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Executive Summary

Rolling contact fatigue (RCF) is a pervasive and insidious problem on all types of railway
systems.Although it is a dominant cause of maintenance and replacements orHaehvsil

lines, it is also a significant economic and safety challenge for commuter and metro lines. ltis a
subject of intense research around the globe, with strong acadeeaicchebeing undertaken in
Europe particularly, with more practical work being performed in Australia, South Africa, and
North America.

The safety implications of RCF include being responsible for approximately 100 Federal
Railroad Administration (FRA) deltenents annually in North America. The poster child for
hazardous RCF is the Hatfield derailment in the United Kingdom, which resulted in 4 deaths and
39 injuries, economic fallout easily exceedinghflion, dismemberment of the railway

authority, and ranslaughter charges against several railway officials. The economic

implications of RCF to the North American railway industry for rail replacement alone amounts
to over USD300 million annually, with costs of inspection and derailments, as well as damage
track and rolling stock further increasing that number. Of the more than USD100 million spent
annually on rail grinding in North America, at least 30 percent or more can be attributed to RCF.

A review of the types or RCF defects on wheels and railsatanechanisms, and monitoring
and maintenance practices has been undertaken for the purpose of identifying gaps and the most
pressing areas for research and development.

The extensive crogferencing, combined with a specific listing of leading orgations
currently involved in research and development that are included in this report should prove
valuable in developing possible future collaborative projects aimed at eliminating gaps in
knowledge or practices.

Causal Mechanisms
Crack initiation

e Two prominent models used in rolling contacts for understanding crack initiation are the
Shakedown Limit and the Dang Van Criterion. Their implementation is relatively
straightforward, but opportunities exist for better characterizing the material properties
upon which they depend. This includes the development of repeatable testing
methodologies that mimic the true state of stress and the short loading duration of the
wheetrail system. The latter is relevant in that the wira#lcontact loading is typicall
completed in a very short time (e.g., 0.5 milliseconds (ms)) and high strain rates occur
(e.g., 1.6s"). Currently, materials characterization tests are typically performed under
nearly static conditions.

e Although detailed models of the wheail cortact and vehiclérack interaction are being
developed, the input of realistic operating conditions is sometimes overlooked. As an
example, the effect of friction and traction coefficient is well appreciated, but to date,
nearly all work assumes a simpaid tractioncreepage relationship. Laboratory and field
evidence suggests that the relationship differs from that of Kalker. Further field
characterization of friction characteristics and implementatioelnicle track interaction
(VTI) models is requed. Similarly, the distribution of vehicle characteristics, winag|
profiles, and material properties is needed.



Crack propagation

e The rolling contact involves a complex multiaxial state of stress dominated by a
combination of Mode Il shear and comggve Mode | stress. Grease and water in the
interface dramatically affect the stress state. Reduced friction at the crack face
considerably increases the impact of shear stresses on crack propagation. Water that is
drawn into the crack by surface tesrsican be pressurized toward the crack tip and
generate large tensile stresses that drastically accelerate crack growth.

¢ At high contact stress values, RCF life decreases with increasing stress, but below a
threshold value, RCF life approaches infiniy.much stronger relationship is seen with
the creep ratio in which minimum life occurs at approximately 0.3 percent creep.

¢ High-strength materials better resist crack propagation. Technologies for improving
shear strength (hardness) and fracture toughnelsgle minimizing inclusions, ensuring
favourable residual stresses, and alloying (most notably with molybdenum).

Monitoring Technologies

It is understood that current ultrasonic measurement systems are able to collect a signature
from the rail surface ith information relevant to the severity of RCF. No literature was

found to suggest that this has been investigated seriously as a technique for assessing surface
damage.

Vision systems offer the potential to identify surface cracks and support a fatigue
management system, but the capabilities of current instruments is limited. Improved
hardware, combined with appropriate interpretive algorithms, could make this approach a
reality.

Eddy current systems provide a return signal that is proportional tertgthlof the surface
breaking crack. Such measurements wouldxteemelyvaluable for a field study of the
relationship between RCF and operating conditions, for safety monitoring of track, for
maintenance planning, and for the practice of rail grindiMgrk is needed to a) validate
available measurement systems; b) demonstrate the reliability in field conditions; c) study the
relationship between crack depth and crack length under several environmental and loading
conditions; and d) study how the ratiecrack growth varies with a multitude of operational
factors.

Accelerationbased systems, including instrumented wheelsets anicbaxtenounted
accelerometers, are able to detect cases of deep RCF surface defects but are not yet able to
support a preveie maintenance program.

Inspection of wheel steels: small, nonmetallic inclusions are believed to be the cause of some
wheel failures such as shattered and broken rims. The current statistical sampling and
analysis approach is inadequate for findingdan inclusions, and current inspection
technologies (e.g., ultrasonic) are unable to finehailimeter (mm) defect. Improved tools

are required.

Management of RCF

Among the tools available for managing RCF, the most powerful ones continue to be
developnent and adoption of improved rail steels, optimized whaé€profiles, friction
management, and rail grinding.



e Work should continue toward developing rail steels that maximize cleanliness and minimize
pro-eutectoid ferrite. Bainitic steels, especidtiwer bainite, appear to offer improved
resistance to RCF. Cleaner and cleaner steels may continue to improve resistance to
subsurface failure in both rails and wheels.

¢ Although thesignificantcontribution of wheetlail profiles to minimizing RCF and
techniques for their desigis well understood, practical approaches for managing profiles are
not well developed. Management tools exist, but their analytical capabilities remain
simplistic, and their penetration into the rail industry poor. Toleranceseal and ralil
profiles remain to be developed. Although various whainteraction indices suitable for
evaluating risk and maintenance requirements have been developed, more can still be done to
develop improved criteria and support their adoptipthie industry.

¢ Friction managemetitthe ability of friction management to reduce RCF has been
demonstrated recently and the theory is sound, but the practical applications and economic
and safety cases still need to be convincingly demonstrated foga odsystems.

¢ Rail grinding is a well established method of removing surface defects and profiling rail.
The optimal rail grinding interval and metal removal as a function of specific operating
conditions (e.g., axle loads, metallurgy, track curvatame, rolling stock characteristics) is
not known, except by generalized fAbest pract
defect, and rail wear data into rail grinding decisions remains an area for development. The
mechatronic rail grindé one tha measures profile and cracks at the lead end of the train,
computes the required speed and patterns, and measures the results on tide arhaims
a theoretical and practical challenge.

Control of Track Geometry Defects

Track geometry perturbations aréen associated with local clusters of RCF. These
perturbations can be identified by trdiased acceleration measurements with the probability of
clusters arising readily predicted by dynamic models. The severity of RCF depends not only on
the charadristics of the track geometry defect but also on the profiles, friction conditions, truck
characteristics, track curvature, and train speed. Although operating limits for geometry errors
can thus be established to minimize fatigue, it would be diffioutio so in a general sense for

the railroad industry because of the systspacific dependencies.

Improved Suspensions

In the United Kingdom, it has been noted that as train speeds increase on the network, the
primary yaw stiffness has also increasetheet the need for improved ride quality. This in turn
has generally compromised curving performance and increased the RCF damage severity,
especially in shallower, high cant deficiency curves. However, it was further noted that careful
suspension geomgtdesign may mitigate the adverse effects of higher primary yaw stiffness.

In North America, the contribution of advanced (e.g., M976 compatible) trucks to reduced RCF

has not been well quantified, but there is some evidence of improved curving perlrmanc

resulting in longer wheel life, including with respect to shelling. Because the truck designs are
intended and tested to provide reduced curvin
is reasonable to expect that reduced rail RCF wilbfolélso. Yet outside of computer models,

this has been difficult to quantify.



VTI Monitoring Systems

Accelerometers and stragauged components (including instrumented wheelsets) onboard
rolling stock have proven effective in identifying high dynamnid damaging forces as well as
unsafe conditions such as elevated risk of wheel climb. Once regions of high dynamic forces
were identified, there is reasonably a correlation with localized incidents of RCF. Under quasi
static curving, high forces can berrelated to increased rates of RCF development. However, a
full quantification of high RCF areas would require measurement of not only force but also angle
of attack and longitudinal creepage as well as the precise location of the contact patch. This is
beyond the capabilities of current onboard or wayside instrumentation and partly explains the
widespread use of dynamics models to explain the problem.



1. RCF of Wheels and Rails

RCFhas been a subject of significant scientific scrutiny for several dgdad as tools and
practices for controlling corrugation and wear have become increasingly effective, RCF has
emerged as a governing reason for rail replacement and maintenance and for rail failure and
safety concernsSince the miel990s especiallynuch research has been undertaken on all
continents to understand the fundamental causes of RCF, approaches to modeling, and
development of maintenance approaches. The intent of this review is to idendéifgdlsevhere
improvedknowledge and practiceseal developnentbefore &ully effectivestrategy for
managingRCFcan be realized

1.1 The International Scope

RCFis a problem that knows no borders. It is the subject of research in every railroading
country in the world includinghe following

¢ United State: Rail grinding practices428 254 and steel developmentd]3 214, 263
are the primary approaches taken b§.Wailroads to deal with RCF. The rail steels have
progressively increased in hardness, with 400 BHN rail now comnusely especially
but not exclusively in curved trk.

e Canada:RCF is a major initiator of broken rails and is the main reason for rail grinding
and loss of rail life.Work in thatNationhas focused on optimal rail grinding practices
andprofile design 47] and proving friction managemer?, 218 25Q for controlling
RCF.

¢ UnitedKingdom As a result of the Hatfield derailmieim 2000because o broken rail
initiated by surface RCF, there has been intense study into the causes of and remedies for
gaugecorner cracking41l, 44, 88]. Strong contributions have been made inpghst
several years related tioe modeling of crack initiation76], understanding the effect of
track curvature and track geetry perturbationslf] and developingystemdor
managingRCF[272]. In addition, there has been a tremendous effort to develop
comprehensive models of the intetian between vehicle and track and the impact on
RCF [15, 217].

¢ Sweden:On theelectrifiedheavy iron ore line5ton axle loadscars run of UIG50 rail
with UIC 1100 and UIC 900 metallurgylhe rail suffers sevetgead checking and
spalling, primarily in switches and the high rail of curves, which contributes to broken
rails. Corrugation and gage face wear are significant concerns8soRail grinding
has poven very effective in mitigatg the costs of RCFL94]. Sweden has a very active
railway research program that includes significant research effolR@Efe.g. 56, 58,
60, 210, alsoTable1].

e France:The focus is on RCF appearing on the rails ofidggrspeed lines, especially
gauge corner crackifg 3] and squats40].

e Japan:The surface defedf greatest concern is squatkl]l with the main treatment
being preventive rail grindin221]. In the mid1990s, 7(Percentof the 220kilometers
(km) of rail replacecannually on the Tokaido Shinkansen was for RCA. Head
checking and shelling have also been experienced dnighapeed lines and on lines
throughout the Tokyo urban arez/[j.



e China: With the dramatic increase in rail traffic, the tonnage on some Chinese lines has
escalated dramaticall\RCFis becoming increasingly probletic [27], with shelling of
the high rdigauge corner and on the top of low rail being most comriite. approach
to treatment appears to focus the adoption of improved rail sB&&s [

e Australia: Leading the world in terms of axle load, this cioyinas beemt the forefront
of devebping rail grinding strategigd53 and advanced rail and wheel stedlgq 280
to deal with problems of wear, fatiguand plastic flow. A significant finding reported in
1987 is that high strength rails, and in particular the {nsmdened varieties, showed a
strong improvement in fatigue performand&9.

e South Africa Pioneeredsteerablédogies[82] for the reduction of shear stress, weard
fatigue. More recently, the development of integrated systems for mafR@Qm[@0]
have been developeds in otherheavy hautountries, improved rail grinding practices
[23]] continue to form a key part of the RCF management strategy.

e Germany German railwgs (DB AG) has suffered from various forms of surface fatigue
for many years, with head checks developing most rapidly on newly installed high rails in
shallow curves91,193. Rail grinding and improved rail profile8]] as well ashigh-
strength rail steel®9p)] arethe currenapproaches taken to treat the problem.

e Russia: RCF defects orrails andwheek continue to be a ciange for the Russian
railways B04. Improved steelsZ34] andrail/wheel profiles 803 appear to be the
primefocusof researchers iRussia.

e Brazil: RCFon wheels and rails iBrazil has focused mainly on its iron arméning
railroads [0]. Recentprojects to increasaxleload and dramatadly increaseannual
tonnage shipped from those same mimege only exacerbated the probleimproved
steering trucksZ83 andrail grinding 03 236 are the primary tools for its treatment,
with friction management also gaining consideratiti?g].

An analysisvas conductedf RCFrelated publications betwed 999 and 2010 as listed in the
Scopuddatabase It should be noted that tf&copusdatabase does ncapturethe numerous
papers that are being presented on the subjeaiiway-relatedforumssuch agshe American
Railway Engineering and MaintenarckWay Associationthe International Wheelset
Congressthe International Heavy Haul Associatigandthe World Congress on Railway
Research. The numbers of publications counte8dmpuswill naturally be skewed toward
academic institutions that placei@ong emphasis on generatipeerreviewed publications.
Also, in Scopus, wherthere were multiple participants in a publication, each one is given credit
for the publication, which helps to explain why some commercial compavhes) sponsor
researchat universities, show relatively high number coudespite these limitationshe
summary inTablel is believed taa fair list ofthe major organizatits conductingresearch ito
RCF.



Table 1. Listing of Those Organizations Publishing Papers Relatetb Studiesof RCF

Organization No. of
pubs.
Chalmers Tekniska Hogskola (27) 27
University of Sheffield (16) 16
RTRI, Railway Technical Researahstitute (7) + Vehicle Strength (1) + Track 11

Dynamics Laboratory (1) + Frictional Materials Laboratory (1) + Vehicle and Bogi
Parts Strength (1)
Transportation Technology Centénc. (9) + TTCI UK. Ltd. (1)

University of Birminghan (9)

VoestAlpine AG (7) + VoestAlpine Schienen GmbH2j

AEA Technology Rail bv (4) + AEA Technology (4)

Newcastle University United Kingdom (7) + Newcastle University (1)
Semcon AB (6) (CARAN)

Southwest Jiaotong University (6)

Imperial College London (5)

Politecnico di Milano (5)

Kanazawa University (4)

Politechnika Warszawska (4)

Sumitomo Kinzoku Kogyo Kabushigaisha (3) (Sumitomo Metal Industsi Ltd.) +
Amagasaki (1)
Centre for Surface Transportation Technology NRCC (3)

Corus Rail Technologies (3)

Deutsche Bahn (3)

KRRI (2) + Korea Railroad Research Institute (1)
RVD ConsultingInc. (2) + R\D Consulting (1)
Spoornet (2+ Spoornet, Materials Engineering (Rollstock) (1)
Swinburne University of Technology (3)

TSC Inspection Systems (3)

Universita degli Studi di Brescia (3)

Vanderbilt Univesity (3)

Manchester Metropolitan University (3)
All-Russ. Railway Research Institute (2)
Banverket (1) + Banverket (1)

Booz Allen HamiltonInc. (2)

Daneshgahe EIm va Sanat e Iran (2) (School of Mechanical &rgig, Iran
University of Science and Technology, Narmak, Tehran 16884, Iran)
Delft University of Technology (2)

Hiroshima University (2)

Hunter Holiday Consulting (1) + Hunter Holiday Consulting (1)
Interfleet Techology Ltd. (1) + Interfleet Technology AB (1)
Lulea tekniska Universitet (2)

SP Technical Research Institute of Sweden (2)

The Royal Institute of Technology KTH (2)

The University of Warwick (2)

Univerdty of Manchester (2)
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1.2  Safety Implications of RCF

In some operatiorRCFis the main contributor to broken rails and derailment. Examples
include

¢ the previously mentioned Hatfield derailment in th@tedd Kingdomin which 4 lives were
lostand 107peopleinjured

e a 2006 derailment in New BrightpRA, where 23 tank cars derailed with several falling into
a river and 20 of the cars releasing ethanol that burned for 48 ({it9Q, and

o two RCFcausedroken rail derailments n Sout h Africads Spoornet
The catastrophic rail failure waise result of gauge corner cracking initiating large (8.
perceniof the head area) transverse defects.

Referenc&0 notes that the loss of a length of the rail head, fréewamillimeters to a coupl®f

metrs, is sufficient for precipitating a derailment and that defects that either run the length of the
rail or appear in clusters are the most dangs. Theformer category includevertical split

head and headeb separation, wiheasRCF defects such as gauge corner cracking, transverse
defectsand squats are examples for the latter. Isolated defects such as a clean rail break do not
frequentlylead to derailments because the gap that arises is normally bridged by the passing
trains.

FRA maintains a database of accident statistindthe frequency ofail failure related to rail
defects can bextracted. Br 3 years 2006 2008 there were a tal of 246 derailmentsas a
resultofcause AT220 Transver 4sa ec ampoemd sf if DSurcad sa
fracturei s hel | i ng h e ai®&0perdemiasrkamlinevderailmentsDhese are the fourth
and ninth primary causef train acidents listed in the databas8[]. Althoughthe T207
incidentsare clearly a consequenceREF, only about half of the first category is due to RCF,
the remaindeoccurringin older rail with internal defés.' Taken togetherthe total of 268
RCFcaused derailments represeapproximatelylO percentof all derailments over that period.
In 2005 specificallyFRA reportedrack-caused derailments numbere@24 with 57 nonfatal
casualtied RCF accountetbr roughly 105 (1(ercent)of those, with 7 (1®ercenthonfatal
casualties.

The necessary joining of rails through welding is an ongoing location of rail failure, with 42
percentof total rail defects (1995) being from balbles and defective welds.

Analysis of FRA data from the 1980800 showedthat onebroken rail derailment occufer

every 770 defects. For contattessrelated defects (such as transverse defects and vertical split
heads)the rate rigs tol in 526. In a separate analysDf], data foran unnamedlass 1

railroad in the Wited Statesyielded that the number of rail breaks per derailment was
approximately\800 in 1989

Statistics summarizinthe number of rails found damaged or broken are giv&eferencé4
for several countries including France, Germany, India, JapaNetherlands, South Africa
and the WitedKingdom

1.2.1 (Rail) Ultrasonic No-Tests

Surface fatigue is a serious hazbhetausét prevents the successful transmission of ultrasonic
waves to the base of the rail and batckst o Fai l

! Personal communication with Michael Rorieganadian Pacific Railway.



and the inspector is then usually required to staperform a hand test of the rail using a more
sensitive manually operated system. This stopping and starting severely curtails the productivity
of the inspection and reduces track availability for revenue tra@gcause othe risk of a rail

break ad derailment occurring from undetected subsurface defects, failure to achieve a test on
many railroads requires removal of the affected length of rail.

1.3 Types of RCF Defects

The different types dRCFdefects have been aptly reviewed by several autharsseveral
yearsincluding Referenceg, 20, 57, 83, 90, 88, 174, and175 They ae summarized brieflin
the following sections

1.3.1 Rail Gauge Corner Cracking

These are thin cracks appearinghe gauge corner of the réitigurel), appearing most often
on the outer rails of curves and sometimes on tangent railsflaguentlyon low rails. They
develop & a result of high wheehil contact stresses coupled with sufficiently large shear
stressebecause oflip between thevheel and rail.Gauge corner crackin@CQ) is often
regularly spaced and may occur fondolengths of track (e.ghe entire curveor may be found
in clusters. In the latter case, it is usually associated with track geometry perturbations.

.........

Figure 1. Well-Defined GaugeCorner Cracking from High -Speed Passenger Operation

On freight railroads, the crackivghen left to develop looks typically like tlidye penetrant
enhanced¥amples shown iRigure2, with the gauge corner of the high rail and the field side of
the low railmost heavily afflicted.
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Figure 2. Cracking of the High and Low Rails, Dye Penetrant Enhanced

As GCCprogresses, the cracks grow longer and deeper into the component and may eventually
lead to pits and shells on the rail surfaéégure3 shows examples of the different stages of

crack growth on rails.
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1.3.2 Wheel Tread Cracking

Crackirg of the wheel surface parallels that of the rakcessive cyclic shear stresses at the
surface cause incremental plastic flamd when the total strain exceeds the ductility limit, a
crack forms.These cracks can initiabelow thesurface or at theurface, depending on the
friction coefficient. The orientation of the cracks is perpendicular to the direction of traction
and because of the typical orientation of creepage, under wet condhti®igsacks at the field
side of the wheel tend to progg quickest]71]. Although extensive crack patterns can occur
at the flange root of the wheel, it is unusual for them to propagate into shelling.

A)

Figure 4. A) Cracks at the Field Side of the Wheel Are Typically Most SevereB) Extensive Cracking at the
Flange Root, Like That Seen Here, Is Much Less Common

1.3.3 Rail and Wheel Shelling
Shelling is the loss darge chunks of metals a result o¢ither.

A Surface and/or subsurfaceacks linking up with other cracks below the surface such that the
material above is no longer connected to the paedn(Figure5) or wheel(Figure6) and
drops outor

A Collapse of the rail gauge corsgcause o x cessi ve | oading and shea

line.o Al t hough shelling from gauge corner
alumina inclusionsdy|, even in the cleanest steel, too many high stress loads at the gauge
corner will cause it to yield along a slip line7[. This defect is often referred to as the
fdeep seated shell

12
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Figure 5. Shelling of a Rail Shown Are Longitudinal Sections Machined Vertically (parallel to the rail web)
at Distances Ranging from 4 to 28 mm from the Gauge Side of the Rallhe Steel Is a 1984 CC CFI Rail Steel
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A) Microcracks on the field/rim side of a heavy haul whe:  B) Microcracks on the field/rim side of the high
speed wheel.

C) Well-defined cracks on the field/rim side of the wheel. D) Deeper cracks on the field/rim side of the wheel
tread with materiastarting to shelbut

b

E) Incipient shellsnitiating atthe field/rim side of the F) A fully shelled wheel
wheel.

Figure 6. Progression of Wheellread Surface Fatigue from Microcracks to Fully Shelled 177]
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THE APPEARANCE
OF THE LONGITUDINAL CRACK

DEFORMED SURFAGE LAYER ON THE TRANSVERSE SECTION

|

GROWTH RINGS
ON THE FRACTURE
SURFAGE OF THE
TRANSVERSE GRACK

THE APPEARANCE OF THE LONGITUDINAL CRACK
ON THE GAUGE SIDE

A) Cross section of rail with the microstructure enhanced show: B) Examples of shelling from gauge corner collapse
gauge corner collapse

Figure 7. Gauge Corner Collapse Can Lead to Deefeated Shells with Very Large Chunks of
Metal Spalling from the Rail

Poorly restrained high rails that rotate outwards under Iegaie8A), well-lubricated rail with

a particularlyhigh-stress gauge corner gieafigure8B), and even some dry railBifure8C)

see large chunks of metal slough from the gauge corner. The mostvefi@atment for this is
ensuring the implemeation and maintenance of proper rail shapes that eliminate the

overloading, reducing the stress for each contact and distributing contacts over a wider portion of
the railhead.Modeling the system as a quarter spaee (Sectio.1.2.] found that in practice

it is necessary to minimizée number oWwheelsthat touchthe railheadwithin threeeighths of

1inch (9 mm) of the gagéaceto avoid gauge corner collapse.

15



b )

VAL MY S v

[

A) Loss of rail cant due to rail seat abrasic B) Well-lubricated rail with a sharp C) Gauge corner collapse in a dry
resuled in overloading of the gauge corne gauge corner environment

Figure 8. Examples of Gauge Corner Collapse

In anycase, shells typically develop under thegmcorner of the high rail and most commonly
on heavy haul railroadgowever,they have also bedoundon tangent track with local
crosslevel erroréseeSection4.5for exampleyand onlight axle loadtransitsystemswith
particularlypoor wheelrail profile matchingFigure9).

Figure 9. Gauge Corner Fatigue on a Light Rail System Because of Flattening of Rail (with a reciprocating
stone grinder) and Overloading of the Rail Gauge Grner

1.3.4 Rail Transverse Defects

Transverse defectich as those shownkiigure10 are the cause of many broken rails and
subsequent derailment$hese defects argitiated by shells in the presence of mietajical
inclusions, most commonly oxide stringeslthough the defeamnaybe initiated byRCF, the
development of thdefectitself isnot a rolling contact phenomenoihe transverserack
propagatess a result ofne combination of bending streserfr wheel loads;esidual stress from
manufactureand thermal stress from rail contraction in wint€his process has been examined
in detail byseveralauthors [e.g.29, 11§.
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Standard railroad classifications considerrdiedefects listdin Table2. Of the 22 listed, only
3 defectsaredirectly the result oRCF.

Table 2. Rail Defect Clasdications

DTYPE |Definition DTYPE |Definition
BBJ Broken Basé Joint TDC Compound Fissure
BBO Broken Basé Outside TDD Detail Fracture

BHJ Bolt Hole Cracki Joint TDT Transverse Fissure
BHO Bolt Hole Cracki Outside ' TDW Welded Engine Burn

BRJ Broken Rail i Joint HWJ Head & Web- Joint

BRO Broken Rail- Outside Joint HWO Head & Web- Outside Joint
DWF Defective Field Weld PRJ Piped Rail Joint

DWP Defective Plant Weld PRO Piped Rail Outside Joint
EBF Engine Burn Fracture SWJ Split Web- Joint

HSH Horizontal Split Head SWO Split Web- Outside Joint

HSJ Horizontal Split Head Joint VSH Vertical Split Head

Figure 10. Transverse Defects Initiated by Dee{seated Shells, Probably from Gauge Corner Collapse
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Figure 11l Vertical Split Head Defect

1.3.5 (Rail) Squats

The squat is a surface defect most commonly associatethigitispeed rail and areas of high
tractive effort. It is characterized as a shallow depression more or less ieribex of the rail
headon tangentand mildly curved trackThis depressiors the result of subsurface cracking,
reduced strength of the material, and deposits of debris in that depression, giving it the
appearance of a dark spot.

A) Rail squat B) Crosssection showing the shortierading crack and the longer
trailing crack

Figure 12. A) The Squat Appearsas aDark Spot on the Top of the Rail, B) In Cross SectionOne Can See
Two Primary Cracksd a Short Leading Oneand aLonger Trailing Crack ; PhotographsAre Courtesy of
Makoto Ishida, RTRI, Japan

A cross section of the squat shows two craakshat leading cracKin the direction of travel)
and amuchlonger trailing crack eaghropayatingat approximatehy80° from horizonal
(Figurel12B). Becauseéhe stress intensitgtthetip of thetrailing crack is higher than on the
leading crack for driving wheel9%, 143, the trailing craclgrows longer and more rapidly in
areas of high tractive effoftrom the trailing crackmanysmallbranch cracksend to initiate,
one of which mayurn downward into the head of the rail and initiate a transvieesture.

These cracks are especially problematic because, shielded by the long trailing crack, they are

often not detected by conventional ultrasonic measurement systerse¢seal.2.]).

The causes of sits continué¢o be a subject of some debate, vistio different mechanisms
currently proposed:
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1. On the Japanese railways, a thin martensitic layer exists along extensive stretches of the rail.
This is postulated to be associated with the high levelactive effortusedon those
systemsand microslip at the wheedil contact. The brittle martensite readily cracks and
initiatesa surface crack that then propagaiiesesponse to the rolling contact forckesading
to trailing cracks typical of squaf&17.

2. As a general principle, high tractive effort is a leading cause of excessive surface shear that
initiates classicaRCFcracks[43]. These toanay initiate stface cracks thahen develop
into the leading and trailing crackeen inFigure12B.

The treatment in all cases has been the frequent grinding of a thin layer of metal from the rail
surface to remove the mostrdaged surface layer where the squatsratiated Frequent
preventive grinding hagroven to be an effective treatment on the Shinkansen syst&hn |

From a detection and maintenance perspective, Li ft%] have found that the dimensions
and location of squats could be correlated with certain wiagdedynamic interactions (force and
wavelength), leading the way perhaps eventually to potential early detact@reventive
maintenance.

1.3.6 (Rail) Crushed Heads

SometimeRCFcracks progress towatte center of the rallead andwith subsequent fretting

at the crack faces and shearing of matettiida r ea of | ower csusheauederur al
theheavy loading. The local vertical perturbation that results is then subjected to further
deformation and plastic flow from increasingly heavy impact loads from passing wheels
(Figurel3).

Crushed heads are tgpily aboutonequarter toonehalf meter in length. They are characterized
by increased frequency and growth of large surface cracks and plastic flow to one or both sides
of the running surfaceThe concentration of cracks is usually caused by a loessstaiser
associated with improper rail grinding, lack of rail grinding, track irregularities, dirty, steel

some combination of all of these factofSrinding can prolong the life of crushéeéad affected

rail by either removinglamaged materiar moving the contact band away from the stress raiser
[177. Crushingis especially problematic on older rail, often having significant vertical wear,
where the hearhay collapsentirely. The crushed head defaod its treatmerdrediscused in
Referencet?7.

19



Figure 13. The Crushed Head Defect Is Associatedith Collapseand Deformation of the Underside of the
Rail Head as aResult of Cracks That Initiate at the Mid -Gaugeand Propagateto the Center of the Rail

1.3.7 (Wheel) Spalling

Sliding of the wheel leads to severe temperature increases at theratheahtact patchand

damage to the wheel is especiabute as the thermal energy generated at the slide is distributed
over a relatively long length of rail but only over a very short portion of the wheel (the opposite
case occurs for the spinning whe€lhe temperature on tlsfower moving contact (the ekl

in this casepften risedeyond the transition temperature of pearlitic steel {€23When the

wheel turndurther, the contact patch cools very rapidind awhite-phase martensite forms.

This martensite is very brittle and cracks when the wiodlsl over it. These surface cracks then
propagate into the wheel surfade.addition,the spall has changed the geometry of the running
surface and is associated with impact. So at the wheel slide location on the wheel tread, there is
acombinatonobr i ttl e martensite and i mpact. The ma
impacting there is often little evidence of it still in the contact region. Although the mature

defect might look like a regular wheel shell, its initiation mechanism, and temoeethods for

its preventionis very different. Referencel 74 discusgsthe considerable differences between

shells and spalls and how they can be distinguished.
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A light martensitic contact patct a wheel slide location Chain flats(etched in this figureflue probably to a
with cracking starting dragging brake on a lightly loaded car, can initiate
spalling around the circumference of the wheel.

Figure 14. Examples ofWheel Surface Martensite

On the rail, &completelyanalogous effect arisé®cause ofhe spinning of the wheel on the rail.
High tractive effort can leavemore or less continuoukin layer ofmartensite on the surface of
the rail, which has been positéd as the causal mechanism of rail sg{sats Sectiod.3.5.

On a macroscopic scalewheel burn is a deep layer of martengitsg upon subsequent wheel
passes, develops a whole network of surface cracks, anyone of which might be the cause of a
broken rail.

A) With a perchlorate etchant B)

Figure 15. A) Thin Streaksof Martensite on the Rail Surface Because oHigh Creep Ratesfrom Wheels
under High Traction; B) a Spinning Wheel Can Burna Deep Patchof Martensite into the Rail

1.3.8 (Wheel) Shattered Rim

The shattered rim is associated with a subsurface defect and adverse internal stresses. Itis not a
common defe& in 1999 approximately300 were eported 262 in the Nath American

interchange servigaccounting foepproximately0.06 percentof wheel removalsHowever,

because of the catastropipictentialof afailure, they are considered to be a problérhe
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Union PacificRailroadreported that 6Bercentof its railroad wheel failures were due to
shattered rims159.

The shattered rimrack usuallynitiatesapproximatelyl2i 20 mm below the running surface and
then propagates roughparallel with the wheel tread, evaatly exiting out the rim side of the
wheel. If a rim crack is discoveredhen the wheel can be remaMaroactively otherwise a
section of the wheel rim can separate from the wi2&d[ Many shattered rinfailures develop
early in wheel lif@ more than halfail within the first 10percentof availablerim thickness and
more tharB0 percentof the failures occur within the first §iercentof theavailablewheel
thickness.

Figure 16. A Shattered Rim Failure [262

Metallurgical examination of shattered rim failufesm ahigh-spesd train operation reported in
Reference290foundthat the bullkare due to clusters of hard (usually aluminosilicate) defects
and that the best treatment is ensuring steel microcleanliness and NDT tBstiagence62
reports that in the freight experience, the key widing shattered rims is to minimize voids and
porosity in cast wheels and aluminum oxide inclusions in forged whaetembination of
ersuringinternal defects smaller thamim, coupled withmore rigorous ultrasonic inspection
haseliminated the proleim of shattered rims in South Africh7[7]. The same is true in North
Americg andtheimproved casting proce$ss considerably reduced the number of shattered
rims [259, but research is ongoing to optimize the inspection and maintenance plan for the
hundreds of thousands of legacy whexlselder metallurgy still running in the systditb9.

1.3.9 (Wheel) Vertical Spit Rim

The vertical split rim is a defect that originates from a wheel shell (SekcBad or spall
(Sectionl.3.6 with a significant circumferential length of the wheel tread, usually from the
rim/field side, separating from the wheel. Inspection of sdwerch failures found that the

wheel typically has a hollow tread and false flange, sortiméfield side loading (such as when
the wheel contacts the low rail in a curve) could cause sufficiently high tensile bending stress
precipitating the failure
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Interestingly, the failures dwot seem to relate strongly to the remairtimigkness of the rim, nor
was the type of metallurgy, wheel diameter or production process érsast forged) a common
factor.

Less commonly, a length on the flange side can breakthe wheel.

%>

Figure 17. A Typical Vertical Split Rim [260Q

1.4 Economic Implications of RCF

The replacement of rail represents a large capital expense for any railroad, rangiagdubm
USD375000pertrack-mile on a conventional freight railroad t&5D2 million on underground
masstransit lines. Reducing the unnecessary loss of metal for fatigue related reasons can
provide benefits exceeding mamyilions of dollarsannuallyto arailroad. Datafrom North
America suggest that 182 percentof all rail replacemen due to surface arglibsurface
initiated defect$20]. For the US. and Canadian class 1 railroads in 2Q8Fpercentof roughly
700,000 ton®f rail purchasd represent§)SD110 million,? whereas20 percentof the total rail
replacement cos{&ncludes installation costs¢corded byhose same railroadsnounts tat
leastUSD220million. The cost of RCF defects to the Bpean rail system was estimated in
2000 t o be milienusbplAmilliord @andually but following the Hatfield
derailment and increased recognition of RCF in Eurthizd number has certainly risg88]. In
the United Kingdonalone, extra penalty payments to train operators after the Hatfield
derailment and replacement costs of switches or crossings in which gauge corner cracks were
found amounted to £56hillion (USD917 million)in 2000 2001 P0§. In 2004 the annual
cost of RCF tanetworkrail alone was estimated as being at €280 million (USD327 million)
and included RCF cracking of wheefl].

In 2005,the most recent year for which cost information is available, RCF would account for
approximatelyl05 derailments antd SD30 million in FRA reportable costalong with 7

nonfatal casualtiesOn the mechanical sid22 accidentss a result obroken wheeflanges and
broken rimsamounted to nearlyySD11 million in FRA costs in 2005Since FRA reported costs

2 At USDB80O0 per ton, as per MikRoney via email 26JAN10.
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that donot include the cost of claag up the train wreck or the major cost of damage to the
rolling stock, the true costs aikdly to be considetbly highed roughly twice as much
according tdReference301

A journal reviewin Railway Agg161] quotes an FRA source:

fiRail flaws are a top industry liabilit{Estimated to cost $455 million annuaihcluding
$109 million for related derailments; $70 million for train delays; $149 million for repairs
and maintenance; and $127 million for inspections.

Internationally,RCF in the late 1990s accounted &mproxmately60, 25 and 15perceniwf all
defects found by East Japan railways, French Railways (SM@&Railtrack (LK.),
respectively 20]. Rail grindinginternationallyis aUSD250 350° million businessand it is one
that is growing as knowledge and demand rises in coustr@dsadndia, Chinaand Brazil. In
North America, the costs for rail grinding on a large freight railroad are typmatlye order of
USD800 per mile of trackwith theNorth American market for rail grindingeingroughly
USD100i 120° million per year. Althoughgrinding was in the 1970s initially tasked with
treating corrugation, modern stealsd regular rail grinding have caused RCF to supersede
corrugation as the main cause for rail grindiffigRCF could be eliminated by other means, such
as improved steels, profilesr friction management, then the amount of rail grinding required
annualy could easily be reduced by Bércenior more®

The annual cost of rail inspections for defects is not knowrglthdughnot alldefects are due
to RCF (other causes includeoken welds, base plate cracgs:.) there is no doubt that a
considerabldraction of the cost can lstributed to the problemin the European Unigrnhe

cost of rail defects, a large percentage of which are initiaté&d¥y has been estimatat

02 billion (USD2.8 billion) per year andon thisbasisb ecame t he Ul Cb6s first
Research Proje¢R0]. The cost of research into RCF is significamitselfd for examplethe
European ICON projectas aroughlyul.5 million (USD2.1 million) effort to addresRCF[19].
Next, aldto this thevalue oflost reveruebecause dfrack outages for inspection and
maintenancealong with the safety impacts alreadigcussed in Sectidh2, and clearlythere

are opportunities famproved understanding, inspecti@md treatments to significantly reduce
the economic costs &CF.

% Numbers provided by Alan Zarembski, authoiTbe Art and Science of Rail Grindi(@immons Boardman Press,
2005).
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2. Formation of RCF

There hae been manfforts to model both the initiation [e,&8, 85, 126, 248 and

propagatio aspects [e.gl2, 94, 199, 299 of surface fatigue, with the lattergaing t he | i on o6
share of the attentiorivet,al t hough these models were useful
understand some interesting property of a rail material or whaelontact phenomenon, their

lack of generality limited their contributions to the deyghent of practical models for
optimizingpreventive measures, suchras grinding. But by contributing to the general

understanding of how cracks grow, treeg effective in supporting the existing best practice that

is based on the following generabdel of crack growth:

A. High stress contact between the wheel and rail leads to ratcheting of the surface material and
eventual development of surface cracks by failure in ductile sh23dr [This process was
edimated to take place over a period 663VIGT [135. Newly initiated surface cracks,
based on metallurgical analysis, were found to propagate at an anglEsofsth respect to
the surface andierefractionsof a millimeter in length.In some cases, thiictile sheacan
result in thin metal particles sepangtfrom the surfaceserving effectively aa mechanism
of wear [/8, 14Q.

B. These surface microcrackshich areshort, propagate slowly in the initial stage, with the
growth rate increasing as the crack length gets lor®ggr [These cracks will continue to
propagate a relatively slow rate to the depth of maximum shear stress. This depth was
known to be somewheapproximatelyl mm (using Hertzian theory) in a high traction
environment and as deep asB (more typically P4 mm) in a heavy haul environment.

C. In a dryenvironment, these cracks will remain relatively dormant at that lenghin
moist environments, or in alternating wet and dry environments, the hydraulic propagation
mechanism demonstrated by W2@% in 1935andquantified analytically and extended by
Bower [12] contributes to continued and rapid crack growth to a depth of several millimeters.
Once the crack grows large enough that it cannot be fully clostelmpntact patch,
hydraulic pressurization is no longer effectivithe surface length of the cracks will tre
the order of 15 mm, with a depth agdproximately4i 8 mm (Figure18).
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Figure 18. Hydraulic Mechanism Is No Doubt Contributing to Shelling on This High Rail; Cracking Is
Enhancedby Dye Penetrant

Further propagation is dependent on the presence of internal stress raisene(alle:

inclusions) and the combined patterrbehding, thermalnd residual stresses. Some cracks

will turn downward and then may develop into a transverse defect and eventually a broken rail.
Most of these cracks will propagate toward the surface and lead to shelling, with chunks of
material spalhg from the rail surfaceEven though the rate of crack growth is not expected to

be particularly rapid in this stage, the cracked and spalled surface will introduce some noise into
the ultrasonic rail flaw detection signal and compromise the testigggmpit constitutes an

unsafe operating condition.

This shelling is in many cases considered beh&gausdt is not generally a direct cause of
broken rails.However,the dynamic forces that arise may contribute to corrugation, localized
ballast damagand pumping ties, plastic flgwnd crushed headshich then precipitate further
track damage and incur considerable maintenance costs.

The various factors influencing crack initiation and propagation are the subject of this section.
2.1 Crack Initiation

2.1.1 Surface Crack Initiation in Rails

RCFis, by definition, damage of components that almEsause ofepeated loading associated
with rolling contacts.Rolling contacts are frequently used to transmit heavy loads with minimal
energy loss (i.eminimalrolling resistance). Common applications include bearings, ,geads
railways. The efficiency of the rolling contact arises because of the small area of contact over
which the load is transmitted. A consequence is that the stress on rolling canteletBviely

large.

A typical piece ofail in a freight or commuter systerarrieson the order of3i 5 million wheel

load cycles every 100 MGWhereasthe wheelsindergoapproximatelys0 million rotations

every 100,000 milesA percentage of these cys|ainder conditions of high friction and high

contact stresslefornms the wheel and rail metal in the direction of the applied st&ss The

accumul ating i ncr emenl2k143the sdrfade myemlthoughahe fr at c h
effective strength of the materialircreasingorogressivelypecause o$train hardening, it
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cannot strain indefinitely. Eventuallgs ductility is exhasted and a surface crack forms
(Figurel9). Several models for this process have been deve(spe8ection 2.1.8 The most
popular oneefers to the shakedown process mescribechext

Figure 19. Ratcheting in Rail Steels Associatedvith Contact Fatigue

2.1.1.1 Shakedown

When a wheel rolls over a rail, the stress varies cycligatly a severity that is governed the
specific geometry of the contact, maaéproperties, load pressing the components together,
friction coefficient, and creepage. For a frictionless contact, the stress aoediag to
Figure20A, whereasFigure20B shows how those same stresses vary for a friction coefficient
of 0.3

The values of the principal stresses in the longitugitaade,t,./P, versus ¢x — 6,,)/2P,, are

plotted inFigure21. Johnson ffers to these as the stress trajectories. This plot represents the
deviatoric (the dynamic or nonhydrostatic) stress cycle that an element of material on (z/a = 0.0)
or below (e.g.z/a= 0.5) the surface encountdrscause othe passing wheel load. tHat stress

cycle can be contained within the yield space (a circle that represents the strength of the
material), then the cycle will be wholly elastic. If the stress cycle falls outside the yield space
then an increment of plastic strain occurs. Tiffer@nce between an elastiastic material and

one that hardens is illustratedrigure22. Il n this way, Johnsonés
(Figure23) were developed.
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2.1.2 Subsurface Crack Initiation

The stress plots ¢figure20 show that the subsurface shear stresses can be very high. Under
well lubricated conditiong whichthe friction coefficient is very low, the maximum shear stress
is below the surface. Contained, subsurface plastic flow is possible and, in conjunction with
metallurgical imperfections, can initiate subsurface defects. These are common in bearings
where pitting develops from subsurfaoéiated cracks8, 71]. Even under higher friction
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coefficients when the maximum shear stress is at the surface, there still may be sufficient
subsurface stress to initiate those cracks.

On the ail, subsurface fatigue occurs most commonly as a result of poor pummeling at the gauge
corner of overloaded high rails, resulting in gauge corner collapse (see Se8t8hn

Models of subsurface cracking in wheels generally presume that a subsuréntexists and
that the combined rolling, bending, and residual stresses act to initiate the crack around that
defect p9.

2.1.2.1Gage Corner Collapse

High values of contact stress at the rail gauge corner, couplleémexcessive number of

loading cycles there, contribute to a longitudinal shelling failure known as gage corner collapse.
When Steel¢255 looked atcrosssectional hardness profiles of rails taken fromRAST track

that exhibited,hfurex pe omaesd cd tealrlliyngg concentr a
corner. These were taken from rails that were intentionally ground to a tseaghepoint

contact call ed fconf or m@adwoasfeinglepoimtandorc b n me ni@at o n p w
(Figure24).

AARIB

"NOTE MORE CONGENTRATED
! LOADING CN CORNER
(b} FAST CONFORMAL GROUND 132RE
34
HARDNESS ARE ROCKWELLG
Hardness Distribution, Rockwell C AfiConfor mal O con
FAST

Figure 24. HarnessDistribution o n  tClordornfalo Ground Profile That Exhibited
fiUnexpected Shelling 255

In a 1993 publicatiorBower et almodeled the problem as a Hertzian presdisgibution

travelling on an infinié elastieplastic quarter spac€&igure25). A ratcheting limit identified for
incremental lateral collapse was developed by applying the shakedown limit to an optimal arc of
collapse.Harder rails, gauge cornardrication and grinding of the gauge cornerttgo-point

contact were identified as practical approaches to minimizing shelling from gauge corner
collapse 132.
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Figure 25. GaugeCorner Collapse Is Associatedvith Excessive Loadingat the Gauge Cornerof the Rail;
Modeling the Rail as aninfinite Quarter Space Allows the Arcs of Collapseto Be Predictedfor Different
Ratios d/a and Traction Coefficient p[132]

Although the problem of gage corner collapse and its solution are well known, a recent example
on the Canadian Pacific RailwégPR)shows that even with modern maintenance practices,
problems can stilbccur On CPR, significant improvements to rail lubrication practices between
2001 and 2005 led to dramatic reductions in gage face and gage corner wear. Because there was
little changein shape from one cycle to the next, rail grinding was dramatically rediyed.

more importantly, the facet created between the la§) gtbhding stone and the gage face was

no longer being rapidly worn from the rail. This facet was serving as a stissr that led to

numerous small gage corner shell$ie solution was to extend grinding down tG éadto

ensure that high rails in the p@rcenteffective lubrication territories were being ground
preventively even if there were no visible signkdistress 249.

2.1.2.2 Dang Van Criterion

The Darg Van Criterion B2] allows for a complex rotating stress state that involves all six
components of the stress $en and where the principal shear plane may not be knthig.
used chiefly for subsurface fatigue.

Dang Van suggests that crack initiation is due to excessive shear saasgseben th effective
stresszq exceeds the shear strengtbf the materl, fatigue will initiate

Teq = 7(1) + Ac(t)

whereA is a dimensionless material parameter

The effective stresses are compared directly with the material strengtfaik.sis an
example, the fatigue cycle Bfgure21a (at z/a= 0.5) is shown irFigure26 with A set to 0.32
[58] and Po= 1,600 MPa The portion of the cycle that falls outside the yield space will be
associated with incremental strain.
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Figure 26. With the Dang VanCriterion, Plastic Strain Will Occur in That Portion of the Stress Cyclea<t<b

Example applications of the Dang V@nterionin numerical simulation can be found
Referencegll and62. A refinement to that criterion is proposed in Referetite

2.1.3 Contact Stress

The calculatio of contact stress continues to be an ongoing topic of study. Most commonly, the
railway contact is presumed to be guealsistic and a range of analytical meaaspplied. Such
solutions presume th#te size of the contacting bodies is large compasittdthe area of

contact. Hertzian cordcts presume the two bodies have a constant radius in the region of contact
(i.e. they are continuous up to the second derivatine)that they are nonconforming. Hertz
furthermore only considers the frictionlesmtact. To include the effects of traction and

creepage, thmethodsf Timoshenkd273 or Hamilton[93] are typically usedThe most
popularimplementatiorofth e el asti ¢ contact c&39aul ati on i s
implemented in the CONTACT softwar®©ncethe geometry of the contact, the longitudinal,

lateral and spin creepagdise friction coefficientand theelastic properties of the bodies (elastic
modulus andPo i s s 0 n areknowrad lookup table igueriedto give nondimensionalized

values of longitudinal, latergnd spin forces and stress. As illustrated by TomzSamdey

[279, the details of the curvhtting, while not much affecting the calculated forces, can have a
significant impact on the calculatedntact area and stresalthoughthey did not specifically

look at the wear or fatigue index, ooc&n presume that they also were affected by the details of

the curve fit. For this reason, it is now common for vehicle dynamics packages to offer the

option of calculating the local radii online (e.gnce the point of contact is knowsglculate the
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best fit longitudinal and transverse radii for each body) instead of the older approach of
precalculating contact radii over some nominal length. The former approach requires much more
computing effort.

A more detailed mapping of the contact and stresditons can be achieved using Ron

Hertzian elastic approachesn c | udi ng appr oxi nidgoemoneedmpletel s | i k e
threedimensional solutionsuch aK a | k e r 0 s289CandPaubandtHaghenp204. An

exampleof anonHertzian, mnelliptical contact condition ishown inFigure27 in whichthe

stress distribution islliptical in the longitudinal direction but across the rail can be highly

nonelliptical. Finite element242 271 and boundary element$49 are also commonly used,

especially when calculating stresses in the presence of cracks, internghrdidear the gauge

corner of the rail§9].

Figure 27. Examples ofNonelliptical Contacts Stress Distributions Calculated UsingNon-Hertzian Models

2.1.4 Traction

Rail/wheel shear forces develap a result oA small relative slip between the rails and wheels.
The amount of slip (known as creep) deead the steering and traction demantlsese creep
forces, or tractions, cannot exceed the product of normal force and available adlesion (

The effect of traction on damage in the whesl contact can be seen in the stress cycles of
Figures21 and22 and in theshakedown diagram &figure23. Tractive forces significantly
increase the surface shear stresses and the probability of anyratheehtact (e.g.Py/K,

Fr/Fn) exceeding the shakedown limit arelising an increment of plastic flow. These can be
evaluatedusing the models described previously.

33



From a quite practical consideration, the increased rate€Bbn the wheels of modern
vehicles with improved wheel spin and creepage contrdislisvedto be attributable to the
very high levels of creepage possible with these sysi2é.

2.1.5 Material Strength

The effectiveness of advanced steels in resiRiG§ has been disssed in numerous papers,
with Reference87, 129 179 and234providing good overviews.

Between 1965 ah1995 the average freight car axle loambre thardoubled and annual tonnage
on mainline track quadrupled. In spite of this, the typical rail Wwesadoubled in tangent track
and tripled in curvegTable3). Improvement in metallurgical and mechanical properties of rail
steel R35 can be credited with a large portion of that performance improverbgfraded

truck design and maintenance, lubricatiand profile ginding have also contributed to the
increase inmail life, although the gains in the 1998005 timeframe were relatively modest.

Table 3. Demands onRail (from Referencel24)

Years 1965 75 1975 85 198595 | 1995 2005
Average freight car axle 15 25 30 35
load
Annual tonnageéVIGT) 1530 251100 30i 160 60i 220
Typical rail life: (MGT)
Curve track 300 500 700 850
Tangent track 700 1,000 1,500 1,600
Rail hardness 250HB 3001 320 340 370 3801 405

2.15.1 Hardness

One of the most important metallurgical properties of the rail steel is its har@d&sslf
governs wear resistand®CFresistanceand mushrooming (plastic flow) of the rhgad.

For any given type of steel structure, RCF development decreases with hardness thanks to
improved resistance to the ratcheting (unidirectional strain of the rail surface layers, see
Figure42B and Sectior?.1) that initiates RCFOn the basis ats asmanufactured hardness,
400-HB hypereutectoid premium steel can withstand contact straggesximately45 percent
greater than standard rail steel (29B) withoutyielding [168. The benefit of increased
hardness is recognized internationally as the survey of commonhyiggestrength rails in
Table4 shows.
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Table 4. Mechanical Properties of High-Strength Rails (Referencel08, Table 3.3)

USA Russia
Propert c !d South China GOSTR Swed
perty anada, | Africa 51685 weden
Brazil
Yield 758 640 805 794 640
Strength,
MPa (min)
Tensile 1172 1080 1175 1176 1080
Strength
MPa (min)
Elongation | 10 9 10 6 9
% (mlﬂ:]
Brinell 340-390 | 340 340- 331-388 | 320-
Hardness 390 360
at the
surface

2.1.6 Thermal Softening

Relative slip at the wheedil interface (an inevitable circumstance as discussed in Sectigh
thatgives rise to temperature increases that can compromise the strength of the steel, and even
lead to metallurgical transformation.

At temperatureabove the ferrit@ustenite transformation temperatuapgroximatelyl,33C°F,
725°C), rail and whel steels can undergo metallurgical transformation. At lower temperatures
in the range 093C°F (500°C), thermal softening reduces the material strefigd]. The
accumulation of thermal loads, for exampfeaowheel due to tread braking, leads to a gradual
releasenf thesurfacecompressive residual stresses and in severe @gesinreleased

handbrake or stuck brakesjn lead to tensile stresses at the surfaessile stressasnay only
causebenignthermal cracking of the tread, while in the worst case, usually in combination with
a surface defect, can lead to a crack that propagputethe wheel plate andoken wheel
derailment.

TheWheel Defect Prevention Research Consortium organized a worksBOpP8 to examine

the issue. In a presentation by Stone and Cummi&f$, it was noted that although there was a

|l oosely defined fAisafe operating r aQofea for wh
better definition of a maximum operating temperature was needed. They note that at high
temperature, the resistance to shear decreases but at the same time, a reduction in the modulus of
elasticity decreases contact streds.high temperatureshe bendtial compressive residual

stresses that typically develop during rolling contact can be relieved (the amount depending on
time and temperaturseeFigure28), contributing to a significameduction in hardness.

Examinations of data logs foundwngrade braking events typically occur over time intervals

up to 0.5 hoursyhich allows forsignificant stress religb occurat temperatures above about

75C°F. In the end, those authors suggest that temperature$0ff Foare not contributing to

wheel fatigue and further that such a temperature is unlikely toveitlseroperly functioning

brakes. However,high wheel temperatures dikely with malfunctioning brake systentisat
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unevenly distribute the braking effamn a wheeby-wheel and caby-car basior on heavily
driven locomotive wheel9p].
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Figure 28. The Rate at Which Residual Stress Is Relieved la Function of Temperature and Time [19§

Appreciatingthenthat excessive wheel temperatures can be an important contributing factor to
RCFsuggests that railroads should place greater emphasis on the monitoring and rectifying
conditions that lead to highhed temperaturesCurrent wayside equipmentssiitablefor this
purpose 152 and needs only to be coupled with an appropriate data management system and
corresponding maintenance process

Referencd47concl udes t hat fAAs | on pgercan@anda coefficerdaqgi v al u
friction of less than 0.6 are assumed, the calculated temperatures do not ext&e8°€5@ven

if high dynamic normal forces andégularities are taken intoaccoint f ur t her suggest
creep levels of 134 percentwould be required to achieve the 8G0mark. This clearly is not the

normal case for most wheels, but powered wheels under heavy tractive effort and improperly
brakedwheels can see such levels.

From a materials perspectivehas been found that high temperature stability of the pearlitic
structure can be improved through additionsilbdfon and mangaeseto better resistarbon
diffusion and spherodization of theroentite lathes3d).

2.1.7 Material Embrittlement

The effect of high temperature excursions caubnittje martensitic layers and subsequent
spalling has been discussed in Secfidha

The effectof low tenmperature on rail steels has been investigated in CBBié \vhere it was
concluded that as temperatures dropped towd i, the strength of the steel increaabsut

10 percentwhile the ductility decreases a significantly higher rateThe higher carbon steel
(U75) dropped taapproximately onehird of its value at OC, whereasfor a standard carbon rail
steel(U71), the ductility dropped only about 2®@rcentover the same temperature range. The
standadl metallurgy was thereforecommended for applicatida the QinghaiTibet railway A
different set of measuremen@s3] conducted at20 and-125°C showed similar resulfs the
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0.2-percentoffset yield strengtincreased by over 4fercentwhereasthe fracture strain
decreased about 3@rcentat the lower temperatureCrack growth rates und#émreepoint
bending at 2Mertz Hz) at+20 and-125°C showed thathe net resulbeingan increase in the
thresholdfatigue stress intensityA third set of fracture toughness tests at temperatures-50m
to 175C found typically a plateau between 0 andGut that at50°C, the impact energy for
wheel steels decreases aboup2tcentat the tread]51]. Bainitic steels also havgood
toughness at low temperaturegh an experimental wheel exhibiting a twand fourfold
improvement oveAssociation of American Railroad8AR) standard Class C wheels at +20
and-40°C, respectivel\{86)].

Theinterpretation of these results from the perspectiie@F is that he higher strength at low
temperatures suggests improved resistance to plastic flow and ratciwbiErepasthe increasd
brittleness means greater rates of crack groegpeciallyof transverse rail cracks that lead to
broken rails. This is no different than the classical tradeoff encountered by virtually all
metallurgists seeking to simultaneously improve strengthi@rghness.n the railroad context,
higher crack growt rates in cold weather sugg#sat measurement and inspection intervals
should belecreased in the winter.

It should be noted thander therolling-sliding wheel contact, surface temperatures @n b
significantly higher than ambienThe bulk temperature of rail after the passage of a 110 car
heavy haul train increases by roughly 18°C, whereasthe wheés are generally hot to the tduc
under the combined actiof curving and tread braking, evender very cold ambient
conditions.

2.1.8 Models of Crack Initiation

Severalapproaches to modeling crack initiation have been proposed and include equivalent
strain, critical plane models, enerdgnsity, empirical modelsand combinations thereof. These
are detailed in Referen@d.1and are described briefly below:

e Equivalent strain:this suggests that fatigue initiation should be calculated on the plane that
sees the maximum shear strain range. This apptwexbeen successful for some loading
conditions but correlasgoorly with the results of tension/torsion tests and other
nonproportional load cycles. It fails to account foraheof-plane mean stresses associated
with nonproportional loading.

e Critical plane: the critical failure plane is identifieoh the basis ahe expected mode of
failure, the type of loadingnd the material properties. It is possible to account for factors
such as mean stresses that separate the surfaces during the pshmearilyortion of the
loading cycle. Unfortunately, available critical plane models are unable to satisfactorily
account for material hardening.

e Energy density:the fatigue process is related to the cyclic plastic shear that works through
the movement aficroscopic dislocations. This approach works well for the multiaxial
stress stata whichthe plastic work and strain density per cycle can be evaluated. In
energybased models, the calculated parameters are scalar quaatitigbe critical planefo
crack initiation cannot be predictetlowever,energy density models, which use the
products of stress and strain, presume that cracks will grow in the location and direction of
the largest energy density values. This approach is widely used in nhekglé testin
whichthere is a positive mean stress. A modification allows it to be applied to a system that
includes a negative (compressive) mean stress such as exists in rolling contacts.
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e Combined critical plane and energy densttyese have beeshown to fit experimental
fatigue life data and crack plane orientation very well. They tend to include at least two
separate components, one representing shear and the other the tension/compression portion of
the cycle. The material response to thosearpeters is captuddy applying a modifying
material parameter to the terms whose characteristics are captured using basic material
characterization testsuch as the tension torsion test. ,3@eexampleJiang and Sehitoglu
[120.

¢ Empirical models:Kapoor [L42 developed a model of the time to crack initiatimtause of
ratcheting only that is based on the equivalent ratcheting strain per cycle (which gself ha
normal and shear components) encountered per cycle and a material parameter that is
evaluated through twin disc testing. The results are very sensitive to the value of the
empirical parameter, which itself is difficult to evaluate. Furthermore, thelncad only be
applied in cases where failure is known to occur by ratchitioglow cycle fatigue another
model must be applied. Fatigue life is then governed by the model which predicts the
shortest time to failure.

2.2 Crack Propagation

The direction andate of crack propagation depends on the magnitude of thesiaklend Il
stresses, along with the material 6s resistanc

F e B
7
y 3 =
A) Mode | opening B) Mode Il Shear C) Mode Il Tearing

Figure 29. Crack Propagation Is by One or a Combination of Mode I, Mode Il, and Mode Il Stresses

The difficulties of modelingontact fatiguerack propagation in rails and wheels are
summarizedn Referencé6 as:

e Therolling contactloading causes a mukaxial state of stress with cof-phase stress
components and rotating principal stress directions.

e As they grow longer, cracks subjected to a rantal loading normally deviate into a
Mode | dominatedrowth (or follow a weak path ithe structure).This is not the case in
rolling contact fatigue, due to the large confining pressures under the contact which
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normally suppresses any Mode | deformation of the crack in the absence of trapped
fluids, etc. Instead cracks propagate mainlya mixed Mode ilMode III.

e In a predominantly compressive loading, the validity of traditional fatigue models may be
questionedAs an il lustration, Pariso6 | aw predic
loading in its original form since it employs trenge of the Mod | stress intensity factor
of the above point.

¢ Due to the compressive loading, crack face friction will control the crack propagation.
The magnitude of operational crack face friction is, however, hard to quantify.

e A similar effect of ta compressive loading is that crack face deflection increases with
crack length and may cause complete locking between the crack faces for part(s) of the
crack.

e Occasional overloads may slightly accelerate crack growth, in contrast to the behavior in
tensle loading. This may lead to nenonservative fatigue life predictions.

The use of fracture mechanics to model crack growth usually involves first determining the stress
field around the crack tip (the so called striggensity Kc) and then experimentehta of

growth rates is introduced. For rolling contacts, this process is complicated by the fact that the
stress state is multiaxjand the propagation mode is mixed.

In modeling crack propagation, one must choose betwk®sm @ycleor high cyclefatigue
approach.The differences arausmmarizedn Tableb.

Table 5. Comparing High Cycle Fatigue and Low Cycle Fatigue Approachesto Modeling of Crack Growth

Low Cycle Fatigue

High CycleFatigue

Cycles to failure

10

10°

Role of plasticity

Governed by the amount of
plastic flow

No (macroscopic) plastic deformations

Parameter
modeled

Equivalent Stress

e Sines criterion237),
e Crossland3g|
e Dang Van £0]

Equivalent Strain
e Morrow criterion [L8g
e Kandil, Brown and Miller 137]
e JiangSehitoglu 120

Static shear stres

Affects LCF performance

Has no impact

The subsurface stress pattelbesause afhe normal load of the wheel on the rail can be
calculated irseveralays wih detailed analytical methogsovided in Reference®3 and273as
well as using numerical approaches such as boundary elemgag[and finite elementsg] 16,
242 271]. Typically, linear elastic fracture mechanics aed[5, 144, 295 307 to assess crack
stress intensity factotbat includemixed-mode loading under rolling contact, crack face friction
and the presence of entrapped fluids.

Rolling contacsstresses diminish with depth into the component, such thag iryhrail/wheel
contact crack growth only proceeds to a couple of millimeters in dejptlhe lubricated or wet
case, that propagation can extend much further (see S2@idh However,beyond the
influence of rolling contact stresses, where incidiynthe protective compressive residual
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stresses also diminish, crack propagation is driven by bending stasssell agesidual and
thermal stresses in the rail.

Resistancéo crack propagatiois governed by a number ofaterial parameterReferere 207
citeshardness, metallurgical structuesd fracture toughness to be the most important when
considering contact mechanics problems.

The effects of various loading and environmental conditions on craplagation are discussed
in the following subsections.

2.2.1 Shear Strength

For the application of Shakedown theorems to whaéktontact mechanic problenisis
important to have good quantitative understanding of the valde®otlifferent materia.

There are equations relatikgo hardness, but these are approximate and take no account either
of the large amount of workardening at the surfaces of wheels and rails or of staaeneffects.

So although the shear yield strength eheamnufacturd rail is readily correlated with hardness in
the laboratory, it is the properties developed in the vharklened rail surface layers tlaaé

believed to be critical.

As noted in ReferencE32, different researhers assume widely varying valueskdér similar
steels.k can be set to Sy/2 x577Sy according to the Tresca and von Mises criteria,
respectively.A third approach sets=Vi c k e r 0 s(Hvji6g(seael abke6). s
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Table 6. Increasing Hardness Correspondgo Increasing Resistancdo the Initiation of RCF; Standard
North American Classifications Typical Valuesof Shear Strength(k) Calculated at One-Sixth
of the Viclftdos Hardnes

Steel Har_dness 90% HB She_ar Strength
(Brinnell) | value (ksi) (MPa)

AStanda| 260-280 278 69.5 480

= Al nt er m 320-340 338 84.5 583
© 'APremi u|l 340-380 376 94.0 649
AHE Pr e| 380-400 398 99.5 687
Class L 197-277 269 67.2 463

% Class A 255-321 314 78.7 542
§ Class B 277-341 335 83.8 577
Class C 321-363 359 89.9 620

2.2.2 Strain Rate Dependence

It is common for researchers to use a gstdic testto evaluate the shear strengfisteels. The
tendency is to approximatiasistaticconditionsusing strain ratesn the order of 0.002%
Yet the strain cycle encountered by a whegl rolling contact is far from quasiatic. Consider
al.5inch (12 mm) diamete(D) wheetrail contact and a train traveling at 60les per hour
(mph) (100 km/h)or 88 kd/s (28m/s). For surface material, the load cycle takes place over
approximately0.4 ms, with the transition from no strain to peak strain being half of that (0.2 ms).
For subsurface material, the load cycle is felt both ahead of and behind the contacy patoke b
amount, but certainly less than plus/minus one contact patch length D. So the cycle is taking
place over 1.2 ms, and the strain peaking withim@&s6The actual value of strain per cycle is
not well known but laboratory tests indicate that vadumight average around610” as
accumulated shear straaches values dfl within about 17,500 cycles (600 MPa and
1-percenttreepage)d86. This gives average value$strain rate ofpproximatef 1.0s™.
In any casethe question is then whether the rate of strain application is of any relégance
wheelrail contact Referencel51lo0ks at rate effects as they pertain to fracture toughness and
foundthatthetoughnes®f railway wheel steak significantlylarger at higher impact rate¥.et
the case is not so clear for shear strength.
Sawleyconsideredhe problem and proposed the following apprdach
a) assume thaktis a function of the cyclic shegield strength (k.,c), a factobecause ofear

surface workhardening (kyn), and a factobecause dthe strainrate in rollingcontact (kg):

k= kcyc X Fwh * Fsr

* Personal communication with the author via email, April 2010
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b) The cyclic shear yield stngthis equal to the cyclic yield stngthdivided bya 3from Von
Misescriterion). The cyclic yield stragthcan be found from cyclic stressrain fatigue data.

c) Fwn is equal to the surface hardness divided by the bulk hardness.

d) Fsris estimated from knowledge of the strain rates in rolling containe estimateplaced
the value as high as 2.5, although a value nearer to 1.3 gave agreementiesitipiaicab
curve for 220 grade rail.

e) With kknown, the Shakedowriayram can then be plotted as\rsus T/N

f) This approach has been applied to the 220 Grade ateail used in the ited Kingdom
The R-T/N curve found from this method agreed closely with the empirical curve found
from contact dynamic calculations undertaken for track sections with and without RCF
cracks. Both these curves were significantiyvabiinve curve produced by using a traditional
method of estimating.

2.2.3 Contact Stresses

Crack propagation models invariably predict growth rates that depend on the shear stress at the
tip of the crack. For the rolling contact, these shear stressds@@rdent on the specifics of the
wheelrail contact, including the contact geometry, applied load, creepage, interface friction,
elastic modulusa n d P o i s sThesethave beantcovered in Sec2ah3 where it was

noted thaa number of analytad, numerical, FRAand boundary element approaches are

available for calculating subsurface stresses.

The practical effecdvf contact stress on crack propagai®illustrated inFigure30 where the
fatigue lifeof tension and torsion specimaashown to be inversely proportional to the applied
stress. In rolling contact, there is@perimposedompressive stresandthe fatigue life

becomes effectively infinite below a threshold stressksgere31). This is consistent with the
Shakedown limit discussed in Secti®i.1.1

42



4: O Uniaxial
i ® Torsion
= 24
<
-
> _
= 104
O 8-
A o Pearlitic:
L - _25 T -
= i (FP-0.5)""N=1.5x10
L -
&
= 1
=
]—I 1 llllllll rT||||||| | IIIIIIII 1 I ||||||| I |—[—rr1”l
10° 10° 10t 10° 10° 10’

Number of Cycles to Failure, N,

Figure 30. Effect of Stresson Material Performance [18§]

Normalized contact pressu(Ry/K)

T T -1 T
> o o ;
P+ ]
[ ] - .

e, oo
L. 2. e =0 1
A = 1
1
] ] | L :
) 510° 110* 1.510* 2 1o* 2.5 10°

RCF Life (cycles)

Figure 31. Effect of Contact Pressureon Nine Different Rail Steels[33] for a Creep Ratioof 10 Percent

43



However rather than the normal stresses at the whakinterface, a much more causative
mechanisnappearso be the shear traction®ne reason may simply be that tractions vary from
a value of zero tcsay, 1 percentwith 0.1percentbeing typical at the top of rail and higher
values appearingnder curving aa driving and braking.The direct role of shear tractions is
recognized in th&y damage mechanisand the fatigue index of Ekberg described in
Section2.1.8 The physical tests of Claytoede Refrence33 and Figure4Q] are conceptually
consistent with the wear/fatigue transition include in the@mage relationships.

110f T T T tm‘u--;--..-.-.-......_
1%Cr LICA ]
810* f 1 .. 810 ]
5 : |
3] ]
& 610 | 1 5 610° ’
b— T
& i g f
5 4w 1 I s :
3] ' 5 ]
4 W M= \ 1
210° | 1 210 »
0]0. [ 1 R P | ] 010' L - L 1 1 1
00 0.02 0.04 0.06 0.08 .18 000 002 2 0.06 0.08 010
] 910° T 3
3 8 10° E
n 1 & 5 E
% 2 § 710 E
g 3 % 610° E
= = 510! 3
. =
g =gt
= q =
B ] = etk
%] o 3 1
= s T d = 3
v 110* |
5 L . 3 _
0 L [P | e —ta] 2 116° | T N S BT B
0.00 0,02 0.04 0.06 0.08 0.10 0.00 0.02 0,04 0.06 0.08 0.10
SLIDE/ROLL RATIO SLIDE/ROLL RATIO

Figure 32. Effect of Slip Ratio on Number of Cyclesto Failure Basedon Laboratory Testing [33]; the
Longest Life Is Achievedwith Zero Slip with another Maximum Seenat Roughly 1-PercentCreep
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2.2.4 Moisture and Grease

In a dry environment, surface breaking cracks will remain relatively ddrorece they have
grown beyond the reach of the heavily concentrated neacsisfilessesYet in moist
enviromrments or in alternating wet and dry environments, water is drawn into existing surface
cracks and then squeezed toward the crack tip by tlsengdead(Figure33).

o P,
d. d,
—» —»
=
=

Figure 33. Lubrication of the Crack Faces PromotedMode Il Propagation, whereasWater in Properly
Oriented Cracks Can Pressurizehe Crack Tip and Cause Cracksto Propagate Rapidlyin Mode |

Numerical modeling of the fluid pressurization mechanism in Refei@&famend that:

e The Mode I stress intensity increases roughly-fold when water is present compared
with the drycase, while the Mode Il value increases by&8percent

e The Mode Istress intensity is higher for shallower angles (&%j.versus25°)
The Mode llstress intensity is higher for steeper crack angles

e The addition of a braking force on the wheel inphesence of a liquid reduces the Mode
| stress itensity and increases the Modevdllues by modest amounis the order of
25 percen}.

The effect of water and grease is different with respect to shelling. Water, having high surface
tension and low cosity, is readily drawn into surface breaking cracks and is available to
propagate the crack tip in Mode I. This Mode | propagation has been a topic of great academic
and practical interest [e,dh, 12, 72]. In Referencé it is shown that the shebfodell stress

intensity factor rises bgpproximately70 percentwhile for the pultapart Mode | the factor

increases raly 10times, such that Modeckack propagation dominate$he authors of

References6 caution though that predicted crack growth rates under water pressurzate

about 35000 times those for the shear mode growth and are not consistent with measured rates
in laboratory testing. This calls into question the assumptions used in the fluid entrapment
models.

Grease has a much higher viscosity than water bubeavorked into the crack over time by the
passing contact loadOncethe crack faceare lubricatedgrease promotes crack propagation in
the shear Modes Il and 1118g. An example is shown iRigure34in whichcracks grow longer
for lower values of crackace friction, and that at higher friction values (0.6 in the figung)ck
growth is halted.Since grease is not drawn in volume into the crack as wateisigjnitikely

that it plays as large a role as water in Mode | crack propagation.
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Mark 4 Harringay 2188m average wheel wear. Effect of crack face friction. Wear rate 2.043 nm/cycle
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Figure 34. Predicted Crack Growth Ratesfor Three Different Valuesof Crack Face Friction (0.1, 0.18and
0.6); The Friction at the WheelRail Contact Isin All Cases0.18(from Reference66)

2.2.5 Fracture Toughness

Rail steels with good fracture toughness can inhibit or prevent the occurrence of shelling and
internal defects in trackSteels with goodr&cture toughness resist propagation of cracks from
both RCF and other types of fatigu®}]. The ability of a material to resist crack growth
depends on the propagation Mode (type |, II, or B|)1[0, 97, 119,.

With respect to internal defects, good fracture toughness allowsdasanable defect detection
interval, thereby contributing to the safety of operations. Controlling the morphology of
inclusions 57, ensuring favorable residual stressE$7], laboratory and field testing at high

[9] and low frequencies and loading rat25][of developmental rail steels have been utilized to
improve the frature toughness of rail steel.

Microalloying elements have been shown to affect the fracture tougl289:240.

Molybdenum increases fracture toughnegsareasincreasing phosphorus has a significant

negative impact97. Manganese and niobium additions do not appear to influence fracture
toughnessj07. Increasing the miogen content in steel to 0.00@ércene nhances t he me
impact strength at subzero temperatufé€x]

Fracture toughness, also called,ds a commonly quoted materfadoperty (e.g.Table7).
Referenc&07 notes thatt is important to understand thaikapplies to relately long (several
millimeterg cracks and its application to modeling of short cracks thatiarthe threshold

regime of theAK-da/dn function is not yet understood. Nonetheless, the Charpy impact tests
remain of interest and are applied to qualify the performance of rail steels. An example is shown
in Table7.
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Table 7. Impact Resistanceof Rail Steels[Referencel08 Table 3-3]

Impact Energy (Joules)
Rail Material Type V notched at 20TC Unnotched at 2TC
Standard Carbon 29 150
Medium Carbon Alloy 3553 >285
Heat Treated 56 >285

In a different set of measurements using compact tension specimens (accordmayitaA
Society forTesting andMaterialsstandard 399) the average Kor a test bainitic steel was
52 MP,avhe&asfor the premium pearliticstedl he val ue wad§. 41 MPa am

2.3  Rail (and Wheel) Fatigue Failure

A rail or wheel can be defined as having failed when the accumulated damage exceeds an
acceptale threshold such that it is no longer fit for service.

Rail: Althoughit is possible to gringolane or mill out surface defects, there is a limit whereby
the cost of théreatment exceeds tlegpected life extension (which is a fuioct of the

remainng wear life). In addition defects such as crushed heads, sqaatsshells must be

remove because of their potential for initiating a broken rail. The broken rail, while obviously a
derailment risk, is also an expensive occurrence because of tl@negimaintenance and

traffic disruption. North American practice is t@move a length of rail once a rate of

1i 2 defects/km/year is reachgt09. All railways have instructions for remedial actions in the
case of rail defects based usualiythe size of the defecthe example shown ifable8 was
extracted from the rail defect standards (TES 02) of the Australian Rail Track Corporation Ltd.

Wheel: Failure of tle wheel fronRCF, such as a broken wheel or split rim, is fortunately rare.
Yet, shelling of the surface leads to high impact forces that damage rails, beanishgar
components. The North American AAR Rule 41 allows for a wheel to be removedrith 1
diameter circle can be completely contained within the shell. The installation of wheel impact
load detector and establishment of accepted limits for their removal has provided an additional
approach for managing the effects of shelling, though motféreatment. In AAR Rule 41, a
wheel may be removed if it has a measured impact force of 90,000 IkN40O0

The march to failure of rails and wheels is complicated by the simultaneous action of wear; a
process that itself limits the life of rails amtheels, but removing damaged surface material can
significantly extend the life alsolr'his competitive action is discussedRaferences0 and is

shown in the ¥ relationship of Sectiob.1where at low 7 (tractionforce x creepage = wear

energy) values the damage tends to fatigue but at higher values wear dominates. This has been
described as the Magic Wear rat8]] when applied to surface fatigue of rails and wheels, with

the concept being particularly potent when applied to rail grinding. The Magic Wear Rate is
discussed further in Secti@ng.
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Table 8. Example of aDefect Classificaton and Required Action

CLASSIFICATION OF RAIL DEFECTS

TYPE OF DEFECT CODE SIZE DEFINITION
Type Size
1 Transverse defects in rail head sC - 0 to 5% (less than 10 mm) treat as TD small
(transverse fissures, transverse TD S 5to 10% (10 to 20 mm)
shelling, shatter cracks) M 11 to 30% (21 to 30 mm)
L over 30% (over 30 mm)

REMEDIAL ACTION TO PROTECT OR CORRECT RAIL DEFECTS

Defect Type Size Immediate Speed Plate Remove | Other Action(Refer also
Restriction Km/hr Within Within to Section 4)
until defect
removed
1 Transverse S 7 days 5 manths If TD is reported in shatter
Defect cracked rail, the full length
(TD) M 24 hours 5 weeks must be replaced weld to
weld
L 20 km/hr 2 hours 48 hours
TD in Shatter | Same as TD.
Cracked Rail .
(Sr?:(; ed Rat If multiple — same as TDX
2 Transverse S 7 days 5 manths Where several engine burns
Defect at hour K exist in the same rail length,
Engine Burn M 24 hours 5 weeks consideration should he given
(TD/EBF) L 20 km/hr 2 hours 48 hours | to replace full rail length,
weld to weld.
3 Multiple S 40 km/hr 7 days Replace full rail length — weld
Tran: t Id
D:;gz:: ree M 20 km/hr 24 hours 0 Wele
(TDX) L 10 km/hr Monitor defect and stop trains if necessary until defect
removed
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3. Detection and Monitoring of RCF

Nondestructive testing of rails and wheels is of vital importance to managing risk and

minimizing catastrophic failuresRails especially must be systematically evaluated for defects
that midht appear benign to the naked eye but can be measured to be progressing internally to a
dangerous state.

The surface condition of rail is currently assessed through a visual rail inspection by trained
railway personnel, often from a-hail vehicle. Thignformation, along with (internal) rail defect
measurements by the ultrasonic cars dictates several of the rail maintenance processes, including
some aspects of the rail relay program, defect removal through rail plugging, and rail grinding.

On some railwads the grinding priority is driven by the severity of RCF cracks on the rall

surface and the capability of ultrasonic detection cars to make successful tests on Byetinail.

time they are identified in this way, the RCF cracks are usually very déapagement oRCF

requires a technology for identifying cracks in their earlier stages of develom@tteotighthey

are still relatively short and can be easily removed through rail grinding.

An excellent review of the state of art of nondestrudahniques for inspecting rail can be
found inReference00. This review covers ultrasonic, magnetic inductieddy current,
radiography, longitudinal guided waves, electromagnetic acoustic transmissicstjacou
emissionand others.Referencel07 provides a similarly comprehensive overview but also
includes discussion about devices commercially available in Europe.

Although highspeed laser and video systems efiisscanning and recording various track
features, none can yet provide a quantitative assessment of anything but the simplest of surface
defects (e.gballast spalls).RCFcracks are an ord@f-magnitude more difficult to distinguish

than spalls.

Other approaches include devices for specifically measuring the depth of chagkesent no
commercially available RCF crack detection systaneén service in North America. There are
low-speed handperated RCF detection systems available in Eutmgehese can only test at
speeds of 1 mph and are not feasible for the lengths of North American ttaalever,
development is continuing on higher speed, machine mounted syateiisseems that it is
only a matter of time before they become comnadiscavailable. Therthe railroads and the
rail grinding companies will have a very powerful tool for assessing and managing surface
fatigue. According to one company, that tool is already availédde Sectio.1.1.9.

One more approach is to usigh-frequency accelerometersforce-based measurements to
detect surface damag@&his approach is discussed in Sectoh.4

3.1 Existing Systems

A summary of the various technologies applied to rail inspection (both surface and subsurface)
as found irReferenc&00is reproduced below dxable9.
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Table 9. TechnologiesApplied to Rail Testing[Table 1 of Reference20(q

NDT technique

Systems available

Defects detected

Performance

Ultrasonics

Magnetic flux leakage

PEC (including FGI)

Automated visual
inspection

Radiography

EMAT

Long range ultrasonics

Laser ultrasonics

ACFM

Manual and high-speed systems
(up to 70km/h)

High-speed systems (up to
35km/h)

Manual and high-speed systems
(up to 70km/h)

Manual and high speed systems
(up to 320 km/h)

Manual systems for static tests

Low speed hi-rail vehicle
(<10km/h)

Manual systems and low-
speed hi-rail vehicle systems
(<10km/h)

Manual and low-speed hi-rail
vehicle systems (<15 km/h)

Manual systems (hi-speed
system under development)

Experimental manual and
high-speed systems

Experimental static tests

Experimental static tests

Surface defects, rail head
internal defects, rail web
and foot defects

Surface defects and near
surface internal rail
head defects

Surface and near-surface
internal defects

Surface breaking defects,
rail head profile,
corrugation, missing
parts, defective ballast

Welds and known defects

Surface defects, rail head,
web and foot internal
defects

Surface defects, rail head
internal defects, rail web
and foot defects

Rail head, web and foot
defects

Surface breaking defects

Rail breaks, wheel burns,
squats, wet spots, worn
rail profiles

Surface defects, rail head
internal defects, rail web
and foot defects

Broken rails, rail gaps
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Reliable manual inspection but can miss rail
foot defects. At high speed can miss surface
defects smaller <4 mm as well as internal
defects particularly at the rail foot

Reliable in detecting surface defects and
shallow internal rail head defects although
cannot detect cracks smaller than <4 mm.
MFL performance deteriorates at higher
speeds

Reliable in detecting surface breaking defects.
Adversely affected by grinding marks and
lift-off variations

Reliable in detecting corrugation, rail head
profile missing parts and defective ballast at
high speeds. Cannot reliably detect surface
breaking defects at speeds >4 km/h. Cannot
assess the rail for internal defects

Reliable in detecting internal defects in welds
difficult to inspect by other means. Can miss
certain transverse defects

Reliable for surface and internal defects. Can
miss rail foot defects. Adversely affected by
lift-off variations

Reliable in detecting large transverse defects
(=5 per cent of the overall cross-section)

Reliable in detecting internal defects. Can be
affected by lift-off variations of the sensors,
difficult to deploy at high speeds

Reliable in detecting and quantifying surface
breaking defects. Cannot detect sub-surface
defects. Very good tolerance to lift-off
variations

Limited experiments. Cannot detect any
internal defects

Limited experiments. Can only be applied at
predefined areas. Can miss non-transverse
defects or small transverse defects

Limited experiments. Possibly capable of
detecting large internal or surface-breaking
defects (i.e. =50 per cent of the cross
sectional area)



Table 10. Comparison of theThree Common Detection Technologies Applietb Rail Inspection
[extension of Reérence200 Table 1]

Eddy Current

Ultrasonic

Vision

Good at detecting surface
defects

Poor at detecting surface
defects

Can detect only surface
defects

Near subsurface defects
reasonable to detect

Near subsurface defects
difficult to detect

Near subsurface defects
cannot be detected

Deep subsurfaceeflect
detection is impossible

Good subsurface defect
detection

Deep subsurface defect
detection is impossible

Can detect through surface
layers

Grease and films are
problematic

Surface layers hide most
flaws

Probes are less sensitive t
flaw orientation

Signal is strongly
influenced by flaw
orientation

Detection sensitive to
lighting sources

No couplant needed

Couplant igypically
required

No couplant needed

Probe can be made wide
and profiled tacover wear
face

Defect must be on probe
centre line

Wide field of view allows
full coverage of rail wear
face

Faster inspection speeds

Slow inspection speeds

Fast to very fast inspection
speeds possible

3.1.1 Eddy Current

Eddy current inspection is successfully applied in a number of industrie{lepipeline,
aviation andrail), because it is robust and relatively straightforward to use.

As described ifReference200, the eddy current approach works as follows:

Typical eddy current sensors comprise ongteg and one sensing coil. An alternating
current (AC) is fed to the exciting coil in order to generate a magnetic field near the
surface of the rail head. Changes in the magnetic field cause eddy currents to be induced
just below the surface of theirhead. Changes in the secondary magnetic field

generated by the eddy currents are detected by the search coil in the form of an induced
voltage. If the inspected area is free of defects then the impedance of the eddy current
sensor remains constant. Wever, when a neasurface or surface defect is present in

the rail head, the eddy currents are disturbed causing fluctuations in the secondary
magnetic field giving rise to changes in the impedance. Thus, during manual inspection
for nearsurface or sudice damage of the rail head with eddy current systems the
operator looks for any changes in the impedance signal recorded in order to detect the
presence of defects.

Because¢he eddy currentpenetrate only into the skin of the target sample, satfaceand
nearsurfacedefectsare examinedFrom a practical consideration, the eddy current system is
very sensitive to changes in the distance between the coils and the target, so a consistent standoff
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is required. Typicallythat distance isi2 mm, whichis difficult to achieve at high speed on
rough rail and with continually varying rail head shapes.

Cracks associated with tongue lippingcause oplastic flow at the gauge face of the rail can be
reliably detected with eddy currentsigure35).

" Rail Head

— —
7 ™ Crack
present
Breakage
g e risk
£ g ks develops
forms

Figure 35. Eddy Current SystemsCan Detect Lipping at the Gauge Cornerof Rails [200

3.1.1.1 Walking Stick

Three examples of commercially availablidycurrentbased walking stick technologies are
shown inFigure36.

3.1.1.1.1 TSC ACFM® Walking Stick System

ACFM é is an electromagnetic technique based
significantdifferences from conventional eddy current techniques. The probe contains an

integral field generator that induces a minute current to flow in the surface of the rail head.
Through use of a constant current generator in the instrument and special deaiginducer

in the probe, the currents under the probe are uniform in direction and strength. They do not
penetrate deep into the rail but instead run in a very thin skin (r0rildeep) in the surface of

the rail. Defects in the surface of the raistdirt these currents and this is reflected in changes to

the magnetic field just above the surface. An array of sensors is located across the rail head and
monitors any disturbances in the magnetic field.

® See www.tscinspectionsystems.co.uk.
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A) The TSC ACFM walking stick B) NEWT Eddy Qrrent based walking stick

NOOSHINDL

C) Rohmann Drasine trolley

Figure 36. Three Different Commercially Available Walking Stick Crack Measuring Systems

The ACFM Walking Stick is an integrated trolley, containing an alternating cuiieddt
measurement (ACFM) array probe, instrument and laptop PC, which is pushed along the rail by
an inspector. Data is displayed in real time on the PC screen and stored as a permanent record
of the inspectionState of the art software uses easy tardsplays and powerful processing
algorithms to automatically interpret the datihe ACFM Walking Stick does not suffer from

some of the problems of conventional Ultrasonic inspection techniques where large numbers of
defects can render a rail uiestatbe. With ACFM, the deeper the crack, the larger the response.

An updated technical documeng, 281] suggests that the development of empirical
correlation factorspecifically for rail types of cracks have significanttyproved the model
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reliability but admits that #Athis iIis a quant.

be collected to not only detect, but also determine the severity of the gracRiecent
experience with the ACFM technique is given in Referé&ice

3.1.1.1.2 NEWT International Lizard °

Lizard® system is based upon a revolutionary field gradient imaging technology (FGI) arranged
in theform of an electromagnetic scanning head enabling the visualization of surface breaking
defects.Its application towards detection, sizing and management of high density Gauge Corner
Cracking for the rail industry where ultrasonic inspection was unabfeetform, was the result

of a government and industry funded project.

The system has full rail approvals for inspection of critical track components with many
thousands of successful inspections performed to date. An additional FGI sensor array is
available for the inspection of switches and crossings, for complete railway rail inspection.

Arrays are available in both manual and electronically scanned versions and are abéeto
through coatings in excess of 8mm.

NEST SoftwareFGI track inspection sysms can rapidly acquire data from kilometers of track
with typically up to fifty thousand defects per kilometdEST provides an essential set of
WindowsE based software to perform analytic
data processig brings other benefits, enabling better fidelity of measurement of defect clusters,
and the ability to report in a format directly of use to rail engine®&&ST scans the

compensated data analyzing the location and magnitude of defects, produciegtaldefbase,
from which various graphical or tabular report forms can be selectadong other facilities,

these range from a visualization of an individual targeted defect to a summary of maximum
defect depth per meter of track. Reports from NEST dbasia for the planning of remedial

work and a tool for assessing either the effectiveness of practices such as lubrication and
remedial grinding, change of wheel/rail profile or the impact of traffic.

3.1.1.1.3 Rohmann Drasine Trolley

At the time of itsesting, the Rohmann system was not specifically designed to cover the entire
width of the head. Its carriage is made to hold two single transdaoer$or this applicatign
onehigh-depth penetrating probe and one counter probe were Asé¢le timeof this reporting

(well after the testing at CSTT) modifications to the system were being undertaken to allow the
same carrier to hold a larger number of probes (prolebhtin total), distributed across the

head of the rail.

The test system is typibatlesigned for the detection and evaluation of defects on or just below
the surface of rails. In addition to defects along the guiding surface of rails (head checks) other
inhomogenities such as corrugation, chatter marks, skid marks and weld seanesfcanc

Thus it is possible to track the development of damages along the surface, optimally plan the
repair and monitor its succes3.he measuring system consists of a raliéinnel eddy current

test instrument and a computer evaluation and analyswgank for the inspection of defects on

or just below the surface of raildt is to be integrated in a raihspection train. Four test

channels are available per rail i.e. there is a total of eight channels for both rails.

® See wwwiizard.co.uk.
" Extracted from &ohmann Drasinéechnical bulletin provided by Rohmann GmbH, 10/04.
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The measuring data of all chaels are guided through an A/D converter and are forwarded to a
measuring computer for each raik LAN in the inspection train forwards the measuring data to
a control computer where they are merged with GPS and&id. Here special evaluation
softwareprovides a preliminary selection of incidents where the rail surface is damadjed.
measuring data are subject to an immediate evaluation. The evaluation software can be
modified to meet the requirements of the end user.

3.1.1.2 fAHigh-S p e e d 0 CuEentGrack Measurements

A technology emerging fronm MagdburgGermanyis high-speed measurements oif isurface

cracks using eddy curreim combination with ultrasonic®f]. The resulting test unit provides

the ability to scan for both surface and subsurface defects at speeds up to 60 km/h (35 mph). The
combined system, utilizing 10 ultrasonic probes at angles of +7@tand four eddy current

sensors focused on the gauge side 25mm of the rail headwis 8hFigure37. Referencé6,

while frequently mentioning rail surface quality, does not unfortunately look at the issue in that
paper. Marketing literature for tipeoduct shows that it can be specifically applied to rail
grindingand is able to measure surface fatigue at speeds up to 30 kph (18 mph).
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Figure 37. The Pruftechnik Linke & Riihe Inspection System Combines Both Ultrasoniand
Eddy Current Inspection on One Train

Currently onboard a Speno rail grinder is a systatied HC Grinding Scannénatprovides

i nformation on t he pchesktype coack[n Thephadtiegpbgodisf of he
the system are to optimize the grinding process bytireal monitoring of the depth of damage

and to document rail conditions before and after grindiFaur eddy current probes per rail
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provide a total 28nm measurement width per raifThe sensors are mounted on a trolley such

that the standoff distance igim, based on a UIC60 rdilead shape. The standoff will vary if

the railhead is worn, with the capability of the sensors limited .t +2mm. The

measurement focus is typigaon the gauge corner where crack development is the primary
concern in Europe. Adaptation to the North American condition, with top of rail and field side
cracking also being very important, should not be an overly difficult challenge. Technical
information on the system is currently sparse but the practical understanding of its use is that
since the signal return varies with the length of surface cracks that by shortening cracks through
rail grinding it can be used to notify whether the grinding pgecde progressing towards the
elimination of surface fatigueAlthough it is difficult with eddy current to know the actual depth

of damage, it is easy to visualize how this information, especially with repeated runs, could
prove extremely valuable in darstanding rates and cause of crack growth and the effectiveness
of rail grinding practices.

l Eddy Current Grinding Scanner - Version 3.6 date printed: 07.04.2008 16:10:11
SPENG INTERNATIONAL
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Figure 38. Example Plot of Processed Datdrom the Speno RailHC Grinding Scanner System

As of the end of July 2010, there is aniatitze being pursued in North America to undertake a
trial on several LS. railroads to validate the technology.

3.1.2 Ultrasonic Measurements

It is generally supposed that ultrasonic techniques cannot see surface asuliaeardefects.

This is appanetly not because the potential does not exist but rather that the amount of noise and
scatter from the near surface signal is so large and complex that the analysis systems generally
ignore the signal associated with the first few millimeters of the udgee to focus on internal
inspection. Referencd0notes that theonventional ultrasonic probes could be used to detect
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larger &4 mm) surfaceoriginated defects such as deep head checks and gauge cackerg;r
although there are reports of ultrasonics being used to monitor surface crack growti®fe.g.

There is no doubt that information exists in the ultrasonic signal related to the condition of the
rail surface but to dateit does not appear to be a subject of active research.

Problems with ultrasonic approaches include thattensitic layesat the surface of a rail (e,g.
because o wheel burnpreventeffedive ultrasonic testing of rail and thidte presence of

larger and more critical internal defects can be shadowed by smaller surface cracks during
inspection. For these reasons, current best practice is to combine nondestructive evaluation with
preventative rail grinding to optimize the traddoétween maintenance cost and structural
reliability [200.

3.1.3 Vision Technologies

A 2004 studyby the National Research Council of Canada (NRE@ncl uded t hat #dAal
high-speed laser and video systemisefor scanning and recording various track features, none

appear to provide a quantitative assessment of anything but the simplest of surface defects (e.g.
ballast spalls) RCFcracks are an ordaf-magnitude more difficult to distinguish than spalls

[165.

Now, MerMec (ltaly) is advertising a comprehensive suite of rail inspection equipment,
i ncl udi ng tcheekinBpeatian syktemh(EHASIThe brochure supplied by the
company does not say muabout the system but it does include an example of the résadts
Figure39). The red highlights in the lower phatentify the cracks that were detected by the
postprocessing algorithms from this imagée MerMec brochure says that:
THIS, through the use of a{wontact optical scanning system, is capable of finding gage
corner cracking in its earliest stage, when rail grinding is still a feasible option, before it
leads to bigger problems.

Although therds little technical description, they do say that:
A unique laser illumination system, developed by MERMEC Group, is used to illuminate
the rail enabling THIS to determine crack dimensions from 0.15mm to 0.50mm, their
angle, length and frequency.

The exarple inFigure39 could beabest case scenamm rail that has apparently a flat head and
well defined cracks. Thiwould probably be sufficient fanonitoring rail for safetybut it can

be expected that detemti of smalkr cracks as required for a preventive maintenance proigram
North America would be a challenge for THIS.

57



Figure 39. Example of theRail Surface Fatigue Data Collectecdby MerMec& THIS

Deutsch et a[46] suggest in a 2004 publication that visual checks combined with eddy current

are an effective approach for inspection of rail. The system they descridmesesan cameras

to assemble a continuous image of the pagsihgvhich is then analyzed with relatively simple
processing algorithms. It appears to be effective wisedin a rail mill, but the authors suggest

that it Acould easily be embedded into a test
preseted systemi t si mpl y doe s n aittpasseathroughrthe ddviectioth e r t he r
devi ce mov e 4460 Vhis stateméneignores ithe many practical implications

involved in developing a field stem capable of dealing with adverse environmental and

vibration conditions, operating around obstructions such as fasteners, joint bars and lubricators,

and distinguishing defects through visual contaminants such as grass, spidersagdeasger.

Althoughmachine vision systems are being applied in railway applications to look at
components like joint bars, rail ties conditi@amd missing fasteners, its practical application to
characterizing surface condition currently appears unclear.

3.1.4 Acceleration and Force-Based Measuring Systems

Measurement of vertical track perturbations such as squats and dipped welds have been the

subject ofrecentstudy in Australia269 and the Netherlandg9, 187]. Short length vertical

geometry defectsnthe order of 0llmm can be detected with an AAI
accelerometers sampled e5@0Hz. The location and sevity of the defects compared

favorably with the manual measurements taken with survey levels, dip gandebe

CorrugationAnalysis Trolley (CAT). In North America, the VTI systen256], based on the
sameprinciples is being used by many railways to identify poor track locatigithoughthey

& See http://www.railmeasurement.com/corrugatmatroughnessneasuringnstruments/cat/
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can measure high impact forces, their focus is generally on bridge approaches, pumping ballast
and short wavelength track irregularities.

3.2  Current Gaps

3.2.1 Surface Defects

The potential of the ultrasonic signal to provide information on the rail surface condition appears
to not have yet been explored.

Eddy current systems appear to offer tremendous potential as the surface crack measurement tool
of the future Handheld, walking stickandtrainrrmounted systems exist but their practical

application to North American rail maintenance practices is far from assured. Demonstrations

and practical experience with these are required.

Vi si on syst e mssTHIS suppbsedysadéfectrsiMace fatigubut it is not at

all certain whether they can do so under the wide range of environmental, rail prafile

surface conditions more typical of North America (than say Europe) and whether they can detect
sufficiently small cracks at all locations across the rail head for use in a practical preventive
maintenance progranDemonstrations and practical experience with these are required.

3.3 Internal Defects

A review by Clark and SingIBp] highlights some of the challenges of rail defect inspection and
suggests that some emerging technologies will eventually help to overcome current limitations.
Theymentionin particular:

e Improved ultrasonic systems with novel sensocgaents and phased array applications.
The latter allows an image of the defect to be created to improve in identification and
sizing.

e Laser ultrasound using laser pulses to impart ultrasonic energy into the rail, this
approach allows for noncontact &ation and remote sensing, which it is anticipated will
allow for progressively faster rail inspection systerRgeferencel45details an
application of the same technology for detecting surface breaking dnaclisvay
wheels.

e Guided ultrasonics whereby the whole crosection of the rail is flooded with
ultrasonic energyand seneéindreceive sensors allow transverse defects to be readily
identified.

¢ Magnetic sensors (induction)for the rail web and faoshow a strong ability to detect
flaws, but practical application is hampered by the mechanical obstructions (joint bars,
lubricators, etc.) present at these locations.

e Neural network processing of rail detection datontinues to suffer from unacceptgb
high rates of false positives.

From a hardware perspective, a successful RCF management system ie likellyde a range
of detection technologiesEddy current can be used to detotll surface breaking cragks
whereasvision systems may findrale in detecting, measuringnd categorizing rail condition
for the purposes of scheduling maintenance on well understood &ddy current crack
measurements are likely to be applied in the calibration of vision and other syktirasonic
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systemswill continue to be applied to detect internal defects, ideally at a small size before they
pose an unacceptable safety hazard.
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4.  The Influence of Operating Parameters

The key factors controlling the developmenR&F, as discussed throughout Sectare
illustrated inFigure40. The effect of each will be discussed and approaches for mitigating their
impact, if appropriate, will be given.

Fatigue
§4.1 Properties 3225
—i Metallur }4— Inputs
2y Hardness |[§4.1.1 E
Track curvature
Super-elevation
Wear §4.1 Grade
ReSiStance ’ Train Speed
Rolling Contact Annual tonnage
Fatigue (RCF)
1 “ Traction demand | §4.2
§4.2
Material |, - Truck/bogie
$47 1 attrition Traction | characteristics | >4
< Coefficient
Friction §5.5
conditions
Rail Grinding +
Wheel retruing
§5.6+§5.25 §2.1.3 Wheel and §5.2
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Contact | §4.5
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(including |« geometry
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Figure 40. The Key Factors Controlling RCF; The Section Numbers Pointo Relevant Portionsof the Report

4.1  Metallurgy

There is no doubt that improved steel making practices have oveadtibree decades had a
tremendous impact on the integrity of railway componeMtt, although Referere 195

optimistically suggests that a new rail type might s&&F problems for its case study railway,

for mostrailways, improved steel is but one (albeit sometimes powerful) contributor to
minimizing RCF.

Section2.1.5describes the impact of material strength on RCF, with hardness playing a key role.

The benefit of improved steels has not generally been associated with a reduction in required
maintenance. Referen281notes that, although local factors and economic consideration affect
the selection of rail t y p e ofnaintenance meassrésal | at i o
(grinding and above all lubrication of the rails) has a decisive impact on theedée/f rails in

curveso Although the rates of plastic flow, wear and crack propagation are significantly lower
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in softer steels, the steady increase in axle loads has not generally allowed those benefits to
translate into significant reductions in minance.

Although one might expect theduced amount of rail grinding and regauging to translate into
economic return, Reference 30 suggests that the real economic benefit arises because of the
extended life and reduced frequency of rail replacen®dit [For this reason, there is still a

reluctance on many railroads to pay a modest premium for clearly superior performing rail,

because the net savings may not be seen until many years (or possibly depadesngien

traffic volumes) after that initial investment is made.

Referenc&91notes that although local factors and economic consideration affect the selection

of rail type f or axacutiomo$nastenarece measares (grifdiag andt i me | vy
above all | ubrication of the rails) has a dec
Excellent reviews of the evolution of rail and wheel steels can be found in refere8aez6{].

Bainitic rail steels specifically are discussed in RefereB6g33, 226, 233, 238 and288 The

properties of modern North American and European rail steelsuamnmarized ifable1l1land

Tablel12, respectively.

Table 11. General Properties of Wheeland Rail Steels

Wheel Ralil
Production Cast Rolled from ingot or continuous cast billet
Process Wrought Roller straightened
Microstructure  Eutectoidi pearlitic Eutectoidi pearlitic
Class B 277-341 Standard 260280
Hardness Class C 321-363 Intermed_iate 320-340
Premium 360-375
Super 375390
class B class C
C 0.570.67 0.67-0.77 C 0.72/0.82 S 0.037 max
Composition Mn 0.600.85 0.600.85 Mn 0.80/1.10 Cr  0.250.50
P 0.05 0.05 max Si 0.10/0.60 Ni  0.25 max
S 0.05 0.05 max P 0.035 max Mo 0.10 max
Si 0.15 0.15 max

Standard: Plain carboh hot bed cooled
Heat treatment controlled cooled (cc) Intermediate: Alloyed hot bed cooled
Premium: Plain carbonfully HT
Super: Head hardened & mieatloyed
e On line - no reheating of head
e Off-linei head heated by flame or induction
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Table 12. PrescribedProperties of Rail Steels Accordingto UIC 860V 8 [291]

Grafic Chemical composition, elements in % of mass _TCHSIIC Elonga—
of strength, R, | tion A,
steel C Mn Si Cr | P, S, N/mm’ min, %
R0O700 ]0,40-0,60|0,80-1,25|0,05-0,35 - 0,05 {0,05] 680 - 830 14
R0900A | 0,60-0,80 | 0,80-1,30 | 0,10-0,50 - 0,04 |0,04| 880 - 1030 10
R0O900B| 0,55-0,75|1,30-1,70 | 0,10-0,50 - 0,04 {0,04| 880 - 1030 10
R1100* |0,60-0,82 | 0,80-1,30|0,30-0,90|0,8-1,3 (0,025)| 0,03 > 1080 9
* Other alloy elements such as V or Mo, Nb can be applied according to agreement between
manufacturer and the buyer.

4.1.1 Hardness

Rail steels used in common service have increased in hardness from 280 HB to over 400 HB
(Table13? the 260 and 350 HT steels are now used in by far the greatest quamthiesasfor
wheels the increase has been from about 260 to 360 HB. The impact on performance can be
readily seen using the shakedown approach of @e2ti.1.1 Highercontact stresses can be
endured beforsteel will continue to ratchétthat isfor the same §%, increases i allow for
increases in £ Theimproved resistance RCFassociated with harder steels is ably shown by
the many good wits summarized in Referencésl36, and189

Table 13. Standard European Rail Steelsand Their Hardnesseqd291]]

fracture toughness
hardness 12
steel Kic / Mpam Carbon .
rade range Mini | W% Description
g HBW inimum value
single mean
200| 200-240 30 35 0.38-0.62 C-Mn
220 220-260 30 35 0.50-0.60 C-Mn
260| 260-300 26 29 0.60-0.82 C-Mn
260 Mn| 260-300 26 29 0.53-0.77 C-Mn
320Cr| 320-360 24 26 0.58-0.82 1% Cr
350 HT| 350-390 30 32 0.70-0.82 C-Mn HT
350 LHT| 350-390 26 29 0.70-0.82| low alloy HT

European experience with rail steels is timaider rail steel can reduce the rates of crack
initiation, butthey require more rigorous maintenance and are less forgiving than softer steels.
In one field test196], headchecks formed on new 1100 grade rails after 1 month of traffic,
whereas similar cracks developed on UIC 900A gradeaalisafter approximately 2 years of

° These steel grades can be nominally related to the UIC gradlable 12 because of the relationship between
hardness (Table 12) and tensile strength (Table 12). The Grade 700 rail includes hardnesses abot2 E;IN180
Grade 900 includes BHN 25800, and Grade 1100 includes BHN 32860 rail.
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traffic. Evenso,ltey ¢ o n ¢ | u ahenthtertals se¢meditb be similarly sensitive to crack
initiation but the 1100 grade rail was more sensitive to crack propagation and also more sensitive
to the formation of headcheck cradks

There is no doubt thainh terms of life exension, the greatest impact of improved steels has been
its resistance to gauge face wear. Laboratory testsI8%.have shown that in unlubricated
wear,headhardened rail steels can reduce gauge face ragss by a factor & when compared
with Standard rail. Under wellibricated conditions, theeadhardened rail specimens wore at
half the rate of the Standard carbon rail specim&eenfull-scale rig tests show the wear
average wear resistanceRB50MHT rail isapproximatel\2.2 times that of R260HB rai2pg,
whereasthe resistance of the 400HB UC (ultrahigh carbon) rail wear is double again that of the
350 MHT. Results from the field tests areslegell definedbecausehe lubrication and/or
contamination of the rail cannot be controlled to the same degree as in the laba&8ory [

Conclusion:

For a given raimicrostructurge.g, pearlitic or bainitc), increased hardness is associated with
reduced wear and increased resistance to plastic flow. In siiatipoor wheelrail profile
matching, the more forgiving softer steels are less likely to catastrophically fail. The notorious
Hatfield derailnent involved é850-MHT rail that shattered into many broken pieces, a failure
that was presumed to have been less likely with a softer rail.

Along with properrail profiles @ppliedeitherduring initial manufacturer through rail
grinding), harder railteels haveplayed a strong role in the thrésd increase in rail life since
the 1960s.

4.1.2 Cleanliness

Rail cleanliness is judged according to the amount and distribution of soft inclusions, hard
inclusions and entrapped hydrogen. In the most galrterms, soft inclusions increase wear,
hard inclusions are associated with subsurRC€ defectsand entrapped hydrogen is
responsible for some internal defects.

Wear resistance of rail is adversely affected by soft manganese sulfide incla§igneith

clean steel outperforming standard steel by a factor of approxinzat8lylfide inclusions may
also contribute to the initiation of RCF surface cra®@@, [paticularly in the softer grades of

rail steel. In either case, plastic flow from asperity contact elongates the sulfide inclusion and
effectively forms microscopic cracks within the surface layer, weakening the steels.

Hard inclusions or stringers of indions, typically of aluminailicate composition, have been
implicated in the development of subsurface initid®€&F defects P2, 267]. Inclusion stringers

are stongly implicated in the formation of vertical split head23], deepseated shellR267],

and in particular, transverse defects from the gmsgpted shellsTestingand correlation in

Russia 234 found that the fatigue limit of rail steels increased with decreased inclusion size and
number, especially alumina inclusions. A similar conclusion is reached in Reféfemdach

shows that an increase in the size of inclusibas a dramatic effect on the resistance to fatigue
initiation (relative fatigue limitseeFigure41). Sectionl.3.8notes that hard alumina inclusions
are implicated in the preponderance of shattered wheel firekd testing has shown that the

formation of subsurface defects 26&aneasur¢af cal | vy
the length of oxide stringerssubsequent work by Clayt@nd others]32, 154, 266 suggests
thatthe defect rate closely correlatestothesal | ed ACI . aywbncNumbedepenc

the oxide volume fraction, hardness, and Sugino Index.
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The much greater care to minimize the presence of hydrogen in the bloom has mitigated the
development of hyargen shatter cracks (also called fesfe cracks) that lead to the formation of
kidney shaped transverse failures.
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Figure 41. The Effect of Increasing Inclusion Size/Diameter(d/d,) Is to Dramatically Reducethe
Relative Fatigue Limit (Q/Qy) [6]]

What does the future holds for further improving steel cleanlin@disrail is vacuum degassed

which is effective in eliminating hydrogen and coupled with a requirement to test everypbatch

rail both ultrasonically and (samples) destructively has eliminated many of the vertical slit heads,
split weh and other problems that have arisen in the pdsist of the wheel producers algse
vacuum degassingjthough the North American wheelamufacturers do notCurrent thinking

is that nrany wheel failureare related to large inclusions (ergfractory materials) that are not
properly detectedly the statistical sampling methods currentsgd

While in general cleaner and cleaner sterlstst improved properties, the focus seems to be
instead on improving yield strength through alloying, heat treatmemdsalternative
microstructures.

4.1.3 Steel Type

Rails and wheed are typically composed fromanganese, pearlitic, bdiie, and marensitic
steels.

e Manganessateelsare used primarily for special trackwork itethat are subject to repeated
heavy impact loadingsuch as frogs and diamonds. Manganese steels have elongation up to
40 percentand under wik hardening achievieardnes®f approximately6O0HB. Their
greatest strength lies in their resistance to chipping and breakage, having a fracture toughness
up toapproximatel 8 5 MPa/ adam (compared with around 40 |
Section2.2.5.

e Pearlitic Steels have a duplexusture, consisting of iron carbide @& platelets with a
carbon content of 6.6Fercenin a soft ferritic matrix with carbon content below
0.02percent In rail and wheel steels the duplex structure has a net carbon content ranging
between 0.4 and.1percentwith eutectoid steels (0. f¥rcentcarbon) being the most
common. The hard carbides provide good wear resistanbereasthe layered structure
provides inherently good resistance to deformation and crack propagation.
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A) As-manufactured B) Showing ratcheting deformation at the rail surface

Figure 42. The Pearlitic Rail Microstructure Has Layers of iron (black) and Iron Carbide (white); The
Carbide Spacingin the asManufactured Sample Is Approximately 0.3 Micro ns

e Bainite is also a duplex material composed of ferrite and iron carbide in a-tikedle
structure. Compared witbearlite it exhibits higher toughness and hardness.

¢ Martensitic steels have high hardness but poor inherent toughviasensitels produced by
cooling at much higher rates than other steels and is frequently applied in tool steels. It is not
generally recommended for rail or wheel stelelg limited applications have been tested,
including experimental wheel and rails.

It has been founthat within the class of pearlitic steel, wear resistance increases with hardness.
Steel hardness rises as the carbon content is raised and as the lamellar structure is refined, either
by alloying o6 more usuallg by accelerated cooling given by helaardening processes.

Because wear is perceived to be the main cause of rail replacement, all rails in North America
(and many worldwide) are produced with about 0.75 weight percent carbon and 0.9 weight
percent manganes®ail intended for tangent track amdld curves is routinely produced in the
naturally cooled condition, giving a hardness of approximately 300RH3!. intended to have
especially good wear resistance in curved track is typically produced in thidrekethed

condition, with hardness ind¢trange 340390 HB.

When engineering rail steels to better reRISF, properties such as hardness, fracture toughness,
metallurgical cleanlinesand the state of residual stresses are of primary consideratien.

next generation of harder and toughteels is being pursued through improved steel making
facilities [37, 198, headhardening practiced f], and better ispection techniqug€6, 215.

Improvements to resistance in wear and fatigue have occurred by three primary means:

e Improving cleanlinessWith the bcusprimarily on reducing interstitial hydrogen asdffur
and aluminesilicate inclusions, cleaner steels have significantly reduced the number of
catastrophic failures such as shattered rims, tache ovals, vertical splitdr@hdthers.

¢ Alloying: An example of howthe addition of small quantities of alloying elements into the
steel microstructure can be used to improve material performance is provided in literature
availabl e at onWebsiteai | manufacturer s

Additions of chromium, molybdenum, nickel, silicord arany other elements can be added
to the steel content to improve material properti€siffin's patentpending micrealloy

Class C steel contains chromium, silicon, and molybdenum to improve high temperature
material properties.The micrealloy compodion is still within the AAR specification for
Class C steel. Chromium is a solid solution strengthener in the ferritic zone of the fine
pearlitic microstructure, which increases the yield and tensile strergthddition,

chromium is a strong carbiderimer and provides hardenability in quenched and tempered
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steels, both, which improve wear resistance. However, the amount of chromium used is
limited due to adverse effects on ductility. Molybdenum is also a solid solution strengthener
of the ferritic zme, strong carbide former, and increases hardenability with minimal effects
on ductility. Furthermore, molybdenum suppresses temper embrittlement. Silicon is added
to increase strength with little sacrifice in ductility and promotes "cleaner” steeldwia

for more uniform ferrite grains.

¢ Microstructural refinements: refining pearlite spacing increases the hardness of pearlitic
steel which in turn improves wear resistance. Fine rstmectural refinements to avoid
detrimental products at the grdinundaries are being pursued in the U3AJ.
Manufacturers continue to refine the pearlitic steels for improved performance through
increased carbon content and advanced head hardening processes.

4.1.3.1 Pealitic Steels

Further improvements in the RCF performance of pearlitic rail steels is coming from ongoing
refinements to the microstructur8awley® suggested that one should avoid proeutectoid ferrite

(grain boundary ferrite)ecausehis was implicateéh squat defects in older British rail steel

which had a carbon contentadproximately0.55 weight percent He noted a suggestion from

Paul Clayton whpon the basis of microstructural observatidraieved that the grain boundary

ferrite acted as piees of weakness when deformed at and tinearail surface.That is, cracks

appeared to follow the ferrite planes. An older draft European rail specifica8pin¢luded a
requirement thaiNo continuousclseed f erri te network éshalll be ¢
measured anywher e o®&Maddiirg by Feanklin etaErg supperts this a c e é .
recommendationRecent work in North America reports tliap +eutectoid cementite (a hard
product) is one of the most de&iJrandihatnt al const
eliminating this constituent and nonmetallic inclusions, coupled with further refingoietite

pearlitic lamellaeadditionalwear and fatigue improvements can be achieved.

4.1.3.2 Bainitic Steels

Laboratory studies consistently show ttiat a given level of hardness, pearlitic steels are more
resistant to RCF than are other structutehsas bainite and martensig[136. However,
althoughpearlitic steels have a maximum initial hardness of a#@Brinell, bainitic steels can
be manufacturedith hardnesspproaching 460 HB' Although it is generally agreed that the
wear performance of bainite is poorer than pearlite, the view is by no means ungmmgpRg,

32, 2264. Pointner R07] explains that this is probably due to confusion in defining the bainitic
structures themselves, with a variety of structures beailgd that same name. Upper and lower
bainite are two classical forms, where upper bainite has generally poor properties and lower
bainite having excellent strength, toughnessl RCF resistance, even when compared with fine
pearlite. The RCF performace of bainitic structures has been demonstrated in both laboratory
[299 and field R7, 86, 226 to exceed that of pearlitéVork continues [e.g17] to explain the
performance of different rail steels.

10 personal communicath with the author in 2005.
11 personal communication via email from D. Szablewski, AAR 07DEC10.
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4.1.4 Layered Steels

The addition of coatings onto wheels and rails has beencaadbgesearch foat least thgast
coupledecades Clayton refers to plasma spray coatings sel#flubricating metal coatings and
bonded lubricants3)] for the purposes of reducing wedtard deposits]97 and surface
hardenind 186, 205 have been appliet rebuilding thin wheel flanges or for hardening the
wheel flange dce, the area subject to highest waResistance tRCFhasbecome a more recent
objective

In Europe, an extensive projagasu nder t aken t o evaluamatthe apeér f
rail [77,100. A commercial lasecladding technique applied hard surface coatafg

approximately8 mm (©neeighth inch thickness to 10neterlengths of rail. The cladding

materialwas applied to the gauge side of the oaiera width varying from 0.6&ch (17 mm) to
approximatelyl inch (26 mm). The initial HV of the rail and two materials trialed were 295,

390 and 530, respectivelyAfter approximately7 MGT of heavy haul trafficthe surfaces

hardened to 360, 548nd 6D HV, respectively The width of the applied layer was found to be
critical. The thinner band wamsdaforgiudirhl ctack A s | i
developedt the boundary with the uncoated surface st€lé wider running band exhtied no

such problemslt appears that the testing and monitoring did not continue beyond the 2003 end

date of the study. A summary of the projet3][found that there was insufficient evidence that

the addeaost of the layering process could be justified by reduced maintenance costs (although

it appears that interest remains for applications in noise reducfiosi)bsequent proposal to the
European Union to fund investigation into the repair and mainterdrooated rails was

unsuccessful.

4.2 Traction Coefficient

Creep or creepage refers to a small speed difference between the contacting wheelfaod rail.
example positive or negative creepage and mstippexistbetween wheel and rail due to driving
torque or braking of a wheeBimilarly, creepage, also in the longitudinal direction, develops
because ofolling radius difference, usually from lateral displacement of the wheelset in curves.
Yaw misalignment or angle of attack, also present in curess|ts in lateral creepage and

microslip that gives rise to traction force perpendicular to the direction of trakel.

relationship between creepage and traction force, regardless of direction, is sirogumed 3A.

This figure also shows the approximate extent of microslip within the contact patch (a circular
patch is depicted for illustrative purposes). For free rolling of a wheelset with a cylindrical tread,
there is no creepage and the microslip withim ¢contact patch is limited to the exit region of the
contact patch. When the relative velocity between wheel and agbisximatelyl percentor
larger,the microslip overwhelms the entire contact patch. The amplitude of traction force
comparedvith normal force is then equal to the limiting friction coefficieantd the contact

patch is said to be in the state of full or saturated creepduelevel of creepage at the wheel

rail interface depends on the curving and traction demagsisecially insharp curves, where

the restrained wheelset takes a large yaw angle to the rail, lateral forces rise asymptotically
toward the limiting friction valueKigure43B). Note that the L/V exceedsP in Figure43B

because of the wheel tread conicity; even in the absence of creepage forces, the wheel tries to roll
the rail outwardas a result ofravitational loading.

Since the tractive force has a limitiague of uP, an anglef attack and lateral creepage in
curves reduces the maximum tractive effort that can be achieved in the longitudinal direction.
This is the premise behind steerable trucks on locom@tittes reduction in yaw angle allows
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for greater dngitudinal traction.However,from the perspective ®8CF, what mattesis the total
tractive effort (the vectorial sum of longitudinal and lateral creepadegiire44 shows that
even though the longitudinataction coefficient has typical values of less than 0.3, when the
lateral creepage is included the net traction nearly doubes [

As noted in Sectiof.1.], surface tractions have a profound effect ordik#&ibution of

compressive, tensiland shear stresses within the contact patch. The most notable effect
concerns the position of surface and subsurface shear stresses. Once the traction/normal force
ratio exceeds the value of approximately 0.26, gekshear stress is at the surface and acts over

a very thin layer. This stress rises rapidly with increasing traction and accounts for the rapid rate
of RCF crack development under high tractioAthougha doubling of wheel load increases

the peak nanal stress bypproximately27 percenta doubling of traction coefficient from 25 to

50 percentincreases stress by p@rcent Thus the higher the traction force, the faster the

initiation of microcracks.

Tractive forces at the contact patch are goseioy a wide range of factors including friction
conditions, wheel and rail profiles, cant deficiency, track curvature, wheel loads, wheafithse
suspension parameters. The resulting longitudinal and lateral creepages impact the rate and
orientation ofsurface cracks (sdagure45). Surface cracks initiate perpendicular to the
direction of the averagesultantcreep vector. Longitudinal cracks are thus generated by lateral
creepage in sharp curves. Inclinedaks are generated by mixed longitudinal and lateral
creepage in intermediate or mild curves (SCLRigure45). Observations of the fatigued
wheeltread, coupled with an understanding of curving requiremente/aeelset kinematics
allows the following general statements to be made:

e The direction of plastic flow is opposite at either side of tangent track running band.

e The lateral component of plastic flawg a result ahear stress from lateral tractions aleay
points towards tangeittack weatsband (center of the wheel tread).

e The direction of the longitudinal component of plastic flasva result a§hear stress from
longitudinattraction forces (when in contact with rail) always points in the directiorawvék
when at flange root and opposite to direction of travel when at the rim side of the wheel.

Microcracks develop most rapidly when the whesll interface is subject to a high friction
environment. Although this is typical of dry climates, the siemdbusly high wear rates

exterminate many of those cracks early in lidowever,in wet climates, microcracks may be
generated almost instantly during the dry period that follows flushing of the-waheiiterface

by water (rain or snow) whdriction () reaches levels of 0.6.7. Subsequent propagation can

be very rapid in the next moisture cycle and depends on the directionality of longitudinal plastic
flow and associated orientation of cracks. Any water in track becomes trapped on the rim side of
the wheel and squeezed out of the flange root area of wheel tread. It is from this mechanism that
cracks on the rim side of the wheel usually propagate faster than those in the flange root.
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Figure 45. Surface Traction and Subsurface Plastic Flowi Longitudinal and Lateral Traction Directions for
RCF Crack Initiation at Different Locations on the Wheel Tread, One or Several Distinct Bandsof Cracks
May Appear as a Result ofContact with Tangent Track (TT) or the High Rail (HR) or Low Rail (LR) of
Sharp Curves(SC) andMild Curves (MC)

This mechanism applies equally well to crack development in r@ifece the creepages on the
wheel surface shown figure45 are equal and opposite oretrail, the crack orientation is

similar on the rails, but with material flow in the opposite direction. So whereas the water fluid
mechanism exacerbates crack propagation at the field side of the wheel, it is worst at the gauge
corner of the outside radind top of low rail.

4.3 Wheel Loads

Normal contact stress is a function of four main factors; wheel diameter, wheel load (including
possible dynamic loading), the transverse rail profile and the transverse profile of the wheel.
Accor di ng stiocortaetequatiéntedeubliag of wheel load will increase contact

stress byapproximately27 percent a tripling increases contact stress bypédcent If, with

respect to the strength of the material and traction coefficient, this increadecisrsub place

the material beyond the fatigue boundaries, then the consequences are indeed dire. Fqr example
a 10percentincrease in contact stress (fronr830 to 3640 MPa) decreased the fatigue life by a

factor of about 2 for nontreated and heatated rail steel2BH under pure rolling conditions

the laboratory.

Althoughthe nominal static wheel loads are generally set by commercial concerns and limits on
track infrastructurgoftenbridgeg, managment of dynamic loads has the potential to reduce
dramatically the incidents of broken rdil6§, broken wheels and wheel shelling in particular.
Dynamic wheel loading associated with flat spots oradtround wheels, poorly straightened

and aligned rail, insufficient tie support, rail and wheel corrugation, dipped welds, poorly
maintained turnouts, efcan be detected and managed. Uneven loading, poor cant selection
[106 and poor truck/bogie wheel load equalization capabilities are further contributors to wheel
and rail damage. As noted in Refere@0gthe reduction of dynamic loads and more even
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spreading of stiss is an approach to either limiting rail damage or allowing for greater static
wheel loads.

4.4  Truck/Bogie Characteristics

Truck Suspension atruck with stiff plan view suspensiaesists displacement of the wheelset
with respect to theruck frame. The more flexible the suspension, the greater the potential for
favorable steering moments to reduce the yaw angle in curves and thereby reduce RCF.
However, a more flexible truck has a greater ability to respond to unfavorable steering moments
and increas the yaw angle2[7g, especially in the case of trucks that have been poorly
maintained and are running with a number of wouh components. A number of trucks have

been developed to improve upon the limitedving performance of the standard thysece

truck but with improved stability in tangent tracp, 230, 245.

A study from theUnited Kingdom[217] to examine the potential of modifications to the primary
yaw stiffness for reducinBCFE

€ demonstrated potential cost benefits for the GB rail industry from modifying vehicles
to reduce PYSThe costenefit for the CI357 with a 33% reduction in bush stiffness was
particularly robust, as the change to the vehicle required no extra mainten@iheecost
benefit calculation suggests possible overall saving to industry of ar@ftth@&usand

($97 thousandrom year 3 onwards for CI357. The possible savings indicated for Mk4
suggest a possible overall saving to industry betweenniillibn ($0.8 million)to £2.5
million ($4 million)from year 3 onwards.

In a freight environmentyork has been performed in the Brazil, North America, China, South
Africa, and elsewhere to quantify the benefits of improved trucks with respR€Fro

The workin Brazil [283 found that a framdraced truclkshould theoretically halve tractions in
intermediate (878 radius) curves and reduce Vialues to below the damage threshold level
required to initiate RCF. The field service results showed that tread and flange wear were
30i 50 percentower for frame braced trucks compared with standard trucks, while nearly
60 percentof test wheels ostandard trucks showed RCF damage compared with only
3.5percentfor the frame braced truck over the sam&@88mile (136,000 km) interval. The
net effect on wheel life is projected to béoar-fold increase.

In North Americathe CPRfound that seksteering trucks on its (captive) coal fleet considerably
improved wheel performance, providing a3 centincrease in average wheel life in a system
where the primary cause of wheel removals was sh¢lli8g. Besides the wheel

improvements, CPR aldoundfuel savings measured during controlled te$t4der adoption of
advanced trucks in North America is stymied by the fact that the bulk of the benefits are seen to
fall to the infrastructure owners, but tbests of their implementation falls to the rolling stock
owner B1].

In Ching approximately75 percentof freight car bogies are offeamebraced designlo4].
Cortinually developing understanding of the effects of bogie characteristics on theraiheel
interaction is the foundation for subsequeéesign, manufacturand maintenance of bogies
[298.

In South Africa high rates of wheel wear prompted the introductiosatksteering mechanisms
in 1975 that included rubber pads at the journal boxes coupledngbbracing linkage$23Q.
Development of theelfs t e e $chdflebogi®® h as b e p.g, 84 andis a keyy

feature of the South African approach to minimizR@F[79].
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Swedish engineersafterevaluating the poteratl of improved trucks to minimize infrastructure

damage and maintenance costs on their ore lines, experimented with radisesaiy trucks in

the late 1990s193. Many complications arose related to sramd ice 81] and their effecton

the steering linkages and braking systems that contributed to unsatisfactory performance of those
trucks in operationThat has not curbeSwedishenthusiasm for trucksthatee mor e At r ac k

friendly0 as il Il ustrated by -linksugpensionpntwealewagoosh | nt o
[24]].

45 Track Geometry

As noted by Smith444] , ffdatoresaof track geometry can enhance stresses by dynamic

effects and can therefore be instrumental in initiating fatigue cracks attertocations along
the trackd On the Network Rail systermodeling found that the probability of RCF clusters
arisingbecause dfrack geometry variations wasrongfor shallow (1000 2,250 m radius)
curves at balance speetf]. Field investigations found that discrete alignment errors, (@ad.
weld) or short sectionsf poor track geometry were the cause of local patches, or clusters, of
RCF [265. In contrast, the addition of track perturbations khlynamicmodels reduces the
calculated fatigue damage waeelsbecausehe distress is more evenly spresmioss the wheel
tread pg].

The additional sideways load on the truck from cant deficiency changes the orientation of axles.
Increasing cant deficiency in freight railroads lieeen demonstrated through modeling to
contribute to a reduction in RCF generation, primarily because ofédueedoverall creepage

that arises as the truck realigns itself in curves to address the unbalanced laterédffoiice [

the case ofigh-speed trains running on mild curves with large cant deficiency, both the leading
and trailing wheelsets offset heavily to the outside rail, sometimes to the extent of flanging
(depending on the profiles)Xhis lakral shift is much greater than when running at balance
speed in the same mild curve. The result is increasing (longitudinal) tractions with cant
deficiency and high potential for RCF of the rgiduge position on the rail.

On freight railroads, track geatry error such as tight gauge and crosslevel errors introduce
localized RCF defects (sé&gure46). Such errors are associated with increased contact stress
(because oihcreases in dynamic wheel load) andreased concentration of wheel passes, both
of which increase fatigue rates in the vicinity of the geometry error.
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Figure 46. Track Geometry Errors Contribute Directly to Many Instancesof RCF. A) Gauge
Tightening over a 6-Foot Length of Track Otherwise at Standard Gauge Leacdto a Localized Bandof
Gauge CornerRCF; B) A Poor Ballast Shoulder Ledto a Crosslevel Error and the Formation of a
DeepSeated Shelbn Tangent Rail

46 Wheel-Rail Profiles

Wheetlrail contactvaries in position, amplitudand consequence with the profile shapes and
degree of track curvature. The rail profile at any location in the track has to conform to the
combination of new and worn wheel shapes that pound the rail at that lodatiengent track
the focus is to promote stability and sometimes to protect against crushed heads-cogaerge
defects. The lowail design must minimize contact stress and ideally improve steering. The
high-rail designmust provide sufficient relief tovaid gauge corner defects (especially in high
axle load systems) and yet promote steering to control wear and RCF.

Besides reducing RCF of the rail, a family of rail profiles that contact the wheel at different
running bands will provide a significant kedit to the wheel.Rail profiles designed to spread
wear on the wheel slows the development of a false flange or geometrical stres@%djseX [
properly designed system of wheaell profiles that controlstress and wear provides for
durable, stable, and optimized wheail performance.

It should be noted thagince wheel and rail profiles cannot be changed instantaneously, the
transition from current to new shapes must be properly considered duriilg gesign and
subsequently managed during implementation.

4.7 Wear i Material Attrition

As noted in Sectio@, newly initiated surface cracks are a fraction of a millendeepand

propagate at an angle afE° to the surfaceThese newly initiated ecks generally propagate

at a relatively slow rate, then much faster at the intermediate lengppraximately5i 10 mm

and depth ofpproximatelyli 3 mm. At greater length and depth, where the contact stresses are
less intense, crack propagation proceatia slower rat€p).

As these cracks are propagating into the suridbe same timéhey are being truncated by
either natural wear or machining processes such as whieglrrg, abrasive brake shoes,rail
grinding. Regular réruing of wheels to an optimized shape has increased wheel life by more
than 50percentn Australia fL09, pages 4.31.5], South Africaand Canadall3(. Abrasive
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brake shoes, such as those with cast iron inserts, can be effective in scrubbing metal from the
wheel tread to remove incipient fatigue cracks as well as vgtidel damageOne manufacturer
reports? that after field testing inweing three unit trains operating over the same route for

3 years, 20 wheelsets were replaced for shelling on the one trainset completely equipped with
brakeshoes having casbn insertswhereason two otherwise identical trainsets with standard
composie brakeshoes, the average number of wheelsets removed for shelling was 119.

Some railways have dealt temporarily with RCF issues by simply turning off the rail lubricators.

The resulting very high rates of wheall wear can scrub visible RCF from thearfaces but at
the expense of increased plastic flow, uncontrolled wear, unfavourable profile changes and
increased fuel consumption. Furthermore, upon restarting of the lubricators, the extensive
system of surface cracks that developed under dry figiiopagates rapidly with grease
contamination.

A more effective approach is to use lubrication to control wear and through rail grinding
frequently remove a small amount of the rail surface material to truncate existing cracks and
remove very shallow daage. The optimal strategy is to remove just the right amount of metal
to control both surface and subsurface ciiaitlation and to remove short cracks while the rate
of propagation is still sl ow. Thi sRmeetal

[131] (Figure4?).
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5. Management of RCF

Good reporting andontrol systems are essential for the safe and effective managerReZit of

Unfortunately, inspection reports are often filled out by persons who are not experts in rail

failure and who are often under severe time pressure to repair the Yetakonetleless, a good

record will contain at least the following management information for each dgeographical

location, damage type, route, track (glgor 2), rail (e.g.east/west, north/south, high/loar,

left/right), rail stamp (metallurgy, year ofanufacture)andcurrent state of rail weaiThese

reports can then be used to assemble a statistical picture of rail failure causes and trends and

hence provide clues to appropriate remediaspection and maintenance schedules can be

adjusted to béocation specific and maintenance actions prioritized to ensure the most efficient

use of resource2().

In the Netherlands, statistical methods areuseddov e | op a fidamage number o
D =Drx Dsx Dp x Dt

whetre Dr is related to the curve radius, Ds to sleeper type, Dp to rail profile, and Dt to traffic

type [L01. The parameters Dr, Ds, Dand Dt are determined through statistical coti@ba

with a large databagbatwarehouses RCF visual inspection recor@s. the basis ahe

damage number, grinding priorities are assignde inclusion of a few additional parameters

(such as grade, metallurgy, weld quality, prior maintenance praatceswith regular upating

might provide a useful and ongoing approach to mandg@igin North America.

Severalother visions are emerging for technologies that may considerably improve the reliability
and accuracy of RCF detection and treatment, reduce theundstmprovesafety with respect to
RCF. They are discussed in the following sections.

5.1 RCF Damage Model

Computerbased predictive models of several forms are being derived. In Eesapamely
comprehensive systems are linking multibody vehicle dynamic, whiéebntact, track, crack
initiation and propagation and deformation models to predict the evolution of RCF on the rail
[e.g, 116 293. These have since migratedNorth Americale.g, 214.

The current state of the art with respect to modeling the developmRatraklates damage to

the sliding energy dissipated at the interface. Sthealled wear number §) is simply the shear
force or traction (T) at the contact patch multiplied by the normalized sliding distance (creepage
v). For low values of ¥, there is insufficient energy at the contact region to cause damage, and
the fatigue life is essentially imite. As Ty increases, fatigue cracks can initjated the fatigue

life decreases. At very high values of Wear dominates and existing RCF can even be
removed. There is a value of Where the wear rate just balances the rate of fatigue initjation
and the fatigue life is again infinitéhis series of circumstances is illustrated by the RCF
damage function ifrigure48. The RCF damage function is simply the reciprocal of the number
of cycles to fatigue,uch that a value d implies infinite fatigue life and a negative value
represents conditions under which existing fatigue is being worn altee/specific curve

shown inFigure48was derived for steels commonligedin the UhitedKingdom FRA is

currently sponsoring work to calibrate the curve for class B (passenger car) wheels running on
premium rail steelsSince T can be readily calculated in various multibody dynamics models,
the damage model can be easilcorporated in a post processor.
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Figure 1: RCF fatigue damage function used in the analysis

Figure 48. The RCF Damage Function(1/N; the number of cycles to failure) as &unction of
the Wear Number Ty [15]

As noted in Referenc#8, the shortcomings of this model a® follows

¢ It must be recalibrated (against field data) for different material pairs and perhaps
operating conditions.

e Contact pressure, which can be expected to have a stréungnicé on both RCF and
wear, is not explicitly considered.

In addition, this model in no way includes the effect of water and oil on the propagation rates of
cracks. Furthermore, rates of wear and possibly fatigue on rails and wheels with contaminant
layers at a given friction coefficient (e.§.3) will be very different from the same rates of
damage under a noncontaminated contact of the same friction coeffibéetel 117]
developed environment competisa factors to account for this differeneehich could be
included if a more advanced model is considered.

5.2 Managing Wheel-Rail Profiles

5.2.1 Wheel Profiles

It is unfortunately the case that the current wAtaglprofiles specified in North Americare

generally poor in that they provide a nonconformal two point contact against most of the worn
high rails and so have poor steering and high slip rates, which exacerbates both wear and fatigue.
The design of a wheel profile for a railway needs to mtteltharacteristics of the rolling stock
(suspension, axle load, speed) and the track (percent of curves, maximum curvature, track gauge,
metallurgy). An optimal wheel profile designed for the system will provide the following

benefits:

e Improved steerig in curves to reduce wear, L/V forces, and RCF. The Cartier Railway
Company reduced wheel shelling byrcentoy adopting a custom wheel profil&3(J.
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[Clglgincreased the life of coal fleet wheels bygEentusing an improved wheel shape
185.

Control of creep forcewas achievethy matching wheel profile curving ability (conicity) to the
curving requirements. A wheel profile designed for thi€.Wailways [L71], called the WRISA2
(and now,shémed aicéhdiderable improvement with respect to shakedown
(Figure49), not so much by reducing contact stress but rathenpsoving curving to reduce
the wheelrail creepage forces.

——Limit- Standard Rail
= = = -Limit- Hardened Rail
——Limit- Empirical
+ New P8 Wheels W51 tread
« Lightly VWorn P8 WWheels W81 tread
Wirisal Wheels WS1 tread

Shakedown Diagram: Mk3 Coach, 1000m Radius Curve
Ground Rail Profiles, High Rail
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Figure 49. A Dynamic Shakedown Plot Summarizes Contact Conditionfor Three Different Wheel Profiles
against theSame Rail Shape Ads Negotiatesa 1,500-Meter, High Cant Deficiency Curve

Besides reductions to rail fatigue, other benefits were designed into the wheel shape including:

¢ Improved stability and reduced hunting by providing an appropriate tread slope over the
tangent running band to control effective conidityangent trackq7§|.

e Reduced damage to the field side of the wheel and the low rail as a result of lower tread wear
rates and by lightly rolling off the field side of the profile to minimize hollowing.

Implementation of a new profile can be accomplished with modest incremental effort by re

truing during the regular turning cycle.

A new wheel profile eventually wears to a shape that is governed by the profiles of the rails over
which it runs. Poor rail profior lowstrength steels limit the benefits that a wheel can achieve

by itself. Yetwhen implemented with matching rail profiles, the benefits are multiplied. The

grinding of rail profiles in tangents and curves that reduce hollowing and help to m#ietain

wheel 6s designed shape throughout i1ts I|ife wi
profile.

The pummeling approach discussed in Sedii@.1can also be applied to the analysis and
design of wheel profiles. Referent@9gives an example of how it is used on the Amtrig-
speed rail system to model wear on various newnard wheel shapes. Many othéave
applied multibody dynamics codes to wear simulatieng,[155, 225 and profile designs, with
increasingly detailed models of the track beused.
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5.2.1.1 Wheel Hollowing

A survey of North American worn wheels in 1998 found that nearly half oht#teesured profiles
showed some hollowness, with more thgreécentof the wheels exhibiting more tham@n of
hollowness 201]. Subsequent analyses with multibody dynamics models showed that the
economic cosfwear, rolling resistance) of hollow wheels to the rail infrastructure merited the
removal of such wheels once they reacheth3 of hollowing R24]. Unfortunately that work

did not examine the contribution bbllow wheels to rail or wheel fatiguand although several
publications [e.g 173 279 hint thatconsequencesould be considerable, it does not appear that
any quantitative analysis hagtbeen undertaken.

The South African experience with wheel profile monitoring systféi®isnotes that errors in the
measurements are common. Sunlight and dirt on the wheel canrgsoltle measurements
with errors that range from obvious to difficult to detect. Statistical methods are required to
avoid an excessive numberfafsepositive values.

5.2.2 Rail Profiles

That rail and wheel profiles have a direct impact on conteetsstind steering, and thereby to
RCF, has already been discussed in Secti@n

In the remainder of this sectiome focus on the approaches taken in practice to develop wheel
and rail profiles, starting with shapes designed initially to treat rdaseiproblems and
progressing to the latest desighased on detailed computer analysis.

5.2.3 Rail Profile Shapes Developed from Practical Field Experience

The shape to which rails are ground has also been an evolutionary process. In the earliest days
of rail grinding, removal of corrugation from the top of rail was the focus, and the result tended
to be a squaring of the rdikad, with a progressively flattened top and a sharp gauge corner.

This corresponded well with the shape that develops natasyresult gplastic flow, contact

fatigue and wear Figure50).
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Figure 50. The Typical Rail Profile Changesthat Arise Becauseof Common Wheeland
Rail Contact Conditions

The fixed motor angles on rail grinders meant effectively that the same shape would be applied
to all rail. Work in Australia in 1978380 found that intentionally applying asymmetric rail
shapes to the ground rail carves to shift théigh-rail contact band to the gauge and lthe-ralil
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contact band to the field could exploit the rolling radius difference available with coned wheels.
This improved the wheelset curving ability and reduced géacge contact, espediain mild

curves. They also found that shifting the contact to the field in tangent rail reduced a tendency
for periodic side cutting of the rails caused by body hunting of the ore cars. Soon thereafter,
Speno offered a rail grinder to North Americatthllowed the grinding stone angles to be

adjusted from within the cab. Profile grinding was now a realistic possibilitgchnique

quickly adopted was to relieve the field side of the low rail, as it was proved in tests to reduce the
rate of corrugabn development by 4percents i mpl 'y by mi ni mi zing cont a
flangeo of 219 |IAldefensivevsirategy evolvgd in North America, where it was

seen that tighter contact bands would prbteils from excessively worn wheels, and would pass
the load through the axis of the rail web, reducing eccentric loading of the rail.

Another important development in rail grinding spawned from the empirical observation that the
occurrences of deep dlveg and transverse defects, frequently associated with gauge corner
spalling, were dramatically reduced through deep relief of the high rail gauge corner. In standard
carbon rail, the steel would eventually flow back to fill in the gap between the fhdrege root

and the rail gaugeorner while in premium steels, a stramg-point contact would prevail for

some time (resulting in high gaufgce wear rates)This practice increased lateral loading but

was generally effective at mitigating the riskgafuge corner defects.

A strategy developed on the Canadian National Railway is to simply grind more metal off the
rail where the cracks appeared and leave the rail crown to a specified radius. Over several
cycles, the cautious, frequent treatment ditligcracked rail will eventually iterate the shape to
one that exhibits no concentration of cracks. As a general philosophy, the procedure has merit.
At the time when the rail is ground, the ideal-tealad shape will exhibit a uniform distribution

of fine microcracks across the running band, with no localized band of more severe Thasks.
shape would have all the rail material bearing its share of the stress applied by the passing
wheels. This practice requires experienced Rail Grinding Supervisguse and postinspect the
track at all locations on the railway system to ensure it is succdsstalisehe rate of surface
damage can vary wildly over small distances with curvature, grade, friction conditions,
metallurgy, axle load, cant deficien@nd vehicle characteristicRailways were looking for a
more general procedure for qualagsuring the derived rail shape.

The first step towards a generalized grinding procedure that controlled rail surface fatigue was
developed in 1991After obseving how worn rail profiles naturally developed in service and
overlaying worn wheel profiles onto these rails, Kalouddd| presented in 1991 a setaifjht

rail templates for use on North American heavy Isgstems. Starting with the tangent

template, thdour high-rail templates mandate progressively larger amount of metal removal
(relief) from the gauge corner of the rail in steps of 0.5 mmyedsthethreelow rail templates
provide progressively greatéeld side relief Figure51). The various degrees of relief allow

this family of templates to be used for a wide range of track features, including wide track gauge,
dynamic rail rotation on spiked tracnd dfferent rail hardness. TheghtNRC templates

became the de facto standard for grinding in North AmeiBwmh British Columbia Rail (BCR)

and CPR took the practice one step further, ordering their new rail with the@tigént shape
already installed.The newest North American standard rail shape, the AREMA 141AB, follows
the same path by placing a slightly modified NRC tangent shape on the heavpeuidilrail
section.

Railways in North America found that the frequent (6812 MGT intervals onlsarp curves)
preventive grinding to the NR&inch rail templates reduced the need for the severe
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undercutting of théow-rail field side anchigh-rail gauge corner that was previously required to
compensate for the profile changes-ajure50that led to higkstress contact conditions. As a
result, rails that are frequently ground can use rail profiles that more closely match typical worn
wheel profiles, which in turn are often specific to the suspension typelcaxi, percentage of
curves in the track, cant deficiency, eithe wheels that run, for example, on a dedicated heavy
haul coal line are almost certainly going to have a different shape than the wheels on a high
speed, doublstacked intermodal car. &ater refinement of the rail profile shapes is required
when trying to match with specific wheel profile distributions and track and vehicle
characteristics.

Figure 51. NRCé& Complete Setof Eight 200-Millimeter (8 incheg Profiles: TT Is the Tangent Rail
Template, whereasa) H1 to H4 Are High Rail Templateswith Progressively More GaugeCorner Relief and
b) L1-L3 Are Low Rail Templateswith Progressively More Field Side Relief

5.2.4 Computer Modeling for Rail Profile Optimization

Any section of rail is exposed to a wide range of wheel shapes from vehicles with varying
suspension characteristics, speedtsl axle loadsThe best shape for the rail will match
optimally thatpopulationof wheels and vehiclesigure52), as comparedith simply matching
the nominal unworn profile on a new vehiclell other things being equal, stresses are
minimized when wheels and rails conform in shape as much as possible, with the possible
exception othe high curvature surfaces at the wkbebat/raitlgaugecorner contact and the
convex curvature of the false flange on a hollow wheel. With a broad contact, the concentration
of wheel load over a narrow path is avoid&tecise shaping of the r&iéad to minimize stress
and promote a spread of contact is one technique for minimizing rail grinding effort and
maximizing rail life. The move of railways worldwide from a defensive reshaping of rails to a
more synergistic wheel and rail profile matchingsaighlighted at the 1999 Moscow
conference of the International Heavy Haul Association (IHHA), whose theme was clearly
conformal wheel and rail contadt1Q.

Determining the best rail shape for a given treegment is far from trivialOn theone handa

broad conformal contact promotes low stresses that spread any fatigue damage across a wider
portion of the raihead. On the other hand, some regions of wkradllcontact have sharp

contacting radii and pmote unfavorable rolling radius differences that should be minimized.
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Contact between an individual wheel and rail should not be too leeayse¢he far edges of

the contact band that extend down the gauge corner will produce excessive spiwiciaep
contributes texcessive weamstability withinthe contact patch as load jumps from one edge of
the contact to the other, rail corrugatiand wheerail noise)

Severalapproaches have been taken to develop optimal rail shaped 38 &22. These tend

to focus on designing new shapes that satisfy the criteria of sufficient rolling radius difference
for curving [e.g, 232, control of contact stres& T3 243, stability [167], and wear

minimization R4€. Althoughinitial designs used static analytical analysedtibody vehicle
dynamics codes are increasingly beursgdin the process [e.g243. Most of the referenced
papers presume angjle profile (a designed wheel for example) must be directly matched by
optimal shapes on the opposing body (rail profiles for exampe),in practice any train

wheel encounters a range of rail profiles with shapes that vary along the track, frent tang
through spiral to curve. Similarly, any piece of rail encounters a distribution of wheel g@rofiles
from unworn to very worn, new to hollow, wide flangad thin flange.Pummelinganalysis

was designed to deal with specifically this issue.

5.2.4.1 Pummeling

Understanding and controlling the distribution of contact across the running surface of wheel or
rail has been described as pummeli2gd. Referenced7 and173describe a wheahil

interaction model developed specifically for designing optimal rail profiles that consider the

wide range of worn wheel and rail shapes that the optimized rails and wheel shapesyegspe

must be designed to accommodatée NRC Profile Optimization (Pummeling) Model can use
either a quasstatic curving model aamultibody dynamics model to apply many (sometimes
thousands) measured worn wheel profiles to a truck charactefistiat dleet and derive

distributionsof contact stress, fatigue damage, stabidityd curving performance. By iterating

the shape of the rail, the model is used to reduce the concentrated loading of wheels on any point
of the rail surface without intrating hunting in tangent track or increasing wear in curves.

Forexamplea€PR a maj or concern is Acrushed headso
that are at advanced service lives exceeding 1.2 billion gross tons. Although these defects were
shown to initiate at the gaug®rner of therail128 , t he fobvi ouso approact

the gaugeside of the rail to inhibit further initiation would not address the existing defects,
which extend ovethe ball to the field side of the rail. A rail profile was needéddtaly relieve

the gauge side, spread contact broadly over the &altiminimize stress levels overall. The
desired shape was engineered using a pummeling andly8§jsWhich involves determining the
distribution and amplitude of stress and wear by modeling the contact between a rail and over
1,000measured wheel profileszigure53 shows how th@ew rail profile provides a distribution

of stress spread broadly across the field side of the rail head and atbiolsgh not

completely) the stress concentrations found with the NR@rofile.
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Figure 52. The Worn Rail Pr ofile Is an Envelopeof the Worn Wheelsthat Run over It

Pummeling was further applied to the design of profiles to address wear and fatigue in curves as
sharp as 12under axle loads of up to 36 tons. The final result for CP was a set of only four rail
templates47], which contrasts with the original set@fjht NRC templates. There is only one
template for all high rails, one for all low rails, with the remaining two templates applied to
tangent rail.

A family of generic rail profiles has been developed for Intercity Rail Syste@Tsthat
considers a range of optimization criteria including contrd®@GF. Optimal rail profile designs
for high-speed 222 and transit 184, 246 systems have also been published.

An approach very similar to pummeling is used in the TTCI WRTGiesy for identifying
track sections with unfavorable rail profile29f].
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Figure 53. The Improved CP-TF2 Rail Profile Spreads Wearacross theRail Head, Minimizing Contact at
the Gauge Sidewhere crackslnitiate, Placing Most of the Load through the Center of the Rail, but also
Allowing the Field Side Metalto Bear a Portion of Stress This Contact Distribution Is Believedto Be the Best
Compromise betweenControlling Initiation while Managing Propagationon Existing Defects

5.2.5 Managing Wheel Profiles

The impact of wheel and rail profiles RCFhas already been discussed in Secfi@ Despite

the availability of tools for ofine measurement of wheahd railprofiles, littleis being done to
exploit thefull capabilities of the system. Such systems are being used in both preventive and
corrective modes to catch wheels that are approaching or reaching threshold values of thin flange
and high flange or to look for other probiie such as excessive baokbackspacing Yet,

although the full profile information is captured, rarely is that information used to examine any
number of potential issues relevant to wheel/rail performance and sabtys flange angle,
gageface angt, wheel hollowness, grooving, asymmetric and diagatedelwear, and

oscillating rail gage face weaf hat saidfolerances on wheel and rail profiles and their
geometrical interaction remain to be developEglen less frequently are the rail and whisgh
analyzed together to examine wear, RCF, stapdityl derailmentlthoughprogress is starting

to be mad¢176 296. Wheelrail interaction indices suitabfer evaluating risk and

maintenance requiremerdee available (such as effective conig¢idp, 296, RCF damagel|,
wheelclimb [166], conformality, and pummeling173) but morecan be done to developed
improved criteria and support their adoption by the industry.

5.3 Managing Forces

Force at the wheehil contact affects not only the normal laadhe contact patch but also the
relative position of the wheel on the rail (and hence the contact geom@&srypted in
Sectiond.5, track geometry perturbations are often locatidrfiR@F clusters on rail, while at the
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same time, poorly performing wheels and trucks are associated with poor wheel life and can
reasonablypeassumed to be causing concomitant damage to the track. The identification and
monitoring of track sections, caend wheels with high forces facilitates proactive maintenance
and (when required) removal of problem components.

5.3.1 Wheel Impact Load Detector

The Wheel Impact Load Detector typically consists of rails strain gauged to measure vertical
force[e.g, 285. The length of rails instrumented is usuatyeasine full wheel
circumference

Impact loads on the wheel are responsible for progressive and deep shelling of the wheel tread
and shattered rim262 and are a leading contributor to broken railsg. The wheel impact

detector is now commonplace in the North American rail system 86itimits deployedas of
2008,Reference277). Within the North American interchange railway system, regulations have
been developed to ensure that the most damaging impacting wheels can be removed from service
(see Sectio.3for detaily. Examples of work done to reduce impacting wheels to minimize
damage include ReferenckEd7and276.

5.3.2 Skewed Truck Detector

One characteristic of a poorly performing truck is the poor axle alignment in both curves and
tangent track. In curves, warpiray parallelogramming of truc294] contributes to high

wheelrail cree@ge and concomitant lateral and longitudinal forces. The high tractions, as noted
in Section2.1.4 are a leading contributor RCF. Measurementof axle anglef-attackand

lateral offset usindaserbased systemd413 can be analyzed to assess the probable creepage
and damage associated with a particular tridakithemore a diagnosticassessment of the data

has proven effective in identifying truck maintenance concerns including excessire cent
plate/cater-bowl, high wedge wear and excessive eeptate/cengr-bowl friction.

Undoubtedly, removal of the poorest performing trucks will reduce the stiagesand excessive
damage.

5.3.3 Truck Performance Detector

The truck performance detectases strai gauged rails to measure vertical and lateral forces at
each wheel as the train passes over at revenue [&482Bd Subsequent processing of the force
data is used to identify trucks/bogies that may have eradmice concerns or are at high risk of
derailingbecause ofail rollover or gauge wideningTypical problem conditions include
excessive side bearing clearances and higlereplate/cengr-bowl friction. Althoughthe TPD
does not provide a measureR€EFrelated damage, there is no doubt that removing poorly
performing trucks will reduce wheel tread damage and also rail damage.

5.3.4 Instrumented Wheelset

A railway Instrumented Wheelset (IWS) is a standard railway wheelset that has strain gauges
affixed at specific locations on the axle and whg¢8K 181]. When installed under a railcar, the
IWS measures in rediime the forces acting at the wheall interface. It is the only tool for

directly measuringorces arising at the whegdil contact whereas other systems such as-axle
box accelerometers astraingaugedsideframescan only infer force.The measurements of
steady or quasstatic force components @luding lateral forces) thddave a strong contribution
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to RCF can only be collected withe IWS The IWS is therefore a powerful tool for comparing
the performance of different car types to wheel and rail RCF.

5.3.5 Acceleration-Based Systems

On the feight railroads, rail grinding preinspection of track is often undertaken by a trained
person whose t oo-ofthdpargs meteoc | uTdheiss ar efifseerast t o t he
transfers from the track to the body of theail vehicle andeventualy throughthe seat of the

driver. It would stand to reason that accelerometers, mounted dn-thdtor on some other

vehicle, could be trained also to pick up the same vibrations.

Accelerometers, typically mounted on the axle box are being usecktd dieort (e.g0.1m)

and longer (e.g1 m) wavelength defects such as squdiigped weldsmisaligned jointsand
crushed head4.56, 256. However there doesiot appear to have been a successful effort to
apply this to detection of the more general cade@¥.

5.3.6 Vehicle-Dynamics Simulations

As models of the wheehil interaction steadily improve in quality, there is increasing usefulness
in applying thento predictions of wear and fatigu&he effects of track geometry, wheel and

rail profiles, friction, and various truck characteristics can be readily qualified. With better
material performance characterization and techniques for accumudtxisg athe rail and

wheel surfaceghe credible predictions of damage rates that follow will improve efforts to
optimize maintenance processes and rail and wheel life.

5.3.6.1 WheelRail Contact Inspection System

A system developed in North America fargescale analysis of the wheglil interaction is

discussed in Referen@86. The Wheel Rail Contact Inspection (WRCI) Sysfsmnforms real

time contact analysis between an onboard collecti@ppfoximatey200iir e pr esent at i ve
wheel profiles and rail profiles that are collectedgroximately3-meterintervals. Location is

tracked using GP.STrack gauge and curvature are also considered in the analysis. Of particular
interest are theyaomdas uryemardt fictomdtoranran be us
stress, respectively.

5.4 Nondestructive Rail Inspection

Ultrasonic measurement of rail for internal flaws has been an effective and longstanding tool for
managing risk associated with rail fatigu&® 40-MGT freight ling for examplewill typically be

inspectedwo to thregimes annually. Much heavier trafficked lines, such as theVi@U coal

lines in North America, may be inspected every mohtm Austr ali ads heaviest
systems, inspion is as frequent as every week.

Ultrasonic and induction measurement agpscally operate at 255 mph,although some are
now operating at 66hph. Because the vehicle often stépsthe requirednanual verificatios,
the average speed is often mimver.

Other nondestructive methods to inspectsianfacedefects include magnetic partictiye
penetranf254], and eddy currerf06§ inspection

New technologie being explored to improve the inspection for surface and subsurface defects
include[2(]:
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Low frequency eddgurrent

Neural network analysis of signals

Longitudinal guided waves3], and

Laser excitation of ultrasonic systems that allow for-nontacting probegl45.

> > D> >

5.5  Friction Management

Sectiond4.2 notes the considerable effect that friction has on the rateadk mitiation and
propagation.In addition friction affects lateral wheelset loads and steering forces, thereby
affecting the attitude of the wheelset to the track. Furthermore, there are safety implications
associated with friction, with insufficiefitiction leading to sliding wheeldl 50, wheel burns on
rails, long braking distans@&nd stalled trainf253 and excessive friction contributing to
hunting[163, wheel climb[166, and rail roltover derailment§217.

The friction between clean steel on clean steel is roughlyl0533 pp. 29]. However the wheel

rail contact patch is anything but clean, having various films and deposits on both suffaces.
friction is not actively managedurgdut hienst ead
coefficient of frictioncanrange tremendously, from a low of near zero to a high of

approximately0.7 (Figure 54).

Although tractions can be managed by controlling creepage through better profilesxéd fl
or steering trucks, modifying the properties of the interfacial layer has proven to be a very
effective approach to controlling whemlil forces and the damage that arises there.

Friction management is the process of controlling the friction leégalalues most appropriate
for the operating demandBigure55).
¢ At the contact between the rail gadgee and the wheel flange, there are typically very
high levels of slipwhich in the absence of a protectiilen can lead to catastrophic rates
of wear. Low-cost lubricating films are generally applied.
e At the top of the rail it is necessaryaosuresufficient friction for pulling and braking of
trains. This is achieved using a friction modifier.
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RAIN

no layer
u=0.2-0.3

HUMID WEATHER

SUNSHINE

Fe,O5;and H,O
M<0.2

i

thick layer of Fe;O,
M=0.6-07

i

L

rate of removal
(chemical or mech.)

COEFFICIENT OF FRICTION
0.05 TO 0.7

film (no layer)
u=0.05-0.2

oil or grease

T

weaken or strengthen
the layer

T

weaken the layer

inorganic
contaminants
(sand, clay, rust)

organic contaminants
(leaves, hydrocarbons)

Figure54. The Coefficient of Friction at the Unmanaged WheelRail Interface Can Vary Widely,

Figure 55. Friction Management Involves Two Different Interfaceqtop-of-rail/tread -of-wheeland gage

from 0.05t0 0.7

face/wheelflange) with Different Requirementsfor Each
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5.5.1 Lubrication

Lubrication of the rail gaugiace/wheeflange can reduce gaufpce/flange wear by

95 100percenf253. Lubrication can alsgontribute to reductions in RCF initiation by
reducing tractions. Howevgdubrication of the gaugkace decreases the steering moment that
can be developed by a wheelset and increases the leadagngleof-attack in curvesi14).

The consequential increase in lateral creepage and lateral force increases top of caltivear
inside rail RCF initiation on both highand lowsrail top surfacesand the formation afieep

seated shells on the higail gaugecorner. Generally speakinggrease or oil contamination of
existingsurface crackéurtherincreases RCF propagatiprd], although on clean rail the

reduced tractions delay crack formatid®§. Poor equipment or improper settings on
lubricators may also cause grease to migrate to the TOR, thereby compromising traction and
braking. Gaugeface lubrication, by preventing wear of the gaagmer, combined with
significantly longer grinding cycles has resulted in deep gauageer shelling on premium rails
[252. Thus, gaugdace lubrication that matches the grease application rate to type of grease,
dispensing equipmenhd track conditions must be used in conjunction with a preventive rail
grinding program that regularly removes metal from the rail gaageer.

5.5.2 Top-of-Rail/Wheel-Tread Friction Control

Althoughthe goal of lubrication is to minimize friction, friot control refers to a process of
manipulating the characteristics of the interfacial layer to provide an intermediate friction
coefficient. At a value 0f0.3 0.35, friction modifierensuresufficient friction for braking and
pulling trains bunhot so hgh as to promote RCF and increase the risk of safety problems.

The benefits of tof-rail friction control have been demonstrated for no&s}, [corrugation
suppressiondy], lateral forceand rail weareduction[54, 125, 257]. With respect to RCF,

recent workoy Stock et al[257] using afull-scale test rig have shown that friction management
dramatically reduces the rates of RCF formation for both standardR@Mhdheadhardened
350HB European steelseeFigure56).

90



R260 rail
samples

R350HT rail
samples

Figure 56. The Effect of Friction Management of Wear and RCF i1 Full-Scale Rig Test ResultsL eft to Right:
New 60E1Profile, iDryd a f t eWheellP@d3dsFM 100k Wheel Passesand FM 400kWheel Passes
(from Reference257)

There are a number of approaches for managing friction that include solid=sgjicte&7 left)
and liquid Eigure57 right andFigure58) products.
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Friction modifier sticks apply products directly to the Wayside systems gignse a product to the running
running surface of the wheel. surface of the rail which is picked up by the wheel an
dispersed along the rail length.

Figure 57. Solid Stick and Fluid Friction Modifier Products Developed by Kelsan Technologies foiControl
of WheelRail Friction

Figure 58. A Spray Nozzle Usedo Dispense Thin Filmsof the KelsanFriction Modifiers to the Top of Rail,
Usually from a Locomotive; A Same Approach Is Takerby Timken to Apply Their Trackglide Friction
Modifier from a Locomotive to the Top-of-Rail

A jetting device (essentially a high tech sander) has been developed in Jagaatiiog a
granular friction modifieproduct into thevheetrail contact patch]11]. At the time of that
publication (2008) the system was still in the experimental stage.

Subjects for further exploration include quantifying the effect of I&MRon rail grinding and
wheel RCF.

5.5.3 Improved Performance Trucks/Bogies

Sectiond.4reviewal the experience of several freight railroads that adopted premium trucks. In
all published cases a properly aligned flexible truck has been found to reduce the rates of rolling
contact fatigue. Although replacement of trucks is not usually a viableagipto treating an
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