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SKUSENOSTI Z TESTOVANIA TRATE
PRE OVEROVANIE TEORETICKYCH MODELOV

FXPERIENCE IN\RAILWAY\ TRACK- TESTING FOR VALIDATION

OF THEORETICAL DYNAMIC ANALYSIS

Prispevok prezentuje niektoré experimentdlne pristupy dynamic-
kého testovania konstrukcie trate. Charakteristiky zavislosti zataZenie
- priehyb trate sui dolezité pre ndvrh, posudzovanie prevadzkyschopnosti
trate, ale aj ako vstupné ddta pre pocitacovi simuldciu dynamickej
odozvy trate a dynamickej interakcie vozidlo/trat. Vysledky teoretic-
kych analyz dynamiky trate musia byt overované a porovndvané so zis-
kanymi experimentdlnymi vysledkami. Prezentované vysledky
testovania trate pre overovanie vypoctovych dynamickych modelov
poskytujii uZitocné tidaje kvalitativnej povahy pre hodnotenie dyna-
mického chovania konstrukcie Zeleznicného zvrsku.

1. Uvod

Zavadzanie vyssich prevadzkovych rychlosti a vyssich napra-
vovych zatazeni kolajovych vozidiel je vysledkom prirodzeného
vyvoja v Zelezni¢nej doprave a tento trend bude zrejme pokraco-
vat dalej. V tomto kontexte je nutna tizka spolupraca stavebnych
a strojnych inzinierov podielajucich sa na rieseni problému dyna-
miky sustavy vozidlo/trat. Konstrukcia Zelezni¢nej trate musi
vykazovat vysoky stupen presnosti jej geometrického usporiada-
nie a tomu odpovedajuci stupen udrzby. Nové kolajové vozidla,
najmi pre prevadzku zvySenymi rychlostami, nesmu generovat
velké dynamické sily. Prevadzka s vysokymi rychlostami, resp.
s tazkymi vozidlami musi byt zaistena na vysokej irovni bezpec-
nosti a odpovedajucim normam komfortu jazdy.

Zakladnym krokom rieSenia naznaCenych problémov je
poznanie dynamickej interakcie vozidlo/trat, hodnotenie dyna-
mického chovania komponentov konstrukcie trate (kolajnic, pod-
valov, Strkového 16zka, systémov pruzného upevnenia a pod.)
a hodnotenie ich Zivotnosti. Za tymto ucelom bol na nasom pra-
covisku vypracovany program teoretického a experimentalneho
vyskumu dynamickej interakcie vozidlo/trat, ktory obsahuje:

e Rozvoj teoretickych metdd rieSenia a matematickych vypocto-
vych modelov.

e Pocitacovu simulaciu dynamickej interakcie a predpoved dyna-
mickych sil, deformacii a napatosti v konstrukcii zvrsku a zelez-
ni¢ného spodku.

e Merania v trati a experimentdlne overovanie teoretickych
modelov.

* Prof. Ing. Milan Moravc¢ik, CSc,

The objective of this paper is to present some experimental
approaches in dynamic testing of the railway track structure. The load -
deflection track characteristics are particularly important in the design,
in the evaluation of serviceability of concrete-sleepers tracks, and to
improviding data for computer modelling of the track dynamic behaviour
and the dynamic vehicle/track interaction analyses. Thus, results of
theoretical dynamic analyses of the track structure must be verified and
compared with obtained experimental results. The herein presented track
testing for validation of dynamic analyses can give many usefil
indications concerning the evaluation of the superstructure behaviour.

1. Introduction

The commercial necessity for higher speed and greater axle
loads has been established and this trend will probably continue.
In this context, close cooperation between civil and mechanical
engineers is essential. Track must have a high standard of
alignment and maintenance quality must be improved
accordingly. New vehicles, particularly those for high-speed
operation, must not generate excessive track forces. These high
speeds or heavily laden vehicles must operate with high levels of
safety and with existing or improved standards of comfort.

The basic step for solving the indicated problems is
identification of dynamic interaction vehicle and track structure
and a prediction of the dynamic behaviour of the track
components (rails, sleepers, ballast, fastening systems etc.) and
their long term behaviour. With this purpose a program of
theoretical and experimental works in our workplace studying the
interaction of vehicle and track has been undertaken and it
comprises:

e Development of theoretical methods and mathematical
models

e Computer simulation and calculations to predict dynamic
forces, deformations and stresses in the superstructure and sub-
structure

e [n situ measurements on track structure and experimental vali-
dation of the theoretical models
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Obr. 1. Vyipoctové modely trate vo vertikdlnom smere
Fig. 1 Models of track structure in vertical direction
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e Statické a dynamické testovanie prvkov konStrukcie trate
(podvaly, systémy pruzného upevnenia, pruzné podlozky pod
kolajnice, interakciu podval/strkové 16zko atd.).

Vyvinuli sa viaceré kvazistatické a dynamické vypoctové
modely pre posudzovanie vertikalnych a horizontalnych silovych
ucinkov, v ktorych vystupuju jednak charakteristiky komponentov
- kolajnice, podvaly, strkové 16zko, podlozie, alebo celkové cha-
rakteristiky konstrukcie trate. V standardnej analyze konstrukcie
trate bola kolajnica modelovana ako pruzny nosnik na pruznom
Winhlerovskom podklade. V stucasnosti sa aplikuje Metoda konec-
nych prvkov (MKP) a trat (kolajnica) je modelovana ako pruzny
nosnik na diskrétnych pruznych podperach (v miestach podva-
lov). Vysledné pohybové rovnice kolajnice vo vertikalnom smere
mozZu byt zapisané v tvare:

[m]{(V) + [e]D} + [k]D) = (P} (H

kde [m], [c], [k] su matice hodnot timenia a tuhosti {v] a je
vektor uzlovych posunuti kolajnice.

V oznaceni podla rov. (1) je odozva trate analogicka ako
odozva mechanickej sustavy s jednym stupinom volnosti. Riesenie
problému v Casovej oblasti je prezentované v pracach [4, 5], kde
numericky algoritmus rieSenia metodou konec¢nych prvkov je apli-
kovany na vypocet odozvy v Casovej oblasti.

Obr. 1 prezentuje pouzivané modely trate vo vertikalnom
smere odpovedajucej aplikacii MKP, rov. (1). Mechanické vlast-
nosti konstrukcie trate si modelované ststavami pruzin a timicov
v jednej alebo dvoch vrstvach, obr. 1.

Charakteristicky pruzin a tlmiCov sa urcuju laboratérnymi
testmi, alebo meranim v trati. Charakteristiky zavislosti zatazenie
- priehyb komponentov konstrukcie trate st dolezité¢ pri navrhu
posudzovani uCinkov prevadzky, ale aj pocitacovu simulaciu
dynamicke;j interakcie vozidlo/trat. Vysledky testovania dynamic-
kej odozvy trate davaju uzitocné informacie o skutoénom dyna-
mickom chovani trate, ale aj overeni teoretickych rieseni odozvy
trate.

Predmetom tejto Studie je analyza signalov merania odozvy
konStrukcie trate v prevadzkovych podmienkach a hodnotenie
informacii ziskanych z tychto merani. Casové priebehy dynamic-
kych posunov a zrychleni vo vertikalnom smere davaju zakladnu
informaciu celkového dynamického chovania trate. Ich frek-
vencna analyza dava dalSie podrobné informacie o kmitani trate.
V studii su prezentované vysledky niektorych vykonanych testov
trate vo frekvencnej oblasti, jednak pre stredné, ale aj vySSie frek-
vencie 0 - 800 Hz.

2. Hodnotenie dynamického chovania trate
na zaklade merania jej dynamickej odozvy

Dynamické chovanie trate ma byt uvazované v sirSej suvislosti
ako spitna viazba mechanického systému vozidlo/trat (okamzita
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e Static and dynamic laboratory tests for the track structure
members (sleepers, fastening systems, pads, sleeper ballast
interaction etc.).

A number of quassi-static and dynamic computer models have
been developed for the track structure behaviour under vertical
and horizontal loads which include either separate components
representing rails, fasteners, sleepers, and subgrade or total
characteristics of the track. In the standard track analysis, the rail
has been modelled as an elastic beam on an elastic Winkler
foundation. At present, the Finite Elements Approach (FEA) is
applied and the track (rail) is modelled as an elastic beam on the
discrete supports. The resulting equations of motion of rail are

[(m]{v} + [c](} + [K]{v} = {P) (1

where [m], [c], [k] are the mass, damping and stiffness
matrices, and {v} is the nodal displacement vector.

In this notation a general set of equation for the description of
the response of a track structure may be written analogous of those
of a single-degree of freedom structure. Time domain solution of
the problem is presented in [4, 5], where the numerical algorithm
consisting of the finite element procedure to model the track
structure and the time-step integration to calculate the response.

Figure 1 shows the used physical modelling of the track compo-
nent in vertical direction corresponding to the application of the
FEA, Eq. (1). The mechanical properties of track structure are model-
led by a set of springs and dampers in one or two layers, see Fig. 1.

The characteristics of springs and dampers can be determined
by the laboratory load tests of track components, or the field
measurement in the typical track condition. The load - deflection
track characteristics are particularly important in the design, use
of modern concrete-sleepers track, and to provide data for
computer modelling of the track dynamic behaviour and the
dynamic vehicle/track interaction. Thus, the theoretical dynamic
analyses of track structure can be compared with the gained expe-
rimental results. The track testing presented herein for validation
of theoretical dynamic analysis can give many useful indications
concerning the evaluation of superstructure performances.

The objective of this study is just the signal analysis of track
structure at passing trains and investigation of what information
can be obtained from the measurement and analysis of response
analysis. The dynamic deflection and vertical acceleration time
histories give a base information about overall characteristics of
dynamic response of the track. The frequency analysis gives the
additional helpful and comprehensive information about
a vibration of track. The paper presents just some approaches and
results in the vertical dynamic testing of railway track, both the
mid frequency domain and a higher frequency domain, 0 - 800 Hz.

2. Assessment of the track dynamic behaviour base
on in situ response measurements

Track structure behaviour should be considered as a feedback
between the dynamics of system vehicle/track (short - term behav-

KOMUNIKACIE / COMMUNICATIONS 1/99 o 41



KOMUNIKCCle

C O MMUNICATION:S

odozva v danom case) vzhla- CHANGE OF PARAMETERS iour) and the long-term behav-
dom k dlhodobému chovaniu iour of the system, see
tohto systému, obr. 2. Dyna- Fig. 2. Dynamic loads gene-
mické zatazenie generuje VEHICLE OPERATION rate changes in the track and
zmeny v konStrukcii trate, ale in the vehicle (track geometry
aj na vozidlach (degradacia * degradation, vehicle damage),
geometrie trate, poskodzova- _ |[oynamic or STATEVALUES | LONG-TERM [ which in turn result in higher
nie vozidiel), ktoré nasledne CEOMETRY " ||SysTEM * | O syeTEm loads, affect ride quality, high-
vyvolavaju dynamické sily, * speed stability, vehicle and
ovplyvauju kvalitu a stabilitu track maintenance, and opera-
jazdy, udrzbu vozidiel a trati, TRACK ting safety.

ako aj celkovu prevadzkovu In this section, some expe-
bezpecnost. CHANGE OF PARAMETERS rimental practices and some

Tato kapitola prezentuje
postupy a niektoré vysledky
experimentalneho merania
komponentov trate - kolajnic
a podvalov pri prejazde
vlakov. Vysledky analyzy davaju obraz o dynamickom chovani
trate vo vertikalnom smere a jej stavovych parametrov v danom
Case a mieste. Na naSom pracovisku sa pouZzivaju dva sposoby
merania dynamickej odozvy trate:

e Synchronne meranie priehybov kolajnic a podvalov pomocou
snimacov mechanickych posunuti.

e Synchronne meranie zrychlenia akcelerometrami na kolajnici,
podvaloch, Strkovom 16zku, resp. v okoli trati.

Usporiadanie merania priechybov snimacmi prichybu Bosh
a snimaémi zrychlenia typu KS 50, BK 4500 a BK 3806 s odpo-
vedajucou blokovou schémou merania je na obr.3.

Pohybujuce sa kolajové vozidla generuji v konStrukcii trate
(kolajnice, podvaly, Strkové 16zko) priehyby, napatia a sily,
ktoré vSeobecne dosahuju vyssie hodnoty ako pri statickom poso-
beni vozidiel, alebo pri nizkych rychlostiach. Dynamicky koefi-
cient 8 v tychto pripadoch ma vyrazny stochasticky charakter
a moze byt definovany pomerom max. dynamického priehybu
Y,,, (Y = priehyb kolajnice v, alebo podvalu vy) a statického prie-
hybu Y,,.

Y,
§=—4n 2
v (2)

st

Prejazd kazdého dvojkolesia danym miestom trate vytvara
charakteristické maximalne hodnoty Y,, sledovanej veliCiny,
ktoré mozu byt hodnotené Standardnymi Statistickymi metodami.
Odpovedajuce histogramy poskytuju potrebné informacie pre hod-
notenie ocakavanych hodndt dynamického sucinitela pre kolaj-
nicu alebo podval.

Zaistenie presnosti merania relativnych priehybov kolajnice
a podvalov (snimace Dy a Dg na obr. 2) v prevadzkovych pod-
mienkach vsak nie je jednoduchou ulohou, najma kvoli realizacii
pevnej meracej zakladne, ku ktorej meranie priehybov vztahu-
jeme. Pri prejazde vlakov podlozie v blizkom okoli trate kmita, o
nepriaznivo ovplyviuje stabilitu meracej zakladne. Dobré

Obr. 2. Spdtd vizba okamzitého a dlhodobého
dynamického chovania trate
Fig. 2 Feedback between dynamic and long
a term track behaviour

obtained results will be shown
to demonstrate the dynamic
behaviour of track structure -
the rails, the sleepers, and
ballast respectively, at passages
of trains. Results of these mea-
surements may be used to assess the short-term dynamic behav-
iour of the track at an observed section and to give the state
parameters of the vehicle/track system in certain time.
In our workplace two techniques for the dynamic response
measurement of the track structure are applied:
o The deflection measurement of the rail, the sleepers using the
displacement transducers set with the rail and the sleepers.
e The acceleration measurement using accelerometers set with
the rail, the sleeper and with the ballast.

Arrangement of the vertical displacement transducers of
Bosh type and accelerometers of KS 50, BK 4500, and BK 3806
type and the corresponding block diagram are shown in Fig. 3.

Moving vehicles generate deflection, stresses, and forces in the
track components (rails, sleepers, ballast) that are generally greater
than those caused by the same vehicle load applied statically or
moving at low speed. The dynamic amplification & generally has
a stochastic character and can be defined as a ratio of the
maximum dynamic deflection of a quantity ¥, (Y = rail deflection
Vg, sleeper deflection vy) to the static deflection of a quantity Y.

Yd
5= 2
Y (2)

st

The passage of each wheelset induces a peak of the observed
quantity Y, and the results may be treated statistically. Thus,
histograms can be constructed and exploited for statistic expected
values of the dynamic coefficient for the rail deflection v, and the
sleeper deflection vg.

Accuracy of measurement of the relative deflections (transdu-
cers D and Dy in Fig. 2) of the rail and the sleepers in practice is not
easy. The fundamental difficulty is fixed datum against which the
deflections are measured. When a train passes the measured place,
the ballast and ground nearby the track deflects and vibrates, so that
we do not have a stable platform for measurement. Acceptable results
have been obtained using the displacement measuring transducers of

42 ¢ KOMUNIKACIE / COMMUNICATIONS 1/99



[OMUNIKCCle

C O MMUNICATION:S

Dr.Dg - DEFLECTION TRANSDUCER
ON RAIL AND SLEEPERS

AR.Ag,Ag - ACCELEROMETERS

I RAIL
- FASTENINGS
¢ emls L sLEEPERS
1 [~ BALLAST
! Dy }— SUBGRADE
( \i/ Bt L
) W !

ACCELERATION MEASUREMENTS OF THE SUPERSTRUCTURE

ROBOTRON
S
RAIL S >
L >
KS 50 BK 2635
BK 4500

steepeRr X

]

TOP 8K 8306 pK. 2635
paLLast WX

r>—|AD M PCIoBG]
60

BK
. ANALYZER
MG-BK 1" Yp 20m

\ y
b,

XY PLOTER

Y

DEFLECTION MEASUREMENTS OF THE SUPERSTRUCTURE

BOSH
RAIL

BOSH

SLEEPER

POVER >

Obr. 3. Usporiadanie snimacov a odpovedajiica blokovd schéma merania dynamickej odozvy trate.
Fig. 3 Arrangement of transducers and corresponding block diagram for dynamic measurement in the track

vysledky meranie sa ziskali pouzitim snimacov priehybu Bosh osa-
denych na tuhych 6 m dlhych ocelovych konzolach, fixovanych
v pieskovom 167ku na dizke 2 m. Hodnoty priehybov v, a vg
ziskané meranim davaju priamo dynamicky sucinitel & prejazdu
lokomotivy a charakteristickych podvozkov vagonov v meranom
mieste trate.

Pouzitie snimacov zrychlenia (akcelerometre Az, Ag, Az na
obr. 3) na meranie kmitania komponentov zvr§ku je atraktivne,
nakol'ko nevyzaduje pevni meraciu zakladnu.

2.1 Dynamické priehyby kolajnice a podvalu

Skutocné prevadzkové zatazZenie trate zahrina postupnost opa-
kovanych dynamickych impulzov, ktoré vSeobecne zavisia od

Bosh type that made measurement against a fixed 6 m long console
beam imbedded in 2 m long sand bed. The obtained values of the
vertical displacements can be used to determine the dynamic ampli-
fication 6 resulting from the passage of railway vehicles (locomotive
and characteristic coach bogies) over the tested track section.

Using accelerometers (transducers Ag, Ag, Ap in Fig. 3) to
measure the dynamic track response (vibration of the track
components) is very attractive, since no fixed datum is required
and different frequency response can also be measured.

2.1 Rail and sleeper dynamic deflections

The actual loading of a track line section will consist of a mix
of many different wheel loads, which are defined by the individual
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hmotnosti vozidiel, rychlosti, kvality trate a pod.. Zmeny tychto | car weights, speed, track quality, etc. Variations of these parameters
parametrov maju za nasledok zmenu v odozve a v rozdeleni dyna- | will result in a variation in the response and in a distribution of
mického zatazenia a tieZ zmenu rozdelenia prichybov kolajnice | dynamic loads and equally corresponding distribution of the rail
a podvalov. Dynamické priehyby kolajnice a podvalov v danom | and sleeper deflections. Rail and sleeper dynamic deflections at

tratovom useku zavisia od:
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Obr. 4. Casovy priebeh dynamickych priehybov kolajnic a podvalov: @ prejazd celého viaku ® prejazd lokomotivy a prvého voziia
Fig. 4 Time domain representation of the rail and sleeper dynamic deflection - passenger train: ® passage of the whole train
o passage of the locomotive and the first coach.
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e Technickych parametrov trate (geometria trate, kvalita, udrzba,
konStrukcia).

e Parametrov kolajovych vozidiel (odpruzené hmoty).

e Prevadzkovych podmienok (intenzita zatazenia trate, prevadz-
kova rychlost).

Dynamické priehyby kolajnic a podvalov priamo suvisia s ich
dynamickym zatazenim. Aplikaciou zakladnych postupov linear-
nej mechaniky mozno ziskat priblizné hodnoty dynamickych sil
Py

V n
Py, =P, ; = kb (3)
st

kde: P, = k.,
k  je vertikalna tuhost trate (N/m?) v sledovanom useku.

Vzhladom na zafaZenie konstrukcie trate moZeme vSeobecne
konstatovat, ze kolajnice a podvaly st zataZzované opakovanym
dynamickym zatazenim razového charakteru s charakteristickym
tvarom, podobnym priehybom na obr. 4. Z amplitid dynamickych
priehybov kolajnic a podvalov mozno hodnotit a ocenovat:

e Dynamicky sucinitel, vztah (2).

Priblizné hodnoty vertikalnych dynamickych sil, vztah (3).
Stupen poskodenia a degradacie konStrukcie zvrsku.
Vplyv rychlosti na dynamickt odozvu.

Funkénost systému pruzného upevnenia kolajnic.

[ ]

2.2. Zrychlenia kolajnic a podvalov

Kmitanie trate pri prejazde vlakov moze byt popisané vzhla-
dom na interakéné sily, zrychlenia, rychlosti alebo pohyby trate
obycajne v Casovej oblasti. Tato dynamicka odozva trate vo verti-
kalnom smere ma charakteristicky priebeh, obr. 6 - 10, ktory moze
byt charakterizovany ako nestacionarny nahodny signal s ¢asovo
premennou strednou kvadratickou hodnotou.

Transformacia takychto signalov do frekvenénej oblasti dava
spektra zrychleni, ktoré davajui informacie o vertikalnom kmitani
kolajnic a podvalov, ako aj obraz o koncentracii energie kmitania
a jej rozdeleni ako funkcie frekvencie. Nase merania potvrdili, Ze
tieto deje zahfnaju Siroku frekvencnu oblast. Obr. 6 - 10 prezen-
tujt takéto signaly, ktoré musia byt adekvatne analyzované. Pokial
tradi¢na spektralna analyza zaloZena na Fourierovej transformacii
(FT), alebo digitalnom filtrovani je dobre aplikovatelna na stacio-
narne signaly, analyza nestacionarnych signalov musi zohladfo-
vat spektralne informacie v Case. Jednou z vhodnych technik,
ktora bola aplikovana pri analyze zaznamov zrychleni kolajnic
a podvalov, je technika vyberu usekov (window function), ktorou
sa vyberaju Casti zaznamu zahrnujice charakteristické javy celko-
vého zaznamu.

3. Analyza zrychlenia trate vo vertikalnom smere

Jadrom analyzy ziskanych zdznamov zrychlenia kmitania je
ich frekven¢na analyza, ktora dava zakladné informacie o frek-
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e track characteristics (track geometry, quality, stiffness, and
track structural components).

e vehicle characteristics (unsprung mass of wheelsets)

e operating conditions (track loading, speed, braking).

The dynamic deflections have direct relation to the dynamic
load of rails, sleepers and ballast. Applying linear mechanics
theory can be roughly estimated the dynamic interaction forces
wheel/rail Py,

_ Vd)’" _
den - Pst : - k'vdyrl (3)
Ve
where: P, = k.y,,
k is the vertical track stiffness (N/m?) at the track line
section.

Generally, we can say that in service conditions each rail
cross-section or each sleeper is loaded by a sequence of impacts or
shocks of the wheel load of the passing trains. This dynamic load
induces a dynamic deflection of rails and sleepers having
a characteristic shape in time domain, see Fig. 4. Amplitudes of
these vertical dynamic rail and sleeper deflections for known
track stiffness can be exploited to assess:

o the dynamic amplification & applying the relation (2)

o the vertical rail and sleeper forces applying the relation (3)

e the degree deterioration and degradation of the permanent way
structure

e the effect of train speed on the dynamic track response

e the function of resilient fastenings in the track structure.

2.2 Rail and sleeper accelerations

Track vibrations measured under train load may be described
in terms of force, acceleration, velocity and displacement and for
a complete description it is obtain a time history record of the
quantity in question. The measured vertical dynamic response of
rails and sleepers has a characteristic shape in time domain, see
Figs. 6 - 9. They represent typically non-stationary random signals
with time-varying mean square value.

Transformation of these signals to the frequency domain
yields the acceleration spectrum that gives the additional helpful
information about the vertical vibration of track. The spectrum
shows concentration of the energy and its distribution in a signal
as a function of frequency. Our measurements show that the
spectra of vertical rail and sleeper acceleration cover a wide range
of frequencies.

Figs. 6 - 9 show typical non-stationary signals that must be
adequately analysed. While traditional spectral analysis
techniques based on Fourier Transformation (FT) or digital
filtering provide a good description of stationary and pseudo-
stationary signals, non-stationary signals must be analysed with
consideration of spectral information in time. One of the
techniques considered here is the use of window functions to
window out short sections of the overall signal which are near
stationary or which contain isolated events.
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vencnej skladbe kmitania trate. Zaznamenané Casové priehyby
zrychlenia su diskretizované na casové postupnosti

{a(n)}, 0=n=N-1 4)

kde: N je dizka diskrétnych hodnot - dizka zaznamu

Analyzator typu BK 2032 [3], ktory bol pouZity pre analyzu
ziskanych zaznamov, vykonava Diskrétnu Fourierovu transfor-
maciu (DFT) pomocou algoritmu verzie Radix 2 (N = 2"), kde
m=17,8,9, 10, 11, ktorym prislucha pocet vzoriek N = 128, 256,
512, 1024, 2048. Algoritmus DFT pre vybrany pocet vzoriek
N dava identicky vysledok ako FFT tohto zaznamu.

Kazda casova funkcia sa najskor transformuje do komplex-
ného spektra. Stredné kvadratické hodnoty amplitid su priemero-
vané, aby sa ziskali antospektra analyzovaného signalu. Vsetky
dalsie funkcie sa ziskavaju z tychto antospektier, resp. zo vzajom-
ného spektra dvoch synchronnych zaznamov, najma:

Okamzité spektra.

e Zosilnené spektra.

e Frekven¢na a impulzova odozva.
o Koherencia.

e Korelacia a pod.

Priklady podrobnej analyzy pouZitim analyzatora BK 2032
[3] su prezentované na obr. 6 - 10. Pravdepodobne najdoleZitejSia
funkcia praktického vyznamu je frekvencna odozvova funkcia

3. Analysis of the vertical track acceleration

The core of the analysis of the track vibrations records rests
on the frequency analysis of these records. In a broad sense, the
frequency analysis is an extraction of useful information from
measured acceleration and estimation of certain properties or
measures of the signals.

In the vertical track acceleration measurements we obtained
a real-valued time records

[am)); 0=n=N-1 4
where the sequence of N discrete samples is a length of record.

The used BK Analyser Type 2032 [3] develops Fast Fourier
Transformation (FFT) as a calculation procedure for obtaining the
Discrete Fourier Transformation (DFT). The advantages of the
FFT can be achieved in a variety of ways but a particular version
of a Radix 2 algorithm (N = 2) is used in BK Analyser, where
m=1,8,9, 10, 11, and corresponding number of discrete samples
N = 128, 256, 512, 1024, 2048. As has just been shown, the FFT
algorithm produces identical results to direct application of the
DFT and thus, the analysed record and results are a finite number
N representing one period of an infinitely long periodic signal.

For each signal, the time function is first transformed to
a complex spectrum. The squared amplitudes of a number of such
instantaneous spectra are
next averaged to give the
autospectrum for that par-
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ticular signal. All other
functions in the diagram
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Obr. 5. Aplikdcia FRF na systéme pruzného upevnenia kolajnica - podval
Fig. 5 Application of the FRF to the fastening system rail/sleeper

are calculated on these two
autospectra (channel ,A“
and channel ,B“) and the
cross spectrum:
e Instantaneous spectrum
e Enhanced spectrum
e Frequency and impulse
response
e Coherence
e Correlation, etc.
WHEEL Figures 6 - 10 show
examples of more compre-
hensive analysis by using
the B&K Analyser Type
2032 [3]. Probably the
most important function
of these is Frequency
Response Function (FRF),
that represents the ratio of
output b(¢) to input a(¢) in
the frequency domain, and
thus characterise physical
system. In our case it is
a resilient fastening system

PAIL(VR,\"«R = nR)

FASTENINGS SYSTEM

SLEEPER [vg. Vg =ag )
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(FRF), ktora dava pomer odozvy b(t) (vystupu) a budenia a(¢)
(vstupu) vo frekvencnej oblasti, ¢im plne charakterizuje danu
mechanicku sustavu. V naSej analyze to predstavuje systém pruz-
ného upevnenia kolajnica - podval, ktory tvori jeden z najdodlezi-
tejSich prvkov konstrukcie Zeleznicného zvrsku, obr. 5.

Ked' mechanicky systém je charakterizovany funkciou impul-
zovej odozvy h(t), potom odozva b(r) sa ziska konvoluciou a(?)
a h(1):

b(t) = a(t) * h(t) (5)

Aplikaciou konvoluéného teorému dostaneme

B() = A(f) . H(f) (6)

kde: H(f) je Fourierova transformacia /(¢).
FRF potom ziskame za pomeru

B
H(f) = % (N

V praktickej analyze sa vysSie uvedené vztahy vyuzivaju aj
v modifikovanej forme:

BY) A*() _ Gul)

ST VDI ®
alebo:
=20 B0 _ G ©)

AN B*(f) Gl
V zosilnenom analytickom signdle H, sa ziska ako pomer
zosilnenych signalov Gy (k) a G (k):
Gg(k)
Gy (k)

H\(k) = (10)

Priklady analyzy vertikalneho zrychlenia kmitania kolajnic
a podvalov s vyuzitim B&K analyzatora typu 2032 [3]. su ukdzané
na obr. 6 - 10.

4. Zaver

Dynamické chovanie kolajnic, podvalov a systému pruzného
upevnenia bol analyzovany ako proces odozvy tychto komponen-
tov pri vSeobecne neznamom budeni pri prejazde vlakov. Ziskané
zaznamy umoznuju urovat dominantné frekvencie na kolajni-
ciach, podvalov a v §trkovom 16Zku a tym hodnotit dynamické
vlastnosti tychto konstrukénych prvkov trate. Hlavné zdroje verti-
kalnych interakénych sil koleso/kolajnica su vSeobecne zname.
Tieto dynamické sily st prenasané konsStrukciou trate, priCom
poskodzuju jej komponenty.

Ziskané zaznamy vertikalnych zrychleni komponentov trate
maju typicky nestacionarny priebeh - predstavuju signaly s Casovo
premennou strednou kvadratickou hodnotou, ktoré musia byt
adekvatne analyzované. Spektra ziskané analyzou tychto signalov
zahrfnaju Siroku oblast frekvencii, ktoré vSeobecne zavisia od:
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rail/sleeper, that represents one of the most important elements
in the permanent way structure, see Fig. 5.

When the system is characterised by its impulse response A(?),
and the output signal b(¢) is the convolution of the input signal
a(t) with function A(t), thus:

b(1) = a(t) = h(t) (%)
By the convolution theorem, it follows that
B() = A(f) . H(f) (6)

where H(f) is the Fourier transform of 4(¢). Thus, the FRF can be
obtained from:

B
H(f) = % (7

In practice, there are found to be advantages in modifying
Eqn. (7) in various ways, for example:

B AW _ Gl

B0 10 T Guw ®
or a version known as H,(f):
Hz(f):@.B*(/‘)iGBB(/I) )

A B* () Gph)

In Dual Signal Enhancement mode, H, is the complex ratio
of the Enhanced Spectra Gz (k) and G (k), that is:
G (k)

Hi(k) =——+

10
Gy (k) {10

Figures 6 - 10 show examples of more comprehensive analysis
by using the B&K Analyser Type 2032 [3].

4. Conclusions

The dynamic behaviour of rails and sleepers under passage of
the trains has been analysed in time and frequency domain. It is
a process of determining the response of the track structure as
a mechanical system due to same generally unknown excitation at
passing trains. It enables distinct frequency components to be
related to the rails, the sleepers, and the ballast and thus identify the
dynamic structure of the track vibration and sources of the
vibration, respectively. The major causes of increases in the vertical
force between the rail and the wheel and the major dynamic sources
are generally known. These dynamic forces are transmitted to the
track structure, damage its components and can be appreciated
indirect just by the dynamic response under passage of trains.

The measured vertical acceleration represents typical non-
stationary signals with the time-varying mean square value that
must be adequately analysed. The corresponding spectra of these
signals cover a wide range of frequencies. Dominant frequencies
are depending in general on:

e the track characteristics (track geometry, quality, stiffness, and
track structural components).
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Obr. 10. Analyza prejazdu podvozka vagona, rychlost 96 km/h
Fig. 10 Analysis of the one characteristic coach
bogie passage, speed 96 km/h
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e charakteristik trate (geometria, kvalita, tuhost zvrsku, typ kon-
Strukcie zvrsku)

e charakteristik kolajovych vozidiel (odpruzené, neodpruzené
hmoty kolajovych vozidiel)

e prevadzkovych podmienok (zataZenie trate, rychlost).

Vysledky nasich merani preukazali, Ze celkové hodnoty hladin

zrychlenia sa pohybuju v medziach:

e na kolajniciach 0 - 400 ms? a v extrémnych pripadoch aj viac

e na podvaloch 0 - 60 ms.

Dominantné frekvencie zrychleni kmitania ovplyviujuce
konstrukcie trate su vzdy vysSie ako 20 Hz, kedy dynamika trate
hra rozhodujucu tlohu v interakcii pohybujuce su vozidla/trat.
Interakéné dynamické sily na styku koleso/kolajnica a ich
nasledny prenos konstrukciou trate sa odohrava prevazne pri
vysokych frekvencnych zlozkach az do 1000 Hz. Dynamické sily
prenasané do Strkového 16zka maji dominantné zlozky az do 500
Hz. Ziskané FRF popisujuce mechanické vlastnosti systému
pruzného upevnenia potvrdzuju takuto frekvenénu skladbu
prenosu interakcnych sil. Tento prenos je vSak zavisly aj od typu
kolajového vozidla a jeho rychlosti s odpovedajicou frekvencnou
skladbou FRF:

e (-400 Hz pre lokomotivy
e (0-200 Hz pre vagony.

Porovnanie vysledkov teoretického rieSenia dynamickej
odozvy trate s meranymi vysledkami v skuto¢nych prevadzko-
vych podmienkach potvrdilo mozZnost pracovat s linearnymi
vypoctovymi modelmi (obr. 1), avSak podrobnu analyzu tychto
zlozitych javov mozno ziskat len na zaklade odskusanej metodiky
merania dynamickej odozvy trate v danych prevadzkovych pod-
mienkach.
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o the vehicle characteristics (unsprung mass of the wheelset)
e the operating conditions (track loading, speed, braking)
and in our measurements they have reached levels:

o rail acceleration 0 - 400 ms? and more in extreme cases

o sleeper acceleration 0 - 60 ms™.

The frequency range of particular interest of the track structure
can be taken above about 20 Hz, where track dynamics become
increasingly important and vehicle dynamics less important.
Problems with the running surfaces of wheel and rail and with track
components are caused primarily by vertical forces up to about 1000
- 1500 Hz. Forces transmitted through the track structure into the
ground structure are most significant up to frequencies about 500
Hz. Problems of vehicle dynamics occur largely at frequencies of
less than 20 Hz.

Frequency Response Functions obtained from the auto and
cross spectra of analysed signals give a picture about vibration of
track components and about the transfer of dynamic forces by track
components. They confirm that dynamic forces are transmitted
through the track in particular by the higher frequency components:
e 0-400 Hz for locomotives
e (-200 Hz for bogies of coaches.

Comparison results of the dynamic response measurements
with the theoretical ones showed that the track response can be
predicted by the linear interaction vehicle/track mathematical
model fairly well, but for real track conditions the comprehensive
information about the reliability of superstructure and the real
dynamic track behaviour better results gives the properly realised
response measurement.
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