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Railway Wheel Flat and Rail Surface DefectModelling and Analysisby Time-Frequency Techniques
B. Liang,S.D. Iwnicki, Y. Zhaoand D. Crosbee
School of Computing and Engineering, Huddersfield University, Huddersfield HD1 3DH, UK
Abstract

Damage to theurface of railway wheels and rails commonlcurs in most railways. If not detected, it can result in
rapid deterioration and possible failwgrolling stock and infrastructu@mponentgausinghigher maintenance costs.
This paper presents an investigation into the modelling and simulation of fldieand rail surface defect#\
simplified mathematical model was developed and a series of experiments were carried out on a rollee-rig.
frequency aalysis is a useful tool for identifying the content of a signal in the frequency domain without losing
information about its time domain characteristiBecause of this it is widely used for dynamic system analysis and
condition monitoring and has beered in this paper for the detection of wheel flats and rail surface defécee
commonly used timérequency analysis techniques: Skhbmne-FourierTransform (STFT); Wigne¥ille Transform
(WVT) and Wavelet Transform (WT) wenavestigated in this work

Key works railway, wheelset, vibration angsis acoustic analysigime-frequencyanalysis
1. Introduction

With therecentsignificant increaseof train speed and axle loafdrces on both vehicle and track due toeel flat or

rail surface defecthias increased and critical defect sizes at which action must be lakenbeerreduced. This
increases the importance of early detection and rectification of these faults. Partly as a resuttyofatimi; interaction
between the vehicle, the wheel atiie rail has been the subject of extensive research in recent Warand
Thompson [1] suggested a simplified dynamic model of wheetahdvhich was used for prediction of the wheel and
rail impact force and noise ithe frequency domain. Pieringet al [2] developed a fast time domain model for wheel
and rail interaction. In this researdhjl and wheel are described as linear systems using immgpense functions.

The model enables the calculation of the vertical contact force generated dmaliescale roughness tife rail and
wheel. Mazilu [3] presented a numerical model to predict the wheel/rail dynamic interactionming due tovheel

flats. His modetreatedtherail as an infinite Euler beam supportedaoontinuous foundation with two elastic layers
representing the subgrad€he vehicle isepresented by a simplified model consistingtwb elastially connected
massesand ron-linear Hertzian wheel/rail contact is considerbiéwton and Clark [4] used more complex model

with the aimof studying the wheel flat and rail impact foredn their worknonlinear elastic Hertzian wheel and rail
contact is modelled through an elastic element placed between the wheel and the rail. Belotti et al [5] presented a
method ofwheel flat detection using wavelet transform method. Indi study, a series of accelerometers were put
underthe rail bed to detect the impact force causecalyheel flat and the signals were analysed based on the wavelet
property of variak®# timefrequency resolution. It is claimed that the method is able to detect and to quantify the wheel
flat defect of a test traitmavellingat different speedgia and DhanaseK&éi carried oussimilar research to detect wheel
flats usinga wavelet approachdoweverboth researche onlyusedwavelet decomposition dhe vibration signals and

did not carry outwavedet spectrum analysis of the vibration signal

Wei et al [1 haverecently reported a retime wheel defect monitorg system based on fieBragg grating sensors.
The sensors measure the rail strain respalsang wheel and rail interaction and the frequency compoiadoe
reveals the quality of the interaction. The advantagéhefiibre Bragg grating system ighat i is not sensitive to
electromagnetic interferencélowever,due to the fact the sensor has to be gluedoothe rail its reliability and
durability is still under investigationit is apparent from the literature revietat although work has been done
model and predict wheel/rail intet@gon in the frequency domaimo proper timdrequency analysis haget been
reportedfor the detection of wheel flatandrail surface defects despithe fact thatime-frequency analysis method
havebeen widely use for bearing, gearbox and engine fault identificafigfl1]. In these examplesne-frequency
analysishas been shown to kee very effective tool for identifying the content of a signal ithe frequency domain
without losing its characteristics thetime domainIn many applicationd is interesing to seethe frequency content
of a signal locally in time. That is, theay in which thesignal parameters (frequency content etc.) evolve over time.
Such signals are calletnstationary For a nopstatonary signab(t), the standard Fourier Transform is not useful for
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analysingthe signalBecauseénformation which is locaged in time such as spikes and high frequency bursts cannot be
detected from thetandard~ourier Transform

This paper presents an investigatioto the use ofime-frequency analysisf vibrations for the detection of railway
wheel flas andrail surface defectsThe sectiors of this paperare arranged a®llows: in section 2, the basic time
frequency theories are given; in section 3, a simplified mathematic model is presented; in sdutierrdquency
vibration signal analysis for wheel and rail defeats presented and finally the conclusion are showadtian 5.

2. Time-frequency analysis techniques

The most commonly used tirfirzquency presentation is the Shoine-FourierTransform(STFT), which originated
from the weltknown Fourier transformTime-localisation can be achieved by first windowing gignal so as to cut off
only a welllocalisedslice of s(t) and then taking its Fourier Transforifhe STFT of a signad(t) can be defined as
[12]:

56 (gRA; L1, DI FRQRAY s@P 1)

Where 2and &denote the time of spectralcalisationand Fourier frequency respectively, énd) denotes a window
function.Howeverthe STFT has some problems with dynamic signals due to its limitations of fixed window width.

Another well-known time-frequency representation is the Wighélle distribution. The Wigner distribution was
developed by Eugene Wigner in 1932 to study the problem of statistical equilibrium in quantum mechanics and was
first introduced in signal analysis by the Frenclestst, Ville, 15 yeas later. It is commonly known in the signal
processing communitysthe WignerVille Transform [L3].

Given a signa(t), its WignerVille transform is defined by
98 Ri; L i), OPEIat;&:PFiot;AY @] )

The WignetVille transform 9 . P ; essentially amounts to consideritige inner products of copies oD PE i Y

of the original signal shifted inime dominancy with the corresponding reversed ycdp FPE i;AY . Simple
geometrical cosiderations show that such a procedure provides insigtatshetime-frequency content of the signal.
From the definition of equation Y2t can be seen that the calculation of Wigwdte transform requires infinite
guantity of the signal, which is impossible in practice. One of practieshods is to add a window 20 the signal.
That leads to a new versiof theWignerVille trangorm called the pseud@igner/ille (PWV) representation and is
as follows:

298:Rf; L i), DI;OPEiat;d:PFiot;AY @1 ®3)

However there is a welknown drawback for using Wign&fille transform The interferenceor crossterms exist
between any two signals due to the fact the Wiifike transform is a bilinear transform. For example, if a signal
consists of signal 1 and signal 2, the Wigkdle transform of the signal is

208, Pii; L 2984 P, E298¢ P Et] A2 854 Fi1) (4)

Where 29 854 P ; L i?ﬂﬂ D:;Q:PEiat; ID:i;@:PFiat; XY @is called the cross term Wign¥ille
transformof signal 1 and signal Z’hecrosstermphenomenon ishownin Figure 1by using arartificial signal created
to demonstrate the effecthe artificial signal lastsfor about 29ms, and consists ofhree signa added togethein
series(two signalswith same frequencgf 200Hz with one signalof 800 Hzin between. All three signalsamplitudes
are modulatedusing theGaussiarfunction It can beseen that there are three crtessns betweemny two of three
signalsin the WignetVille transform In order to get rid of the cro$erma smoothed pseudo Wign¥ille transform
or distribution(SPWVT or SPWVD can be usedr-igure 2 presents the smoothed pseudo Wiyfiles transformfor
the same artificial signalt demonstrates that the creesmsareblankedout completely.

Finally another relatively new timérequencyanalysis technique ithe wavelet transform (WT)Fourier analysis
consists of breaking up a signal into sine waves of various frequencies. Similarly, wavelet analysis is the breaking up of
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a signal into shifted and scaled versions of the originain@her) wavelet One major advantage afforded by wavelets
is the ability to perforntocal analysisBecause wavelets alecalisedin time and scale, wavelet coefficients are able to
locally abrupt changes in smooth signaldso the WT is good at extractingqpformation from both time and frequency
domains. However the WT is sensitive to noise.

For a signa(t), the WT transform can be given[48]
96, 14T L O idT; L= 1), QR3%PF Iwo@ P (5)
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Figurel The WignetVille representation of an artificial signal
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Figure2 The smoothed Wigne¥ille representation of the artificial signal

3. Modelling of interactions betweenwheel and rail due to wheel or rail defects

Because he types of defect being considered in this work mainly result in changes to the vertical forces and
accelerations experienced by the wheel and the rail. The othernsich as lateraljaw, roll which are less
influential on the targetegarametersare not considered the study The simplified single wheel model on a roller rig

LV SUHVHQWHG LQ )LIJXUH JURP WKH VWDQGDUG PDWUL[ IRU 1HZWRQTV

3 <IE W <6E > X<=L }3= (6)

The dynamic movement of the vehicle in vertical direction is given as follows [15]:
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Where \4: P, and \§: P, are the wheel and bogie displacements respectingy,wheelmassm, 2 a quarter bogienass,
W2 normal load,\{ and \4are the wheel and rail vertical profile. For the Hertzian contact the damping coeffigignt
normally negligible [16]. The equatia7) can be simplified to:
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Figure 3A simplified single wheemodel

The combinationof thewheel andail profile :\¢ E \4;can beestimatedby doubleintegrationof the vertical axle box
acceleration measured using @telerometeinstalledon the wheeket bearing housinddowever due to the fathat

all experiments were carried out on a roller aghigh passfilter has to be used teemove thelow frequencynon
concentric rotation effect of rollefFigure 4 presents theeasured axlbox acceleration time history and the calculated
velocity and displacement time histori@ghout the high pass filter. It can be seen that the-toncentric rotabn of

roller accounts for significant vertical displacement. It completely m#sksoller profile (Figure 4c). In order to
remove the nottoncentricwheel andoller ratation effect, a @ Hz Butterworth high pass filter was appli€ar wheel
speedf 3.5km/h, 7km/h and 15km/h, the correspondimg@ximumwavelengthf the nonaconcentric displacements

are 8.5mm, 87mm and 19hm which are significantly larger than the simulated roller surfdeéect (8mm) and

wheel flat (mm) on the experimental roller rig he filtered result is given in Figure I5shows that thelisplacement
caused by nowoncentricrotation ofthe roller and wheehas beememovedand theroughness of the combinedheel
androller profile is obtained(Figure 5c). The big roller surface defect is clearly visible despite the wheel flat éffect
pretty small The estimated profile of wheel and rolle inputted into equation8 to simulate wheel vertical
acceleration response of the systéhe parameters used for the simulatame presented inTable 1. Three wheel
speeds (3.5km/h, 7km/h and 1Bih) with the roller rig were applied.d3pite thewheellinear speeds are different but

the angular speed and the cyclic frequencies are the same for the roller rig and the full size vehicle. Hence the results
obtained from the roller rig are applicabtethe real situationg-igure 6 presents the comparison between the measured
and the simulated wheel vertical acceleration resultshforoller surface defect withhheel speed 3.Em/h. It can be

seen that good agreement is achieved. A reasonable agreement between the measured and the simulated wheel vertical
acceleration is alsobtainedfor wheel speed 7km/h in Figure 7. However when the wheel speed reaches to 15km/h the
disparity between the measured amtiulated results gets biggeecausehe proposedimple modelcannotrepresent

the roller rig system properly in the high speed condition

Table 1 The Experimental Roller Rig Parameters

Wheel mass M-6.35Kg

Wheeldiameter 0.2 m

Contact stiffness&8.93x16 N/m

Suspension damping=2.67x1GN s/m

1/4Bogie mass ¥E5.25Kg

Roller diameter, 0.38 m

Suspension stiffness#36x1F N/m

Normal load = 140 N
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4. Time-frequency vibration signal analysis for wheel and rail defects

A series of experimentBave been carried out on a roller test rig pictured in Figlirdhere are 5 accelerometers
installed on each side of theller rig; two onthe wheel bearinghousing (axlebox, two onthe roller bearing sets and
one onthe bogie To obtainthe sound signals an integrategicrophone system was used. A reference signal obtained
from amagnetic sensomas then used to synchronize tiag@main averaging of both the vibration and acoustic signals.
The signals were sampled at 12 kHtz.order to get a better signal to noise ratio the seeded wheel flat size and rail
surface defect are sptoportionallylarger than real wheel flat size (usually-4® mm wide, 510 mm long and 0:2

mm deep surface fault on wheel and rail is often se&njiheel flatthat was2 mm wideand 0.1 mm deep was
produced oronewheel A rail surface defeawith asize of2mm x3 mm and 0.2nm deepwvas maden oneof thefour
rollers. The typical impact pulses genexhby wheel flat and roller surface defecare shown in Figure 1@ue to the

fact that the defect size of roller is larger than wheel flat, the impact vibised by roller defect lsgger than the
impact causedybwheel flat in this instance. Since the wheel diameter is sligivéy half of theroller diameter, the
wheel flat vibrationand rollersurface defect vibratioare notcompletelysynchronizedHowever this problem as
solved bycomputer programming.



Figure 9Roller test rig
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Figure10 Typical impact pulses caused by wheel flat and roller defects

Becausehe impact vibration pulsegenerated by wheel flat amdil surface defectare similarin nature to vibrations
seen at bearinga number ofraditional statistial indicatorsin time-domainused for ball bearing condition monitoring
arealsoexplored

Figure 11showsthe valuesof crest factor, skewnesayeragemaximumpeakicycle and average rms value/cyolethe
vibration signalswith and without wheel flatand under different wheel running speediscan be seen thatl of the
indicatorsshowdistinguishable values ancends under different wheel speed conditionsafbeel vibratios with and
withoutawheel flat.A series of experiments Balsobeen carried out to identithe effect of varyingehicle load The
vehicleload effecton the vibrationmpulse is presented in Figul®. As expectedhe maxinum vibration amplitude
increaseswith increasingvehicle load.Figure 13shows the wheelsatibration response coherence and its transfer
function usinga hammer testlt can be seen thdlhe main wheelsetatural frequency range is about 1300H500HZz
and some low natural frequenciasound100-250Hz The roller hammer testesultis also given in Figure 14 It
demonstrateshe main roller natural frequency is much belothe mainwheel set naturafrequency ad mainly

concentrates around 8Hz. There are some natural frequency overlaps for both wheel set andrmtiet00Hz to250
Hz.
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Figure 14Coherence and transfer function of the roller from the hammer test

Thethreetime-frequency techniqueslescribed in section, TFT, SPWW, and WT wereused toanalyse theibration
andacoustic signal from theoller rig. Figure15 displaysone of the SPWVT results forwheel flat and roller surface
defectconditions based owheel vibrationsignalswith a wheel speedf about 35 km/h. It is shownthat therail
surfacedefect can excite the low natural frequencytefroller in theregionof 250550Hz butthe wheel flat does not
excite thewheelset natural frequenof 1300Hz. Due to thémpact of thewheel flatbeing smallerpnly low frequency
modesaround 250 Harevisible for the wheel flat eventWhen the wheel speed increases to 7k(Rigure 16) the
SPWVD showshere are twatrong frequencgomponents at 250 Hz and 1300 Hz ttee rail surface defect while the
wheel flat made a similar impaas it did whernthe wheel speedvasabout 3.5km/h. When the wheel spércteaseso
15km/h, the majority of the energy in thébration signalfrom the roller surface defecis still concentrated athe
frequency250Hz andits harmonicsat 1300Hz as illustrated inthe SPWW (Figure 17) but witha much strongr
intensity. The main vibration frequenoythe wheel flatimpactis shifted toapproximatelyl300Hz and is intensified
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In order to compare the effects of different tifnequency techniques, the same vibration signals above are also
analysedby STFT and WT. Figure 180 presentthe STFT resglts. It can be sn that the STFT can revesimilar
informationto the SPWVD but with slightly lower resolution The WT repregntations are shown in Figer&1-23.
Despite the slightly coarseesultsfor the WT transform for all three speeds WPpresers much better localised
vibration information inboth time and frequency domaithan SPWVT and STFT methods while th8PWVT
processing demonstrates a better performance than STFT processing.
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Wheel vertical vibration (speed=3.5km/h)
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Wheel vertical vibration (speed=3.5km/h)
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The results ofthe measured acoustic and vibration signals (red colour for acoustic signal and blue colour for vibration
signal) arepresentedn Figure 24 This showsthatwhenthe wheel is running at low speed (3km/h), the acoustic signal
demonstrates good detection abikiynilar tothe vibration signal for wheel flats amdil surface defect@igure 24a).

With wheel speed increasing to 7.5km/h, the acowssgical can still identify the impact noises generatedhleyheel

flats andrail surface defects (Figure 23). Further increasinthe wheel speed to 15km/h, the acoustic sigealrable

to pick upthe signatureof the wheel flatsor therail surfacedefects due to theoller rig background noise caused by
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strongersoundresonant and reverberant mixing phenomeftgure 24c). The SPWW of acousticsignal is given in
figures 25-27. Figure 25presentghe contour plot of SPWY of acoustic signafor wheel speeding atl@m/h. It can be
seen thathe dominanfrequency is about &bHz forroller surface defestand 800Hz for wheel flat At a higher wheel
speed (Km/h), the SPWVY of the acoustic signal displays a fewajor frequency peaks at abouw0tiz, 800Hz and
1400Hz for roller surface defecand 600Hz fowheel flas. It also shows strong utdentified frequency component
(750Hz) at locations of roller rotation4D and 150 degreesThis may be caused by stroegroller rig sound
reverberating andnixing effects When the wheel speed reaches 15km/h, the acoustic signal is completelyituried
very stromg roller rig background noise (Figure)2However the SPWYV does givea small indicatiorat aboutl100Hz
atabout 3 éroller rotation where the roller surface defect is expected.

(a) Whee speed=3km/h (b) Wheel speed=7.5km/h
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Figure 24Comparison of measured vibration and acoustic signals under three different wheel running speeds
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Figure 25 SPWVT of acoustic signal (wheel speedsidn/h)
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Figure 26SPWVT of acoustic signal (wheel speedsi/h)

Figure 27 SPWVT of acoustic signal (wheel speed=15km/h)

5. Conclusions

In this research,a simplified mathematad model combined with a roller profile input estimated by the double
integration of the axl&ox accelerometer on a roller rigasused tosimulate vibration caused by wheel flaind rail
surface defest A goodagreement was achieved between simulated and meastoelérationsesults for low wheel
speed (B km/h). As the wheel speedot higher, the disparity betweesimulated and measured wheel acceleration
becomes bigger as a resulttbé modelling limitation andome unknown nonlinear effects of ttwdler rig system.A
series of experimentgascarried out on a roller rignd hevibration and acoustic signalereanalysedor rail surface
defects and wheel flat faullsy severaltime domain paramtersincluding crest factor, skewness, rms and peak values,
andtime-frequencytransforns. Both vibration and acoustic signals haween shown to havhe abilily to detectthe
faulty signal when the wheel speed is lbut when the wheel speed is highe acoustic signal cannot effectively
determinethe defect asthat theoriginal impact signal is completely buried by much strongekround reverberating
acoustic noiseAlthough time domain parametersodrevealthat big differences exist in vibration signaléth and
without wheel flas, there is dack of useful frequency information. Tirdeequency analysis shoviisatthis drawback
can be compensated easilyree timefrequency analysis methods (STFT, SPWVT and WT) were used for rail surface
and wheel fladefect identificationlt was demonstratethatall threetime-frequency methodsan present proper time
frequency information for vibration generated wheel flat and rail surface defect. The BRMW¥s a better
representation witlh compromise of time ahfrequency resolutions while W3hows goodocalisationsin bothtime

and frequency dimensions
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