measurement from the noise source and LAeq(r0)
is the equivalent sound level at the reference point.

The following band defining the levels for 20 trains passing by was obtained (Figure 9).
As shown in Figure 9, only at a distance of 60 m from the source, the minimum noise

level met the requirements shown in Table 3 in the study area. In case of occurrence of
buildings at lower distances, it would be necessary to design protection in the form of
acoustic screens.
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4. Results and Discussion

The sound level values achieved during the measurements were transformed accord-
ing to the relation (1) to obtain the results occurring at the source, i.e., high-speed railway
vehicles. This paper presents selected results that were recorded for a straight section
and a curve for frequencies from 500 Hz to 3000 Hz (grouped into ranges: 500–1000 Hz,
1000–2000 Hz, and 2000–3000 Hz). In the above frequency ranges, the highest values
of sound levels were obtained. The noise source distribution for a high-speed vehicle
traveling at 201 km/h is shown below in Figures 10–15.
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The conducted research showed that the dominant source of noise arising during
the passage of high-speed railway vehicles is rolling noise originating from rail-wheel
vibrations. Additionally, acoustic camera measurements of railway vehicles moving at a
speed of about 200 km/h (+/−2 km/h) showed that within the studied frequency range,
there were no acoustic events indicating the appearance of aerodynamic noise.

Additionally, in the case of the passage of high-speed vehicles along a curve with a
radius of approximately R = 4000 m, higher sound levels in relation to the straight section
could not be unambiguously stated (Table 4). In most cases, the higher energy composition
(of approximately 70%), within the frequency range of 500–2000 Hz was characteristic
for the curved crossings (from 2dB to 11dB); nevertheless, in approximately 30% of cases,
the range of exceedances of the crossings on the straight section was higher (from 2 dB
to 8 dB). In the case of sound levels, with frequencies within the range of 2000–3000 Hz,
higher exceedances (55%) were recorded for passages on the straight section (difference
between 1 dB and 4 dB). The obtained results of the measurements indicate that in the
case of a curve with a radius of approximately R = 4000 m, it could not be unambiguously
stated that the rolling noise was characterized by a higher energy composition than the
straight section.

The comparison of average values of total acoustic wave energy density for a straight
and curved track at a speed of 200 km/h is shown in Figures 16 and 17.
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Table 4. Comparison of the maximum sound levels in separate frequency ranges for the passage of high-speed railway
vehicles on a straight section and on a curve (dB).

Passage

Maximum Sound Levels (dB)

Frequency Range

500–1000 Hz 1000–2000 Hz 2000–3000 Hz

Straight
Section Curve Difference Straight

Section Curve Difference Straight
Section Curve Difference

1 93 102 −9 106 109 −3 104 101 +3
2 96 102 −6 94 103 −9 101 99 +2
3 91 98 −7 97 106 −9 99 101 −2
4 96 105 −9 99 108 −9 101 103 −2
5 95 98 −3 102 100 +2 104 103 +1
6 91 93 −2 96 96 0 98 99 −1
7 93 99 −6 99 108 −9 100 103 −3
8 93 104 −11 99 106 −7 101 105 −4
9 95 92 3 104 99 +5 104 104 0
10 93 98 −5 100 108 −8 101 101 0
11 93 94 −1 105 99 6 105 103 +2
12 98 93 5 97 101 −4 103 102 +1
13 94 99 −5 105 106 −1 104 103 +1
14 95 92 +3 106 98 8 103 99 +4
15 95 102 −7 101 106 −5 102 105 −3
16 99 92 +7 101 97 4 102 100 +2
17 96 94 2 107 100 7 105 101 +4
18 97 99 −2 97 100 −3 101 97 +4
19 93 97 −4 109 109 +0 106 103 +3
20 97 101 −4 100 105 −5 99 104 −5Energies 2021, 14, x FOR PEER REVIEW 16 of 20 
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Figure 16. The average value of the total acoustic wave energy density for a straight track, at a speed
of 200 km/h.



Energies 2021, 14, 3957 16 of 19

Energies 2021, 14, x FOR PEER REVIEW 16 of 20 
 

 

 
Figure 16. The average value of the total acoustic wave energy density for a straight track, at a speed 
of 200 km/h. 

 
Figure 17. The average value of the total acoustic wave energy density for the curved track at a 
speed of 200 km/h. 

The conducted tests showed an increase in the density of acoustic energy in the fre-
quency range 500–2000 Hz in the case of driving on a curved track and an increase in the 
density of acoustic energy in the frequency range of 2000–3000 Hz in the case of driving 
on a straight track. 

Experimental research made it possible to determine which type of noise (rolling or 
aerodynamic) constituted the main source. The research confirmed that in the case of elec-
tric multiple traction units traveling at a speed of 200 km/h, the rolling noise, resulting 
from vibrations generated from wheel-rail contact, was the dominant source of noise. In 
the case of high-speed railway vehicles traveling along a curve with a radius of about R = 
4000 m, the noise resulting from wheel-rail vibrations did not have a clear impact on in-
creasing the maximum sound levels compared with a straight section. 

Experimental tests carried out under the described conditions showed the dominance 
of high-frequency levels, i.e., 1.0–3.0 kHz for the straight path, and an increase in sound 
pressure levels, at frequencies of 0.5–1.0 kHz, for the path following the curve. In addition, 

3.302E-06

6.589E-06

1.655E-05

2.084E-05

2.084E-04

1.044E-04

1.0E-06

1.0E-05

1.0E-04

1.0E-03

500-1000 1000-2000 2000-3000

En
er

gy
 d

en
sit

y,
 [J

*m
-3

]

Frequency range, [Hz]

min. S

max. S

avg. S

4.157E-06

1.044E-05
1.315E-05

8.295E-05

2.084E-04

8.295E-05

1.0E-06

1.0E-05

1.0E-04

1.0E-03

500-1000 1000-2000 2000-3000

En
er

gy
 d

en
sit

y,
 [J

*m
-3

]

Frequency range, [Hz]

min. C

max. C

avg. C

Figure 17. The average value of the total acoustic wave energy density for the curved track at a speed
of 200 km/h.

The conducted tests showed an increase in the density of acoustic energy in the
frequency range 500–2000 Hz in the case of driving on a curved track and an increase in the
density of acoustic energy in the frequency range of 2000–3000 Hz in the case of driving on
a straight track.

Experimental research made it possible to determine which type of noise (rolling or
aerodynamic) constituted the main source. The research confirmed that in the case of
electric multiple traction units traveling at a speed of 200 km/h, the rolling noise, resulting
from vibrations generated from wheel-rail contact, was the dominant source of noise. In
the case of high-speed railway vehicles traveling along a curve with a radius of about
R = 4000 m, the noise resulting from wheel-rail vibrations did not have a clear impact on
increasing the maximum sound levels compared with a straight section.

Experimental tests carried out under the described conditions showed the dominance
of high-frequency levels, i.e., 1.0–3.0 kHz for the straight path, and an increase in sound
pressure levels, at frequencies of 0.5–1.0 kHz, for the path following the curve. In addition,
the identification of dominant sound sources was successful. For the straight track, at
frequencies below 1.0 kHz, the drive unit dominated. This was probably related to the
operation of the gearbox or the motor itself. At frequencies above 1.0 kHz, the contact
phenomena in the wheel-rail system dominated, together with the dynamic response of the
infrastructure (high-frequency vibrations of the rails). For the curved track, in each case,
the effects due to contact phenomena in the wheel-rail system predominated.

5. Conclusions

This paper presents research that identifies sound sources in the noise of Alstom’s
high-speed train type ETR610, series ED250. The research was conducted during the
passage of vehicles at a speed of 200 km/h (+/−2/3 km/h). The measuring point was
located at a distance of 22 m from the track axis. Measurements were made both for the
straight section and the curve, in the number of 20 measurements for each type. The
identification of noise sources was carried out with the use of a 112 m acoustic camera,
which made it possible to obtain results in the frequency range of 400 Hz to 24 kHz. In
order to improve the properties and possibilities of locating the noise sources of high-speed
trains, a beamforming method was used

The carried out measurements allowed to obtain the answer to the acoustic character-
istics of the tested Alstom vehicle type ETR610, series Ed250, including the identification of
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the dominant noise sources. Identification of the main sources of noise from high-speed
vehicles is the subject of consideration of many authors. However, an analysis of the avail-
able literature (both in Poland and internationally) has not revealed detailed measurements
carried out on this type of vehicle operating at a speed of 200 km/h.

The research subject of the available work was high-speed vehicles traveling at speeds
above 200 km/h, for which the main noise source was aerodynamic noise, coming mainly
from the vicinity of the pantograph, windscreen, and bogies [15–20]. During the passage
of a train traveling at a speed of 200 km/h, the highest sound levels are located in the
bogie area, indicating that the dominant noise source is the rolling noise resulting from
vibrations at the rail/wheel joint. The measured sound levels were mainly dominated by
low frequencies between 500 Hz and 3000 Hz. Comparison of the results for high-speed
vehicles operations on a straight section and on a curve (R = 4000 m) showed that in the
frequency range between 500–2000 Hz, the curve passages had a higher sound level (70%
of the crossings), while in the frequency range between 2000–3000 Hz about 55% of the
straight section passages had the higher sound level.

The contribution of aerodynamic noise sources during the passage of electric multiple
units traveling at about 200 km/h was not recorded. Due to some limitations of the
measurements carried out, the following issues need to be considered in further work:

1. When measuring a passing vehicle, the available averaging time is very short, which
may result in some uncertainty in the obtained source distribution. The introduction of
additional averaging of the source distribution will enable to obtain more accurate results;

2. As the result of the identification of the main noise sources consisted mainly in
taking into account the vehicle, in future the contribution of the track surface, i.e., rails,
sleepers, should be taken into account.

The carried out measurements showed that the test object meets the requirements
for pass-by noise specified in the TSI Noise (80 dB for vehicles traveling at 80 km/h).
According to the TSI Noise guidelines, the obtained results for high-speed vehicles traveling
at 200 km/h were normalized to the reference speed (80 km/h) by means of Equation (9).
Based on the calculations performed, the tested high-speed vehicles obtained values of
76 dB for the straight section and 77 dB for the curve. In addition, at the distance of about
60 m from the source, the minimum requirements for protected areas in Poland were met
(68 dB for the daytime in the downtown zone of cities with a population over 100,000). The
research was conducted in an area where there were no acoustically protected (rural area).
It should be stated that in case of occurrence of acoustically protected areas in a distance
shorter than 60 m, the protection should be designed in the form of acoustic screens.

The data obtained from the experimental tests, including the results of the acoustic
camera presented in the article, will allow determining the acoustic signature of Alstom
vehicle type ETR610, series Ed250. Detailed identification will enable a more effective
selection of measures and solutions to minimize acoustic impacts generated by such
vehicles. Conducted experimental research and the database of extortions built on this basis
will allow creating a universal model of dynamic excitation for the purpose of modeling
impacts in the zones of influence of high-speed railway for acoustically protected areas.
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z Dnia 30 Października 2014 r. w Sprawie Wymagań w Zakresie Prowadzenia Pomiarów Wielkości Emisji Oraz Pomiarów
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