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Abstract

The paper deals with laboratory measurements and analysis of the acoustic response of a rail
equipped with various rail absorbers during impulse excitation by mechanical shock. The aim
of the research was to design and verify an experimental methodology enabling an objective
comparison of the acoustic properties of various design solutions of rail absorbers in con-
trolled laboratory conditions. The excitation of the test sample was realized by the impact of a
steel ball of defined mass from a constant height onto the rail head, while the resulting acous-
tic response was recorded using a measuring system with a calibrated measuring path. The
measured signals were subsequently evaluated in the time, frequency and time-frequency
domains using the analysis of the measured impulse response. Particular attention was paid
to the evaluation of the maximum sound pressure levels, the course of the response attenua-
tion and changes in spectral characteristics after the installation of the absorbers. The results
demonstrate that the proposed methodology allows for reliable identification of differences
in the acoustic behavior of individual absorbers and provides a suitable tool for their laborato-
ry evaluation, development and optimization before deployment in railway operations.

Keywords: rail absorbers, laboratory measurements, acoustic response, impulse excitation,
mechanical shock, steel ball, FFT analysis, vibroacoustics, railway infrastructure

Anotace

Prispévek se zabyva laboratornim mérenim a analyzou akustické odezvy kolejnice vybavené
raznymi kolejnicovymi absorbéry pfi impulsnim buzeni mechanickym razem. Cilem vyzkumu
bylo navrhnout a overit experimentalni metodiku umoznujici objektivni porovnani akustickych
vlastnosti riznych konstrukcnich reseni kolejnicovych absorbérti v kontrolovanych laborator-
nich podminkdch. Buzeni zkusebniho vzorku bylo realizovano dopadem ocelové koule defino-
vané hmotnosti z konstantni vysky na hlavu kolejnice, pricemz vznikla akusticka odezva byla
zaznamenavana pomoci méeficiho systému s kalibrovanou méfici cestou. Namérené signaly
byly nasledné vyhodnoceny v ¢asove, frekvencni a casoveé frekvencni oblasti s vyuzitim ana-
lyzy namérené impulsni odezvy. Pozornost byla vénovana zejména hodnoceni maximalnich
hladin akustického tlaku, pribéhu utlumu odezvy a zménam spektralnich charakteristik po
instalaci absorbérd. Vysledky prokazuji, Ze navrZeng metodika umoZzriuje spolehlivé identifiko-
vat rozdily v akustickém chovani jednotlivych absorbérl a poskytuje vhodny ndstroj pro jejich
laboratorni hodnoceni, vyvoj a optimalizaci pred nasazenim v Zeleznicnim provozu.

Klicova slova: kolejnicové absorbéry, laboratorni méreni, akusticka odezva, impulsni buzeni,
mechanicky raz, ocelova koule, FFT analyza, vibroakustika, zelezni¢ni infrastruktura
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1. INTRODUCTION TO THE ISSUE

The noise generated by rail transport rep-
resents a significant environmental problem,
especially in urbanized areas and in the vicin-
ity of intensively used railway lines. With in-
creasing train speeds and growing demands
for the comfort of the population, the issue
of reducing noise pollution is becoming in-
creasingly important. The dominant sources
of railway noise include noise generated by
the interaction of the wheel and rail, which
is considered to be a decisive component of
the total noise emission of rail vehicles in the
speed range of approximately 50 km-h™" and
above [1, 2]. This noise arises as a result of
the dynamic excitation of the wheel and rail
by the irregularities of their surface and the
subsequent radiation of acoustic energy into
the surrounding environment.

One of the effective measures for reducing
noise emitted by tram and railway lines are
rail absorbers [3]. These are passive vibro-
acoustic elements installed on the rail web or
even the rail heel, whose task is to increase
the structural damping of the rail and limit the
amplitude of its vibrations in critical frequen-
cy bands. By reducing the vibration level, the
acoustic power radiated by the rail is also re-
duced, which leads to a reduction in the over-
all noise emission of rail transport. Currently,
a number of design solutions for rail absorb-
ers are available on the market, differing in
the materials used, weight, mounting method
and frequency range of effectiveness.

Operational noise measurements during the
passage of train sets or vibration measure-
ments directly on the rail are commonly used
to assess the effectiveness of rail absorbers.
However, these methods are time-consum-
ing, require appropriate operating conditions
and their results can be influenced by a num-
ber of external factors, such as vehicle speed,
rail surface condition, meteorological condi-
tions or railway traffic composition [4, 5].

For this reason, increasing attention is be-
ing paid to laboratory methods that enable
reproducible evaluation of the vibroacoustic
properties of rail absorbers under controlled
conditions. Laboratory methods represent an
important tool for the development, optimiza-
tion and comparison of rail absorbers before
their deployment in railway operations. Com-

1. UVOD DO PROBLEMATIKY

Hluk generovany zelezni¢ni dopravou pred-
stavuje vyznamny environmentalni problém
zejména v urbanizovanych oblastech a v oko-
Ii intenzivné vyuzivanych Zzelezni¢nich trati.
Se zvysSujicimi se rychlostmi vlakovych sou-
prav a rostoucimi pozadavky na komfort oby-
vatelstva nabyva problematika snizovani hlu-
kové zatéze stale veétsiho vyznamu. Mezi do-
minantni zdroje zZelezni¢niho hluku patfi ze-
jména hluk vznikajici interakci kola a kolejnice,
ktery je v rychlostnim pasmu pfiblizné od cca
50 km-h™" vyse povazovan za rozhodujici sloz-
ku celkové hlukové emise kolejovych vozidel
[1, 2]. Tento hluk vznikd v ddsledku dynamic-
kého buzeni kola a kolejnice nerovnostmi je-
jich povrchu a naslednym vyzafovanim akus-
tické energie do okolniho prostredi.

Jednim z dcinnych opatfeni ke snizovani hlu-
ku vyzafovaného tramvajovou a zeleznicni
trati jsou kolejnicové absorbéry [3]. Jedna se
0 pasivni vibroakustické prvky instalované na
stojinu nebo i patu kolejnice, jejichz Ukolem
je zvysit strukturdlni Utlum kolejnice a omezit
amplitudu jejich vibraci v kritickych frekvenc-
nich pasmech. Snizenim urovné vibraci do-
chazi soucasné ke snizeni akustického vyko-
nu vyzafovaného kolejnici, coz vede ke snize-
ni celkové hlukové emise Zelezni¢ni dopravy.
V soucCasné dobe je na trhu k dispozici fada
konstrukcnich feseni kolejnicovych absorbé-
rd, lisicich se pouzitymi materidly, hmotnosti,
zpUsobem uchyceni i frekvenénim rozsahem
ucinnosti.

Pro posouzeni ucinnosti kolejnicovych absor-
bérl jsou bézné vyuzivdna provozni méfeni
hluku pfi prijezdu vliakovych souprav nebo vi-
bracni méfeni pfimo na kolejnici. Tyto metody
vSak byvaji Casove narocné, vyzaduji vhodné
provozni podminky a jejich vysledky mohou
byt ovlivnény fadou externich faktor(, napfi-
klad rychlostivozidla, stavem povrchu kolejni-
ce, meteorologickymi podminkami nebo slo-
zenim zeleznicniho provozu [4, 5].

Z tohoto dlvodu se stéle vétsi pozornost vé-
nuje laboratornim metoddam umoznujicim
reprodukovatelné hodnoceni vibroakustic-
kych vlastnosti kolejnicovych absorbér(
v kontrolovanych podminkach. Laboratorni
metody predstavuji dllezity ndstroj pro vy-
voj, optimalizaci a porovnavani kolejnicovych
absorbérl jesté pred jejich nasazenim do ze-
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pared to operational measurements on the
track, they offer a number of advantages that
allow for more accurate and better reproduc-
ible results [6].

The most significant advantage of laborato-
ry measurements is the high repeatability of
the experiment. In laboratory conditions, the
excitation force, excitation position, micro-
phone placement, test sample geometry and
boundary conditions can be precisely de-
fined. Each measurement is thus carried out
under practically the same conditions, which
allows for an objective comparison of indi-
vidual absorber variants. Another significant
advantage is the elimination of the influence
of railway operations. In operational measure-
ments, the results are influenced by a num-
ber of variables, such as train speed, vehicle
type, wheel condition, train load or immediate
operating conditions. In the laboratory, these
effects are removed and only the properties
of the rail and absorber system itself can be
monitored [7].

Another significant benefit is the possibili-
ty of detailed analysis of the causes of noise
and vibrations. In laboratory conditions, the
acoustic response, rail vibrations, frequen-
cy characteristics, natural frequencies and
attenuation parameters can be measured
simultaneously. This allows a better under-
standing of the mechanism of action of the
absorber and identification of the frequency
bands in which its efficiency is highest.

Laboratory measurements are also less
time-consuming and economically demand-
ing. There is no need to organize track clo-
sures or coordinate measurements with train
operations. Individual absorber variants can
be quickly changed and a large number of ex-
periments can be performed in a short time.
This is particularly advantageous when devel-
oping new design solutions or optimizing ab-
sorber parameters. Another advantage is the
possibility of using standardized excitation.
For example, a mechanical impact with a steel
ball or modal hammer represents a well-de-
fined broadband impulse, which allows re-
sults to be compared between different labo-
ratories or different experimental campaigns.
This increases the objectivity of the assess-
ment [8].

lezni¢niho provozu. Ve srovnani s provoznimi
meéfenimi na trati nabizeji fadu vyhod, které
umoznuji ziskat presnéjsi a lépe reprodukova-
telné vysledky [6].

Nejvyznamneéjsi vyhodou laboratorniho mé-
feni je vysoka opakovatelnost experimentu.
V laboratornich podminkach Ize pres-
neé definovat budici silu, polohu buzeni,
umisténi  mikrofond, geometrii zkuseb-
niho vzorku i okrajové podminky. Kazdé
meérfeni tak probihd za prakticky stejnych
podminek, coz umoznuje objektivni po-
rovnavani jednotlivych variant absorbérd.
Dalsi vyznamnou vyhodou je eliminace vlivu
zelezni¢niho provozu. Pfi provoznich meérfe-
nich jsou vysledky ovlivhovany fadou pro-
meénnych, jako jsou rychlost vlaku, typ vozi-
dla, stav kol, zatizeni soupravy nebo okamzité
provozni podminky. V laboratofijsou tyto vlivy
odstranény a Ize sledovat pouze vlastnosti sa-
motného systému kolejnice a absorbéru [7].

Vyznamnym pfinosem je také moznost de-
tailni analyzy pfic¢in vzniku hluku a vibraci.
V laboratornich podminkach Ize soucasné
merit akustickou odezvu, vibrace kolejnice,
frekvencni charakteristiky, vlastni frekven-
ce i Utlumové parametry. To umoznuje lépe
pochopit mechanismus plsobeni absorbéru
a identifikovat frekvencni pasma, ve kterych
je jeho ucinnost nejvyssi.

Laboratorni méreni jsou rovnéz ¢asove a eko-
nomicky méné naroc¢na. Neni nutné organizo-
vat vyluky trati ani koordinovat méfeni s pro-
vozem vlakd. Jednotlivé varianty absorbéru
Ize rychle stfidat a béhem kratké doby provést
velké mnozstvi experimentd. To je vyhodné
zejmeéna pfi vyvoji novych konstrukénich fe-
Senf nebo pfi optimalizaci parametr( absor-
bért. Dalsi vyhodou je moznost pouziti stan-
dardizovaného buzeni. Napfiklad mechanicky
raz ocelovou kouli nebo modalnim kladivem
predstavuje dobre definovany Sirokopasmovy
impuls, ktery umoznuje porovnavat vysledky
mezi riznymi laboratofemi nebo rdznymi ex-
perimentalnimi kampanémi. Tim se zvySuje
objektivita hodnoceni [8].

Laboratorni podminky rovnéz umoznuji ome-
zeni vlivu okolniho hluku. Méfeni Ize provadét
v akusticky upravenych prostorech, pfipadnée
v bezdozvukovych nebo polobezdozvukovych
komoréach, kde je minimalizovan vliv odrazUl
a rusivych zvukl. Vysledky tak Iépe odrazeji
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Laboratory conditions also allow limiting the
influence of ambient noise. Measurements
can be performed in acoustically modi-
fied rooms, or in anechoic or semi-anechoic
chambers, where the influence of reflections
and disturbing sounds is minimized. The re-
sults thus better reflect the real properties of
the measured system.

An important aspect is also the safety and
simplicity of the implementation of experi-
ments. It is not necessary to enter the track
during operation or to handle measuring
equipment near passing trains. All measure-
ments can be performed in a controlled labo-
ratory environment.

In addition, laboratory methods allow the
testing of prototype solutions that have not
yet been approved for operational use. Man-
ufacturers and research organizations can
thus verify new materials, absorber geome-
tries or mounting methods without the need
for their immediate installation on the railway
infrastructure.

Although laboratory measurements cannot
fully replace verification operational tests,
they represent a necessary intermediate step
between absorber design and its application
in practice. They enable the rapid identifica-
tion of prospective design variants, reduce
development costs and provide detailed in-
formation on the vibroacoustic behavior of
the system, which is often difficult to obtain
during operational measurements. For these
reasons, laboratory methods are now consid-
ered a standard part of the development and
evaluation of rail absorbers.

2. METHODS USED FOR THE EVALUATION
OF RAIL ABSORBERS

Evaluation of the effectiveness of rail absorb-
ers is an important part of the development
and verification of noise control measures in
rail transport. The aim of these methods is to
determine the ability of the absorber to reduce
rail vibrations and subsequently the noise
emitted into the surrounding environment.

Currently, several approaches are used, which
differ in complexity, accuracy and areas of ap-
plication [9].

skutec¢né vlastnosti méfeného systému.

Vyznamnym aspektem je také bezpecnost
a jednoduchost realizace experimentd. Nenf
nutné vstupovat do kolejisté za provozu ani
manipulovat s meéfici technikou v blizkosti
projizdéjicich vlakl. VeSkerd méreni |ze prova-
dét v kontrolovaném laboratornim prostredi.

Laboratorni metody navic umoznuji testova-
ni prototypovych feseni, kterd jesté nebyla
schvalena pro provozni pouziti. Vyrobci a vy-
zkumné organizace tak mohou ovéfovat nové
materidly, geometrie absorbérl nebo zplso-

by uchyceni bez nutnosti jejich okamzité in-
stalace na Zelezni¢ni infrastrukturu.

Pfestoze laboratorni méfeni nemohou piné
nahradit ovérovaci provozni zkousky, pfedsta-
vuji nezbytny mezikrok mezi ndvrhem absor-
béru a jeho aplikaci v praxi. Umoznuji rychlou
identifikaci perspektivnich konstruk¢nich va-
riant, snizuji naklady na vyvoj a poskytuji po-
drobné informace o vibroakustickém chovani
systému, které byva pfi provoznich méfenich
obtizné ziskat. Z téchto ddvodU jsou labora-
torni metody dnes povazovany za standard-
ni soucast vyvoje a hodnoceni kolejnicovych
absorbéra.

2. METODY POUZIVANE PRO HODNOCENI
KOLEJNICOVYCH ABSORBERU

Hodnoceni Ucinnosti kolejnicovych absorbér(
predstavuje ddleZitou soucdst vyvoje a ovéfo-
vani protihlukovych opatfeni v Zelezni¢ni do-
pravé. Cilem téchto metod je stanovit schop-
nost absorbéru sniZzovat vibrace kolejnice a na-
sledné i hluk vyzarovany do okolniho prostiedi.
V soucasné dobé se pouziva nékolik pristupd, kte-
ré se lisi narocnosti, presnostii oblasti pouziti [9].

Nejpfimeéjsi metodou je provozni méfeni hlu-
ku pfi prdjezdu vlakovych souprav. Pfi této
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The most direct method is the operational
measurement of noise during the passage of
train sets. In this method, the noise emitted
by the railway track before and after the ab-
sorber installation is recorded using precise
measuring microphones. The result is a com-
parison of equivalent sound pressure levels,
maximum levels or spectral characteristics of
the noise. The advantage of this method is the
direct evaluation of the actual benefit of the
absorber in real operation. The disadvantage
is a significant dependence on operating con-
ditions, train speed, vehicle type, wheel con-
dition and meteorological influences.

Another frequently used method is the mea-
surement of rail vibrations. Vibrations are
usually detected by piezoelectric accelerom-
eters placed on the rail web or head. The vi-
bration level before and after the installation
of absorbers is compared, and the frequency
response of the vibrations is evaluated. This
method provides information directly about
the mechanism of action of the absorber,
since its main function is to increase the at-
tenuation of the rail and limit the amplitude of
its vibrations. In the case of measuring rails
with absorbers, the problem of attaching the
accelerometer can be a problem.

A significant group of methods is represented
by modal and dynamic rail tests. In these, the
rail is excited, for example, by a modal hammer,
an electrodynamic exciter or a mechanical im-
pulse. Based on the response, the natural fre-
guencies, vibration shapes and damping char-
acteristics of the system are determined. The
information obtained allows the evaluation of
changes in the dynamic properties of the rail
caused by the installation of absorbers.

Laboratory methods based on impulse re-
sponse have been increasingly used in recent
years. The rail is excited by a short mechan-
ical impulse, for example by the impact of a
steel ball or a modal hammer. The acoustic
or vibration response is then analyzed in the
time and frequency domain. The advantages
of this method are high repeatability of the
measurement, simple experimental setup
and the possibility of quick comparison of dif-
ferent absorber design variants without the
need for operational tests.

Another optionis to measure frequency trans-
fer functions (FRF). This method analyzes the

metodeé se pomoci pfesnych meéficich mi-
krofonl zaznamenavd hluk vyzafovany ze-
lezni¢ni trati pfed instalaci absorbéru a po
jeho instalaci. Vysledkem byva porovna-
ni ekvivalentnich hladin akustického tla-
ku, maximalnich hladin nebo spektralnich
charakteristik hluku. Vyhodou této meto-
dy je pfimé hodnoceni skutecného pfinosu
absorbéru v redlném provozu. Nevyhodou
je znacna zavislost na provoznich podmin-
kach, rychlosti vlaky, typu vozidel, stavu kol
a meteorologickych vlivech.

Dalsi Casto pouzivanou metodou je meéfeni vi-
bracikolejnice.Vibracejsou zpravidla snimany
piezoelektrickymi akcelerometry umisténymi
na stojiné nebo hlaveé kolejnice. Porovnava se
Uroven vibraci pfed a po instalaci absorbérd,
pfipadné se vyhodnocuje frekvencni pribéh
vibraci. Tato metoda poskytuje informace
pfimo o mechanismu pUsobeni absorbéruy,
protoze jeho hlavni funkci je zvySeni Utlumu
kolejnice a omezeni amplitudy jejich vibraci.
V pripadé méreni kolejnic s absorbéry mlze
byt problémem uchyceni akcelerometru.

Vyznamnou skupinu metod predstavuji mo-
dalni a dynamické zkousky kolejnic. Pfi nich
je kolejnice buzena napfiklad modalnim kla-
divem, elektrodynamickym budi¢em nebo
mechanickym impulsem. Na zakladé odezvy
se stanovuji vlastni frekvence, tvary kmitani
a utlumové charakteristiky systému. Ziskané
informace umoznuji hodnotit zmény dyna-
mickych vlastnosti kolejnice zplsobené in-
stalaci absorbéru.

V poslednich letech se stale Castéji vyuzivaji
laboratorni metody zalozené naimpulsni ode-
zvé. Kolejnice je buzena kratkym mechanic-
kym impulsem, napfiklad dopadem ocelové
koule nebo uderem modalniho kladiva. Na-
sledné se analyzuje akusticka nebo vibracni
odezva v Casové a frekvencéni oblasti. Vyho-
dou této metody je vysoka opakovatelnost
meéreni, jednoduché experimentdlni uspora-
dani a moznost rychlého porovnani riznych
konstruk¢nich variant absorbért bez nutnosti
realizace provoznich zkousSek.

Dalsi moznosti je méefeni frekvencnich preno-
sovych funkci (FRF). Pfi této metodé se ana-
lyzuje vztah mezi budici silou a odezvou kon-
strukce. Frekvenc¢ni pfenosové funkce posky-
tuji podrobné informace o rezonancnich fre-
kvencich, Urovni utlumu a dynamickeé tuhosti
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relationship between the excitation force and
the response of the structure. Frequency
transfer functions provide detailed informa-
tion about the resonant frequencies, the level
of attenuation and the dynamic stiffness of
the system. The method is often used in the
development of new absorbers and in the val-
idation of numerical models. It should be not-
ed that more expensive specific equipment is
needed for this type of test.

In addition to experimental methods, numer-
ical simulations are also widely used, in par-
ticular the finite element method (FEM) and
the boundary element method (BEM). These
approaches allow the analysis of the vibra-
tion and acoustic behavior of the rail and ab-
sorber before the prototype is manufactured.
Numerical models are used to optimize the
absorber mass, its geometry, material com-
position or frequency tuning. In practice, the
simulation results are verified by laboratory or
operational measurements.

For the evaluation of acoustic properties, fre-
guency analysis in the time domain is com-
monly used, followed by FFT, one-third oc-
tave analysis and impulse response analysis,
or the application of modern time-frequency
analysis methods. These procedures allow to
determine the frequency bands in which the
absorber shows the highest efficiency. One-
third octave analysis in particular is important
for comparing the results with the require-
ments of technical standards and regulations
used in the field of railway acoustics.

Therefore, a comprehensive evaluation of rail
absorbers usually combines several methods
simultaneously. Laboratory measurements
provide detailed information on the acous-
tic behavior of the absorber under controlled
conditions, while operational measurements
verify its real benefit in real railway operation.
The combination of experimental methods
with numerical modeling today represents
the most effective approach to the develop-
ment, optimization and objective evaluation
of rail absorbers [9].

One of the advantageous options is the use
of pulsed excitation of the rail by mechanical
shock. A short pulse represents a broadband
energy source capable of exciting a significant
part of the natural frequencies of the rail-ab-
sorber system. The subsequent analysis of the

systému. Metoda je ¢asto vyuzivana pfi vyvoji
novych absorbérd a pfi validaci numerickych
modell. Podotknéme, Ze pro tento typ zkou-
Sek je potfeba drazsi specifické vybaveni.

Vedle experimentdlnich metod se Siroce uplat-
nuji také numerické simulace, zejména meto-
da konecénych prvkl (FEM) a metoda hranic-
nich prvk( (BEM). Tyto pfistupy umoznuji ana-
lyzovat vibraéni i akustické chovani kolejnice
a absorbéru jesté pfed vyrobou prototypu.
Numerické modely se vyuzivaji k optimalizaci
hmotnosti absorbéru, jeho geometrie, materi-
alového slozeni nebo frekvencniho naladéni.
V praxi byvaji vysledky simulaci ovéfovany la-
boratornimi nebo provoznimi meéfenimi.

Pro hodnoceni akustickych vliastnosti se béz-
neé pouziva frekvencni analyza v ¢asové rovi-
ne, dale pomoci FFT, tfetinooktavova analyza
a analyza impulsni odezvy, pfipadné aplikace
modernich metod ¢asoveé frekvencéni analyzy.
Tyto postupy umoznuji urcit frekvencni pas-
ma, ve kterych absorbér vykazuje nejvyssi
ucinnost. Zejména tretinooktavova analyza je
dllezitd pro porovnani vysledkl s pozadavky
technickych norem a predpist pouzivanych
v oblasti Zzelezni¢ni akustiky.

Komplexni hodnoceni kolejnicovych absor-
bért proto zpravidla kombinuje nékolik metod
soucasne.Laboratorniméreniposkytujidetail-
niinformace o akustickém chovani absorbéru
v kontrolovanych podminkach, zatimco pro-
vozni meérfeni ovefuji jeho skutec¢ny pfinos
v realném zeleznic¢nim provozu. Spojeni expe-
rimentalnich metod s numerickym modelova-
nim dnes predstavuje nejefektivngjsi pfistup
k vyvoji, optimalizaci a objektivhimu hodno-
ceni kolejnicovych absorbérd [9].

Jednou z vyhodnych moznosti je vyuziti im-
pulsniho buzeni kolejnice mechanickym
rézem. Kratky impuls predstavuje Siroko-
pasmovy zdroj energie schopny excitovat
vyznamnou c¢ast vlastnich frekvenci sys-
tému kolejnice—absorbér. Naslednd ana-
lyza akustické odezvy poskytuje informa-
ce o dynamickych vlastnostech méfeného
systému, jeho Utlumovych schopnostech
a frekvencni charakteristice [10]. Vyhodou
této metody je jednoduchost experimentalni-
ho usporadani, vysoka opakovatelnost méreni
a moznost rychlého porovnani riznych kon-
strukénich variant absorbérd.
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acoustic response provides information about
the dynamic properties of the measured sys-
tem, its attenuation capabilities and frequen-
cy characteristics [10]. The advantage of this
method is the simplicity of the experimental
arrangement, high repeatability of measure-
ments and the possibility of quick comparison
of different design variants of absorbers.

The rest of the article deals with the design
and verification of a laboratory methodol-
ogy for evaluating rail absorbers based on
measuring the acoustic response of the rail
caused by the mechanical impact of a steel
ball. Attention is paid to the description of the
experimental arrangement, the measurement
methodology and the methods of processing
the measured data in the time and frequen-
cy domains. The aim of the conclusion of the
article is to assess the usability of the pro-
posed procedure for objectively comparing
the acoustic properties of rail absorbers and
to create a basis for their further development
and optimization.

3. DESCRIPTION OF TEST MEASUREMENTS

The aim was not only to perform laboratory
measurements of the acoustic parameters of
a rail sample without and with two types of
sidewalls in order to compare their acoustic
parameters, but also to verify the reliability of
the method in question. A total of three types
of measurements were performed. The first
measurement was performed on a grooved
NT3 rail without rail absorbers, the next two
using two types of rail absorber fastening,
one of which was attached with steel clips
and the other was glued and with an SBR heel
profile. It should be noted that the SBR heel
profile is a flexible profile located in the area
of the rail heel, made of SBR (Styrene-Buta-
diene Rubber). This is one of the most widely
used synthetic rubbers in railway construc-
tion, especially for anti-vibration and acoustic
applications. The SBR profile is installed along
the rail foot and performs several functions:

» Reduces the transmission of vibrations
from the rail to the fasteners and sleepers,

» Increases the material damping of the
rail-fastening system,

DalSi text pfispévku se zabyva navrhem
a ovéfenim laboratorni metodiky hodnoceni
kolejnicovych absorbérl zaloZzené na méreni
akustické odezvy kolejnice vyvolané mecha-
nickym razem ocelové koule. Pozornost je vé-
novana popisu experimentalniho usporadani,
metodice méreni a zpUsobUm zpracovani na-
meéfenych dat v Casoveé i frekvenéni oblasti.
Cilem zaveéru c¢lanku je posoudit vyuZitelnost
navrzeného postupu pro objektivni porov-
navani akustickych vlastnosti kolejnicovych
absorbérl a vytvofit podklady pro jejich dalsi
VyVvoj a optimalizaci.

3. POPIS TESTOVACICH MERENI

Cilem bylo nejen laboratorni mefeni akustic-
kych parametr vzorku kolejnice bez a s dvé-
ma typy bokovnic za ucelem srovnani jejich
akustickych parametrt, ale i ovéreni spo-
lehlivosti predmétné metody. Celkem byly
provedeny tfi typy méfeni. Prvni méreni bylo
provedeno na zlabkové kolejnici NT3 bez ko-
lejnicovych absorbérd, dalsi dvé s vyuzitim
dvou typU upevnéni kolejnicovych absorbér(,
kdy jeden byl pfipevnén ocelovymi sponami
a druhy byl nalepeny a s patnim profilem SBR.
Podotknéme, ze SBR patni profil je pruzny pro-
fil umistény v oblasti paty kolejnice, vyrobeny
z materialu SBR (Styrene-Butadiene Rubber),
tedy styren-butadienového kaucuku. Jedna
se o jeden z nejpouzivangjsich syntetickych
kaucukld v Zzelezni¢nim stavitelstvi, zejmé-
na pro antivibracni a akustické aplikace. SBR
profil se instaluje podél paty kolejnice a pini
nekolik funkci:

« Snizuje pfenos vibraci z kolejnice do upev-
novadel a praZce,

« ZvysSuje materidlové tlumeni soustavy ko-
lejnice—upevneéni,
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» Limits noise radiation through the rail,

o Protects the rail from direct contact with
some parts of the absorber,

e Serves asan elastic element when attach-
ing rail absorbers.

When a train passes through, bending, longitu-
dinal and torsional vibrations occur in the rail.
Due to its elasticity, the SBR profile allows for
small deformations and at the same time con-
verts part of the vibration energy into heat. This
phenomenon is referred to as internal hyster-
etic damping of rubber. From the point of view
of rail dynamics, the SBR foot profile is actually
a viscoelastic damper, which together with the
rail mass and any steel core of the absorber
creates a mass-spring-damper system.

The mechanical shock was realized by the
impact of a steel ball (Fig. 1) lowered from a
special holder (with adjustable heights) in the
vertical direction. A steel ball with a diame-
ter of 38 mm was used. The microphone was
placed T m from the measured samples (rail
posts). The measuring microphone was di-
rected perpendicular to the samples and was
placed at a height of 177 cm above the surface.
The excitation ball was lowered onto the run-
ning part of the rail from a height of 60 cm.
Each measurement in each variant was per-
formed 10 times. The values obtained were
averaged.

The dynamic-acoustic response parameters
were recorded by a microphone. The B&K
3053-B-120 measuring set from Bruel&Kjaer
and the Labshop B&K measuring software
were used to measure the acoustic parame-
ters. The dynamic-acoustic response param-
eters were measured when applying shock
excitation, i.e. when the ball hit once. After the
analysis, control measurements and calcula-
tions were carried out, the following methods
and parameters were used to analyze the re-
sponse to mechanical shock:

« Time display of the instantaneous sound
pressure value,

« Short-term equivalent sound pressure
level, one-third octave spectrum,

Omezuje vyzarovani hluku kolejnici,

« Chrani kolejnici pfed pfimym kontaktem
s neékterymi ¢astmi absorbéru,

« Slouzi jako pruzny prvek pfi uchyceni ko-
lejnicovych absorbérd.

Pfi prajezdu vlaku vznikaji v kolejnici ohybo-
vé, podélné i torzni kmity. SBR profil diky své
pruznosti umoznuje malé deformace a sou-
Ccasné premeénuje cast vibracni energie na
teplo. Tento jev je oznaCovan jako vnitini hys-
teretické tlumeni pryze. Z pohledu dynamiky
kolejnice je SBR patni profil viastné viskoelas-
ticky tlumic, ktery spolec¢né s hmotou kolejni-
ce a prfipadnym ocelovym jadrem absorbéru
vytvari systém hmota—pruzina—tlumic.

Mechanicky raz byl realizovan dopadem oce-
lové koule (Obr 1) spousténé ze specialniho
drzaku (s nastavitelnymi vyskami) ve svislém
sméru. Byla pouzita ocelova koule o primeé-
ru 38 mm. Mikrofon byl umistén od meérfe-
nych vzorkU (stojny kolejnic) ve vzdalenosti 1
m. Méfici mikrofon byl nasmeérovan kolmo ke
vzorkdm a byl umistén ve vySce 17 cm nad po-
vrchem. Budici koule byla spousténa na po-
jezdovou cast kolejnice z vysky 60 cm. Kazdé
mereni v dané varianté bylo provedeno 10x.
Ziskané hodnoty byly primérovany.

Parametry  dynamicko-akustické odezvy
byly snimany mikrofonem. K méfeni akustic-
kych parametrd byla vyuzita méfici souprava
B&K 3053-B-120 od spolecnosti Briel&Kjaer
a meéfici software Labshop B&K. Parametry
dynamicko-akustické odezvy byly méreny pfi
aplikaci razového buzeni, tj. pfi jednom dopa-
du koule. Po provedeném rozboru, realizova-
nych kontrolnich mérenich a vypoctech byly
k analyze odezvy na mechanicky raz pouzito
nasledujicich metod a parametrU:

« Casového zobrazeni priibéhu okamzité
hodnoty akustického tlaku,

« Kratkodobé ekvivalentni hladiny akustic-
kého tlaku, tfetinooktavové spektrum,

« tfetino-oktavovych spekter akustického tla-
ku,

« Frekvencni analyzy Welchovou metodou,
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» Third-octave sound pressure spectra,

» Frequency analysis by the Welch meth-
od, this method is based on the use of a
discrete Fourier transform applied to the
measured data and subsequent appropri-
ate averaging,

« Time-frequency analysis (for the transi-
tion from the time to the time-frequency
domain, the Short-term Fourier transform
algorithm was used).

The author-developed software implement-
ed in the Python programming language was
used to analyze and evaluate the measured
data. This software allows for effective pro-
cessing, analysis and visualization of the ob-
tained data.

tato metoda je zalozena na pouziti diskrét-
ni Fourierovy transformace aplikované na
nameérena data a na nasledném vhodném
primeérovani,

« Casoveé-frekvencni analyzy (pro prechod
z Casové do Casove-frekvencni oblasti byl
vyuzit algoritmus Kratkodobé Fourierovy
transformace).

K analyze a vyhodnoceni namérfenych dat byl
pouzit autorsky vyvinuty software implemen-
tovany v programovacim jazyce Python. Tento
software umoznuje efektivni zpracovani, ana-
lyzu i vizualizaci ziskanych dat.

Fig. 1 View of the measurement location, ab-
sorber attached to the rail with clips

Obr. 1 Pohled na misto meérent, absorbér uchy-
ceny ke kolejnici sponami
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Fig. 2 View of the measurement location, ab-
sorber attached to the rail by gluing

4. RESULTS

For the calculation of the short-term equiv-
alent sound pressure level, an interval of 100
ms from the beginning of the measured sig-
nal was selected due to the nature of the re-
sponse signals. This is the interval in which
the most significant attenuation of the sound
pressure occurs. The calculated values were
averaged. The average values of the short-
term sound pressure level for the investigat-
ed signal interval of 200 ms are given in Table
Tab. 1. Furthermore, from the measured data
in the given interval, the third-octave spectra
were calculated for each variant. These were
again averaged. The average third-octave
spectra are shown in Figure Fig. 3.

Obr. 2 Pohled na misto mereni, absorbér uchy-
ceny ke kolejnici lepenim

4. ZISKANE VYSLEDKY

Pro vypocCet kratkodobé ekvivalentni hladiny
akustického tlaku byl vzhledem k charakteru
odezvovych signdlt vybran interval 100 ms od
zacatku namereného signalu. Jde o interval,
v kterém dochazi k nejvyraznéjsimu utlumu
akustického tlaku. Vypoctené hodnoty byly
zprimeérovany. Primérné hodnoty kratkodo-
bé hladiny akustického tlaku pro vySetfovany
interval signalu délky 200 ms jsou uvedeny
v tabulce Tab. 1.

Dale byla z namérenych dat v daném intervalu
vypoctena pro kazdou variantu tfetino-okta-
vova spektra. Tyto bylaopétprameérovany. Pri-
merna tretino-oktavova spektrajsou uvedena
v obrazku Obr. 3.
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Méfeny vzorek / Measured sample L...[dB(A)]
Kolejnice NT3, bez absorbéru / NT3 rail, without acoustic absorber 935
Kolejnice NT3, s absorbérem a se sponami/ NT3 rails, with side rails with clips 84.8
Kolejnice NT3, s nalepenym absorbérem a s SBR patnim profilem / NT3 rail, with glued 83.2
absorber and SBR heel profile

Table 1 Comparison of short-term equivalent
level values for individual variants

Tab. 1 Srovnani hodnot kratkodobé ekvivalenini
hladiny pro jednotlivé varianty

Srovnani tietino-oktav, kolejnice NT3, interval 100 ms-300 ms od za¢atku aderu,
Third-octave comparison, NT3 rail, interval 100 ms-300 ms from the start of the beat
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m Kolejnice NT3, bez absorbéru / NT3 rail, without acoustic absorber

m Kolejnice NT3, s absorbérem a se sponami / NT3 rails, with side rails with clips
m Kolejnice NT3, s nalepenym absorbérem a s SBR patnim profilem / NT3 rail, with glued absorber and SBR heel profile

Fig. 3 Comparison of third-octave spectra for
the measured variants

According to Table Tab. 1, the sound pressure
values in the case of a separate NT3 rail are
almost ten decibels higher than when us-
ing sidewalls. When comparing both types
of sidewalls, it is possible to state from
this table that the equivalent sound pres-
sure level values are slightly more favour-
able for the rail with glued sidewalls includ-
ing SBR foot profile. The difference here is
1.6 dB.

The third-octave characteristic of the equiv-
alent noise levels using the A filter is shown
in Fig. 3 for the measurement of all three vari-
ants, i.e. without sidewall rails, rails with side-
walls fastened with steel clips and rails with

Obr. 3 Srovnani tretino-oktavovych spekter pro
mérené varianty

Dle tabulky Tab. 1 jsou hodnoty akustické-
ho tlaku v pfipadé samostatné kolejnice NT3
o0 témér deset decibelld vyssSi nez pfi po-
uziti bokovnic. Pfi srovnani obou typU
bokovnic je mozné z této tabulky kon-
statovat nepatrné  vyhodnéjsi  ekviva-
lentni hodnoty hladiny akustického tlaku
u kolejnice s nalepovacimi bokovnicemi vCet-
neé SBR patnim profilem. Rozdil zde €ini 1.6 dB.

Tretino-oktavova charakteristika  ekviva-
lentnich hladin hluku s pouzitim filtru A je
pro méfeni vsech tfi variant, tedy bez ko-
lejnice bokovnic, kolejnice s bokovnice-
mi upevnénymi ocelovymi sponami a ko-
lejnice s nalepenymi bokovnicemi a SBR
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glued sidewalls and SBR foot profile. Signifi-
cant values in the measurement variant on
the rail without sidewalls were found at a fre-
guency 500 Hz and further especially in the
intervals 800 Hz to 2500 Hz and 5 kHz to 10
kHz. Both types of sidewalls, both with clips
and with adhesive sidewalls including the SBR
heel profile, significantly attenuate frequency
componentsinthe intervals of 800 Hz to 2500
Hz and 5 kHz to 10 kHz compared to the vari-
ant without sidewalls. Slightly more favour-
able attenuation was achieved in the rail sam-
ple with adhesive sidewalls with an SBR heel
profile. It should be noted that the frequency
range up to 800 Hz is less significant in terms
of the total Short-term equivalent sound
pressure level, since in this interval its values
are approximately below 60 dB(A). Therefore,
from the point of view of the effect of noise on
humans, attenuation in the area of 800 Hz is
important. It should be noted that these are
third-octave waveforms, i.e. from the point of
view of calculating a discontinuous frequency
range. For this reason, bar graphs were used.

For a more detailed evaluation and compari-
son of individual samples, an analysis was per-
formed using the time, frequency and time-fre-
guency domains. Images were created for the
time-frequency analysis, which consist of three
graphs (Fig. 3 to Fig. 6). The upper graph shows
the time course of the instantaneous acoustic
pressure value. It shows in particular global ex-
tremes and attenuation within the entire signal
with time. The left graph shows the amplitude
spectrum of the acoustic response as a function
of frequency calculated by direct application of
the Fourier transform to the measured signal.
Significant frequency components contained in
the entire measured signal are visible here. The
middle graph shows a 3D display of the time-fre-
guency course of the acceleration amplitude
spectrum. The dependence of the amplitude
spectrum at individual time and frequency mo-
ments is shown here, i.e. the time and frequency
course are combined. In simple terms, time-fre-
guency graphs provide information about how
long a given frequency component occurs inthe
measured signal. The sound pressure values in
the decibel scale are shown in different colors in
the middle graphs. Note that the maximum value
is black, the lowest is white.

The time course of the sound pressure for arail
without sidewalls shows a maximum sound
pressure value of around =20 Pa on average.

patnim profilem, zobrazena v obr. 3. Vyraz-
né hodnoty ve varianteé meéfeni na kolejni-
ci bez bokovnic byly zjistény na frekvenci
500 Hz a dale zejména v intervalech 800 Hz az
2500 Hz a 5 kHz az 10 kHz. Oba typy bokov-
nic, jak se sponami, tak s nalepovacimi bo-
kovnicemi vcetné SBR patniho profilu vyrazné
tlumi frekvencni slozky v intervalech 800 Hz
az 2500 Hz a 5 kHz az 10 kHz oproti varianté
bez bokovnic. Nepatrné vyhodnéjsiho Utlumu
bylo dosazeno u vzorku kolejnice s nalepo-
vacimi bokovnicemi s SBR patnim profilem.
Podotknéme, Ze frekvenc¢ni oblast do 800 Hz
je méné vyznamna z hlediska vyse celkové
Kratkodobé ekvivalentni hladiny akustického
tlaku, nebot v tomto intervalu jsou jeji hod-
noty cca pod 60 dB(A). Tedy z hlediska vlivu
hluku na ¢lovéka je dUlezité tlumeni v oblasti
na 800 Hz. Poznamenejme, Ze se jedna o tre-
tino-oktdvové priabehy, tedy z hlediska vypo-
Ctu nespojité frekvencni oblasti. Z uvedeného
divodu byly pouzity sloupcové grafy.

K detailnéjSimu vyhodnoceni a srovnani jed-
notlivych vzork( byla provedena analyza
s vyuzitim casové, frekvencni a ¢asove fre-
kvencni oblasti. K Casové frekvencni ana-
lyze byly vytvoreny obrazky, které jsou tvo-
feny trojici grafl (Obr. 3 az Obr. 6). V hornim
grafu je zobrazen Casovy prubéh okamzité
hodnoty akustického tlaku. V ném jsou patr-
né zejména globalni extrémy a utlum v ram-
ci celého signdlu s ¢asem. V levém grafu je
zobrazeno amplitudové spektrum akustické
odezvy v zavislosti na frekvenci vypocitané
piimou aplikaci Fourierovy transformace na
nameéreny signal. Zde jsou patrny vyznacné
frekvencnislozky obsazené v celém namére-
ném signale. V prostfednim grafu je 3D zob-
razeni casové frekvenéniho pribéhu ampli-
tudového spektra zrychleni. Je zde zobraze-
na zavislost amplitudového spektra v jednot-
livych ¢asovych a frekvencnich okamzicich,
tj. spojuje se casovy a frekvencni priabéh.
Zjednodusené je mozné fici, ze ¢asove fre-
kvencni grafy poskytuji informaci o tom, jak
dlouho se dana frekvencni slozka vyskytuje
v nameéreném signale. Hodnoty akustického
tlaku v decibelové stupnici jsou znazornény
u prostrednich grafl odliSnymi barvami. Po-
znamenejme, Zze maximalni hodnota je barvy
cerné, nejnizsi je pak barvy bilé.

Z Casového pribéhu akustického tlaku u ko-
lejnice bez bokovnic je patrna maximalni
hodnota akustického tlaku v prdméru kolem
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The attenuation of the response signal is very
gradual, reaching values 10x lower in about
0.5 s. The amplitude spectrum calculated by
the Welch method shows significant values at
frequencies 1020 Hz, 2010 Hz, 2900 Hz, 4100
Hz, 4380 Hz, 4540 Hz, 5280 Hz, 6690 Hz, 6880
Hz, 7740 Hz, 8600 Hz, 9440 Hz, and 9700 Hz.
The calculated values of the key components
of the spectrum range from 110 dB to 130 dB.
The same key components of the spectrum
are visible from the amplitude spectrum cre-
ated using the short-term Fourier transform.
At the same time, it is evident that the key
components of the spectrum have a relatively
long duration from the excitation pulse (up to
0.5 s), with a decrease of 30 dB.

The time course of the acoustic pressure for
a rail with sidewalls attached with steel clips
shows a maximum acoustic pressure value of
around =13 Pa on average. Compared to the
variant without sidewalls, the signal attenuation
is significantly faster, reaching values 10x lower
in approximately 0.2 s. The amplitude spectrum
calculated by the Welch method shows sig-
nificant values at frequencies of 1020 Hz, 2010
Hz, 2900 Hz, 4100 Hz, 4380 Hz, 4540 Hz, 5280
Hz, 6690 Hz, 7740, Hz, 8600 Hz, 9440, 9700 Hz.
The calculated values of the key components of
the spectrum range from 102 dB to 116 dB. It is
clear that these are significantly lower than in
the case of measuring a rail without sidewalls.
The amplitude spectrum created using the
short-term Fourier transform shows the same
key components of the spectrum. At the same
time, it is clear that the key components of the
spectrum have a higher attenuation compared
to the measurement variant of the rail without
sidewalls, from the excitation shock (maximum
0.3 5s—0.35 g), with a decrease of 30 dB.

From the time course of the acoustic pressure
for the rail with glued sidewalls including the
application of the SBR foot profile, the max-
imum acoustic pressure value is visible on
average around =11 Pa. The attenuation of the
signal is again relatively fast compared to the
measurement on the rail without sidewalls, to
values 10x lower in about 0.2 s. When com-
pared to the variant of the rail with sidewalls
attached with steel clips, it is approximately
the same. The amplitude spectrum calculat-
ed by the Welch method shows significant
values at frequencies of 990 Hz, 2430 Hz,
4100 Hz, 4540 Hz, 5760 Hz, 7500 HZ, 850 Hz
and 9100 Hz. The calculated values of the key

+20 Pa. Utlum odezvového signéalu je velmi
pozvolny, na hodnoty 10x nizsi je za cca 0.5
s. Amplitudové spektrum vypoctené Wel-
chovou metodou vykazuje vyznacné hod-
noty na frekvencich 1020 Hz, 2010 Hz, 2900
Hz, 4100 Hz, 4380 Hz, 4540 Hz, 5280 Hz,
6690 Hz, 6880 Hz, 7740 Hz, 8600 Hz, 9440
Hz, a 9700 Hz. Vypoctené hodnoty klico-
vych slozek spektra se pohybuji v intervalu
110 dB do 130 dB. Z amplitudového spektra
vytvofreného pomoci kratkodobé Fouriero-
vy transformace jsou patrné stejné klicové
slozky spektra. Soucasné je patrné, ze kli-
cové slozky spektra maji pomérneé dlouhou
dobu svého trvani od budiciho razu (az 0.5
s), pfi poklesu o 30 dB.

Z ¢asového prubéhu akustického tlaku u ko-
lejnice s bokovnicemi pfipevnénymi ocelo-
vymi sponami je patrna maximalni hodnota
akustického tlaku v priméru kolem +13 Pa.
Oproti varianté bez bokovnic je Utlum signalu
vyrazneé rychlejsi, na hodnoty 10x nizsi za cca
0.2 s. Amplitudové spektrum vypoctené Wel-
chovou metodou vykazuje vyznacné hodno-
ty na frekvencich 1020 Hz, 2010 Hz, 2900 Hz,
4100 Hz, 4380 Hz, 4540 Hz, 5280 Hz, 6690 Hz,
7740, Hz, 8600 Hz, 9440, 9700 Hz. Vypoctené
hodnoty kI|covych slozek spektra se pOhybUJ
vintervalu 102 dB do 116 dB. Je zfejmé, Ze tyto
jsou vyrazneé nizsi nez v pfipadé mereni kolej-
nice bez bokovnic. Z amplitudového spektra
vytvofeného pomoci kratkodobé Fourierovy
transformace jsou patrné stejné klicové sloz-
ky spektra. Soucasné je patrné, ze klicové
slozky spektra maji vyssi utlum v porovnani
s variantou mereni kolejnice bez bokovnic, od
budiciho razu (maximalné 0.3 s — 0.35 s), pfi
poklesu o 30 dB.

Z ¢asového prubéhu akustického tlaku u ko-
lejnice s lepenymi bokovnicemi vcetné ap-
likace SBR patniho profilu je patrna maxi-
malni hodnota akustického tlaku v prumeru
kolem =11 Pa. Utlum S|gnalu je opét pomeér-
neé rychly oproti mérfeni na kolejnici bez bo-
kovnic, na hodnoty 10x nizsi za cca 0.2 s. Pfi
srovnani s variantou kolejnice s bokovnicemi
uchycenymi ocelovymi sponami je pfibliz-
ne stejny. Amplitudové spektrum vypoclte-
né Welchovou metodou vykazuje vyznac-
né hodnoty na frekvencich 990 Hz, 2430
Hz, 4100 Hz, 4540 Hz, 5760 Hz, 7500 HZ,
850 Hz a 9100 Hz. Vypoctené hodnoty klico-
vych slozek spektra se pohybuji vintervalu 86
dB az 114 dB. Je zfejmé, Ze tyto jsou vyrazne
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components of the spectrum range from 86
dB to 114 dB. It is clear that these are signifi-
cantly lower than in the case of measuring a
rail without sidewalls.

When compared with the variant of a rail with
sidewalls attached with steel clips, the results
are similar. The amplitude spectrum created
using the short-term Fourier transform shows
the same key components of the spectrum as
in the frequency analysis. At the same time, it
is clear that the key components of the spec-
trum have a higher attenuation compared to
the variant of measuring a rail without side-
walls, from the excitation shock (maximum
0.3s5—-0.35s), with a decrease of 30 dB. When
comparing the measurements of the rail and
both types of sidewalls, it is clear that the rail
with adhesive sidewalls and SBR heel pro-
file has more favourable time, frequency and
time-frequency characteristics.

4. CONCLUSIONS

Within the framework of the obtained results,
it can be stated that the best damping prop-
erties are exhibited by the rail sample with
adhesive sidewalls and SBR heel profile. How-
ever, it is worth noting that the difference in
measured values for the rail sample with ad-
hesive sidewalls and SBR heel profile com-
pared to the rail with sidewalls fastened with
steel clips is relatively small.

Based on the measurements and analyses
performed, it can be stated that the meth-
odology of laboratory measurements and
analyses used provides suitable results and
conclusions for assessing the attenuation of
the measured samples in the laboratory. The
measured and calculated quantities are char-
acterized by sufficient accuracy and informa-
tiveness. They allow for very good qualitative
differentiation of individual samples. The ob-
tained results will need to be verified during
field measurements.

Based on the laboratory measurements and
subsequent analyses, it can be stated that the
proposed methodology for evaluating rail ab-
sorbers using acoustic response to mechani-
cal impact by a steel ball represents a suitable
tool for rapid and reproducible assessment of
their acoustic properties. The use of standard-

nizsi nez v pfipadé méreni kolejnice bez bo-
kovnic.

Pfi srovnani s variantou kolejnice s bokov-
nicemi uchycenymi ocelovymi sponami jde
0 podobné vysledky. Z amplitudového spek-
tra vytvoreného pomoci kratkodobé Fourie-
rovy transformace jsou patrné stejné klico-
vé slozky spektra jako u frekvencni analyzy.
Soucasneé je patrné, ze klicové slozky spektra
maji vyssi Utlum v porovnani s variantou me-
feni kolejnice bez bokovnic, od budiciho razu
(maximalné 0.3 s — 0.35 s), pfi poklesu o0 30
dB. Pfisrovnani méreni kolejnice a obou typU
kvencni i Casove frekvencni charakteristiky
vykazuje kolejnice s nalepovacimi bokovnice-
mi a SBR patnim profilem.

4. ZAVERY

V rdmci ziskanych vysledkd je mozné konsta-
tovat, Ze nejlepsi tlumici vlastnosti vykazuje
vzorek kolejnice s nalepovacimi bokovnice-
mi a SBR patnim profilem. Je vSak vhodné
podotknout, Ze rozdil naméfenych hodnot
u vzorku kolejnice s nalepovacimi bokovni-
cemi a SBR patnim profilem ve srovnani s ko-
lejnici s bokovnicemi upevnénymi ocelovymi
sponami je pomeérné maly.

Na zakladé provedenych méreni a analyz Ize
konstatovat, ze pouzitd metodika laborator-
nich méfeni a analyz poskytuje vhodné vy-
sledky a zavéry pro posouzeni Utlumu mere-
nych vzork({ v laboratofi. Méfené i vypocitané
veli¢iny se vyznacuji dostatecnou presnosti
a vypovidajici schopnosti. Umoznuji od sebe
velmi dobre kvalitativné odlisit jednotlivé
vzorky. Ziskané vysledky bude nutné ovéfit pfi
merenich v terénu.

Na zakladé provedenych laboratornich mé-
feni a naslednych analyz Ize konstatovat, ze
navrzena metodika hodnoceni kolejnicovych
absorbérl prostfednictvim akustické odezvy
na mechanicky raz ocelovou kouli pfedstavu-
je vhodny nastroj pro rychlé a reprodukovatel-
né posuzovani jejich akustickych vlastnosti.
Pouziti standardizovaného impulsniho buze-
ni umoznilo vytvofit opakovatelné podminky
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ized impulse excitation made it possible to
create repeatable experimental conditions and
ensure mutual comparability of the results ob-
tained for individual tested absorber variants.

The analyses performed in the time and fre-
guency domains demonstrated that the mea-
sured acoustic response reacts sensitively
to changes in the dynamic properties of the
rail-absorber system. The obtained impulse
responses, frequency spectra, one-third oc-
tave characteristics and the use of time-fre-
guency analysis made it possible to identify
differences between individual design solu-
tions and assess their ability to limit rail vibra-
tions and reduce acoustic energy radiation. At
the same time, it was confirmed that the effi-
ciency of the absorbers is manifested not only
by a decrease in the amplitude of the acoustic
response, but also by a faster attenuation of
vibrations and therefore of the acoustic pres-
sure by changing the spectral distribution of
energy in the crucial frequency bands.

A significant advantage of the proposed meth-
odology is its simplicity, low time consumption
and minimal requirements for experimental
equipment compared to extensive operation-
al measurements on the railway infrastruc-
ture. The method allows for a large number of
repeated tests to be carried out in controlled
laboratory conditions and provides sufficiently
sensitive data for the development, optimiza-
tion and mutual comparison of rail absorbers
before their installation into service.

The obtained results confirm that the acoustic
response induced by mechanical shock can be
used as a relevant indicator of the vibroacous-
tic behaviour of the rail and the efficiency of
the absorbers used. The proposed procedure
thus represents a suitable addition to standard
vibration and acoustic tests and can serve as
an effective tool for laboratory screening of
new design solutions. At the same time, it cre-
ates the prerequisites for further development
of the methodology, for example by some con-
nection of acoustic parameter measurements
with vibration measurements using acceler-
ometers, modal analysis or numerical mod-
elling using the finite element method. It can
therefore be stated that the proposed meth-
odology has met the expected goals and has
proven its applicability for objective evaluation
of the acoustic properties of rail absorbers. Its
use can contribute to streamlining the process

experimentu a zajistit vzajemnou porovnatel-
nost vysledku ziskanych pro jednotlivé zkou-
Sené varianty absorbéru.

Provedené analyzy v ¢asové i frekvencni ob-
lasti prokazaly, ze meéfena akusticka odezva
citlivé reaguje na zmény dynamickych vlast-
nosti systému kolejnice—absorbér. Ziskané
impulzni odezvy, frekvencni spektra, treti-
nooktavové charakteristiky i pouziti ¢asové
frekvencnianalyzy umoznily identifikovat roz-
dily mezijednotlivymi konstrukénimi fesenimi
a posoudit jejich schopnost omezovat vibra-
ce kolejnice a snizovat vyzafovani akustické
energie. Soucasne bylo potvrzeno, ze ucin-
nost absorbérd se projevuje nejen poklesem
amplitudy akustické odezvy, ale také rych-
lejSim Utlumem vibraci a tedy i akustického
tlaku zménou spektralniho rozlozeni energie
v rozhodujicich frekvencnich pasmech.

Vyznamnou pfednosti navrzené metodiky
je jeji jednoduchost, nizkd ¢asova narocnost
a minimalni pozadavky na experimentalni vy-
baveni ve srovnani s rozsahlymi provoznimi
merenimina zelezni¢ni infrastrukture. Metoda
umoznuje realizovat velké mnozstvi opakova-
nych zkousek v kontrolovanych laboratornich
podminkach a poskytuje dostatecné citlivé
podklady pro vyvoj, optimalizaci a vzajemné
porovnavani kolejnicovych absorbérl jesté
pred jejich instalaci do provozu.

Ziskané vysledky potvrzuji, ze akusticka ode-
zva vyvoland mechanickym rdzem mdze byt
vyuzita jako relevantni indikator vibroakustic-
kého chovani kolejnice a ucinnosti pouzitych
absorbérl. Navrzeny postup tak predstavuje
vhodny doplnék ke standardnim vibra¢nim
a akustickym zkouskam a muUze slouzit jako
efektivni nastroj pro laboratorni screening
novych konstrukénich feseni. SouCasné vy-
tvari predpoklady pro dalsi rozvoj metodiky,
napfiklad urcitym propojenim méfenim akus-
tickych parametrd s mérenim vibraci pomoci
akcelerometrl, modalni analyzou nebo nu-
merickym modelovanim metodou konec¢nych
prvky.

Lze proto konstatovat, Ze navrzena metodika
splnila ocekavané cile a prokdzala svou po-
uzitelnost pro objektivni hodnoceni akustic-
kych vlastnosti kolejnicovych absorbért. Jeji
vyuziti maze prispét k zefektivnéni procesu
vyvoje protihlukovych opatfeni a ke zvySovani
ucinnosti technickych prostiedk uréenych
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of developing noise-reducing measures and ke snizovani hlukové zatéze zelezni¢ni dopra-
increasing the efficiency of technical means vy.

intended to reduce the noise load of railway

transport.

Kolejnice NT3, bez absorbéru / NT3 rail, without acoustic absorber
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Fig. 5 Rail with absorber attached with steel Obr. 5 Kolejnice s absorbérem uchycenym oce-
clips lovymi sponami
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Kolejnice NT3, s nalepenym absorbérem a s SBR patnim profilem / NT3 rail, with glued absorber and SBR heel profile
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Fig. 6 Rail with glued absorber including SBR
foot profile

In the future, the authors plan to expand the
research by designing and implementing a
large-scale model of a railway/tram track,
which will allow for a more detailed study of
vibration propagation, interaction of individ-
ual structural elements and evaluation of the
effectiveness of various anti-vibration mea-
sures under laboratory conditions. Further
development will also include the implemen-
tation of an electrodynamic exciter, which
will enable precisely defined and repeatable
excitation of the structure in a wide frequen-
cy range. The use of an electrodynamic ex-
citer will provide the opportunity to perform
advanced dynamic tests, identify natural
frequencies and shapes of structural oscil-
lations, determine frequency transfer func-
tions and perform a detailed analysis of the
effectiveness of the proposed anti-noise and
anti-vibration measures. The experimental fa-
cility created in this way should contribute to
a deeper understanding of the mechanisms
of vibration generation and propagationin the
railway infrastructure and at the same time
enable verification of the results of numerical
models and simulation calculations.

In future research, the authors also want to
pay great attention to the development of
modern methods of signal processing and
analysis and their connection with artificial
intelligence tools. The goal is to implement
advanced methods of time, frequency and
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Obr. 6 Kolejnice s nalepenym absorbérem vcet-
né SBR patniho profilu

Do budoucna autofi planuji rozsifit vyzkum
0 navrh a realizaci velkoprostorového mode-
lu zelezni¢ni/tramvajové traté, ktery umozni
podrobnegjsi studium Sifeni vibraci, interakce
jednotlivych konstrukénich prvkd a hodnoce-
ni Ucinnosti rdznych antivibracnich opatieni
za laboratornich podminek. Soucasti dalsi-
ho vyvoje bude rovnéz implementace elek-
trodynamického budice, jenZz umozni pfesnée
definované a opakovatelné buzeni konstruk-
ce v Sirokém frekvencnim rozsahu. Vyuziti
elektrodynamického budi¢e poskytne moz-
nost realizovat pokrocilé dynamické zkousky,
identifikaci vlastnich frekvenci a tvar( kmi-
tani konstrukce, stanoveni frekvencnich pre-
nosovych funkci a detailni analyzu ucinnosti
navrzenych protihlukovych a protivibracnich
opatfeni. Takto vytvorené experimentalni za-
fizeni by melo prispét k hlubSimu pochopeni
mechanismu vzniku a Sifeni vibraci v Zelez-
nicni infrastrukture a soucasné umoznit ove-
fovani vysledkl numerickych modell a simu-
lacnich vypoctl.

Velkou pozornost chtéji autofi v budoucim
vyzkumu veénovat také rozvoji modernich
metod zpracovani a analyzy signall a jejich
propojeni s nastroji umelé inteligence. Cilem
je implementace pokrocilych metod Casové,
frekvencni a Casové-frekvencnianalyzy, které
umozni podrobnéjsi identifikaci dynamickych
jevl probihajicich v Zelezni¢ni infrastruktu-
fe. Soucasné bude pozornost zamérena na
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time-frequency analysis, which will allow
for a more detailed identification of dynam-
ic phenomena occurring in the railway in-
frastructure. At the same time, attention will
be focused on the use of machine learning
methods and deep neural networks for auto-
matic classification, anomaly detection, dam-
age identification and prediction of the future
technical condition of structures.

It is expected that the combination of modern
signal analysis methods with artificial intelli-
gence algorithms will significantly increase
the accuracy of structural condition assess-
ment, streamline the diagnostic process and
create the prerequisites for the introduction
of predictive maintenance systems for rail-
way infrastructure. The result should be tools
capable of automatically evaluating large vol-
umes of measured data, identifying incipient
degradation processes and providing support
in decision-making on the optimal timing of
maintenance and repairs. The process will be
completed with a certified methodology.
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