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Abstract: The paper is devoted to the use of an inertial electrodynamic exciter in laboratory testing of a rail fastening sample. The
exciter of Tira Company was integrated into a control system from Vibration Research Company for testing purposes. The paper in-
cludes a discussion of the motivation for using the excitation system in laboratory testing, as well as a description of the characteristics
and capabilities of dynamic excitation of structures, including a proposal of methods of analysing measured data. The Vossloh rail
fastening sample was used for the purpose of the article. The contribution also includes a comparison of the vibration parameters of
the tested structure and recommendations for other workplaces that would like to use a similar excitation system in their vibration
experiments.
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1. INTRODUCTION

The basic requirement imposed on individual parts of the rai-
Iway track is their functional reliability and the related safety
of railway traffic [1,2]. The assessment of the properties of a
new structure usually takes place in three phases - theoreti-
cal work and calculations, laboratory measurements and me-
asurements in real conditions, i.e.,, on the track. Theoretical
work and calculations analyse the properties of the dynamic
vehicle-track system, explain, and evaluate the role of system
elements and provide important information for subsequent
application in the track. The vehicle-track dynamic system has
a strongly non-linear character. Dynamic properties are valued
mainly using calculated frequency spectra, transfer functions
and frequency response functions.

Laboratory measurements enable the evaluation of static
and dynamic properties of structural components. They are
especially effective for examining individual elements and
their assemblies. Various methods [3,4,5] and different crite-
ria have been and are being applied to test the superstructu-
re design. Often the method of excitation of the structure by
mechanical shock is used in dynamic tests [6]. Impact excita-
tion is advantageous for determining the natural frequencies
of the system. Another possibility is to load the specimens by
continuous excitation with exciters. This makes it possible to
focus on certain frequencies or an interval of frequencies. In
the evaluation, frequency spectra of the transfer function or
frequency response function are constructed.

From the above, it follows that an important aspect in the
decision to select and use a new structural element is a theo-

1.UvoD

Zéakladnim pozadavkem kladenym na jednotlivé &asti kole-
jové jizdni dréhy je jejich funkéni spolehlivost a s ni souvisejici
bezpelnost zelezni¢niho provozu [1,2]. Posouzeni vlastnosti
nové konstrukce obvykle probiha ve tfech fazich - teoretické
prace a vypocty, laboratorni méreni a méfeni v realnych pod-
minkach, tedy v koleji. Teoretické prace a vypocty analyzuji
vlastnosti dynamické soustavy vozidlo — kolej, vysvétluji a oce-
nuji roli prvkd soustavy a poskytuji dulezité informace pro na-
slednou aplikaci v koleji. Dynamickd soustava vozidlo - kolej
ma silné nelinedrni charakter. Dynamické vlastnosti se oceriuji
zejména pomoci vypoctenych frekvencnich spekter, pfenoso-
vych funkci a funkci frekvenéni odezvy.

Laboratorni méreni umoznuji hodnoceni statickych a dy-
namickych vlastnosti konstruk¢nich soucasti. Jsou efektivni
zejména pro zkoumani jednotlivych prvkd a jejich sestav. K
testovani konstrukce zelezni¢niho svrsku byly a jsou uplat-
novany riizné metody a rdzna kritéria [3,4,5]. Casto byva pfi
dynamickych zkouskach pouzita metoda buzeni konstrukce
mechanickym rézem [6]. Buzeni rdzem je vyhodné pro uréeni
vlastnich frekvenci dané soustavy. DalSi moznosti je zatizeni
vzorkd konstrukci spojitym buzenim vibratory. To umoznuje
zaméfit se na urcité frekvence, pfipadné interval frekvenci. P¥i
vyhodnoceni se sestavuji frekvenéni spektra pfenosové funkce
nebo funkce frekvencni odezvy.

Z vyse uvedeného vyplyva, Ze dalezitym aspektem pfi roz-
hodovéni o vybéru a pouziti nového konstrukéniho prvku, je
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retical analysis supported by laboratory tests on the finished
product. However, even laboratory analysis may not yield
conclusive results for selected railway superstructures. Then
it is necessary to supplement the product validation process
with in-situ measurements (in the case of a rail grate, i.e. di-
rectly on the track) [7].

In this case, European legislation requires long-term mo-
nitoring of the tested structure. During this period, it reco-
mmends continuous monitoring of selected parameters and
subsequent comparison with a reference assembly that has
been placed on the same track and within the same time pe-
riod as the assembly under test. Measurements on the track
consider the stochastic nature of the action of rolling stock
and the characteristics of the track structure. Frequency spect-
ra of selected variables, octave, third-octave analyses [8,9],
etc. are compiled. Advanced analyses include time-frequency
methods with the incorporation of machine learning methods
and recognition of the current track condition.

2. INTRODUCTION TO THE
LABORATORY TESTS

ISSUES OF

A variety of tests and evaluation methods are used to deter-
mine the characteristics of structures and structural parts
(samples) [9,10]. These include static and low frequency tests,
or fatigue tests. Different types of excitation systems are used.
Among the best known of these are hydraulic and mechanical
systems. Their greatest advantage is the large range of excitati-
on forces. Some limitations can be seen in the small frequency
range of the excitation signal (usually around up to tens of Hz).

Impact excitation is very often used to determine the dyna-
mic parameters of structures, samples and assemblies. It is a
simple excitation method that can excite the structure with
a wide range of frequency components, including resonant
ones (in the order of kHz). However, it is a type of excitation
where the frequency content of the excitation signal is quite
different from the real one.

The electrodynamic excitation system offers further options
for excitation of the structure [11]. This consists of its own ex-
citer, which is mechanically attached to the tested structure. It
is an exciter in which the excitation signal is generated by the
oscillation of the additional load mass. This is represented in
the case of an inertial exciter by its own body and technology.
The excitation signal is generated in a special controller, then
amplified in a power amplifier.

Note that the optimal use of a vibration exciter presuppo-
ses a constant level of vibration at different types of excitation
signals. The frequency response is not flat, it contains resonant
maxima and other resonances are clogged by the tested ob-
ject mounted on the exciter. Therefore, within the frequency
band, the gain of the amplifier must vary with frequency. This
gain is set by a controller that receives feedback information
from sensors (usually accelerometers) located on the test ob-
ject or driver.

The main control elements of the exciter therefore include
a signal generator, a vibration measuring system and a circuit
that sets the level of the excitation signal. The digital exciter
control system is therefore a powerful and cost-effective so-
lution for a wide range of shock and vibration tests. In com-
bination with an electrodynamic exciter, it makes it possible

teoretickd analyza podpofend laboratornimi zkouskami na ho-
tovém vyrobku. U vybranych konstrukci Zelezni¢niho svrsku
vsak ani laboratorni analyza nemusi pfinést prikazné vysled-
ky. Tehdy je nezbytné doplnit validacni proces vyrobku o mé-
feni in-situ (v pfipadé kolejového rostu tedy pfimo na trati) [7].

Evropskalegislativavtakovém pfipadévyZzadujedlouhodobé
sledovani testované konstrukce. Béhem této doby doporucuje
pribézné sledovani vybranych parametrd a nasledné porov-
nani s referen¢ni sestavou, kterd byla vioZzena do stejné koleje
a ve stejném casovém obdobi jako sestava testovana. Méreni
v koleji zohlednuji stochasticky charakter plsobeni kolejovych
vozidel a vlastnosti konstrukce kolejové jizdni drahy. Sestavuji
se frekvencni spektra vybranych veli¢in, oktavové, tretino-okta-
vové analyzy [8,9] apod. K pokrocilym analyzam pak nélezi ¢a-
sové frekvencni metody se zahrnutim metod strojového uceni
a rozpoznavani aktudlniho stavu trati.

2. uvoD DO
LABORATORNICH TESTU

PROBLEMATIKY

Pro zjistovani charakteristik konstrukci a konstrukénich dild
(vzork() se pouziva cela fada testd i metod hodnoceni [9,10].
Jedna se o statické a nizko frekvencni zkousky, pfipadné Una-
vové zkousky. Vyuzivaji se rlizné typy budicich systému. K nej-
znaméjsim patii hydraulické a mechanické systémy. Jejich nej-
vétsi vyhodou je velky rozsah budicich sil. Urcité omezeni Ize
vidét v malém frekvenénich rozsahu budiciho signalu (obvykle
kolem jednotek az desitek Hz).

Velmi casto se pro zjistovani dynamickych parametrd kon-
strukci, vzork( a sestav pouziva buzeni razem. Jde o jednodu-
chou metodu buzeni, kterd umi vybudit konstrukci Sirokym
spektrem frekvencnich slozek véetné rezonancnich (fadové
jednotek kHz). Nicméné se jedna o typ buzeni, kde frekven¢ni
obsah budiciho signalu je zcela odlisny od redlného.

DalSi moznosti buzeni konstrukce nabizi elektrodynamicky
budici systém [11]. Tento sestava z vlastniho budice, ktery je
mechanicky pfipevnén na testovanou konstrukci. Jedna se o
budic, pfi kterém budici signél vznika kmitanim pfidavné zaté-
zovaci hmoty. Tu pfedstavuje u inercidlniho budice jeho vlast-
ni téleso a technologie. Budici signal je generovan ve special-
nim kontroléru, nasledné je zesilen ve vykonovém zesilovaci.

Podotknéme, Ze optimalni pouziti vibra¢niho budice pred-
poklada konstantni Groven vibraci pfi rizném druhu budicich
signall. Kmitoctova charakteristika neni plocha, obsahuje re-
zonan¢ni maxima a dalsi rezonance zanasi testovany objekt
namontovany na budici. V rdmci frekven¢niho pasma se tedy
zisk zesilovace musi ménit s kmito¢tem. Tento zisk je nasta-
vovan kontrolérem, jenz dostava zpétnovazebni informaci ze
snimacl (vétsinou akcelerometrd) umisténych na testovaném
objektu nebo budici.

K hlavnim fidicim prvkam budice tedy patfi generator signa-
[0, mé¥ici systém vibraci a obvod, ktery nastavuje Uroven bu-
diciho signalu. Digitalni fidici systém budice tedy predstavuje
vykonné a ekonomické feSeni pro Siroké spektrum otfesovych
a vibra¢nich test(. Ve spojeni s elektrodynamickym budicem
umoziuje reprodukovat vlivy skute¢ného prostredi v labora-
tornich podminkach.
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to reproduce the effects of the real environment in laboratory
conditions.

For structural testing, it is possible to use the classic indus-
trial method of tests by random vibrations, individual sine os-
cillations, swept sine oscillations, shocks, etc. Some excitation
systems also allow the excitation of the structure by replica-
ting the measured signal from real conditions. Note that the
control software provides the possibility of fully automatic tes-
ting, including automatic generation of test reports.

A suitable method in the time, frequency, or time-frequen-
cy domain can be used to evaluate the measured parameters
[12].

3. CASE STUDY

For the purposes of the article, a laboratory experiment fo-
cused on the study of the propagation of vibration waves from
the bottom of the rail through the sleeper into the gravel lay-
er was set up. For this purpose, the Vossloh W14 rail fastening
sample was selected. It should be noted that this is the most
used flexible baseless fastenings in the Czech Republic. It can
be found in all modernized sections of transit railway corri-
dors and railways of national importance. A part of the slee-
per with a fastening node and a UIC60 rail was used as a test
specimen. The sleeper was placed in a gravel bed in the shape
of a truncated cone, which was set up in the test area at the
authors' workplace in the form of a test box with dimensions
of 2.0 x 2.0 m. The test box was isolated from the base plate
with a layer of cork. It should be noted that the basic parame-
ters (thickness, flatness and degree of compaction of the track
bed) were comparable to the parameters of a real railway line.
The arrangement of the test can be seen in Figs. Taand 1b [13,
14].

An excitation system composed of products from Tira and
Vibration research was used to dynamically excite the sample
(Fig. 1). A Tira type S 51144-M inertial exciter with a TIRA BAA
1000 amplifier and a VibrationVIEW VR 8500 controller was
used. In the case of long-term testing or the use of limit values
of the excitation signal, the entire system must be supplemen-
ted with air cooling (fan).

The operative controller was also equipped with software
type VR681 (the module provides the possibility of realizing
tests in the form of sinusoidal loading, as well as random signal
and excitation pulse) and VR621 (it allows the excitation of the
structure by user-defined time signals as well as by replicati-
on of real signals). The excitation system also included a 4507
B0O05 feedback accelerometer from Briiel & Kjaer. To attach the
exciter to the test structure, a special fixture (Fig. 1) was crea-
ted consisting of a special spreader plate to which the exciter
was attached. The spreader plate included two side rails atta-
ched to the rail. These were laser machined to fit the profile of
the rail head.

Pro testovani konstrukci je mozné pouzit klasickou pra-
myslovou metodu testl ndhodnymi vibracemi, jednotlivymi
sinusovymi kmity, rozmitanymi sinusovymi kmity, razy apod.
Nékteré budici systémy umoziuji také buzeni konstrukce for-
mou replikace naméfeného signdlu z redlnych podminek. Po-
dotknéme, Ze fidici software poskytuje moznost pIné automa-
tického provadéni zkousek véetné automatického generovani
protokoltd zkousek.

K vyhodnoceni naméfenych parametri mize byt pouzita
vhodna metoda v ¢asové, frekvencni, pfipadné casové frek-
vencni oblasti [12].

3. PRIPADOVA STUDIE

Pro potieby ¢lanku byl sestaven laboratorni experiment za-
méfeny na studium Sifeni vibracnich vin od paty kolejnice pres
prazec do stérkové vrstvy. K tomu Ucelu byl vybran vzorek ko-
lejnicového upevnéni Vossloh W14. Podotknéme, Ze se jednd
0 nejbéznéji pouzivand pruzna bezpodkladnicova upevnéni
v Ceské republice. Lze se s nim setkat ve vech modernizova-
nych Usecich tranzitnich Zzelezni¢nich koridorud a drah celostat-
niho vyznamu. Jako zkuSebni vzorek byla pouzita ¢ast prazce s
uzlem upevnéni a kolejnici konstrukéniho tvaru UIC60. Prazec
byl uloZzen do $térkového loze tvaru komolého jehlanu, které
bylo zfizeno ve zkusebnim prostoru na pracovisti autor( for-
mou zkusebni vany o rozmérech 2,0 x 2,0 m. Zkusebni vana
byla od zdkladové desky odizolovéna korkovou vrstvou. Po-
dotknéme, ze zékladni parametry (tloustka, ulehlost a stupen
zhutnéni kolejového lozZe) byly srovnatelné s parametry redlné
zeleznic¢ni trati. Usporadani zkousky je patrné z obrazkd Obr.
laaObr. 1b [13,14].

K dynamickému buzeni vzorku byl pouzit budici systém se-
staveny z produktl firmy Tira a spole¢nosti Vibration research
(Obr. 1). Byl pouzit inercialni budi¢ Tira typ S 51144-M se zesi-
lovacem TIRA BAA 1000 a s fidicim kontrolérem VibrationVIEW
VR 8500. V piipadé dlouhodobého zkouseni nebo pouziti li-
mitnich hodnot budiciho signdlu musi byt cely systém déle
doplnény vzduchovym chlazenim (ventildtorem).

Ridici kontrolér byl déale vybaven softwarem typu VR681
(modul poskytuje moznost realizace zkousek formou sinuso-
vého zatizeni, ddle ndhodnym signdlem a budicim impulsem)
a VR621 (umoznuje buzeni konstrukce uZivatelsky nadefino-
vanymi ¢asovymi signaly i formou replikace redlnych signal().
Soucasti budiciho systému byl soucasné také zpétnovazebni
akcelerometr piezoelektricky akcelerometr Briiel & Kjeer 4507
B 005. K pfipevnéni budice na testovanou konstrukci byl vy-
tvofen specidlni pfipravek (Obr. 1) tvofeny specidlni roznase-
ci deskou na kterou byl pfipevnén budic. Soucasti roznaseci
desky byly dvé postranice pfipevnéné ke kolejnici. Tyto byly
obrobeny laserem tak, aby doléhaly k profilu hlavy kolejnice.
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Budici sila © Exciting force

Fig. 1a: The test sample of railway superstructure in the laborato-
ry - scheme

s FRmSehnE virorek pricoe

< Sleeper test sample

H.u1:_||11-.-: loeke Frakoe 31 563, tloostka 350 mm
Rail bed fracton 31 3063, thicksess 350 mm

Obr. 1a: Zkusebni vzorek Zeleznicniho svrsku v laboratori - sché-
ma

Fig. 1b: The view of the exam workplac

The response to the dynamic load was measured in the
vertical direction by three accelerometers, the first one was
placed at the foot of the rail, 30 mm from the rail stand, the
second one at the head of the sleeper, 185 mm from the rail
stand. In both cases these were single-axis transducers of type
4507 B 004 from Briiel Kjeer. A special sensor - measuring stone
[15] - developed at the workplace was used to measure the
response in the track bed under the sleeper. This was inserted
into the gravel bed 100 mm below the loading surface of the
sleeper at the point of intersection with the vertical axis of the
rail. The location of the sensors was the same for all types of
excitation.

The measurement data were measured using a 9-channel
modular analyser PULSE 3560D from Briel & Kjzer. This was
automatically triggered via the digital output port from the
operative controller during the tests. Sensors and measuring
paths were calibrated before use. For each test, it is necessary
to set the basic parameters of the experiment. These include
measurement parameters (number of measurement feed-
back channels, sampling frequency, number of spectral lines,
averaging method and its settings, etc.) and excitation signal
generation parameters (number of spectral lines, filtering
range, excitation limits, possibly other options — generation of
protocols, transition to a different test type or mode, genera-
tion of an external trigger pulse, etc.). It should be noted that
it is also very important to set the limits within which we con-
sider the excitation signal to be correct, i.e. a good match with
the desired signal. If the excitation signal goes outside the set
limits, it is advisable to stop the test.

Obr. 1b: Pohled na pracovisté zkousky

Odezva na dynamické zatiZzeni byla méfena ve svislém smé-
ru tfemi akcelerometry, prvni byl umistén na paté kolejnice 30
mm od jeji stojiny, druhy na hlavé prazce 185 mm od stojiny
kolejnice. V obou pfipadech se jednalo o jednalo o jednoosé
snimace typu 4507 B 004 od spole¢nosti Briel Kjaer. Pro mére-
ni odezvy v kolejovém lozi pod prazcem byl pouZit na praco-
visti vyvinuty specialni snima¢ — méfici kdmen [15]. Tento byl
vloZen do stérkového loze 100 mm pod loznou plochu prazce
v misté prisecnice se svislou osou kolejnice. Umisténi snimac
bylo stejné pro viechny typy buzeni.

Data z méfeni byla méfena pomoci 9 kanalového modu-
larniho analyzatoru PULSE 3560D od spolecnosti Briiel&Kjzer.
Tento byl v rdmci zkousek automaticky spoustén pres digitalni
vystupni port z fidiciho kontroléru. Cidla a méfici cesty byly
pfed pouzitim kalibrovény. Pro kazdou zkousku je potreba
nastavit zakladni parametry experimentu. K tém nélezi para-
metry méfeni (pocet méficich zpétnovazebnich kanald, vzor-
kovaci frekvence, pocet spektralnich ¢ar, metoda primérovani
a jeji nastaveni atd.) a parametry generovani budiciho signélu
(pocet spektralnich car, rozsah filtrace, limity buzeni, pfipad-
né dalsi volby — generace protokold, pfechod do jiného typu
nebo rezimu zkousky, generace externiho spoustéciho impul-
su atd.). Podotknéme, ze velmi dulezité je také nastaveni mezi
v rdmci, kterych povazujeme budici signal za korektni, tedy
dobfe se shodujici s pozadovanym signalem. Pokud se budi-
ci signal dostane mimo nastavené meze, je vhodné zkousku
zastavit.
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The following three excitation methods were successively
tested for experimental investigation of the dynamic proper-
ties of test specimens:

Excitation by a swept sine signal with a set acceleration
amplitude of 5 m-s2 This is the maximum acceleration
that allowed stable control of the vibration exciter. The
frequency range of the measurement was chosen in the
interval 0 Hz+1000 Hz. Frequencies higher than 1 kHz
are of particular interest from an acoustic point of view,
which was not the subject of the laboratory tests. The
rate of frequency change (frequency sweep) was cho-
sen to be 10 Hz/s. The output was the averaged spectra
of the frequency transfer function. The working win-
dow of the software of this test is shown in the image
Fig. 2. The basic parameters of the test are displayed in
the left part (requested acceleration value, controller-
-controlled value, current frequency, etc.). The middle
part shows two basic graphs, the upper part shows the
course of acceleration depending on the excitation fre-
quency. It should be noted that up to a value of approx.
10 Hz, the controller gradually starts up to the desired
level of oscillation acceleration. The lower graph shows
the course of the electric excitation voltage on the fre-
quency. This voltage changes depending on the intrin-
sic shapes of the excited system.

Excitation by a series of shock pulses. The pulse ampli-
tude was set to 5 m:s2. It should be noted that the men-
tioned setting was made due to the limiting properties
of the used inertial exciter. The number of excitation
shocks within one test was set to 20. The output was
the averaged spectra of the frequency transfer func-
tion. The working window of the software of this test is
shown in the image Fig. 3. The basic parameters of the
test are again displayed in the left part (number of pul-
ses, desired acceleration value, value controlled by the
regulator, etc.). The middle picture shows the course of
the excitation pulse including the set limits. Let us note
that there are two waveforms in the figure - the requi-
red impulse and the actually measured impulse.
Excitation by a replicated signal with real frequency
content. Oscillation acceleration signals (acceleration
sensor under the rail head) obtained during measure-
ments on the certified track of the test circuit in Velimi
and test sections of the corridor tracks were used for
the laboratory tests. As a part of signal replication, the
amplitude of the excitation signal was adjusted for the
needs of a specific vibration exciter (in this case, the ma-
ximum acceleration value was set to 10 m-s?). The fre-
guency range of the measurements was chosen in the
interval 0 Hz+1000 Hz. At the same time, the number
of exposures of the replicated signal was set to 20 runs
with a delay of approx. 2 seconds. The working win-
dow of the software of this test is shown in the image
Fig. 4. From this figure, a good agreement can be seen
in both graphs, that is, the desired (red color) and
actual (blue color) spectral frequency density. Image
Fig. 5 then shows the course of the used excitation
signal and other settings. Time domain and frequency
domain were used to evaluate the measured data. The
Multi-taper method was proposed for the analysis in
the frequency plane [16].

Pro experimentalni vysetfovani dynamickych vlastnosti zku-
Sebnich vzorkld byly postupné vyzkouseny nasledujici tfi me-
tody buzeni:

Buzeni rozmitanym sinusovym signdlem s nastavenou
amplitudou zrychleni 5 m-s2 Jedna se o maximalni
zrychleni, které umoziovalo stabilni fizeni vibra¢niho
budice. Frekven¢ni rozsah méfeni byl zvolen v intervalu
0 Hz+1000 Hz. Frekvence vyssi nez 1 kHz jsou zajimavé
zejména z akustického hlediska, coz nebylo pfedmé-
tem laboratornich testl. Rychlost zmény frekvence (fre-
kven¢ni rozmitani) byla zvolena na 10 Hz/s. Vystupem
byla primérnd spektra frekvenéni prenosové funkce.
Pracovni okno software této zkousky ukazuje obrazek
Obr. 2.V levé &asti jsou zobrazeny zékladni parametry
zkousky (pozadovana hodnota zrychleni, reguldtorem
fizena hodnota, aktualni frekvence apod.). V prostiedni
¢ast ukazuje dva zakladni grafy, v hornim je zobrazen
pribéh zrychleni v zavislosti na budici frekvenci. Po-
dotknéme, ze az do hodnoty cca 10 Hz regulator po-
stupné nabiha na pozadovanou uroven zrychleni kmi-
tani. Dolni graf ukazuje pribéh elektrického budiciho
napéti na frekvenci. Toto napéti se méni v zavislosti na
vlastnich tvarech buzené soustavy.

Buzeni sérii razovych impuls. Amplituda pulsu byla
nastavena na hodnotu 5 m-s2 Podotknéme, Ze toto
nastaveni bylo provedeno z ddivod( limitnich vlastnos-
ti pouZitého inercidlniho budice. Pocet budicich razu
v rdmci jedné zkousky byl nastaven na hodnotu 100.
Vystupem byla primérovana spektra frekvencni pre-
nosové funkce. Pracovni okno software této zkousky
ukazuje obrazek Obr. 3.V levé &asti jsou opét zobrazeny
zakladni parametry zkousky (pocet pulst, poZzadovana
hodnota zrychleni, reguldtorem fizena hodnota apod.).
Prostfedni obrazek ukazuje pribéh budiciho pulsu
v€etné nastavenych mezi. Podotknéme, Ze v obrazku
jsou dva prlibéhy - pozadovaného impulsu a skute¢né
naméreného impulsu.

Buzeni replikovanym signalem s redlnym frekvencnim
obsahem. Pro laboratorni zkousky byly pouzity signa-
ly zrychleni kmitani (snimac zrychleni pod hlavou ko-
lejnice) ziskané v rdmci méfeni na certifikované trati
zkusebniho okruhu ve Velimi a zkusebnich usecich
koridorovych trati. V ramci replikace signalli byla pro-
vedena Uprava amplitudy budiciho signalu pro potieby
konkrétniho inercidlniho budice (v pfipadé pouzitého
budice se jednalo o maximalni hodnotu zrychleni cca
10 m-s2). Frekvenc¢ni rozsah méreni byl zvolen v interva-
lu 0 Hz+1000 Hz. Soucasné byl nastaven pocet plsobeni
replikovaného signalu na 20 béh( s cca 2 sekundovou
prodlevou. Pracovni okno software této zkousky ukazu-
je obrazek Obr. 4. Z tohoto obrazku je patrna dobra sho-
da v obou grafech, tedy pozadované (Cervena barva) a
skute¢né (modré barva) spektralni frekvencni hustoty.
Obrazek Obr. 5 pak ukazuje pribéh pouzitého budiciho
signalu a dalsi nastaveni. K hodnoceni namérenych dat
byla pouzita analyza namérenych dat v casové a frek-
vencni oblasti. Pro analyzu ve frekvencni roviné byla
navrzena metoda Multi-taper [16].
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Fig. 2: The view of the working window and the setting of the sine  Obr. 2: Pohled na pracovni okno a nastaveni metody buzeni sinu-
wave excitation method sovym signdlem

e —— e

Fig. 3: The view of the working window and the setting of the pul-  Obr. 3: Pohled na pracovni okno a nastaveni metody buzeni sérii
se series excitation method pulst
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Fig. 4: The view of the working window and the setting of the exci- ~ Obr. 4: Pohled na pracovni okno a nastaveni metody buzeni repli-
tation method by replicating the real signal kaci redlného signdlu
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Fig. 5: The Setting the replicated signal Obr. 5: Nastaveni replikovaného signdlu
4, THE EVALUATION OF MEASUREMENTS 4. HODNOCENI EXPERIMENTU
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Fig. 6: Frequency transfer functions, excitation of the sample with  Obr. 6: Frekvencni prenosové funkce, buzeni vzorku sérii pulsa
a series of pulses
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Fig. 7: Frequency transfer functions, sample excitation with a  Qbr. 7: Frekvencni pfenosové funkce, buzeni vzorku rozmitanou
swept sinusoidal function sinusovou funkci
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Fig. 6 presents a graph of frequency transfer functions
(rail Ak, sleeper Ap, rail bed As) obtained when a sample of
rail fastening was excited by an inertial exciter in the form of
a series of pulses. Figure No. 7 contains the frequency trans-
fer functions (with the same designation of the sensors as
in the previous picture) obtained by the excitation method
with a swept sine function in the range of 10 Hz to 1000 Hz.
The analysis also included subtraction of significant fre-
quency components and their proportional damping. The
individual waveforms of the frequency transfer functions
correspond to the results presented in the literature [13, 14].
So, it is clear that it is possible to use both excitation methods
in the analysis of fasteners without problems. In general, it
is possible to say that the method of excitation with a swept
sinusoidal function is more advantageous in the analysis of
strongly non-linear structures and samples. The method can
be used to search for key resonances and control the excita-
tion so that the system works under normal conditions at se-
lected resonance frequencies, or investigation of resonances
based on increased signal amplification, investigation of reso-
nances based on a change in the signal phase. For the ana-
lysis of fastening, which represents a multi-layered structure
of metal, rubber, concrete, its use is more advantageous. The
main disadvantage compared to others presented is the lon-
ger time of the test implementation.

The next part of the contribution is focused on the measu-
rement of the response under dynamic loading in the form of
replication of a real signal with a real frequency content. The
signal for replication was obtained from the measurement du-
ring the passage of the EC train set on a straight section of
the railway track with the Vossloh W14 fastening (Obr. 5). The
signal from the rail, which was adjusted for the needs of the
used exciter (signal amplitude reduction for the given exciter
type), was inserted into the excitation recipe in the software
application of the VibrationVIEW VR 8500 control system.

Image Fig. 8 shows the real response measured during the
passage of an EC train set on a straight section of railway track
with Vossloh W14 fastening. It consists of two types of charts.
On the left side of the figure there are two-time courses of vib-
ration acceleration measured on the rail head and sleeper near
the rail fastening, on the right side the corresponding amplitu-
de spectra are shown.

The following image Fig. 9 shows the outputs from measu-
rements in the laboratory in the form of an inertial exciter with
signal replication with real frequency content. Compared to
the previous figure, Fig. 9 also has a graph showing the time
course and frequency spectrum in the gravel bed. It should be
noted that on a real track it is not always possible to embed
the acceleration sensor in the gravel bed under the sleeper. On
the other hand, it is important from the point of view of dyna-
mic behaviour to know how the given fastening dampens the
vibration waves passing from the rail to the gravel bed. The
presented laboratory test provides the possibility of monito-
ring and analysing the transmission of vibrations in structures
relatively simply.

By comparing the graphs in Fig. 8 and 9, it can be seen that
the frequency content from both the real measurement and
the laboratory measurement is almost identical. Thus, it turns
out that it is possible to use artificial excitation based on the
replication of a signal with real frequency content to estima-
te the properties of fastening in the field. It should be noted
that in a given application, it may be common to monitor the
behaviour of fasteners during the development of under-rail

Na obr. 6 je prezentovany graf frekven¢nich prenosovych
funkci (kolejnice Ak, prazec Ap, kolejové loze As) ziskanych pfi
buzeni vzorku kolejnicového upevnéni inercidlnim budi¢em
formou série puls. Obrazek ¢. 7 obsahuje frekvenéni pfeno-
sové funkce (se stejnym oznacenim snimacu jako v predcho-
zim obrazku) ziskané metodou buzeni rozmitanou sinusovou
funkci v rozsahu 10 Hz az 1 000 Hz. Soucasti analyzy byl i odpo-
Cet vyznamnych frekvencnich slozek a jejich pomérny atlum.
Jednotlivé pribéhy frekvencnich ptenosovych funkci odpo-
vidaji vysledklim prezentovanym v literature [13, 14]. Tedy je
zfejmé, Ze je mozné bez problému pouzit obé metody buzeni
pfi analyze upevnovadel. Obecné je mozné Fici, Ze metoda
buzeni rozmitanou sinusovou funkci je vyhodnéjsi pfi analyze
silné nelinedrnich konstrukci a vzorkd. Pomoci této metody lIze
hledat klicové rezonance a fidit buzeni tak, aby systém praco-
val za stanovych podminek na zvolenych rezonancnich frek-
vencich, pfipadné zkoumani rezonanci na zakladé zvySeného
zesileni signalu, zkoumani rezonanci na zédkladé zmény faze
signdlu. Pro analyzu upevnéni, které predstavuje vicevrstvou
strukturu kov, pryz, beton, je jeji pouziti vyhodnéjsi. Hlavni ne-
vyhodou oproti jinym je delsi ¢as realizace zkousky.

Dalsi ¢ast pFispévku je soustfedéna na méreni odezvy pfi dy-
namickém zatiZzeni formou replikace skute¢ného signalu s re-
alnym frekvencnim obsahem. Signdl pro replikaci byl ziskan
z méfeni pfi prijezdu vlakové soupravy EC po piimém Use-
ku Zelezni¢ni traté s upevnénim Vossloh W14 (Obr. 5). Signal
z kolejnice, ktery byl upraven pro potfeby pouzitého budice
(snizeni amplitudy signalu pro dany typ budice) byl vlozen do
predpisu buzeni do softwarové aplikace fidiciho systému Vib-
rationVIEW VR 8500.

Obr. 8 ukazuje redlnou odezvu namérenou pfi prijezdu vla-
kové soupravy EC po pfimém Useku zelezni¢ni traté s upevné-
nim Vossloh W14. Sestdva ze dvou typ( grafd. Na levé stra-
né obrazku je ¢asovy pribéh zrychleni kmitani naméreny na
prazci v blizkosti kolejnicového upevnéni, na pravé strané je
zobrazeno odpovidajici amplitudové spektrum.

Nasledujici obrazek Obr. 9 zobrazuje vystupy z méfeni v la-
boratofi formou inercialniho budice s replikaci signalu s redl-
nym frekvencnim obsahem. Oproti predchozimu obrazku je
u obr. 9 navic graf ukazujici ¢asovy prabéh a frekvencni spek-
trum ve sStérkovém lozi. Podotknéme, ze v realné trati neni
vzdy mozné zapustit snimac zrychleni do stérkového loze pod
prazec. Na druhou stranu je dulezité z hlediska dynamického
chovani védét, jak dané upevnéni tlumi vibracni viny procha-
zejici od kolejnice do Stérkového loze. Presentovand labora-
torni zkouska poskytuje moznost sledovani a analyzu prenosu
vibraci konstrukci pomérné jednoduse.

Porovnanim grafd na obr. 8 a 9 Ize zjistit, Ze frekven¢ni ob-
sah jak z redlného méreni, tak z laboratorniho méreni je témér
identicky. Ukazuje se tedy, Ze pro odhad vlastnosti upevnéni
v terénu je mozné pouzit umélé buzeni zalozené na replika-
ci signélu s redlnym frekvenénim obsahem. Podotknéme, Ze
v dané aplikaci maze byt bézné sledovani chovani upevnéni
pfi vyvoji podlozek pod kolejnici se zahrnutim rlznych typ0,
materiald, stafi apod. Rovnéz Ize takto testovat chovani upev-
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pads with the inclusion of different types, materials, ages, etc.
Itis also possible to test the behaviour of fasteners in the event
of improper tightening of fasteners, operational defects, etc.

novadel pfi nevhodném dotaZzeni upevnéni, provozni vady
apod.
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Fig. 8: The time course of the vibration acceleration on the sleeper
and its frequency spectrum, the grid of the real track
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Fig. 9: Time and frequency characteristics on the sleeper and in
the gravel bed of the test specimen, excitation by the replicated
signal

4. CONCLUSIONS

The aim of the presented contribution was to show the po-
ssibilities of using an inertial exciter in monitoring the dynamic
properties of a structure/sample. The described methodology
makes it possible to carry out dynamic tests that are very close
to measurements in real conditions.

The fastest and easiest way to excite the dynamic response
of the tested structure is to use an impact hammer. The fre-
quency range that is effectively excited is determined by the
stiffness of the contacting surfaces and the weight of the ha-
mmer head. A force impulse is induced by hitting the tip into
the tested structure. In terms of frequency content, this pulse
is essentially flat up to a certain frequency. This gives the fre-
quency range of the hammer. It can be changed using diffe-
rent types of tips and possibly hammer heads. The stiffer the
materials, the shorter the pulse duration and the higher the

AP preiem iy sy ¢ AJF . s oriaed

Obr. 8: Casovy priibéh zrychleni kmitdni na prazci a jeho frek-
vencni spektrum, kolejovy rost redlné trati

A - g, i vt | EF - vy Tl e

Obr. 9: Casové a frekvencni charakteristiky na prazci a ve $térko-
vém loZi zkuSebniho vzorku, buzeni replikovanym signdlem

4, ZAVERY

Cilem prezentovaného pfispévku bylo ukazat moznosti po-
uziti inercidlniho budice pfi sledovani dynamickych vlastnosti
konstrukce/vzorku. Popsand metodika umoznuje realizovat
dynamické zkousky, které se velmi blizi méfenim v realnych
podminkach.

Nejrychlejsim a nejjednodussim zpUsobem, jak vybudit
dynamickou odezvu testované struktury je pouziti razového
kladiva. Rozsah frekvenci, ktery je uc¢inné vybuzen, je dan tu-
hosti dotykajicich se povrch a hmotnosti hlavy kladiva. Ude-
rem hrotu do testované struktury je vyvolan silovy impuls. Z
hlediska frekven¢niho obsahu je tento impuls do urcité frek-
vence v podstaté plochy. Tim je dan frekvencni rozsah kladi-
va. Ten je mozné ménit pouzitim rGznych typd hrotl a pfip.
hlav kladiva. Cim jsou materidly tuzsi, tim kratsi je délka trvani
pulsu a tim vys3si je frekvenéni rozsah. Mezi hmotnosti kladiva
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frequency range. An indirect ratio then applies between the
weight of the hammer and the frequency range. The advan-
tages of this method are easy applicability in both laboratory
and operating conditions and the speed given by the small
scope of preparatory work. The disadvantage of hammer ex-
citation lies in the large amplitude factor A_ /A . For some
structures, a high amplitude factor can cause a nonlinear re-
sponse.

Another option is excitation by an electrodynamic (in this
case inertial) exciter. Its main advantage is that the exciter is
directly mounted on the structure under test via a fixture (co-
nnection plate or rod). At the same time, it allows the use of
different excitation methods, including the application of ex-
citation signals obtained from (real) field measurements cha-
racterised by real frequency content. This fact also applies to
the simulation of harmful phenomena acting on the rail, etc.
The fact that the tests can be carried out fully automatically,
in the form of several tests in succession, is also not negligible.

The applied methodology has proven its suitability for use
in the determination of dynamic properties of rail fastening
in laboratory conditions. It is a very good complement to, or
even a complete replacement for, impact excitation methods.
Thanks to the excitation of the structure by a signal with a real
frequency content, this methodology makes it possible to
better predict the properties of a given rail fastening in a real
track. The described measurement method can also be used
very well in the development of new fastening systems and
their parts, as well as for comparison of different types of rail
fastenings, etc. At the same time, the methodology using the
inertial exciter can be used in a wide range of other applicati-
ons not only in technical fields.

Certainly, this methodology will find application wherever
it is necessary to deal with the propagation of vibration waves
and shocks through a multi-layer structure and where it is not
easy to carry out in-situ measurements, but testing needs to
be carried out mainly on test samples. Let us emphasize that
the presented methodology finds its application in the calib-
ration of mathematical models, etc.

Based on the analyses performed, it can be concluded that
the methodology used provides good results and conclusions.
The measured and calculated quantities are characterized by
sufficient accuracy and indicative. The quality of the proce-
ssing of the measured data was very well supported by the
time and frequency signal analysis tools used.
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a frekvencnim rozsahem pak plati nepfima uméra. Vyhodami
této metody jsou snadnd pouzitelnost jak v laboratornich, tak
v provoznich podminkach a rychlost dand malym rozsahem
pfipravnych praci. Nevyhoda buzeni razovym kladivkem spo-
Civa ve velkém Ciniteli amplitudy A__/A .V pfipadé nékterych
struktur m0ze vysoky cinitel amplitudy zplsobit nelinedrni
odezvu.

Dalsi moznosti je buzeni elektrodynamickym (v daném
piipadé inercidlnim) budicem. Jeho hlavni vyhodou je, Ze se
budi¢ pfimo prostfednictvim pfipravku (pfipojovaci desky
nebo tyce) montuje na zkousenou strukturu. Zarovern umoz-
nuje pouzit rdzné zpusoby buzeni véetné aplikace budicich
signall ziskanych v ramci (redlnych) mérfeni v terénu, jezZ jsou
charakterizovany redlnym frekven¢nim obsahem. Tato skutec-
nost platii pro simulaci skodlivych jevl pGsobicich na kolejnici
apod. Nezanedbatelna je také skute¢nost, Ze zkusebni testy
mohou byt provadény zcela automaticky, ve formé vice zkou-
Sek za sebou.

Pouzita metodika prokazala svou vhodnost pouZiti v ramci
zjistovani dynamickych vlastnosti upevnéni kolejnic v labora-
tornich podminkach. Umoznuje velmi dobie doplnit, pfipadné
zcela nahradit metody buzeni konstrukce rdzem. Diky buzeni
konstrukce signdlem s redlnym frekvencnim obsahem umoz-
nuje tato metodika lépe predikovat vlastnosti daného upev-
néni kolejnic v readlné koleji. Popsand metoda méreni muaze
byt také velmi dobfe pouzita pfi vyvoji novych upeviiovacich
systémU a jejich casti, dale pro srovnani rliznych typl kolej-
nicovych upevnéni v rdznych podminkach apod. Soucasné
metodika s vyuzZitim inerciondiniho budi¢e miZze byt pouzita
v Sirokém spektru dalsich aplikaci nejen technickych obord.

Urcité tato metodika najde uplatnéni vSude tam, kde je nut-
né se zabyvat Sitenim vibracnich vin a razd pres vicevrstvou
skladbu konstrukce a kde neni snadné zrealizovat méreni in-si-
tu, ale testovani je potreba realizovat zejména na zkusebnich
vzorcich. Podotknéme, Zze presentovand metodika najde své
uplatnéni pfi kalibraci matematickych model( atd.

Na zékladé provedenych analyz je mozné konstatovat, ze
pouzitd metodika poskytuje dobré vysledky a zavéry. Mére-
né a vypocitané veliciny se vyznacuji dostatecnou presnosti
a vypovidajici schopnosti. Ke kvalitnimu zpracovani namére-
nych dat velmi dobfe pfispély pouzité prostiedky ¢asové a fre-
kvencni signalové analyzy.
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