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ABSTRACT

This papesummarieshe development of damage model to predittte deterioration rates of the wheel tread in
termsofZHDU DQG UROOLQJ FRQWDFW IDWLJXH 5&) GDPDJH 7KH PRGHO )
to characterise the duty cycle of the vehicle in terms of curve radins$,deficiency and traction/braking
performanceUsing this duty cycle a large number @hicle dynamics simulations aaeitomaticallyconducted

to calculate wheetail contact forces and predict the formation of wear and RCF daroaipg a combination

of the Archardandfrictional energybased Ty damage modsl

The damage models have been validated using observation data (wear rates and maximum observed RCF
damage) acquired from a range of vehicle fl@eiSreat Britain (GB) Results from thealidation of the model

are presented along with a reviewtloé wheel turning and observation data.

A piecewise linear rgression is fitted to the weand RCF parameters predicted from the model to determine

the damage rates for each wheelset typethenvehicle. Theselamage rates are used within the recently
developed Wheelset Management Mo@IMM) to describe how the attributes tie wheel (i.e. wheel

diameter, profile shape and tread damage) deteriorate oventidteigger a maintenance or remal activity

when the condition of the wheel matches a particular limiting value.

This workformedpart of the rail industry research programme managed by the Rail Safety and Standards Board
(RSSB), and funded by the Department for Transport, to increase the radlghgfghctionality of thevehicle

Track Interaction Strategic Mod@&/TISM) tool.

Keywords: wheel/rail damage, wheetear, rolling contact fatigue
1. INTRODUCTION

Management of railway vehicle wheelsets accounts for a significant proportion of rail vehicle maintenance
activities and can be a key driver for determining the vehicle or bogiatenance periodicity. Although

wheelsets will have planned maintenance schedules (e.g. for wheel reprofiling), damage to the wheel surface

may develop rapidly, requiring a wheelset to be taken out of service for repair or replacement at short notice.
ThLY FDQ KDYH DQ LPSDFW RQ D IOHHWTV VHUYLFH SURYLVLRQ DV ZH(
increased damagéo vehicle and track componenteading to further cost implications. An improved
understanding athe dominantvheel damage mechamsand the rates at which they ocauitl therefore help

to determire the optimum wheelset monitoring and maintenance regimes, thereby allowing whole life costs to

be reduced.



The aim of thispaperis to provide a summarpf a modeldevelopedto predictwheel tread damageAn
overview of the theoretical methodology adopted within the model to predict wear and rolling contract fatigue
damage (RCF) damage is presented, with more detailed information included in the referenced Wiaerial.
developedmodel use/ D GHVFULSWLRQ RI D IOHHWYV VHUYLFH GLDJUDP WR
(accounting for the distribution of curvature, cant deficiency, traction/braking etc.) that represents the duty cycle
of the vehicle. Vehicle dynamic simulations are thendemted to predict the wherdil contact forces on each
wheel in the vehicle for each of the combination of operating conditions in the simulation environment. These
forces are then pogtrocessed to predict the level of material removal and subsequethtafeRCF damage in

each situation. A weighted sum of the results is then formed, according to the distribution of each simulation
environment condition in the vehicle operating diagram, to predict the wear or RCF damage which will have
developed.

Theresults from the validation of the model are presented along with some example case studies. The paper also
comments on the influence of traction, braking and route characteristics on the propensity to generate wear and

RCF and the effect this may havetbe resulting wheel turning periodicity.
2. REVIEW OF WHEEL DAMAGE OBSERVATIONS

Initially a review of wheel turning and observation data from a number of vehicle fleets was undertaken to
determine the main drivers for wheel turning and to identify the incelexi the diferent wheel damage
mechanisms1]. The damage reported in the data was divided into a number of categories to represent the
mechanisms observethese included:

X Rolling contact fatigue (RCF}Fatiguerelated damage that is induced as a result of the repeated
cyclic loading andunloading togethewith the additional creep forces fro curving, traction and
braking.

X Thin flange £Wear concentratecbn the face of the wheel flaagesulting in areduction in flange
thickness (flange wear).

x High flange #Vearconcentratedcross the tread of the wheel resulting in an increase in flange height
(tread wear).

x Tread damagexCombination of damage mechanisms relating to issues associated with the wheel
material; such as flats, ovality and cavities. Flats on the wheel surface occur due to thermal damage as
a result of a wheel spin or slide. The resulting heating and rapidly cooling of the wheel material
generates martensite which is very hard and baittig following further loading can spall out of the
wheel leaving cavitig

x Tread rollover £Deformation of the tread material causing a lip to develop in place of the chamfer on
the field side of the wheel.

x Parity - Turning of wheelon a wheel lathéo obtain an acceptable diametar all wheelsets in the
vehicleor bogie

x Other =This category includes wheels turned for reasons other than the damage mechanisms listed
above. This include out-of-round wheels (i.ewheels with arun-out in the treadl due to wheel
machining issue®r the presence of othdread damageand observations ofpoor ride or vehicle

stability issues.



The incident of each of these damage mechanisms within the dataset was determined and can be seen in
Figure 1.It can be seefrom the breakdown of the different reasons for wheel turning shown in Figure 1 that the
majority of wheels within the dataset were turned due to RCF (41%) and tread damage (26%). Although a high
proportion of wheels are turned for tread wear (high flangeherally these are associated with tread braked

vehicles as identified in Figure 2, which illustrates the different reasons for wheel turning on either disc or tread
braked vehicles.

Figure 10veralllncidence oiVheelDamage

The aggregation of thegata presented in Figuréld indicates that high flange (i.e. tread wear) is reported as the
major cause (76%) of wheel turning for tread braked rolling stock. For disc braked vehicles the incidence of
wheels turned for wear drops dramatically, resultmgn increase in the reported incidence of RCF (50%) and
tread damage (30%) modes. The reduction in RCF observed on tread braked vehicles is possibly due to the
increase in wear caused by the tread brakes, which removes damaged material from thefdhdachee!

before RCF becomes establish@dead braked vehicles do report a small incidence of RCF (9%), but it is
possible that this is associated with thermal cracking which may appear similar to RCF.

(@) (b)
Figure 2Incidence oWheelDamage for (apisc and (b)lread BakedVehicles

As the majority of passenger vehicles operating on the GB rail network are disc braked, tread braked vehicles
have not been considered for inclusion in the current vildrkrefore theredictionof wheel wear in the model

wasof less importace, as illustrated in Figure 2(a) turning for wear (e.g. high or thin flange) accounts for only
10% of all wheel turningdowever,thewheel profileshape can have a significant influence on the initiation and

propagation of RCF damadgm both wheels and rails) antherefore worn wheel profilesre a prerequisite for

3



the prediction of RCF damag@&hey are also important when studyitig effect of changes in vehieeack

characteristics on wheel we@.g. curve distribution, vehiclgrimary suspension stiffness).

The observation data obtained from a sample set of vehicles and fleets has also been used to calibrate and
validate the wear and RCiodels P]. This data has been derived from visual assessment of wheel tread
condition andincludes a mixture of electric (EMU) and diesel multiple units (DMU) and high speed intercity
trains, running on different routes and operating condition®stigations conducted using thleservation data

have highlighted the sensitivity of the modebtaumber of input parameters to the model including:

x Influence of traction and braking forces on the formation of RCF damage. Significant differences were
apparent in the observed rates and nature of danesggecfack angles) between motored and trailer
axles on the same vehicle, under otherwise identical conditions. Therefore to reproduce this
observation it is important to include the influence of traction and braking forces and the interaction
between wear and RCF damage (wear reducing the formatR@Bidamage) in the model.

x Damage rates are sensitive to the different running conditions observed by the wheel. It can be seen
from both the observations and predictions that the different running conditions operated by the vehicle
have a significant inflence on the damage rates. A wheelset experiences a large variation of running
conditions including: running in both directions, over a wide range of curve radii (including left and
right hand curves) and traction and braking forces. All the damage frese ttifferent running
conditions is superimposed on the wheel tread and cannot easily be related to specific route sections or
running conditions. Therefore it is important to accurately describe the duty cycle of the wheelset over
its service life. Work$ currentlyon goingto associate the observed damage types and locations with
the vehicle running conditions that cause th&8m [

X Leading axles of a train generally exhibit higher damage rates than intermediate axles. As the leading
axle of a train is likey to experience higher levels of fluid contamination, the presence of fluid in the
wheelrail contact is believed to be a significant driver of crack propagation due to fluid entrapment
(hydro-static pressure]d]. Currently there is insufficient understiing to practically include this in

the model.

Several theoretical models exist for a number of the different damagbanismsq, 6 identified within the

review of wheelset turning data. These models either predict the generation of damagenpatteof the

damage on wheehil forces. Generally, with the exception of wear and RCF, these models are not currently at a
stage where they can reliably incorporated into a wheelset damage model. Therefore it was proposed to develop

a model to predictie two main damage modes seen by the wheel: wear and RCF.
3. METHODOLOGY OF THE WHEEL DAMAGE MODEL

The findings from the review of wheel turning data and investigations of alternative analysis methods suggested
that the wheel damage model should utilise aFdled SWLRQ RI D IOHHW{V URXWH GLDJUDP WHF
of the wheelset. Using this information, a number of vehicle dynamics simulations can be conducted to
represent this duty cycle and predict the whradlcontact forces. These forces caen be used to predict the

formation of wear and RCF damage using the current avaitabtbods 7, 8. To achieve this objective the

following methodology was developed:



X &KDUDFWH U L dpdrabingrddrigiitién® kefivs of parameters which influensbeel damage.

x Predict wheetail forces for the chosewsperating conditionssing vehicle dynamics simulations.

x Postprocess the calculated wheall forces tomodelthe formation of wear and RCF damage on the
wheel using a combination of the Archard (wear) dridtional energybased (RCFlamage models.
These damage models arsdribedn more detail in Section 3.2.

x Plot and save the results for ppsbcessing or se in strategic models such as the Vehicle Track
Interaction Strategic Model (VTISMgnd the Wheelset Management Model (WMM)

A schematic of the developed methodology can be seen in Figure 3. The main analysis routines, identified in

italics in Figure 3, e described in more detail in the following sections.

Vehicle, Wheel Wear
Route & Prediction ]
Rail Profiles
A
Route Track & Veh'd? WheetRail Wear and
o . . Dynamics RCF
Characterisation Forcing Files . . Forces
Simulation Measures
Wheel RCF | |
Prediction
Figure 3 Methodology of the Wheel Damage Model
3.1 Route Characterisation

Generally most fleets run over a wide range of routes with a large total mileage. These routes will be made up of
varyingconditions (e.g. curve radius, cant deficiency, rail profiles, traction/braking forces). Running an analysis
over long distances including the full range of conditions that a fleet may observe would take considerable time
and require a high quality of inpdata. Therefore a route characterisation routine was developed to represent
the duty cycle of the vehicle with a series of much shorter simulations without significantly compromising the
accuracy of the resulté similar approach has been successfuipleed byJendel [9] and Enblom [1Qo the

prediction of wheel wear on Swedisbutes

The developed routine reads in one or more track geometry files (measured using a track recording vehicle)
together with appropriate vehicle speed to represerdiffezent route sections of a vehicles diagram. The files
are then weighted to represent the frequency of operation of vehicles over these routes. The routine then selects
appropriate curve radius and cant deficiency bands based on their cumulativeutdistribhe following
approach is usetb select the appropriate curve radarsl cant deficiencipands {ypically 6-8 curve radiiper
routeand 24 cant deficiencies per radius are selectedthe analysis:

x Calculate the cumulative distribution of curweithin a vehicle diagram, as shown in Figure 4(a).

x Calculate the gradient of the distribution, where a steep gradient indicates common curve radii.

X As sharp curves generally do more damage, these are prioritised by multiplying the gradient by the

curvatue, as shown in Figure 4(b).



X Peaks in the response are identified to determine the common curvature bands. This selection is
undertaken by selecting: (®)straight(tangent trackrase and the curve with the sharpest radius, (2)
curves with highest respasmswhich are not close to previously selected radii and (3) curve radii that
fill in any large gaps in the distribution. An example of this selection criterion is highlighted by the
colour coded dots in Figure 4(b).

x Following the selection of appropriaterge radii the route is categorised into curvature bins and the
process is repeated to select appropriate cant deficiency bins. During this process the routine ensures
that the chosen vehicle speed for a particular analysis case does not exceed thennsariecLiof the

vehicle.

— Gradient x Curvature
90 ’,-" 7 —— Residual

/ @ Selected Radu — Strarght and Sharpest Curve
@ Selected Radu — Highest Peaks

O Selected Radu — Additional Gaps
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Figure4 Route Characterisation Curve Radii Selection using (a) Cumulative Distribution of Curvature and

(b) Gradient x Curvature

To allow the correct simulation of nesymmetricalroutesleft and right hand curves are treated separabely
vehicle dynamics simulations are only carried on one curve direction as the results can be mirrored for the

opposite direction.

Sensitivity studies conducted Bgndel[11] concluded that it was suffient to use typical track irregularities in

wheel wear simulations. Therefore representative track irregularities, based on the vehicle speed and track
quality band, are used in each of the selected analysis cases. This is achieved by using the etéattard d

(SD), calculated from the measured lateral and vertical track irregularities (derived from track reoehiihey

data) for the route, to scale the assumed track irregularities defined in the model.

As previously mentioned, it was identified fnothe review of fleet data that significant differences in damage

rates were apparent between powered and trailer axles on the same vehicle. Therefore it would not be possible to
reproduce these differences without taking into account the influence wathien and braking forces, and the
distribution of these forces through the train. Using a history of traction and barking forces for each of the
GLIITHUHQW URXWH VHFWLRQV Rth@acteHsatiomdDtihg \Zalcilates) tHeddpstribhitiom ofU R X W H
traction and braking forces for both powered and trailer afleis distribution is theapplied to the respective

axle within the vehicle dynamics simulations.



Following the selectiorof appropriate curve radiusant deficiencyand traction/braking forcethe routines
automatically generate the input files required for the analysis. This includes:
x Track files with appropriate curvature, applied cant and vehicle speed.
X Track irregularities, selected using tkehicle speed and scaled based on the calculated standard
deviation of the original route data.
x Forcing files with representative traction and braking forces for both motored and trailer axles (applied
as a torque to the wheelset).

X Weighting factors to apgpto each curve/cant deficiency band to represent the route characteristics.
3.2 Wheel Damagélodels

Wheelrail contact forces are predicted for the chosen route conditions using vehicle dynamics simulations.
These wheetail forces are then poegtrocessd to predict the formation of wear and RCF damage on the wheel

using a combination of th&rchardandfrictional energydamage modslas detailed below.
3.2.1 Prediction of Wheel Wear

It can be seen from published work that a number of computational modelshéenedeveloped for the
prediction of wheel wearlP]. These models generally fall in two main categories:
X Models which assume the material loss is proportional tdritteonal energydissipatedn the contact
patch (7). 7 is expressed as the sum of the products of the creepage and creep force for the lateral,

longitudinal and spin components, as illustrated below:
TJ [Ty q] [T 4] M, Z]

Where; T, M = Longitudinal, lateral creep force and spin creep moment components
, &= Longitudinal, lateral and spin creepagenponents

A number of factors, based on the rate of thehave been developed to account for the different wear
regimes (e.g. mild, severe and catastroptig) 4.

x  Sliding models according to Archardq, where the material log&/w) is proportional to the normal
force (N) and the sliding distancés) divided by the material hardne@4), as illustrated below:

The wear coefficientlk) differs depending on the governing wear regi(eeg. mild, severe and
catastrophic) properties of the wheel steahd environmental conditiorss described later in this

section.

The wheel damage model hasilised the wear iteration procedure previously developed by JEad#1] and
Enblom [1Q at the Royallnstitute of Technology (KTHRnd successfullyapplied bythe first authorto the
prediction of wheel wear oB rolling stock[16, 17]. This proceduras illustrated in Figure 5 andses the
Archard wear model to determine the volume of material removed and has been validated, up to high mileages,

against observed wheel wear.



Figure 5 Methodology of Wheel Wear Prediction [7]

Although the methodology adopted by the authorlif] produced accurate results, there were a number of
barriers which limitedthe use of these routines within a strategic model such as the WMM. The previous
routines used detailed wheleute simulations and a large number of iterations to generate cealistiwheel

profile shapes. This resulted umacceptablsetup and computational times. In ordersigeed up the analysis a
series of shortesimulations are run, based thedefinition of vehicleoperating conditiondeveloped from the

route characterisation routindescribed in Section 3.1, and the results weighted to represent theradiele

The wheelrail contactdataand forces generated from the vehicle dynamic simulationinpotto the wear
calculation. Tpical output quantities fronthe vehicle dynamic simulations include normal forces, size and
location of the contact patch amtleepageswhich are used within theArchard wear model to predict the
amount of material removal. These steps are combined autamated tool which launches the VAMPIRE

vehicle dynamics simulation, calculates the wearamdrols the wear steps.

The volume of wear, calculated according to the Archard wear model, is multiplied by @oefaient k)
determined from a map of wear rates for typical wheel/rail stddiese maps have beeaterived from
laboratory test§19], run on twin disc and pion-disc machines, and field observation dayaplottingthe wear
rate asunction of the slip velocity g,) and contact pressu(p). The wear map adopted in the work described
here has been reproduced from [18] and is presented in Figuréoal Af four wear coefficients are used to
represent regions of the wear mahich describe the transition betwedifferent wear regimes. Thes&lude:

catastrophick;), mild (k, andk,) andsevere weafks).

The actual value of the wear coefficishtas been selected, within the ranges presented in Figure 6, to represent
the contact conditions and typical wheel steels used ilys&mparing the wear depth output from the model

with observation®f wear from a number of vehicle fleefBhe majority of GB fleets operate with R8T wheel

! DeltaRail Group Limited, UK



steel (], although a number of fleets have trialled alternative wheel steels designedde tieelinitiation of
RCF damage and therefordditional workis required to calibrate the wear coefficients fhesealternative
wheel steeld-urther details on the Archard wear model and wear coefficients can be fo@d@hgnd 1]L

Figure 6 Wear Coefficients for Typical Tread and Flange Contacts [18]

The outputfrom the wheel wear prediction routines incladiee change in wheel profile shape with increasing
running distance. Using the predicted profile shape the change in flange height (treaBhvead, thickness
(flange wear,Sg with running distance ardsa calculatedas illustrated in Figure 7. These parameters are

generally used to describe wheel profile wear and to determine wheel turning periodicity.

Figure 7 Definition of Wheel Wear MeasureBlange Height$h and Flange ThicknesS¢
3.2.2 Prediction of RCF Damage

Whilst several consistent and well validated wheel wear models exist, this is not true of RCF crack initiation and
growthon wheels. Reviewing the available literature it can be seen that a number of methods have been trialled
for the prediction of wheel RCF with varying degrees of success. These méibhdie:

x Shakedown theory, which states that if a contact lies above the shakedown limit then RCF (or other
forms of damage) can be expected. A surface subsurfaceinitiated RCFdamage index has been
proposed by Ekberd@l], but this method does not account for the interaction between wear and RCF
generation, where an increase in the level of wear will remove RCF damage.

x Frictionalenergybased models, such as Wéole Life RailModel (WLRM) [22] andthe wheel RCF

model developed duringrevious RSSB project T548]. These models include the effect of wear on

9



the formation of RCF damagesing empirically generated damage functicered have been
incorporated in previous routines.
X Other models, such as finite element and brick mod&ds[23]. At this stage these models are

un-suitable for inclusion in a strategic tool such due to the complexity of the analysis required.

In common with models developed to predict RCF damagaeil®[21], the wheel RCF prediction routine has
utilised the frictioml energy in the contact patcly J to predict the formation of RCF cracks. A-damage

relationship has been developed which accounts for the interaction of weRC&dhmage, where increased

levels of wear remove damage associated with RCF cracking. This relationship has been validated against

observations of wheelset damage from a number of GBsfleet illustrated in Section Zhe wheel RCF

calculationprocesss summarised in Figur8 and includes the following steps:

X Read outputs from the vehicle dynamics simulations conducted for each curve radius/cant deficiency

band.

x Typically RCF cracks in wheels propagate more rapidly when the creep forces are in the braking

direction opening cracks in the wheel before they enter the contact patch and closing them as they

come into contact with the railvhereas rails are more sensitive to forces in the traction directibis)
mechanismcan accelerate crack propagation hoydrostatic pressure applied when fluid enters the

crack and becomes trapped as the wheel rotates along tf®& AilTo capture this mechanism thé

predicted for each time step is scaled based on the direction of the longitudinal creep forcegtsuch th

RCF damage only occurs when the wheel is the driven surface (i.e. braking direction).
x Crack damage is calculated from the scalednd wear damage (reduction in RCF due to wear) from
the raw 7, using the developed -damage relationships, and distried elliptically over the width of

the contact patch.

X The total damage per metre rolled (crack + wear damage) from each curve radius/cant deficiency band

is accumulated and weighted to represent the complete vehicle operating conditions.

Figure 8 Methodology of RCF Damage Prediction

The distribution of damage predicted across the wheel tread is accumulated with running distance. To represent

the deterioration rate of the wheel (in terms of damage rate per milepdhkof the predicted damage

distribution for different running distances is determined, as illustrated in Figure 9. The peak damage was

selected as it indicates the worst damage on the wheel which could trigger a wheelset maintenance activity.

10



To provide an otput that is directly related to strategic wheel life costsntioelelleddamage is reported as

crack depth (mm). The depth of RCF cracks is related to the likelihood of cavities, the wheel turning interval

wheel steel propertieand the actual amount of material which must be removed at tutmiatiminate the

damage The ratio of crack depth to surface crack length has been determined based on the reduction in wheel

diameter required to remove the observed RCF damage. Usingntthimation it has been assumed that the
crack depth is a quarter of the observed surface crack length. Future monitoring ustof-th@set wheel
crack detection equipment and the analysis of damaged wheels will help to confirm this assumpti@nbut

inconsistent with the limited information available.

(a) (b)
Figure 9 Accumulation of Wheel RCF Damagéa) Distribution of Damage Across the Wheel Tread and (b)

Peak Damage with Running Distance
3.3 Outputs

The methodologyfor the prediction of wheel wear and RCF damage described abovbekascoded in
MATLAB ®2. The MATLAB ® routine automatically rusthe analysis using the VAMPIREvehicle dynamics
simulation software and outmtoth thepredictedwear and RCF damagésing these outputs the deterioration
ratesfor eachwheebet type within the vehiclare determinedind help to estimate the emerging wheelset
maintenance and renewal costs when used in combination within a strategic planning appiceticrghe
recently developed WMM24].

It can be seen from the fleebservatiordatathat the deterioration rated awheel in terms of flange wear and
RCF crack growthare generallynortlinear with running distanceA piecewise linear regression has therefore
beenused to determine trdeterioration rates of the whefelr use inthe WMM. Assessment of available fleet
observation data suggests that RCF cracitglly grow quickly, and then stabiliswith little further growth.
Therefore to capture this behawioa two-stage regression line is fitted to thbeak RCF damage dates
illustrated in FigurelO.

2 Mathworks, Inc., USA
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A threestage regression line is fitted to the predicted flange thicki@g$déta, as flange wear (reduction in
flange thicknessSd generally occurs early in the life of the profile and then stabilises, and in some cases is
followed by an increase in flange thickness due to increasing tread wear. This behaviour is illustrated i
Figure 11(b). Tread wear (increase in flange heighl,is generally linear with mileage and therefore a linear
regression is fitted to the predicted flange hei@t) @ata, as illustrated in Figure 11(a). The slope 8Gaa

Shyas and RCFRyag) and mileage for each stage (i®hnes and RCRye9 are determined and reported, as

illustrated in Figures 10 and 11.
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4, CALIBRATION AND VALIDATION OF THE WHEEL DAMAGE MODEL
4.1 Wheel Wear

Although previous use of the wear model generated acceptivels of the emerging wheel
wear[7, 16, a number of modifications to the routines have beapiemented,ncluding the usehe route
characterisation approachther thara whole-route simulationand therefore further verificatioof the model

was required.

The emerging wheel wear has been predicted for a typical DMU and EMU vehicle using the wheel damage
model. The operating conditions of the two fleets, in terms of théemowhich the vehicle operates and how
frequently it operates on each of these routes, were determinedeshtb select appropriate track geometry for
input into the model. This data was thesed in the route characterisatiautinesto determine the duty cycle

of the vehicle angredictionof wheel wear using the Archard model.

As shown in Figure 4, the modelledflange height $h and thickness3d have been compared to recent wheel
profile measurements taken from vehicles opegasimilar routesThe values of flange height and thickness
were calculated from these measured profitesl plotted against the respective véhimileage sincevheel

turning It can be seen that thmodelledflange height and thickness values compaasonably well to the

values observed in servifer both the DMU and EMU vehicles.
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Figure 2 ModelledFlange Height (a) and Flange Thickness (b)
4.2 Rolling Contact Fatigue

The calibration of a empiricalwheel RCF damage relationship is more difficult than the corresponding rail
damage relationshif20], becausa wheelset experiences much more varied running conditions than a length of

rail. A rail is installed as either a high or low rail on a givenveuradius and usually experiences fairly
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consistent traffic (vehicle types, direction, speed and traction/braking). Consequently the damage mechanisms
on a length of rail are fairly consistent. However, a wheel runs in both directions, experiences angédefr

curve radii (on both left and right hand curves) and traction/braking forces. All the damage from these different
running conditions is superimposed on the wheel tread and cannot easily be related to specific route sections or
running conditions. fie overall damage rates on the wheel are therefore much more sensitive to the relative

rates of wear and crack growth.

To assist in this calibration exercise the following parameters have been investigated:
x Distribution of 7 across the whedbkcaled and wscaled by the directions of the longitudinal creep
force)and comparison witthedistribution and severity of the observed damage.
x  Growth rate of wear and crack damage as alimear function of 7.

x Influence of the direction of the creégrces on the damage ra{&s.

These parameters have been used to test alternatdd@mage relationships including modifying the gradient

and break points of both the crack and wear damage parameters, identified in Figure 4, until acceptable
predictionof the observed RCF damage was achie¥edetailed description of the observations from these
investigations is included ir8], whichincludes acomparison of the observed damage types and locations with

the predicted wheel/rail contact parametersfances.

Figure B includes example plots of the distribution 6f across the wheel for powered axles of a typical DMU
vehicle Figure B(a) illustrates the raw7 and Figure 3(b) the 7 scaled by the direction of the longitudinal

creep forcesuch thaRCF damage only occurs when the wheel is the driven surface (i.e. braking direction).

In these plots the level of is defined on the-axis and the position across the tread of the wheel on-#xésx
(with zero being the flangeback of the wheel). Tharibiution of contacts at a particular location on the wheel
and 7 levelis indicated by théntensity of thecontour scale. The following observations can be drawn from
these plots:

X It can be seen frorthe distribution of theraw 7, included in Figure 3(a), that a number of contacts
are predicted on the field side of the wheel at the location of the primary band of RCF cracks observed
on a large number of fleets (i.e.-800mm from the flangeback). These contacts generally have
values in the range-POON and are associated with running on the low rail in curves.

X At the centre of the tread (i.e. 70mm from the flangeback) a large proportion of contacts are predicted
with values of 7 in the range 20N, generally associated with running on straightktr@sulting in
the generation of mild wear rather than RCF damage.

X As expected a large proportion of high values are predicted towards the flange of the wheel
associated with running in high rail flange contact. The longitudinal forces at these cameacts
generally in the traction direction, resulting in the generation of wheel and rail wear, but RCF damage
on the rail only.Therefore to ensure the model does not over predict the level of damage in these
regions it is appropriate to scale the outpus. The influence of scaling th& by the longitudinal
creep forcecan be seetin Figure 13(b),where the majority of damaging contacts in this region

disappear.

14



x Following scaling of the7 by the direction of the longitudinal creep force, illustrated in Fig@@®)1
the majority of damaging contacts in the primary RCF band remain with a valiéeinfthe range
0-150N. There is also a small proportion of damaging contacts predicted omidr values of7
towards the flange root of the wheel at the location of the secondary band of wheel RCF observed on
some fleets (i.e. 560mm from the flangeback). This is generated from the trailing wheelset running
on the high rail in curves. This typ# damage was not observed on the fleets analysed, where the
majority of RCF damage was observed in the primary RCF band, and therefore suggests that the

dominant damage mechanism for these fleets at this location is wear.

Figure 13 Distribution of Rawr (a) and Scaled (b)
The result obtained from thesmmparisonshave suggested thaegions of observed whe®CF damage
typically correlatewith the areas of7 (75N < 7 < 175N)higherthanthose associated with the generation of
rail RCF (vhere peak damage occurs at= 65N, beyond this value wear increases to counteract the initiation
and propagation of RCFYherefore the peak of the damage functionwheel RCFshould occur at a higher
value of 7. Also, wheel RCF observed on the field side of the wheel is generally caused by forces in the

braking direction, usually generated whilst running on the low rail in moderate to sharp radius curves.

Following this calibration exercise it was concluded tththe 7 svear relationship developed by

BR Researchld] provided the best approximation of the depth of wear generated to remove RCF damage. A

separate7 -crack damage relationship was calibrated to predict the depth of RCF cracks, with the summation of

these two parameters providing a measure of the RCF propensity which includes the interaction of wear and
fatigue.
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4.2.1 Predicted and Observed RCF Damage

The developed? -damage relationships have been validated against observativhe@fRCF damage ém a

number of GB fleets. This data included considerable variability and scatter due to the influence of numerous
factors €.g. vehicle/route characteristics, material flaws and other damage modes such as wheel flats etc.) and
the accuracy of wheel damagbservationg2]. Therefore the average of the observed maximum crack lengths
has been calculated for each vehicle fleet, separating motor/trailer axles and leading axles of the train where
applicable. These have been compared tothputs from the model by converting the predicted damage depth

to a surfacecrack length(assuming that the modelled cradépth is a quarter of the observed surface crack
length.

A linear regressiorhas been fitted to both the observed and predictedage crack length data to allow a
numerical comparison between the different vehicle types. The gradientlivietlieregressiors shown in each

of the plots for both the observed and predicted damage and an error bar has been added to the olageved aver
of the maximum crack lengths to indicate the level of scatter in the data. Efyilistrates the observed and

predicted crack lengths on the motor and trailer axles of biyhical DMU and EMU vehicle.

Figurel4 Observed antModelledCrack Lengths

Generally a good agreement between ritedelledand observed damage rates is obtained. This can be seen
from comparing the gradients of the linear trend lines, with errors of less than 20%. In all the cases studied the
predicted damage rates werehiit the scatter band of the observed data. The model also predicts the relative

damage rates observed between different vehicles and axles.

The data presented in Figutd also highlights the differences imheelRCF damage rates observed between
motor and trailer axles on EMU and DMU vehicles. DMU vehicles showed a faster growth rate on trailer axles

than motor axles, whereas on EMU vehicles the reverse was true. This is due to the distribution of traction and
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breking through the vehicle; on DMU vehicles braking is generally split evenly between motor and trailer axles,
while motor axles will exhibit additional wear from traction forces and therefore a lower RCF damage rate. On
modern EMU vehicles the majority ofdking is applied on the motor axles resulting in higher RCF damage
rates, whereas the trailer axles are largely unaffected by the traction and braking forces. This difference is also
captured in thenodelleddamage and illustrates the influence of tratémd braking forces on the formation of
wheelRCF damage.

The gradient of the lineaegressiorfitted to both the observed amdodelledaverage crack tegths have been
determined for all theehicle typesanalysed These values represent the observedraodelleddamage rates,

in mm per million milegmm/Mmiles) for ease of presentatjcand are compared Figure15. The dashed line

in Figure 15 indicates a perfect correlation between the predicted and observed damage rates, therefore
closer the datgoint to this line the better the prediction. Generally it can be seen Figore 15 that a
reasonable correlation is obtained betweemtbeelledand observed damage rates. Fitting a linear regression
to this data results in a correlation coefficiefit(B?) of approximately 0.8. This implies that timeodelled

damage rates are a good correlation with the observed damage rates.

Figure 15 Comparison of Predicted and Observed Damage Rates (T = Trailer, M = Motor)

As discussed above, the damage rates can be significantly influenced by traction and braking, friction
coefficients, operating conditions and wheal profiles. Although every effort has been made to ensure that
reliable input data is obtained, in margses this information is not known in details and therefore assumption
have been made during the modelling of certain fleets to generate the prediction presEmgaceitb. This

might explain some of the different between thedelledand observed damegates and if more accurate
information was made available it might be possible to obtabetéer match between the predicted and

observed damage rates.

In addition to the average crack lengths, ldmation (e.g. distance from the flangeback ofwheel and length
of the crack) of thd(RCF damage across the wheel tread was also determined from the observation data. Using

this informationthe proportion of wheels with RCF damage on a particular region of the wheel was determined
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and compared to theodelleddistribution ofdamage across the wheel tredtlis comparison is illustrated in
Figure 16 and has been used to validate the location of the modelled damage (e.g. distance from the flangeback,
as illustrated on the-axis) rather than the actual nmitgide of the distribution. For this reastire yaxis on

Figure B includesa nominal sca&, as the units of the observed and modelled distributions are different

It can be seen from Figureés that there is a reasonable agreement betweelo¢htions ofthe modelledand
observed wheel RCF damage across the wheel tread. For all vehicle types the majority of damagé#ed

and observed in a band-100mm from the flangeback. Discrepancies inrtteelelleddistributions are possibly
associated with the ssmptions on rail profiles and track irregularities (lateral alignment and gauge variation)
adopted within the model, as the vehicle will generally see a wider variation of rail profiles and track

irregularities than included in the simulations.

Figure16 Observed an#lodelledRCFDamageDistribution
5. CONCLUSIONS

A model has been developed to predict the rate of wearcdiim) contact fatigue (RCF)n the wheel. To assist

in the development of the model wheel turning data and observations were atalgsedde information on

the actual incidence of different wheel damage modes. Wheel wear and RCF were highlighted as the two main
damage modes seen by the wheel that can accurately be incorporated into a wheel damage model. Investigations
conducted usinghe observation data highlighted the sensitivity of the model to a number of input parameters:

such as the influence of traction and braking and the different operating conditions of the vehicle.

7R FDSWXUH WKH YDULDWLRQ LQ UXQQLQJ FRQGLWLRQV VHHQ E\ WKH
diagram to characterise the duty cycle of the wheel in terms of curve radius, cant deficiency and traction/braking
performance. Using this dutyycle a number of vehicle dynamics simulations are automatically conducted to
calculate the wheehil contact forces. The predicted wheail forces are then poegrocessed to predict the

formation of wear and RCF damage on the wheel using a combirgtithe Archard model (wear) and a
7-damage (RCF) relationship. The developed wheel RGBHamage relationship includes the interaction

between wear and crack damage, such that wear reduces the formation of RCF damage.

To assist in the calibration of tieRCF 7 -damage relationshifhe observed damage types and locativase
comparedwith the predicted wheel/rail contact parameters and forthese comparisonsuggested that

regions of observed whe®CF damagetypically correlatewith the areas of high7 (75N < 7 < 175N)and
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were generally associated with wheel/faitces in the braking direction, usually generated whilst running on

the low rail in moderate to sharp radius curves.

The rates of wear (tread and flange wear) and RCF damage ¢&pitk, along with the location of damage on

the tread of the wheel, have been compared to the damage observed on a numbeimoGileatBritain (GB)

This has resulted in the development of a wheel RCF damage relationship which generally prowdes goo
agreement with the observed damage rates for the fleets analysed. The predicted damageerdiesn
successfullyused in the recently delopedWheelset Management ModeVMM) [24, 25] to estimate the

emerging wheelset maintenance and renewal costs.

The sensitivity of a number of the input parameters to the niadgdeen investigated using fleet observation
data These investigations highlighted that further analysis is required to understand the influence of certain
parametersn wheel damage, theselude:traction and braking, performance of wheel slide protection systems
and influence ofvheel size on damagEurther work is also required to understémelinfluence of variations in

wheel metallurgy(in particular the change in properties through the depth of the wheel rim and service life of
the wheelsetand the performance of different wheel stee®urrent research work beeronductedat the
Institute of Railway Research (University of Huddersljgs investigating a number of these ared jfth the

aim of improvingcurrentengineering models and the optimisationwdfeelset monitoring and maintenance

regimes, thereby reducing whole life costs.
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NOMENCLATURE

J. Tunna,J. Sinclair, J. Perez A review of wheelwear androlling contactfatigue, Journal of Rail and
Rapid Transit (Part F), IMechipl. 221, pp.271289, 2007.
T. Jendel, Prediction of wheel profile weaComparison with field measurements, Wear, Vol. 253, pp.

DMU Diesel Multiple Unit

GB

RCF

Great Britain
Rolling contact fatigue

WMM  Wheelsetmanagementnodel

VTISM Vehicletrackinteractionstrategicmodel
RCFyaq Slope of modelled RCF damage
RCFinesMileage thresholdor RCFyaq

Sh
Sd

Sdg]rad
S I'brad

Flange height

Flange thickness

Slope ofmodelled flange thickness
Slope ofmodelled flange height
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Shihes  Mileage thresholdor Shyaq
Vw Material loss

N Normal force
S Sliding distance
H Material hardness
dip Slip velocity
p Contactpressure
7 Frictional energy dissipated in the contact patch, expressed as the sum of the products of the creepage

and creep force for the laterldngitudinal and spin components
T,, Tx  Longitudinal and lateral creep force
M, Spin creep moment
v x Longitudinal and lateral creepage
& Spin geepage
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