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INTRODUCTION

In April 1990 a conference was held at the Cracow Institute of Technology, Cracow,
Poland. The title of that conference was "Residual Stresses in Rails — Effects on Rail
Integrity and Railroad Economics" and its themes were the measurement and prediction
of residual stresses in rails, but, as the sub-title suggests, the intention was also to
provide a link between research and its application to the practical railway world. At
the Cracow conference there were 40 participants with 5 railways and 5 rail makers
being represented and 25 papers were given. The Cracow conference was a success, and
by March 1991 its off-spring, "The International Conference on Rail Quality and
Maintenance for Modern Railway Operations", was conceived and birth was ultimately
given in June 1992 at the Technical University, Delft. It turned out to be some baby,
with 112 delegates from 24 countries taking part! As with its predecessor, the
conference was to provide a forum for the exchange of ideas between research
investigators, rail makers and railway engineers. A cursory examination of the list of
participants suggests that about 57% were from the railway industry, 34% from
universities and other research institutions and 9% from the steel industry. Bearing in
mind that some of the railway industry participants were from their respective research

and development organisations the balance of interests was about right.

The aim of the Delft conference was rail integrity, with the emphasis being on rolling
contact fatigue, which is a failure mode increasingly recognised as a threat to the
reliability of modern heavy freight and high speed railway systems. A measure of this
recognition can be seen from the large number of conference participants from the
railway industry and that substantial research programmes are being undertaken in this

area in Europe and North America.

ix



X

The conference began with two keynote papers representing European and North
American views and then each session was introduced by an overview. The session
subjects were Rail Maintenance, Rail Metallurgy and Processing, Contact Phenomena,
Residual Stress, and Crack Propagation. 28 papers were presented within the sessions
and the conference concluded with a general discussion which was led by a panel of
railway engineers. The conference proceedings provide an indication of the development
of our understanding of the problem and what rail steel technology and maintenance

procedures have to offer to combat it.

Thanks are due to many for making this conference a success and they include; the
United States Federal Railroad Administration, the European Railway Research Institute
(formally ORE), Professor J J Kalker and Mrs van der Windt-Krése and the authorities
of the Technical University of Delft, Mrs Komen-Zimmerman and her staff at ASD,
members of the Scientific and Local Conference Committees and our many sponsors
who generously provided financial support. The most thanks must however go to the

authors of the papers and the delegates who attended and participated in the conference.

David F Cannon
Member of the Conference Scientific Committee
Chairman, ERRI Committee D173 "Rail Rolling Contact Fatigue"

Derby, England
February 1993
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RAIL DEVELOPMENT AND
FUTURE REQUIREMENTS



INTERNATIONAL CONFERENCE ON RAIL QUALITY AND
MAINTENANCE FOR MODERN RAILWAY OPERATION -
DELFT JUNE 1992

FUTURE RAIL REQUIREMENTS

C O Frederick, British Rail Research, Derby, England

Introduction

There have been dramatic improvements in the quality of rail steels as a result of techniques
such as the Basic Oxygen process, vacuum degassing and continuous casting leading tomuch
better control over inclusions and hydrogen. Also there is now a much better understanding
of how to achieve very fine pearlitic microstructures which will give high strength and wear
resistance eg mill heat treatment. These developments and improved inspection at the
manufacturer’s works have largely defeated problems caused by internal defects inrails and
now the emphasis must move towards solving problems which arise at the rail surface. This
is shown by a levelling off in Tache Ovale failures and a rise in squat failures (see Fig 1).
If material is not lost by wear at the surface, the material accumulates fatigue damage and
surface crack initiation and propagation becomes more likely. This dilemma could now limit
further improvements in wear resistance.

Asrail quality improves andrail livesextend,

the rate of removal of rails tends to diminish o ——

andthe problems faced by railways are largely L [rache oveie— — .

those of maintaining safety whilst using rails §'*°f

made by earlier processes. In this area, new £ soof

more precise techniques using ultrasonics 3 gl P

are being introduced which haveraised testing § YAV

speeds to 70 km/hr with on-board defect = **[ -

recognition in real time. This paperdescribes 2 - /

how this system can be used to measure rail Y79 + - = B

depth as well as detecting defects and  Fig 1 Tache Ovale & Squat Reported Defects
emphasises the difference between ensuring

safety and reliability and managing the stock of rails to give maximum economic benefit.
The paper also illustrates the high dynamic forces which can arise at high speeds if the rail
surface contains small amplitude waves and describes briefly the current theory concerning
the formation of waves by periodic wear. Finally, the potential benefits of using bainitic
steels for crossings are described.

3

J.J. Kalker et al. (eds.), Rail Quality and Maintenance for Modern Railway Operation , 3-14.
© 1993 Kluwer Academic Publishers.
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Rail Metallurgy

Buying rails for a passenger railway is a
long term investment. There can be few
purchases where quality is soimportant.
A large proportion of rail defects stem
from some inherent feature of the rail; it
may be hydrogen flakes, oxideinclusions
or highresidual stresses. Over the years,
these problems have been recognised
and rail manufacture improved.
However, service conditions have
become more severe so rail defects are
still a problem; particularly since rails
bought in the 1960s are still in use in the
main lines. This can be illustrated by
looking at the Tache Ovale problem on
BR as shown by the rail failure statistics
forrails made in different years (see Fig
2). In 1959 the bulk of BR was jointed
track and Taches Ovales were not a
serious problem. In the 1960°s there was
a campaign to convert the main lines to
cwr and the rails installed at that time
have subsequently seen much more
intense traffic at higher speeds and axle
loads. Theresult was amuch more severe
Tache Ovale problem. In 1974, BR
started to introduce concast rails made
from oxygen steel and later vacuum
degassing was added to the process. As
a result of these measures the Tache
Ovale problem was expected todiminish.
However, because of the long term
nature of rail problems, only now is
thereanoverallreductionin Tache Ovale
failures. The rails that are bought today
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Fig 2 Reported Tache Ovale Defects for
100,000 Tons of Rail Installed

may be a source of concern in 30 years time so a detailed examination of their performance
is important if we are to recognise the potential problems and prevent them arising. What
are the future problems? A small number of Tache Ovales are being reported in post 1974
rail and a proportion of these have been sent to BR Research for examination. Out of a sample
of eleven, three were found to be in rail made by the ingot route, three had initiated at the



Fig 3 Tache Ovale Defects Due to Longitudinal Cavities

surface of the rail, one had initiated at a weld due to lack of fusion and four had initiated at
longitudinal holes in the head of the rail (see Fig 3). Thus of the eleven, only four could be
taken as representing a possible future Tache Ovale problem due to rail manufacture. It is
possible that these are characteristic of the continuous casting process since the reduction of
bloom to rail is typically only a factor of 10 whereas the reduction of an ingot is tyvpically
afactor of 30. As a result, the grain size of continuously cast rails is noticeably larger than
ingot rails and fine longitudinal cavities are more likely. Nevertheless, it is clear that the
delayed cooling and reheating of continuously cast blooms and the steel making process are
producing very low hydrogen levels which should give a dramatic reduction in Tache Ovales.

The continuous casting process initially produced silicate stringers of up to 0.5 mm diameter
but the process has been progressively improved and no service problems have as yvet been
caused by these oxides. This may be because BR specifies that oxygen reduction in the steel
must be done using a silicon based process as opposed to an aluminium based process.
Historically, BR’s rails have been silicon killed and the rails have not suffered from shelling
defects. It has been reported elsewhere (Ref 1) that alumino-silicates and oxides are
particularly prone to cause shelling. This avoidance of the use of aluminium in steel making
is now being perpetuated in the new Euro code.

Rail Surface Problems

Rail makers have introduced new processes which can generate very fine pearlitic structures.
The result is a very high UTS and high wear resistance. Mill hardened rail steel produced
by British Steel Corporation is a good example (Ref 2). Because the high strength is attained
by heat treatment as opposed to alloy additions, the steel is weldable and because the process
does not require reheating of the rails, it is not much more expensive than the process for
normal grades of rail. Thus there is likely to be a progressive move towards the more
widespread use of such rails. However, there are problems if they are used indiscriminately.
These problems arise mainly at the rail surface.
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When a relatively soft rail is used, the
transverse profile of therail rapidly becomes
conformal with the wheel profiles and any
bumps in the longitudinal surface profile
tend to get flattened by the wheels. The
result is a general lowering of contact
stresses. If a hard rail is used there will be
some lowering of contact stresses but it
will be slight and the process will take
much longer than for the soft rail.
Furthermore, the rate of metal removal
from the running table of a hard rail by
wear and oxidation will be less than for a
soft rail. The surface flow of the steel and
the contact stresses are constantly producing
small surface fissureslying at a small angle
to the surface (see Fig 4). Sometimes these
small fissures grow into cracks and form
head checks (on the gauge corner) or squat
defects (away from the gauge corner) (see
Fig 5). It is clear that the principal factor
which decides whether a small fissure
becomes a crack is the balance between the
rate of propagation and the rate of metal

Fig 4 Small Surface Fissures

Fig 5 Developing Squat Defect

removal by wear and oxidation. A hard rail loses on both counts; contact stresses stay high
and metal removal is low. Thus hard rails are more prone to surface cracking (see Fig 6).

Ed £A
o] T

5 . CRACK FORMATION CRACK anowm g CRACK SROWTH

g ““{ CRACK eaowm g l l HIGH CONTACT STRESS

: .l " e ” i .
RS | Jl LT
; 4 A sl

s CRACK sumsssnou WEAR ";T: | % | Low vean e R E
3 NORMAL GRADE RAIL STEEL o3 WEAR RESISTING GRADE RAIL STEEL "

Fig 6 Schematic lllustrating Tendency to Grow in Wear Resisting Rail

It is possible to grind hard rails to special profiles so as to reduce contact stresses and this
may solve the problem but there is still the low metal removal rate to consider. As speeds
rise, contact stresses will rise due to dynamic effects. This can be illustrated by reference to
some calculations which were done for the APT; even the residual roughness of a used rail



is sufficient to raise dynamic wheel loads by ~ 120p
30% (see Fig 7). These calculations were
done for BS113A section rails; a heavier
section such as UIC 60 will give a greater %%
increaseindynamicloads and contactstresses.  §,
In general, dynamic wheel loads due to 3
shortwave rail roughness will rise linearly
with speed and superimposed on this are the |
effects of longer wave roughness. If the rail

is ground, it may be argued that thereisno o & w0 % % W % w
shortwave rail roughness. However, the Fig 7 Wheel/Rall Forces Resulting
wheels themselves may not have perfectly from "Rall Roughness”

smooth circumferential profiles, soanincrease

indynamic contact stresses must be expected. Contact fatigue dataindicates damage as being
proportional to the cube of contact stress (Ref 3) so these increases in contact stress are
potentially very serious. There are two factors which could make the problems certainties
as opposed to possibilities; one is corrugation of the rails or wheels and the other is the
presence, over long periods, of water or lubricating fluid on the running table of the rail. The
former increases contact stresses and the latter increases the rate of crack propagation. In
trials on the West Coast Main Line where rails were ground to remove corrugations, within
two years the rails developed serious squat defects (Ref 4). This was because small cracks
had developed due to the corrugations and when the corrugations were removed the cracks
remained.

100]

«w} St Rail Foroe 85 kN

Since corrugations can play an important part in leading to rail fatigue failures, the choice
of rail steel for high speed main lines should aim to reduce the corrugation problem. As will
be described below, the dynamics of the track are important but the material properties of
the rails also play a part. When a rail first enters service, the wheels tend to smooth the
longitudinal rail profile by plastic deformation, then the corrugation process begins to work
ontheresidual roughness and to cause wave deepening and propagation as a result of periodic
wear. A soft rail steel will suffer extensive plastic deformation and profile smoothing,
therefore delaying the onset of periodic wear but once the wear process is established, it can
be rapid, Ref 4. A hard rail steel suffers little plastic deformation and smoothing so that
periodic wear soon gets underway, however, the wear resistance slows the deepening
process. The preferred situation is most likely to be the use of harder rail steels, but these must
be ground soon after entering service to give a smooth longitudinal profile and a transverse
profile designed for low contact stress. In fact, it has been shown that a low contact stress
profile can also reduce side wear whilst still keeping conicity to a value which gives good
vehicle ride stability (Ref 5).

The use of mill hardened rails poses a problem when itis necessary to weld the rails. Although
itis possible to make sound welds, it is inevitable that some parts of the weld or heat affected
zone will cool at a faster or slower rate than the original heat treatment. The result is a
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variation in hardness across the weld (see Fig 8). In the case of thermit welds, the coarser
grain size provides another source of metallurgical variation. These variations lead to
variations in wear rate and, over a period of time, to rail surface roughness which can act as
a starter for rail corrugations and also raise contact stresses. This problem applies to flash
welds, thermit welds and repair welds and

will probably prevent mill hardened rails _ or

being used for high speed lines until the §

necessary technology is developed to give &®%

uniform wear resistance. Until then it would $ i
seem that wear resisting grade A at 90 kg/ fo.0l[ " § Yeowr | oL, er
mm? UTS is likely to be at the limit of g 129 Yoo R

hardness for high speed main lines. oasfp

80 -80 40 -20 0O 20 40 60 80
DISTANCE FROM WELD CENTRE LINE (mm)

Rail Straightness Fig 8 Progressive Wear of Z80 Thermit

Weld In Grade A Rall
It has been known for a long time that irregular welded joints are a source of impact loads
on high speed lines and can lead to a moulding of the ballast so that the geometry of track
is shaped to suit the geometry of the weld (Ref 6). In the days of bolted joints, the rail
specification said that therail ends should not turn down, now with welded track it is perhaps
more important that they don’t turn up but tight limits are being applied to both in the most
recent codes; the limit on upsweep being 0.4 mm over 2 metres and 0.3 mm over 1 metre.
Furthermore very tight tolerances are being specified for general running surface flatness ie
0.3 mm over 3 metres and 0.2 mm over 1 metre (peak to trough). In fact, very small waves
in the rail can produce large dynamic augments at high speed. This has been reported as
occurring in high speed running when 1.7m waves in the rail profile gave a wave passing
frequency which approached the resonant frequency of the unsprung mass of a wheelset
vibrating on the track resilience ie a frequency of about 50Hz. These waves in the rail have
been attributed to incorrect setting of the roller straightener (Ref 7) and could typically have
a peak to peak amplitude up to 0.6mm. Most recent practice has reduced this to a value of
0.3mm with 0.1mm being achievable. However, the rails which are in service commonly
exhibit these waves and they are difficult 0 ggq 0 pasaing
remove by grinding. Similar problems can Someonent
occur at lower speeds when running over 4V
older track. In 225 km/hr trials of the class
91 locomotive, wheel load fluctuations were
observed at sleeper passing frequency in
some places. These were eventually traced

to small waves in the rail surface witha °*

depth of only 0.05mm. Itis likely that these |

waves were the result of a periodic wear

process since they were most evidentonold —24— r— & o
concrete sleepered track (see Fig 9). Fig 9 Dynamic Forces Due to Waves In

the Rall Profile at Sleeper Spacing



Rail M Saf | Reliabili

It is now possible to calculate the cost of a disruption to service and the costs of removing
a defective rail so that it is also possible to calculate the number of defective rails per year
which can be tolerated on a given route. The calculation balances the cost of renewing the
rails against the cost of disruption caused by failures. This policy should not adversely affect
safety since ultrasonic inspection of the track

should consistently find rail defects before

they cause asuddenrail failure. Furthermore

since rail failures follow a Weibull

distribution (Ref 8), it is possible to predict

in advance the rate of rail failures on any

given track if the present failure rate is

known. Thus it is possible to review the rail

failure rates on any part of the railway and

plan ahead for the renewal of the rails. It is

also possible to calculate the optimum time

to cascade rails from main lines into

secondary lines. This calculation will depend Fig 10 Wheel Probes on Ultrasonic Testing Unit
on the transfer value of the rails. A high

transfer value will encourage the manager 78 miss 1 ort - yos LEFT rad
of the main line to renew rails earlier so that

more serviceable rail becomes available to o -~ s~ =~
the manager of the secondary lines. It is Patie of 0 Degree Probe
possible, therefore, to calculate the optimum \ “©
transfer value for therailway as a whole. BR fTANAA el
Research have written software to do all Pattem of Forward and Baokward Looking 40 Degres Probes
these things, but for the process to be fully

°° 0 0|0 o0 0000 Bond Holes

effective, it must be possible for rails to
move from one part of the railway to another Fig 11_ Ultrasonic Signal Pattern of a
and the decisions as to which rails are to be Defective Fishplated Joint
renewed or cascaded must be taken by the
managers of the profitcentres. Itisnecessary
therefore to set up a Rail Market so that
managers can offer rails for cascading and
see what deals are available.

10 yds Track Length 11 mm loss of head
+ > . oAy
5 mm Rall Depth

LH Ral 9 yd closure rall,

4 mm chalr gall,

stﬁn;ﬂ :oss at t{;mm:l total rnll| dcpgt‘a
3 111 M M rali foot or rus 1" n
To preserve safety and reliability it is ot adjacent rails

essential forarailway tomaintain aneffective
non destructive testing programme for its
rails. BR uses bothmanual testing and vehicle
based testing. The Ultrasonic Testing Unit
has recently been brought into service on

RH Rall

Fig 12 Indication of Varliation In Rall Depth
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BR (Ref 9). This Unit has been designed to operate at 70Km/hr on welded track. It may
operate at slower speed on track with bolted joints so as to maintain probe contact if the track
isveryrough. However itusesresilient wheel probes which in general give very good contact
with the rail (see Fig 10). Defects are identified and sized automatically as the vehicle runs
and the position of the defect is marked on the track. There were some initial difficulties since
therail wasfound to contain many non standard features eg multiple drilled holes to fix bond
wires and these could not be properly recognised by the automatic system. This problem has
been overcome by outputting a picture of
each defect indication so that the nature of
the indication is clear and only the true
defects need be reported (see Fig 11). This
system can examine 600 miles of track in a
week and is proving very reliable. It is
finding bolthole cracksdown to 2mm long.

In addition to finding defects, the UTU can

measure rail depth and detect rail foot

corrosion (see Fig 12). This is proving very

useful for the examination of rail in tunnels. Fig ‘3;;::"%‘:: S;:‘:‘::;‘;’g;‘?h':‘;‘"a‘;g&'°s'°“
Sometimes a tunnel which is generally dry

will have one or two locations where water

drips from the roof. At these places, the rail

will suffer a localised loss of head height

and probably exhibit corrosion pitting of

the rail foot. This combination is very

dangerous if the line carries high speed

traffic since the loss of head height causes

alarge dynamic force and bending moment

at a place where the rail foot may be

weakened by corrosion pitting. Corrosion

pits can combine with tensile residual g 13p Corrosion on the Underside of the Rail Foot
stresses introduced in manufacture (by the due toaPimpled Rail Pad. (Transverse Corrosion Pit
roller straightener) to give a marked Arrowed)

reduction in the bending fatigue strength.

The use of rail pads with transverse bars or pimples is particularly unfortunate since these
can trap moisture and encourage corrosion to form a trough transverse to the axis of the rail
(see Fig 13). Only a small fatigue crack is needed to cause sudden rail fracture and these
conditions have been known to cause loss of a length of rail.

Neither the UTU nor routine manual ultrasonic testing provide a fully satisfactory means of
testing thermit welds. This remains a problem to be solved, the availability of the UTU may
however allow more emphasis to be given to the manual testing of thermit welds.
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Crossing Steels

Cast 14% manganese steel is a very tough steel and cracks can become very long without
causing a sudden fracture. Unfortunately, this steel is very prone to fatigue cracking. This
is partly because it is exceedingly difficult to produce sound castings and partly because the
steel has an inherently low fatigue strength. The situation is made worse by the opaqueness
of cast manganese steel to ultrasound which means that radiography must be used to look
for defects and this is too expensive for every casting to be examined. A further problem is
that if it is necessary to weld the cast steel to pearlitic rails, special precautions must be used.
To deal with these problems, BR Research working with Edgar Allen Engineering Co Ltd
and the British Steel Corporation first developed a low carbon version of cast manganese
steel which had the toughness of the original Hadfield composition but which could be
thermit or flash welded to itself. This had the advantage that the centre casting of a crossing
could be smaller and less likely to contain defects. Then a completely new cast steel was
developed - a bainitic steel (Ref 10). This steel had high fatigue strength and adequate
toughness. Furthermore, this steel can be cast easily, can be examined ultrasonically and can
be thermit or flash welded to pearlitic rails without difficulty. Although a hardness of 330
HB could be achieved, it was decided that this was not enough and an increased hardness was
obtained by adding copper to the composition giving a hardness of 400 HB. These steels
benefit from very low sulphur levels and need very low hydrogen levels. To achieve these,
the Argon-Oxygen Decarburisation steel making route has proved important. The strength
of the steel increases with carbon level and there is a corresponding reduction in ductility;
0.12%C is the normal target level. Further increases in strength are obtained by adding up
to 2% copper and precipitation hardening. These crossings have very attractive features and
should compete against cast manganese
on price. Their life should be long since
they should be resistant to fatigue and can
be weld repaired with only nominal preheat.
Approximately 70 bainitic crossings are in
service on BR; some have beenin track for
10 years.

4

Fig 14 shows loss in height of crossing
noses with tonnage under consistent traffic
conditions for different types of crossing
steels and methods of constructionie part g 14 peformation Performance of Crossing
welded Vees in normal grade and grade A Types at Westhouses Test Site

steel, cast AMS with and without explosive

hardening and Cast Bainitic Steel as normalised and precipitation hardened.
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Rail C .

Itis the author’s opinion that future railway

tracks should be designed to minimise the

problem of rail corrugations. Current

theories to explain the formation of

corrugations fall into two classes, large

creepage and small creepage (Ref 12, 13).

The former is most appropriate for heavily

curved track and the latter for straight track.

Thusthe latter is likely to be most important

for future high speed railways. In essence,

the formation of corrugations is believed to

be a periodic wear process which isinitiated

by rail roughness and wheel/rail creepage.

Lateral creepage ie creepage caused by the

wheelset having an angle of yaw, seems to

be the most damaging form of creepage.

The dynamics of the track are important

sincethey control the relationships between

rail roughness and fluctuations in vertical

force, lateral force, creepage and wear. If Fig 15 Some Examples of G(«) Based on
the fluctuations in wear are such as to deepen Measured Dynamic Response of the Track
an existing wave in the rail profile, then

corrugations at that wavelength will deepen and propagate along the rail. Early in the
formation process, the rate of deepening is proportional to the existing depth and thus the
process is exponential

ie Depth = Initial Depth e SN0

where Cis aconstantdepending on Wear Resistance and contact patch parameters and where
N = Number of Axles and y = Creepage. The coefficient of this exponential relationship
G(w) is a function of the vertical and lateral track dynamics. G(w) depends on frequency ie
wave passing frequency (running speed/wavelength). A plot of G(w) against w thus shows
the frequencies at which corrugations may be expected to deepen (G(w) positive) and the
frequencies at which they may be expected to diminish. (G(w) negative).

The function G(w) can be calculated from measured dynamic responses of the track.
Dynamic measurements at corrugated and uncorrugated sites have led to values of G(w)
which fit the observed corrugations (see Fig 15) since a broad positive peak denotes growth
which is not sensitive to modest speed variations and narrow peaks do not indicate growth
since the wave passing frequency is sensitive to speed. The correlation has not been so good,
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however, when the dynamics of the track are measured with the track loaded. Work is still
progressing to try and understand the reasons for discrepancies and why the measured track
dynamics vary from place to place. Nevertheless, considerable progress has been made.

Conclusions

Much has been achieved in improving rail manufacture but higher speeds and more intense
traffic mean that rail problems will become more concerned with fatigue of the running
surface. The trend towards using heavier section and harder steel for rails in plain line will
need more use of rail grinding procedures to control surface damage and also improved
welding procedures which do not give large hardness variations along the running surface.

Even very small waves in the rail surface can give large increases in wheel/rail force at very
high speeds. Rail corrugations will have to be controlled by grinding on existing lines. On
new lines, an effort should be made to minimise rail corrugation when designing the track,
but a better understanding of the corrugation process is still required.

The renewal or cascading of rail should be planned well in advance using computer
programs which set the cost of service disruptions against the cost of renewal. To gain long
life from the rails, particularly in situations where corrosion is a problem, rails are needed
with low tensile residual stresses in the foot - ideally a compressive stress is required!

Bainitic steels have much to offer for cast crossings and should provide an attractive
alternative to the Hadfields high manganese composition.
nowl m

The author would like to thank the Director, British Rail Research for permission to present
and publish this paper.
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RAIL DEVELOPMENTS AND REQUIREMENTS FOR HEAVY HAUL RAILWAYS
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INTRODUCTION

The one constant of North American railway heavy haul
service is the quest for ever increasing axle loads. During
the 1960's, the maximum axle loads permitted in interchange
increased from 23.9 tonnes (26.25 tons) to 29.9 tonnes (32.9
tons). This change resulted in an increase in rail wear and
defect formation which, in turn, stimulated an increase in
research and development activity to extend rail life in the
heavier axle environment. Further the change to 29.9 tonne
(32.9 ton) axle loads was made without a thorough examination
of the increase in rail costs. To establish the costs
associated with the operation of trains with heavy axle loads
the Facility for Accelerated Service Testing, known as the
FAST experiment, was begun on a 7.6 km (4.8 mi) track loop as
a cooperative program between the Association of American
Railrocads and the Federal Railroad Administration at the
Transportation Test Center near Pueblo, Colorado [1]. The
FAST experiment and it successor, the Heavy Axle Load Program,
have continued to quantify the system, including rail, costs
encountered in operating trains with axle loads of 29.9 tonne
(32.9 ton), and more recently, 35.8 tonne (39.375 ton) axle
loads. Concurrently, major findings have been developed based
on the operation of Australian iron mining railways which
operate at axle loads up to 32.5 tonnes (35.7 tons)[2].

Axle loads of the above magnitudes require a rail
fabricated from a high-strength steel with excellent
resistance to wear, deformation, and fatigue. Additionally,
the rail must be weldable by either flash-butt or
alminothermit processes. Finally, practically all heavy-haul
railways employ profile grinding and lubrication to minimize
wear.
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This paper will review the effects of 29.9 tonne (32.9
ton) and greater axle loads on fatigue, deformation, and wear
and the methods developed to provide acceptable rail
serviceability under heavy axle loads.

FATIGUE AND DEFECT FORMATION

As axle loads increase, the rate of fatiqgue defect

formation naturally increases. Figure 1 shows the Wiebull
distribution of defects produced in rails subjected to various
axle loads [3,4]. Increasing stress causes an exponential

decrease in fatigue life. For example, at 200 million gross
tons (mgt), the 25-percent increase in axle load from 23.9
tonnes to 29.9 tonnes increases the rate of defect occurrence
by a factor of 2.5. Notice also that defect rates may be
reduced by the use of a heavier rail section which effectively
reduces bending stresses. Three methods have been employed to
cope with the potential of increasing defect formation rates,
1) the use of higher strength rails, 2) the use of rails with
superior microcleanliness, and 3) rail grinding to decrease
the level of contact stress. In fact, it is common practice
in North America to employ all of the above methods
simultaneously.

During the last 20 years the American Railway Engineering
Association's specification for standard rail steel has
increased the requirement for minimum hardness from 243 Bhn to
285 Bhn. Additionally, a new intermediate strength grade has
found wide usage with its requirement of a minimum hardness of
300 Bhn. Finally, the strongest and most durable rails are
those that are either heat-treated or alloyed in order to
produce rails with surface hardnesses of 350 to 370 Bhn.

Among the many alloy rail steels which have been
developed are l-percent Cr [5,6], Cr-V [5], Cr-Mo [7], and Cr-
Cb-V [8]. While alloy rail steels have been developed which
have strength and hardness levels comparable with heat-treated
rails, they have not gained wide acceptance, presumably due to
difficulties associated with weldability. Further, certain Cr
- V alloy rail steels have shown a tendency to shatter under
impact as shown in Figure 2 [9]. The reasons for this behavior
are not well understood, but vanadium may have the effect of
rendering the steel more strain rate sensitive as observed in
Figure 3 [10].

Heat-treated rails are produced by one of three methods,
head-hardening, full heat-treatment, or more recently, in-line
hardening after rolling. While processes for head hardening
and oil quenching were developed in the early 1960's, in line
hardening was not practicable until the advent of digital
control systems. Such control systems sense rail temperature,
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Figure 1. Wiebull distribution of defects
in rail under various axle loads [3].

and either adjust the speed of the rail or the quenching spray
intensity to ensure the development of an extremely uniform
longitudinal hardness. While the strength and hardness of
heat-treated and alloy steels are comparable, the heat-treated
steels, which are reheated, have a finer grain size with an
attendant increase in toughness [11].

Producing rails with improved cleanliness is a more
recent development. The production of clean rail steels may
have resulted more from the manufacturers converting from
open-hearth steel poured into big-end-down open-top ingots to
vacuum degassing as a requirement for the more economical
continuous casting. Whatever the degree of motivation,
today's rails are rolled from cleaner steel than they were 20
years ago. It was at that time that both Marich [12] and
Sonon et.al. [13] demonstrated that complex oxides could act
as fatigue crack initiation sites for transverse defects.
Further, sulfide inclusions have been believed to be benign as
crack initiation sites, and Heller [14] has shown that
extremely 1low sulfur content can render rail steels
susceptible to hydrogen flakes, Figure 4. Perhaps the most
important effect of heavy axle loads is that, as axle load
increases, the size of inclusion that can initiate a fatigue
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crack decreases, Figure 5 [2]. An analysis of rail defects
from the FAST experiment have led Clayton and Brave [15] to
conclude that the defect occurrence rate appears to be
directly proportional to the logarithm of the volume fraction
of oxide inclusions as well as a measure of the clustering of
these inclusions divided by some function of the hardness.
Sugino et.al. [16], in the results of a failure analysis of
fourteen North American rails, have shown long alumina
clusters to be important contributors to the formation of rail
defects, while manganese sulfides play no role in the defect
formation process.

PLASTIC DEFORMATION

The extremely high surface pressures in the contact area
of the wheel cause the rail to deform and work-harden under
the running surface when axle loads are above 200 kN (45,000
lbs.) as shown in Figure 6 [17]. While work-hardening allows
the steel to cope with heavy axle loads and minimize wear, it
develops a residual stress in the rail head, which can
increase the rate of fatigue crack initiation and growth. It
feeds material into the gage face where high wear rate
mechanisms may be acting.

As would be expected, increasing the rail yield strength



20

Static Axle Load (T)
30 325 35 375 40

n

1.04

0.94

1

P

Relative Threshold Inclusion Diameter

0.8+

170 180 190 200 210 220 230 240 250 260 270
(34) (36) (38) (40) (42) (44) (46)  (48) (50) (52)  (54)

Dynamic Wheel (Axle) Load (kN(T))

Figure 5. Influence of axle load on
relative inclusion threshold diameter. [2]

minimizes the amount of plastic flow. In a series of cyclic
compressive tests, the resistance to plastic deformation of
standard and high-strength rail steels have been evaluated
[18]. Figures 7 and 8 show that deformation resistance
increases with increasing hardness and yield strength. The
wavy pearlite microstructure developed in the work-hardened
test specimens, Figure 9, is the same as seen in work-hardened
rails.

The residual stresses, developed by plastic flow, are of
primary consideration in the development of transverse defects
as outlined in an extensive interpretive review by Steele [19,
20]. The effect of residual stresses can be easily seen in
Figure 10, where residual stresses tend to operate in crack
opening modes both for the longitudinal shell and the
sometimes resulting transverse defect [21].

Long wave length corrugations are another manifestation
of plastic flow in heavy haul service. While the mechanism of
corrugation formation continues to elude researchers, there
are a number of characteristics that have been observed.
During the FAST experiments corrugations developed from rail
joints of battered welds in the high rail of curves [22].
Zarembski et.al.[23], in a report covering a series of field
measurements on North American railroads, produced the
following four conclusions:

1. The overall distribution of corrugation
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wavelengths were similar in the five railroads
studied. The greatest percentage of corrugations
were in the 300- to 600-mm (12- to 24-inches)
range. '
2. Noticeable differences exist in the distribution
of corrugations between wood and concrete tie
track. The strongest corrugations in concrete
occurred between 150- to 300-mm (6- to 12-inches).
3. In all cases, the width of the range of
corrugation wave lengths ranged from 150- to 1200-
mm (6- to 48-inches).
4. There appears to be a strong correlation between
increasing wheel load and deeper corrugation depth.
As plastic flow is a necessary condition for corrugation
formation, increasing the rail's yield strength can 1limit
corrugation formation [24].

WEAR

Wear remains the major cause for rail removal. 1In the
recent past, attempts to limit wear, especially in curves of
2° or greater, were made by employing high-strength rail
steels. The use of these heat-treated or alloy steels at
least tripled rail life. However, the strength of pearlite
has reached its limit with heat-treated rail steels that have
tensile strengths in the range of 1300 MPa (195 ksi).
Additionally, Kalousek et.al. [25] have shown that sulfide
inclusions, benign with respect to defect initiation, tend to
increase the rate of adhesive gage face wear.

Initial FAST experiments dramatically demonstrated the
effectiveness of lubrication in curtailing wear. Steele and
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Reiff [26] showed that the wear rates of standard rail were
reduced by a factor of 8, while the wear rates of high-
strength rails were reduced by half. Such reductions have
been seen in service with the added benefits of reduced energy
consumption and reduced wheel wear. However, problems remain
with insuring that the proper amount of lubricant is applied
to the proper location on the rail.

Finally, the Australian heavy-haul railways developed
grinding procedures that assisted proper curving, and
substantially reduced gage face wear [27]. Many grinding
profiles have subsequently been developed and applied in North
America which have reduced rail wear. Unfortunately, none of
the profiles has been designed with a total systems approach
where the total wheel and rail wear costs are minimized
without adversely affecting vehicle dynamic behavior.

CONCLUSIONS

1. Increasing axle loads have placed severe demands on the
existing rail steels' ability to resist fatigue, wear, and
plastic deformation.

2. The use of stronger steels with better microcleanliness,
combined with profile grinding and lubrication, have helped
North American Railroads to economically cope with increasing
axle loads.

3. Further improvements in rail steel strength will have to be
accomplished with steels of a different microstructure.

4, Further improvements in microstructure must not be made
with sulfur levels too low as to promote the reappearance of
hydrogen flakes.

5. Rail profile grinding procedures should not be developed
without regard to wheel wear and vehicle dynamics.
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RAIL METALLURGY AND PROCESSING

W H HODGSON
BRITISH STEEL TRACK PRODUCTS

ABSTRACT

Improved rail production techniques provide new options for the rail
user. Steelmaking improvements offer tighter composition control,
lower levels and more controlled oxide and sulphide inclusions, greater
control of segregates and freedom from surface defects. New roller
straightening developments offer straighter rails with significantly
flatter running surfaces. Ultrasonics, laser and eddy current
equipment give printed information on surface flatness, straightness
and interior condition. These have come along at a time when dramatic
changes have occurred on the rail heat treatment scene. Rails can now
be hardened during the actual rolling process. Rails of simple
composition can be produced in the hardness range 240/400 BHN as
required. The rail user can now choose hardness and geometry
requirements over a wide range to cover all aspects from high speed to
heavy haul with equal ease and availability and all under the latest
quality assurance systems.

Introduction

The production of rails has seen very slow development over a large
number of years but momentum began to develop in the early 1970’s. The
late 80‘s saw a rush of developments where long sought after ideas
finally reached fruition. These developments were wide ranging
covering many aspects of railmaking and brought it to the forefront of
technology. Improvements in quality, properties and line geometry have
provided dramatic increases in rail performance under almost all
conditions of usage.

Rail profile grinding, lubrication and other track improvements have
greatly added to expectations of even longer life. All this, coupled
to the mill heat treatment developments, tilt both technical and
economic advantages away from tradition to the point where rail
specifications need to be re-written so that railroads can take full
advantage of these improved products.
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Development Aims

Those at the forefront of rail manufacturing technology have responded
to the needs they foresaw among the railways of the world. Around
twenty years ago such needs could be seen as means to avoid premature
failure, to increase resistance to surface damage and the need for
improvement in straightness and line geometry. This led to
developments on tighter control for chemistry, segregation, inclusion
types, pipe, blister, hydrogen and surface condition. Rails containing
these improvements would be straighter, flatter, longer and harder. By
1992 logical developments have in general met every one of these
objectives to a very high degree whilst still retaining common steel
prices. For the first time in many years there is no longer any
obvious large volume of development work waiting to be carried out.
However, railroad demands are ever increasing and much work has still
to be done but with at this stage less obvious direction. The one area
of failure has been in the field of residual stresses. Foot stresses
particularly still do not allow rails to perform to their full
potential.

The following is largely a survey of the state of the art as several
leading manufacturers reach a similar stage of development by differing
routes.

THE BLOOMMAKING PROCESS

Steelmaking/Casting

Today'’s rail steels are manufactured in either basic oxygen or electric
arc processes. The most prefered route is basic oxygen steelmaking
where liquid blast furnace iron is given a partial refining to rail
steel. This is followed by full refining, temperature and chemistry
control in a ladle arc secondary steel making process followed by
vacuum degassing. The combination of these three processes gives
extremely fine control of all aspects of steel condition. The liquid
steel is then preferably continuously cast under gas shrouded
conditions to give a sound low segregation bloom free from surface
defects. Due to pick up of hydrogen from the tundish at the beginning
of pouring all manufacturers require some blooms to be slowly cooled
for further hydrogen removal.

Where scrap melting is used rail manufacture can be successful but for
economic advantage and for best technical effect the process could best
be followed by the same system as for basic oxygen i.e. use the arc
furnace for melting and partial refining but do full refining in the
ladle arc system followed by vacuum degassing. Again for heat treated
rails the system can be fully effective but great care is required in
scrap selection and additions to give the desired consistency of tramp
elements.
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Oxides

During steelmaking the decision has to be taken as to the level and
type of oxide to be found in the final rail. During the 1970’s
finished steel oxygen developments of 75ppm were common but today’s
developed processes give around 12ppm. Oxides used to be heavily
effected by aluminium giving brittle broken aluminium silicates. These
gave rise to shelling and fatigue damage. Today'’s clean processes use
preferably specially reduced aluminium alloys with no actual aluminium
addition. This gives freedom from the alumina type inclusions which
were so troublesome.

Sulphides/Segregation

In today’s premium rail production sulphur averages 0.015% as compared
to 0.035% just a few years ago. A bottom limit of 0.008% is usually
applied to avoid the re-introduction of hydrogen sensitivity.
Segregation has been brought under strict control and it is proposed to
reflect this in the new European standard.

Hydrogen

This element is unusual in that it can not be measured by the customer
in the finished cold rail. Ultrasonics can not detect its initiation.
Its effects, in the form of hydrogen flakes and consequent fatigue, can
show up twenty years later so hydrogen has always been a subject of
nervous concern. Today’s steelmakers have no longer reason to pass
such concerns to the customer. Low hydrogen steelmaking techniques are
well understood and if these are followed by proper vacuum degassing
the general hydrogen level should be adequate for rail purposes.
However, pick up of hydrogen from the tundish at the beginning of
teeming is unavoidable and some bloom cooling is required to overcome
this. Hydrogen diffusion conditions are well investigated and there is
no reason for todays rails ever to shatter crack. Most manufacturers
work to 2.5ppm maximum but techniques are available to achieve half
that level if necessary.

Chemical Control

All rail specifications use very wide limits for most elements. They
are all based on yesterday’s steelmaking techniques. Railmakers still
argue for wide limits claiming the necessity to have several options to
achieve the same properties. It is often even claimed that tight
controls are unnecessary as current rails perform well enough.

However, it is only by offering an improved range of chemistries that
the benefits can develop. If for example carbon/manganese/sulphur
tolerances were reduced to only half their current limits flash butt,
thermit and surface repair welding techniques could all be considerably
modified.



32
RAIL. PRODUCTION

Rolling

Rail steel blooms typically 4-6 tonnes in weight and around 260 mm x
360 mm are reheated to an even temperature taking precautions to
contain decarburisation. Blooms are rolled to rails by either the
caliber or universal processes. Each system has its advantages and
disadvantages but these differences only effect the manufacturer and
have little influence on the consumer. Hot rolled rails are
transferred onto cooling banks to transport the rail to arrive cool at
the roller straightener entrance in a condition correct for
straightening. Slow cooling of rails for hydrogen removal is no longer
necessary and should not be required for stress relieving.

Hot rolling mills have made gradual improvements over the years but
significantly the manufacturers are not offering closer rolling
tolerances although today’s product must be more consistent.

Finishing

The finishing of rails has seen very considerable development and
currently offers a significantly improved product. Finishing consists
of roller straightening, gag-pressing, cutting to length, drilling,
inspecting and packaging for delivery.

Roller straightening

Roller straightening
equipment and techniques
have been modified in
ways which are highly
significant for many
customers. The
straightening machines
have usually 7 or 9
roller configurations,

figure 1. Primary
plane straightening is ROLL AR“NGEM‘N.\'* LAMBGRTON STRAIGHTENER

usually followed by SHOWING DEFLECTIONS D1 , D2 & D3,
a similar but smaller
machine carrying out Figure 1.

secondary plane

straightening. Today'’s straightening machines have many tasks
including straightening, surface flatness improvement, running surface
contour and residual stress control. To achieve today’'s best
performance figures the straightening rollers have to be set at the
required distance apart to give the balance between rail crush,
straightness and residual stresses.
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Rotating components have had
to be re-designed to give some IMPRDVEMENTS 1IN spluDLG/SL&&\Je/
form of cone fitment, figure 2, ROLLER MDULNTING.

to remove all play. The same TYPICAL 1980

cone fitting system should be RSM. ROLLER

used on roller machining J_r:’—]/ SLeeVE
equipment to give the best SPINDLE

effects. Stiffer machines with ]='—""=\

these new improved tolerances L_'[,_l__I\C.LeARAMC&:».

are given full instrumentation L e
to allow accurate control and '990sRSM. l—l__pl
1

rt.acording of roller adjustments. ZOLL DRIVEM
With the rolls themselves at UP TAPERED
around 550 BHN the combination SLEENE BY WEDGES

has for the first time allowed OR HYDRALLICS.

accurate adjustment of
straightness, flatness,

residual stress while at the ROLL AT TOP OF
SLEEVE WITH

same time ensuring that the
. g ND MEASLRABLG
machine can be reset and CLGARANCES,

maintained at the original

settings. After 50 years

the "art" is finally being Figure 2.
taken out of roller straightening.

The straightened rail has the non-straightened ends corrected to new
standards by presses which are more and more computer aided. Better
machines can measure the rectifying requirements at the rail end and
suggest a setting. However for extreme accuracy at this time the
operator still makes the final judgement.

INSPECTION

Ultrasonics mm

Multi-probe ultrasonics systems

covering 60% or so of the rail L)

area to a 1.5mm flat bottom hole % | ’
standard are the norm, figure 3. L >4 < 1 = b ]
These machines test rail along ' | ‘

its complete length, spray
defective areas and record results.

In general the practice of clean
steelmaking has kept ahead of the %
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improvements in ultrasonic testing.
While ever more advanced testing
equipment is being developed and
the developers are rightly proud of
their ability to detect 2 mm flat
bottomed holes it must be remembered Figure 3.
that this only equates to inclusions

4-6 mm and then only in the more effective part of the beam.
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Modern steelmaking almost never produces inclusions more than a
fraction of this size. The role of all this ultrasonics today is to
pick up entrapment from powders and covers. Unfortunately there is no
quick technique for the detection or measurement of small steelmaking
inclusions.

Surface Flatness

Automatic equipment using PROEILE
direct contact or lasers

has been developed to very 198003
sophisticated levels.
When coupled to adequate 1989 0%

computers this type of 1991 o-og
equipment is capable of oo0s " L UL L '1|||‘l

measuring waves in the 15
running surface or side
of head of a rail. Such 030

equipment first showed
that as rolled rails
contained many waves.
Roller straightening
greatly reduced these
waves but installed new
ones.

T T
10 20
LEMNGTH 1IN METRES.

Figure 4.

Roller straighteners were first given improved tolerances, some time
later cone fitments and all of the time more and more instrumentation.
The fully modified straightening equipment gives wave tolerances to
dimensions unthought of just a few years ago, figure 4. Again
production is beginning to get ahead of measurement but at least
today’s rails are capable of being produced with the majority having
surface flatness + 0.05 mm and 95% + 0.08 mm. The rail is not so stiff

in the lateral direction but wave depths as low as + 0.2 mm are
possible.

In the rolling mill inspite of the use of harder rolls, roll pass
lubrication and high pressure water sprays of 200 bar, surface
roughness of the running surface has still not been improved to
required levels. These improved levels are required for noise and
corrugation control.
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Surface Quality Assessment

Today’s rails contain very few
defects of steelmaking origin.

By 1970 rails contained 12% surface
defects when assessed against a

very slack standard. By 1980 the
defects were down to 4% and by 1990
to below 0.4%. With rails of such
relatively good surface visual
inspection reveals only around 20% A
of the 'seam type defects known to =~
O@ S

be present. Unfortunately the eye
cannot differentiate between 0.2 mm
and 2 mm depth even on this 20%.
Automatic equipment has been
available for many years, figure 5,
but this generally tests to a depth
of 0.5 mm. There is no evidence

that seams undetected by such Figure 5.
equipment ever give trouble in
service.

Residual Stress

Longitudinal residual stresses are of ever increasing interest to the
rail user but unfortunately there is no automatic or quick way of
testing. The Debro ultrasonic strain measuring equipment is a useful
comparator but no more. Much more accurate results are obtained by the
slow strain gauge or web saw opening tests.

The majority of residual MW 2

stresses are put into the '3¥D -220 ”?o L) o 2?0 300
rails by the roller

. . . HeaAD
straightening machines.
As indicated earlier these
machines are now better
understood and more
controllable and can give wed
reduced stress for a given
rail strength than before.
The main area of interest
on residual stresses
depends to some extent on FooT
t:e ra:':.:; section and SCATTER BAND OF LONGITDDINAL
srength- RESIDUAL STRESSES MEASDRED BY

ore DISL IN LNVSED ROLLER
STRPAIGHTENED GRADE DOA RAILS,

Figure 6.
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Tall hard rails tend to centre interest on the compressive web stresses
as web splitting can occur while on the less tall predominantly
European designed rail the tensile residual stresses tend to increase
foot fatigue. The stress pattern is shown in figure 6. The web saw
opening test has been found to relate closely to web splitting
potential but not to foot fatigue. Separate tests are therefore
required for AREA and European Rails.

RAIL HARDNESS

Although work is progressing in several areas including low and high
carbon bainitics and even martensitic structures the vast majority of
rails for the foreseeable future will have a pearlitic microstructure.
Other things being equal the finer the pearlite the more wear resistant
the rail. The finer the pearlite the harder the rail and provided the
pearlite remains true then the hardness figure becomes the main
requirement in this area. Fully pearlitic rails fall into the BHN
hardness range 250-410. The rails within this range are manufactured
by a variety of processes. Naturally hard rails containing carbon and
manganese have a maximum hardness of around 300 BHN. Above that level
some form of assistance from small quantities of alloying elements is
required.

For harder naturally hard rails
1% chromium/vanadium was used
but due to the inherent low
fracture resistance this rail
is much reduced in general
usage. For significant
hardening above 300 BHN rails
are manufactured around the
world by a variety of heat
treatment processes. Some
processes re-heat but all use
some form of accelerated
cooling and there are a
variety of techniques aimed

at following the cooling curve,
figure 7. WOG Time

TEMPERATLRE

Figure 7.
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The area between PS

and PF is the one

which taxes the mind

most. Rail shape, HAEBDMVESS
X s HB

dimensions and the

heat of reaction of 4dof - - - m-m - o s m s oo oo
pearlite all combine 43O === rrmiosoceeoocsoooesoooisos
to make following 4cof-
this line a near 380
impossibility. 3L0

340

Bramfitt (1) has
recently reviewed
heat treatment
techniques. Typical

hardness pattern for T R T
off-line head BAON —=m e - = cem m e e am e ammataaeam e eeeoem e
hardened and L
continuous on-line Wwold—a—a 2 o . PSS S ST ST W S
treated rails are o 2 @ ® 1012 14 16 18 20 22 24 2L 28 30 32 34 3%
shown in figure 8. DISTANCE: (Mm) FROM HEAD CRONN DOWN CENTRE OF RAIL

HEAD,
—Y¥—AREA STANDARD CARBOW,MILL HEAT TREATED.
TTOTTAREA STAMDAED CARBON - HEAD HARDENED

Figure 8.
Fully Heat Treated Rails

Fully heat treated rails have bgen successfully produced for many years
by heating a carbon rail to 850 C prior to oil quenching. This gave a
hardness of 340/378 BHN with the head largely fine pearlite. Tempering
of the rail at 450 C removed any martensite and most residual stresses.
This rail is still produced in quantity in Poland, CIS and USA.

The process gives rails which perform well but the hardness range is
restricted and due to having to quench the whole rail equally at a
fixed rate of extraction.

Head Hardening

This name was given to the other major off-line re-heating process
where originally the head of the rail was heated and air quenched to
form a region of fine pearlite in the top portion of the head.

Hardness was usually in the range of 360-400 BHN. The process has been
further developed by pre-heating the rail and using many electric
inductors to give a better heat and therefore stress balanced to the
quenched rail. Some processes now even fully re-austenatise the rail
prior to air quenching the head to give fine pearlite. Both
pre-heating and re-austenatising remove the initial roller
straightening stresses. However, in the main rails are re-straightened
after treatment. These processes can now deep harden rails but by
today’s standards this route is slow and inherently costly.
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On-line Heat Treatment

By 1985 several producers were experimenting with new forms of on-line
heat treatment processes which do not require reheating or double
handling of the rail. Currently there are several systems in use which
have been given general descriptions in the literature.

a)

b)

c)

On-line air cooled

Rails are rolled and grouped together while still hot. These are
clamped fgr restriction and on reaching a suitable temperature
below 800 C are given an air blast to increase their cooling rate.
This process gives a hardness of around 340 BHN to carbon/
manganese rails and 370 BHN if a small amount of chromium is
added. The process appears to give good hardness control and
should be much less costly than the re-heating system. Rails can
be treated at full mill rolling rates.

Head Quenching On—-line

This process takes the hot rails after the exiting the finishing
pass, inverts the rail and dips the head into a tank containing

circulated aquaias polymer. The head of the rail is quenched to
form fine pearlite. Operation is at full mill production speed

and the process gives a hardness of 340/370 BHN.

Continuous On-line Heat Treatment

Hot rails are taken directly from the rolling finishing pass
without delay into a water cooled treatment system. Rails are
passed through the spray system at a rate depending upon rail
temperature. The process varies speed and waterflow along the
length to give a constant fine pearlite and hardness along the
head of the rail. The web and foot also receive spray cooling and
can be hardened as necessary but usually not to the hardness of
the head. While theorail enters the machine at any austenatige
temperature 700-1000 C it exists at a mean temperature of 600 C.
This plus the fact the rail is guided but not significantly
restrained leaves the rail with an inherently low residual stress
when cool. The system works at full mill rolling rate with the
rails continuously moving along their normal route. This must be
inherently the most cost effective system providing only that the
space requirement is consistent with plant capability. Treating
at 130 tonnes per hour the system requires 100 metres of space for
carbon rails and even more for alloy grades.
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The Future

The integrity of todays rail is much more assured. 1In the main
premature failures should be very rare. The railroad can therefore
better plan for the total life of the rail.

Wear resistance can be varied by hardness and lubrication to cover a
very wide range. This should allow the railroad to select two or three
types of rail best suited for their needs to give a planned long life
in each situation. Particularly if head contour grinding becomes the
norm wear rates can be very low for most applications without risk of
running service fatigue. It should be possible to know how many MGT a
rail can carry in each situation with a high degree of certainty. This
same grinding when used purely as defense against fatigue or to provide
the correct head contour would be the current best form of defense
against noise and corrugation. In fact the position may well be
reversed if noise legislation makes grinding necessary it would be
economically wrong not to introduce harder rail.

Ever flatter running surfaces have been produced for high speed rails
but the spin off must be reduced stresses in all except light rail
systems.

Manufacturers are still finding it difficult to dramatically reduce
rail foot tensile stress. A breakthrough in that area would allow
rails to reach their full potential.

The new on-line heat treatment techniques should eventually offer a new
range of pearlitic rails. Current developments have all been with
standard rail chemistries. Some of these new heat treatment techniques
are not limited to treating such chemistry. However, it will be some
time before cooperation between manufacturer and user develop such
rail. When the next stage of development is complete it would be
anticipated that all heavy rail would be heat treated to give the best
all round combination of properties.

Reference

(1) Bramfitt - Mechanical Working and Steel Processing Proceedings
Conference Cincinnati 1990.
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ABSTRACT

The potential of bainitic steels for applications involving wheel/rail contact is
reviewed. Particular attention is paid to wear resistance because this is where bainitic
steels have been perceived to be inferior to pearlitic steels. Five new experimental, low
carbon bainitic steels have been produced to answer some of the unresolved questions.

HISTORICAL PERSPECTIVE OF RAIL AND WHEEL STEEL DEVELOPMENT

Fatigue, fracture, wear and deformation, in their various external forms, have
provided the incentive to experiment with alternative materials. For such critical
components as wheel and rail, however, the acceptance of new alloys has involved much
time, doubt and suspicion. The introduction of the steel rail was no exception.

The first Bessemer rail was used by the Midland Railway at Derby Station in
1857 where it proved itself beyond any doubt (1). Variable quality and the normal
human reaction to personal experience as the only reality, fuelled a controversy of iron
versus steel that lasted until the end of the century.

The early steel was low in C and Si but very high in S, P and inclusions.
Hackney (2) gives details of tests on rails containing 0.16% C and 0.3% P. With
experience, steelmakers learned how to maintain a P level below 0.1% enabling C
contents as high as 0.5% to be utilized for wear resistance (3). The subsequent
mainstream development of rail steel can be viewed as the reduction of free ferrite,
interlamellar spacing and inclusion content, to produce cleaner steel of higher strength.

The last decade has seen a burst of activity with the development of on-line head
hardening and significant innovations in clean steel practice. The latter issue will no
doubt continue to receive considerable attention. However, with interlamellar spacings
as low as 100nm it is conceivable that this approach to strength has almost run the full
course. There are other options, precipitation hardening, particularly with vanadium, has
been studied extensively (4).

There have been notable diversions from the mainstream development, usually to
address concerns about toughness. In the USA in the 1930’s (5), 0.3%C 3 %Cr rail was
produced to provide tougher steel with high hardness and strength. Cost, presumably,
brought about its demise since the early experiments were encouraging.

An improved fracture toughness rail steel was developed in Britain in the early
1970’s (6). Carbon content was reduced and austenite grain size controlled by nitrides.
Cost and poor wear resistance were the primary reasons for discontinuing the program.
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Hadfield’s manganese steel offers an unusual combination of strength and
toughness. In wrought and cast form it has become the universally accepted standard for
switch and crossings operating under severe conditions. The material is no panacea,
however, since it is difficult to cast and machine, and only achieves full resistance to
deformation and wear as a result of significant plastic strain. It is also high in alloy
content and difficult to weld. Periodically, a new approach is sought either through a
replacement or methods of improvement. Attempts have been made to increase the work
hardening rate by additions of V, W and Mo (7). Aluminum raises the solubility of C
in austenite and a high work hardening rate has been attained in a 1.75%C 1.3%Al alloy
(8). There is an accompanying enhanced risk of carbide formation and general
improvements in properties were not achieved.

Bainite has been proposed as an alternative to pearlite (9) and austenite (10). A
major obstacle to the evaluation of experimental data has been the inadequate
characterization of bainitic microstructures, of which four types are now commonly
recognized.

BAINITE

The term bainite refers to microstructures formed by the decomposition of
austenite at a temperature, which depends on alloy composition, within the broad range
250-650°C. The two classical forms, upper and lower bainite, have lath structures.
This is a common characteristic with the shear transformation product martensite. The
formation of bainite also involves features associated with diffusion and an academic
debate over the significance of the two mechanisms still continues (11).

Two non-classical forms of bainite have been identified and termed carbide free
and granular bainite, following the work of Habraken and Economopoulos (12). These
forms of bainite are usually found in continuously cooled low carbon steels. Optical
microscopy does not provide the necessary resolution to identify them and transmission
electron microscopy has to be used.

There have been several attempts to categorize bainitic structures. Ohmori et al
(13) referred to three bainitic forms By, By and By with the fourth type being frequently
mentioned in the literature:

B; Carbide-free bainite with packets of heavily dislocated ferrite laths and
inter-lath martensite-austenite (MA).

By Upper bainite with packets of heavily dislocated ferrite laths and inter-lath
cementite.

By Lower bainite exhibiting packets of heavily dislocated ferrite laths with
cementite present within the laths at an angle of 55-60° to the longitudinal
axis.

Granular Heavily dislocated lath-free ferrite and MA islands.

A new classification of bainitic structures has been presented by Bramfitt and
Speer (14). They conclude that the ferrite of granular bainite has a lath substructure and
divide all bainitic forms into three categories:

B, Acicular ferrite with intralath precipitation of carbide.
B, Acicular ferrite associated with interlath particles or films
B; Acicular ferrite with a discrete island constituent.

Superscripts are employed to identify second phases and so granular bainites
become B;™? and lower bainite B;°. While this approach has not yet received wide
attention it has considerable merit although it could create some confusion with the
evaluation of low carbon structures.
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Normally, a homogeneous bainite transformation is difficult to achieve in low
alloy steel because bainite is prevented by the formation of ferrite and pearlite. The
addition of 0.5% Mo and 0.002% B is one way of retarding these reactions to produce
bainite over a wide range of cooling rates.

Further control of the austenite to bainite transformation is exercised through the
use of the alloying elements Ni, Cr and Mn which act to depress the bainite start
transformation temperature (By). As this temperature is lowered, the strength properties
are usually increased without any significant loss of ductility.

Several empirical equations have been established (15-18) to relate B and alloying
additions. The relations tend to be specific to the group of alloys used in the derivation.
In all of them, however, C has by far the largest effect on B,.

Hundreds of thousands of tons of bainitic steels are manufactured each year (14).
A favorable balance of strength, toughness and cost has led to their use in many
applications, including gas transmission lines, steam turbines and pressure vessels. The
potential of bainitic steels for tribological situations has been limited by poor wear
resistance.

WEAR RESISTANCE

There are several different mechanisms of wear. A material may show excellent
resistance in one situation and indifferent performance in another. Identification of the
dominant mechanism in practice and its simulation in a laboratory test is usually a
necessary prerequisite to the successful adoption of new alloys.

In rolling/sliding contact wear tests, Bolton and Clayton (19) identified three
regimes of wear that they labelled, types LII and III. Danks and Clayton (20)
demonstrated that gage face wear of an unlubricated rail in heavy haul traffic is type III
in which an initial break-in period results in roughened surfaces that suffer a form of
abrasion by wear debris particles. This is the most severe of the three and has many
similarities to sliding wear. For high speed systems with lighter axle loads, type II is
usually considered appropriate.

The earliest bainitic rail service tests were conducted with two steels (21), H1 and
H2 in Table I. The low carbon steel had a coarse acicular bainite and the second an
acicular bainite with finely dispersed carbides. In curved track they wore 50% faster than
conventional pearlitic steel rails.

Ichinose, et al.(22) observed that a low carbon bainitic steel, I1 in Table I, wore
about ten times faster than a pearlitic steel of the same hardness. The laboratory tests
were conducted at a slide/roll ratio of 10% and contact pressures of 550 MPa.

Masumoto et al (23), using a disk on disk machine at 9% slide/roll ratio and
contact pressures of 550 MPa, found that ferrite-pearlite steels were more resistant to
wear than low carbon bainite. Kalousek, et al (24) also concluded that bainite wears
faster than pearlite from laboratory tests with a CrMo eutectoid steel.

It is difficult to draw any firm conclusions from the above work because the
microstructural characterization is rather vague. Furthermore, the investigations have
not systematically examined wear resistance with respect to test conditions, chemical
composition and other mechanical properties.

Clayton et al (25) conducted an examination of a range of materials, B1-B9 in
Table I. The tests were carried out under sliding conditions. Figure 1 shows that the
softer bainitic steels compared favorably with pearlitic steels of the same hardness.

Devanathan and Clayton (26) examined the behavior of two low carbon bainitic
steels. One, D1, was taken from an experimental cast frog while the other (D2) was as-
rolled, Table I. These steels were tested with a slide/roll ratio of 35% and contact
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pressure in excess of 500 MPa to generate type IIT wear. The 0.04%C steel (D1) was
also tested in two heat treated conditions. The material was austenitized at 1025°C and
cooled at 2 and 600°C/second to generate hardness values of 267 and 317 HB,
respectively.

Although the most recent head hardened rail steels exhibit a resistance to break-in
at pressures greater than 1220 MPa (27) the steady state wear rate of D1, heat treated
to give more retained austenite and a hardness of 267 HB, compared favorably with
current rail steels, Figure 2.

Garnham and Beynon (28) tested similar bainitic steels under type II conditions
with results no better than BS 11 rail steel. Sawley et al (29) also tested a low carbon
bainitic steel, F in Table I, under type II conditions and showed that it did not perform
as well as a BS5982 R8T wheel steel.

Clayton and Devanathan (30) investigated a eutectoid CrMo rail steel (L), heat
treated to give a hardness of 337 HB for two microstructural conditions. The bainite was
upper bainite and the pearlite had an interlamellar spacing of 50nm. Under type III
conditions the bainitic steel wore appreciably faster than the pearlitic steel, confirming
the conclusion of Kalousek et al (24). However, when the CrMo rail was heat
treated to lower bainite of 54 HRC, resistance to break-in to type III wear was better
than head hardened pearlitic rail steel.

MECHANICAL PROPERTIES

The mechanical properties of bainite result from four contributions; packet and
lath size, dislocation substructure, solid solution hardening and dispersion hardening.
Separating these effects for any given steel is often difficult.

The tensile strength and fatigue resistance of the nine bainitic steels used in the
study by Clayton et al (25) were strongly related to carbon and chromium content. Two
of the steels exhibited excellent impact resistance. Since none of the steels contained any
Ni, the results conflict with the work of Callender (31). He concluded that to obtain
high impact resistance a bainitic steel should contain 3% Ni and no second phase
particles.

Sawley has suggested (32) that the discrepancy could be explained by unusually
small prior austenite grain size in steels B1-B9. Naylor et al (33) found that the prior
austenite grain size controlled packet size and this could be an influential crack growth
barrier. It is not easy to detect the prior austenite grain boundaries in many of the
bainitic steels. Optical microscopy indicates that for those that can be measured, Table
II, prior austenite grain sizes are very variable for B1-B3 ranging from 6 to 20um. This
compares with 25um for D1 (and D2 for which only a few grains were measurable) and
around 20um for Callendar’s steels, C1-C4. Modern head hardened rail steels have grain
sizes as low as 10um compared with 50um for standard section rail of two decades ago.

However, while grain size is undoubtedly a factor (34), the data of Table II
suggest that it is unlikely to be the only explanation for the high impact resistance of B7.
On the other hand a bainitic wheel steel without Ni (29), F in Table I, exhibited poor
impact properties. The grain size of this material was 50/60um.

In a simulated field experiment, a low carbon bainitic steel frog performed as well
as explosively hardened austenitic manganese steel (35). In laboratory rolling contact
fatigue (RCF) and deformation tests (27) low carbon bainitic steels equalled pearlitic
steels of the same hardness.
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DISCUSSION

The goal of any steel development program, whether for rails, wheels or
frogs, is to produce the correct combination of properties. For bainitic steels the
objective is a deformation, fatigue and wear resistant steel that is tough, easily
manufactured and welded, at an economic cost. Since the toughness of current wheel
and rail steels is low by any standard, its improvement may be seen as a worthwhile
bonus.

The first question is whether the existing knowledge is sufficiently consistent to
identify the optimum compositions for bainitic steels or to halt their development
altogether. While some of the information is possibly contradictory there is more than
sufficient encouragement to continue the quest.

The wear resistance of several different bainitic steels has been disappointing
(22,23,28,29) under relatively mild test conditions. In laboratory tests more
representatlve of non-lubricated heavy haul track conditions, the low carbon bainitic
steels perform well.

Their wear resistance is inversely proportional to hardness, Figure 2. This is
counter to most experience but hardness 1s not a good indicator of wear behavior except
for a narrow range of test conditions and materials. In this case a decrease in hardness
is associated with an increase in retained austenite. The influence of retained austenite
on wear resistance has not been studied extensively but there are data which show it can
be beneficial in abrasive situations (36,37,38). Dong et al have observed a positive
benefit of retained austenite in the RCF behavior of some highly alloyed steels (39).

In high Si, carbide free bainite, retained austenite films between the laths were
beneficial to impact resistance (40). Blocky austenite, however, exhibited a greater
degree of instability and transformed to untempered martensite. This would not be
expected to be a problem in very low carbon steels but the carbon content of the MA
phase can be as high as 10 times the average (41).

Callendar’s data (31) support the view that Ni is a strong influence on impact
toughness. Grain size may well be an influential factor in the behavior of the B series
of steels (25), which did not have any Ni. The best of these steels, B7, outperformed
the best of the steels tested by Callendar, Figure 3. Even if small grain size explains the
behavior of the former, further evidence of the effect of Ni on impact resistance and
fracture toughness is required because of the cost. In the event that Ni proves to be very
significant a cheaper alternative might be to use grain refinement of the austenite.

For one set of steels, Cr was associated with good strength, fatigue and wear
resistance and did not impair impact resistance (25). Since none of the empirical
equations shows Cr to be particularly potent in controlling By there is some doubt about
a direct link between the two. Callendar (31) used Cr in preference to Mn for depressing
the B, because it has less effect on martensite start temperature (My). The concern was
that 1f the M; were too low, martensite could form when the alloy was welded.
However, there seems little reason to suspect that very low carbon untempered martensite
would be deleterious.

It would be economically advantageous to use as little Ni and Cr as possible. Mn
is only about one third the cost of Ni and two thirds the price of Cr, per weight %.
Although Mn is limited in higher carbon steels to prevent segregation this does not apply
to low carbon steels. Heller’s rail steel (21) contained 4.5% Mn with 0.07%C and the
FAMA steels (42) contain high Mn levels.

Finally, there is the question of carbon level. The evidence indicates that for low
carbon bainite the absence of carbides is beneficial. However, this still leaves a choice
to be made within the 0.04-0.15% range. Also, there would seem considerable incentive
to explore further the properties of high carbon lower bainite.
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A pilot matrix of five new low carbon, Mo-B alloys, J1-J5, has been prepared,
Table I, to answer the following questions:

a) Can the performance of the 0.04 %C bainitic steel D1 be reproduced.
b) Is retained austenite beneficial to overall mechanical properties.

c) Can good impact properties be obtained without Ni.

d) Does carbide free offer better properties than granular bainite.

e) What is the optimum carbon content.

) Does Cr affect wear resistance.

Alloy J4 has greater Mn and less Cr than D1, while J5 has 4% Mn and neither
Ni nor Cr. This pattern is repeated for 0.1% C in J3 and J2. The latter is similar to the
original B7 alloy, Table I, with the addition of 2% Ni. Although 0.2% C would
normally lead to carbide formation, the Si content of J1 suppresses this reaction to
produce a high level of retained austenite (43).

Figure 4 shows that, in the as-rolled condition, a range of bainitic structures has
been achieved with carbides present only in J2. These steels will be tested for wear,
deformation, fatigue and impact resistance. Heat treatments can subsequently be used
to vary the microstructures to quantify the effects of retained austenite and prior austenite
grain size.

CONCLUDING REMARKS

Pearlitic steel has evolved over a period of 135 years and Hadfield’s steel has
been used for more than a century. Bainite was only identified as a separate constituent
in the 1930’s and has received relatively little attention.

Recent research provides some encouragement that bainitic microstructures could
offer engineering alternatives to pearlite and austenite. In particular, very low carbon
bainite appears to perform well under severe contact conditions. A new series of alloys
has made to clarify the relationships between microstructure and wear, deformation,
fatigue and toughness properties in these steels.

High carbon lower bainite steel remains virtually unexplored.
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Figure 1. Sliding wear rate versus hardness for pearlitic and bainitic steels.
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Figure 4. As-rolled microstructures of J series steels.

(a) Steel J1, Carbide free bainite/granular bainite, arrows indicate retained austenite, Mag. 40,000X
(b) Steel J2, Upper bainite, Mag. 20,000X

(c) Steel J3, Granular bainite, arrow indicates twinned martensite, Mag. 60,000X

(d) Steel J4, Granular bainite, arrow indicates twinned martensite, Mag. 30,000X

(e) Steel J5, Carbide free bainite, arrows indicate retained austenite, Mag. 12,000X
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Table I. Chemical composition of reviewed steels.

Element (Wt%)

Steel Reference o} Mn Si Cr Ni Mo S P B Al Ti Hardness
H1 21 0.30 2.70 0.20 460 HB
H2 21 0.07 4.50 0.50 345 HB
n 22 0.33 1.20 0.31 1.25 0 0.20 0.015 0.014 0.0029 0.28 0 345 HV10
M1 23 0.33 1.20 0.88 1.17 0 0.20 0.008 0.018 o] o] (o] 307 HB
K 24 0.72 0.81 0.28 o o o021 0.022 (o] ] o] [o]

B1 25 0.09 1.01 0.21 o] 0 0.50 <0.010 <0.005 0.0029 0.03 0.03 232 HV30
B2 25 0.21 1.99 0.22 [o] 0 0.50 <0.010 <0.005 0.0026 0.03 0.02 331 HV30
B3 25 0.30 1.49 0.21 o] 0 0.50 <0.010 <0.005 0.0027 0.27 0.02 266 HV30
B4 25 0.09 153 0.21 0.95 0 0.49 <0.010 <0.005 0.0028 0.02 0.03 301 HV30
B5 25 0.19 1.98 0.20 0.95 0 0.49 <0.010 <0.005 0.0028 0.02 0.02 330 HV30
B6 25 0.29 1.98 0.21 1.02 0 0.50 <0.010 <0.005 0.003 0.03 0.03 460 HV30
B7 25 0.09 201 0.24 1.96 0 0.50 <0.010 <0.005 0.0029 0.03 0.03 395 HV30
B8 25 0.19 1.52 0.22 2.00 0 0.50 <0.010 <0.005 0.0025 0.03 0.03 433 HV30
B9 25 0.29 1.20 0.23 1.98 0 0.50 <0.010 <0.005 0.0030 0.03 0.03 480 HV30
D1 26,28 0.04 0.80 0.19 276 1.93 0.25 0.009 0.009 0.0023 0.03 0.03 29 HRC
D2 26,28 0.11 057 0.27 1.68 409 058 0.026 0.008 0.0023 o o 35 HRC
F 29 0.08 1.60 0.26 1.40 0O 0.46 0.024 0.013 0.0018 [o] 0 280 HV30
L 30 0.71 0.88 0.21 0.57 0.1 o021 0.020  0.005 [o] o] o
c1 31 0.12 048 0.26 3.54 0.06 0.49 0.022 0.010 0.0030 0.04 0.04 334 HV30
c2 31 0.13 055 0.27 269 1.47 0.51 0.024 0.011 0.0030 0.04 0.04 305 HV30
c3 31 0.11 0.99 0.30 1.48 3.21 0.52 0.029 0.012 0.0030 0.05 0.04 364 HV30
c4 31 0.08 051 0.16 351 <0.02 0.51 0.005 0.008 0.0020 0.03 0.04 327 HV30
J1 0.21 200 0.97 201 0 0.51 0.010 0.013 0.0030 0.02 0.04 40 HRC
J2 0.13 4.04 0.28 (o] 0 0.51 0.008 0.013 0.0030 0.02 0.04 35 HRC
J3 0.09 204 0.28 1.98 203 050 0.011 0.013 0.0030 0.02 0.04 35 HRC
Ja 0.03 210 0.29 2.10 2.10 0.53 0.009 0.014 0.0030 0.02 0.04 27 HRC
J5 0.04 4.10 0.29 [o] 0 0.51 0.009 0.012 0.0030 0.02 0.04 26 HRC

Table II. Charpy impact data.

Impact Energy

Austenite Grain Size (joules)
Steel (um) (-16°C) (15°C) (60°C)
B1 6 12 18 212
B2 14 10 14 25
B3 20 12 14 16
C1 15 23 30 55
Cc2 18 32 50 60
C3 23 56 63 65
C4 18 13 25 150

D1 25 27 48 200



An Off-Line Heat Treatment Process Results in Quality DHH Rails at
Sydney Steel Corporation

Theodore E. Burke, Ajax Magnethermic Corp., Warren, Ohio, USA
Blair George, Sydney Steel Corp., Sydney, N.S., Canada

Brian E. St. John, Permatrack Systems Inc.; Vancouver, B.C.,
Canada

Introduction

A joint development on the part of Permatrack Systems Inc., Vancouver,
B.C., Canada, and Ajax Magnethermic Corporation, Warren, Ohio, USA,
has resulted in a unique process for heat treating railroad rails. The
process equipment is owned and operated by Sydney Steel Corporation,
Sydney, N.S., Canada.

The heat treatment of rails has been done for over a decade, ranging
from fully hardened to only head hardened. The alloys of rail steels
have also varied through the years to accommodate flash butt welding,
improved wear surface, and quench characteristics.

The head hardening processes are about as varied as the number of rail
mills. Many of them accounted for the heat treatment distortion in
rails by mechanical rework. The roller straighteners and presses to do
this are wusually the same ones used to correct rail straightness in
the finishing mill for unhardened rail.

The Permatrack/Ajax, P/A, rail process equipment is intended to:

Head harden carbon and low alloy rail steels.

Head harden to standard and deep hardening patterns.

Head harden all AREA, ARA, and UIC railroad rail sizes.

Harden rail without further roller straightening.

Maintain small sectional changes that would not require special
rolling mill adjustment.

Produce rail with minimal residual stresses.

Reheat the rail with maximum efficiency.

8. Harden rail at 5 fpm (1.5 m/minute) as supplied and 10 fpm (3 m/
minute) with an upgrade of heating and cooling modules.
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Equipment

The building equipment layout is shown in Figure 1. Separate rooms are
used for compressors, electrics, and control, whereas the process
section, handling, and inspection are in an enclosed storage building
with a trunk line inside it.
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drives | pulpit electrical

compressor
room [xfmr] [xfmd [xfmr] [ switch

Sydney Steel Corporation Head Hardening Plant Layout FIG. 1|

The equipment operation is presently manned by two operators who also
perform line adjustments, routine maintenance, and rail handling
functions.

Line adjustments for changing rail sizes are based on keeping the
rail's vertical cross sectional centerline on the equipment center-
line. Side rolls are adjusted in or out to contain the rail's flange.
In this way symmetrical heating and cooling is maintained. Asymmetri-
cal heating and cooling about the rail's neutral axis (head to flange)
is done to maintain the rail's "surface" straightness. The pass line
for all rails is the same. Resetting the line for a change in rail
size or alloy requires about twenty minutes.
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The process section for a rate of 5 fpm (1.5 m/minute) is about 30
feet (10 m) long from start of heating to end of quench and will
accommodate a minimum rail length of 36 feet (12 m). Presently the
storage table will handle rails 84 feet (26 m) long.

Four pinch rolls along the line drive the rails and keep them butted.
Other rolls are containment rolls and powered conveyor rolls. In no
case do the rolls deform the rail.

The chain conveyors keep the rails side by side for maximum storage
capacity and ease of picking with the crane magnets. The conveyor
never slides under the rail base.
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Process

Rails are delivered from the finishing mill functions of straightening
to the entry storage table of the head hardening equipment. Rails are
run butted through the equipment and are transferred to an exit
storage conveyor prior to final inspection.

The sequence of processing goes as follows:
1. The preheat induction solenoid coil fully austenitizes the rail.

2. The postheat induction transverse flux coils for the rail's head
and flange soak the rail thermally and provide straightness
control.

3. The air quench chambers have independent top, sides, and bottom
volume control.

FIG. 3
PREHEAT —® POSTHEAT —# QUENCH

1I1

INDUCTION TRANSVERSE FLUX
SOLENOID COIL INDUCTORS AIR CHAMBERS

A PLC controls processing variables. Heating uses PID loop control,
getting feedback from two color pyrometers and then adjusting power
supplies if needed. Parameters are stored and selected from the PLC
for different rail sizes and alloys. Process functions, fault monitor-
ing, and SPC information are also accounted for by the computer.
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Results

The results presented are compiled from commissioning and customer
orders, totaling about 5,000 tonnes. Some of this has gone to the
heavy haul railways, but as yet mnone has completed test at FAST.
During the period from commissioning to full production three differ-
ent alloys and five different rail sizes were processed in small
orders for Sydney Steel's customers. The line exhibited tremendous
flexibility to handle all combinations with line adjustments only. At
this point no special rolling is given to rails to be head hardened.
However, rails rolled at the "tighter" end of the normal specification
are preferred. Without roller straightening to compress the rail the
growth in rail height is close to the maximum allowable.

Processed rail is intended to meet all AREA specifications. The DHH
hardened rails change dimensions to be within that specification,
including:

1. Cross Section Dimensions for:

a. Head Width

b. Height

c. Flange Width
d. Asymmetry

e. Fish

f. Base Concavity

2. Overall Dimensions for:

a. Length

b. Sweep

c. Surface

d. Hooks

e. Droops

f. Depressions

Processed rails have the following characteristics:

3. Metallurgical

a. Cross sectional hardness pattern See Figures 6 & 7
b. Microstructure is fine pearlite with
mean intercept spacing averaging 266 nm
c. Chemistry: .79 C, .87 Mn, .50 Cr, .72 Si Typical
d. Average hardness 6 points in the head 378 BHN

e. Average running surface 200 samples 384 BHN
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Conclusions

The significant advantage of this head hardening equipment is the lack
of roller straightening after processing. New information cites
"micro-cracking" due to roller straightening as detrimental to the
rail's web. Preheating of the whole rail in the P/A process erases the
stress memory in the rail and allows control over the final straight-
ness. To date about 307 of the rails processed need slight end press-
ing for droops of a few thousandths of an inch; the remaining 707 are
ready for shipment. We believe the droops can be improved to half that
amount. Flexibility is also a key advantage of this process equipment.

This off-line process has the distinct disadvantage of higher operat-
ing costs when compared to the on-line process. Efforts have been made
in the P/A process to maximize heating efficiencies by using an
induction solenoid coil to bring the rail to austenitization.

The on-line hardening process requires the equipment to match the mill
speed. In some cases the off-line hardening as a parallel process to
other mill functions may prove to be an advantage. One such case would
be the hardening of rail strings after welding. Hardening the weld
joint would reduce the need for alloying. Hardening of welded rail
segments has been done with this equipment and the results are very
encouraging.



RESIDUAL STRESSES IN RAIL

1)

2)

W H HODGSON
BRITISH STEEL TRACK PRODUCTS

Introduction

One legacy left by the manufacturing route used for the shaping of
metals is the presence of residual stresses arising from
non-uniform plastic deformation. A knowledge of their magnitude
and distribution within the product is important with regard to
subsequent performance.

The significance of residual stresses with respect to rail life
has been recognised for some time (1, 2). Railway administrations
operate rolling stock at increasingly higher axle loads and
speeds, placing greater demands on the rail. British Steel Track
Products is in the forefront of developments of high quality wear
resistant rails produced to tighter straightening tolerances. The
different process routes adopted for their manufacture, such as
on-line and off-line mill heat treatment have an effect on the
character of the residual stresses in the product. The method of
straightening adopted has a major influence and further
modifications arise particularly in the rail head during service.
The resultant residual stress distribution not only influences the
fatigue resistance of the rail but also under particular
conditions may be sufficient to drive web fracture. Therefore,
the measurement of residual stresses in rails is an important
factor in the evaluation of further processing improvements. The
results of process improvement trials are described.

Measuring Techniques

The mechanical methods used in engineering stress analysis include
sectioning, hole drilling, trepanning and the removal of surface
layers, enabling the measurement of released strains to be made by
strain gauges. The residual stresses are then calculated
involving the use of elastic moduli.
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Many railway administrations have

found sectioning methods, positions ki
as Fig. 1, to provide comparable

results between different test

houses.

=i
A2 a3

[ Jrs

L_/r\__n\

F1

SECTIONING METHOD.

Figure 1.

A longitudinal saw cut
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sometimes employed to
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the web by measuring -

the gap opening, Fig. 2.

Such an inspection of R(H) AETER

through hardened rails

is specified in the
GOST 18267-82 WER SAW TEST.

Standard (3).

Figure 2.

In the whomper test the wedge is driven into the web of a rail to
induce web cracking (4). Web stresses cause propagation and the
longer the crack the higher the stress.

X-ray diffraction is a non-destructive technique but only measures
strain in terms of lattice parameter changes st the surface of the
product. The specialist technique of neutron diffraction has been
applied to rail samples not more than 12mm thick for the
measurement of residual stress but is expensive (5).
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Use has been made in a number of organisations of an ultrasonic
stress meter (Debro) which relies on the change in the velocity of
an ultrasonic wave due to the presence of locked-in stresses (6).
This device can measure longitudinal stresses near to the surface
and around the periphery of the rail, although said to be useful
for production quality control is very much ‘surface sensitive’.

General Observations

Residual stresses are elastic stresses and the maximum value which
can be reached is the elastic limit of the material. A complete
analysis of the state of residual stress in three dimensions is
complicated. However, because of symmetry a consideration of the
residual stress in one direction may be sufficient to obtain an
indication of the distribution pattern through the product.
Comparisons between rails are frequently based on the measurement
of longitudinal residual stress.

a) Rail Condition Before Straightening

When rail is cooled from an austenitising temperature both
thermal and transformation stresses are produced. Unavoidable
temperature gradients in the product result in non-uniform
plastic deformation. Therefore, the conditions controlling
the rate of cooling of the steel are important in determining
the final state of stress.

Conventionally
rolled rails
are cooled
comparatively \

slowly on /
cooling banks
and their
straightness is (@) (b
influenced by
the degree of
precurvature of
the hot rail and
uneven cooling
across the

T T T

section. “WO © 4200 -doo ° +400
However, the RESIDUAL STRESSES (N/mmd)
levels of

SLREACE LONGITODINALRESIDLAL

residual stress
are low (approx.. STRESSES IN GRADE A RAIL

50 N/mm2), as (@) AS BOULED. (b) POLLER STRAIGHIENED,
shown for a
Grade 90A rail
in Fig. 3(a). Figure 3
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In general, an increase in the rate of cooling results in the
development of higher stresses. This situation is complicated
by the superposition of transformation stresses as austenite

transforms to pearlite.

L

(o) (b)

~400 o +400 -400' ' O = '#d00
RESIDLAL STRESSES (N/wm)
SORFACE LOMGITODINAL RESIDUAL STRESSES 1IN ON-LINE HEAT
}'ezg:;)eo RAIL (@) AS PROCESSED () AS STRAIGHTENED.

It is therefore not surprising to record higher residual
stresses in heat treated rails, as illustrated in Figs. 4(a) &
5(a) following on-line and off-line processing.

N /

(a) b

Fig. 5.

-400 o +doo  -doo o +400

SLREACE LONMNGITUDINAL RESIDLAL STRESSES 1IN CARLY

OFE -LINE HEAT TREATED RAIL (0) AS PROCESSED
(22 re) (b) AS STRAIGHTENED.
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The magnitude of the residual stresses depends upon the
processing conditions used. Both types of heat treatment give
compressive stresses in the rail head and tensile stresses in
the rail foot. Increased understanding has led to
considerable modification of stresses within these processes
but these are not discussed here.

Rail Condition After Straightening

The rail is passed through staggered rollers to plastically
deform and straighten the product by a combination of bending,
shear and roll contact stresses. This operation is of
particular importance because it is the final deformation
process of the production route which determines the residual
stress pattern.

Although an over simplification, the dimensional changes
produced by roller straightening result in a rail with the
head and foot preferentially shortened with respect to the
web. Longitudinal residual tensile stresses are produced in
the head and foot and compressive stresses in the web of
100-300 N/mm2 for plain carbon and alloy rails. The
corresponding effects on heat treated rails are illustrated in
Figs. 4(b) & 5(b), where roller straightening has converted
residual compressive stresses to smaller tensile stresses near
the rail running surface and reduced the magnitude of the
compressive in the web. Vertical stresses in the head and web
of the rail have also been measured but have relatively low
values compared to the longitudinal stresses.

The problem of unfavourable residual stresses from roller
straightening has received wide attention. Apart from the
rail material and geometry, the most important factors are the
roll loads and displacements inside the straightener, the
spacing of the rolls and the correct sequence of heavy and
light passes through the machine.

The best solution appears to be based on the optimisation of
the overall process of rail manufacture, rather than exclusive
reliance on the roller straightening operation for the
redistribution of residual stress.

Other Straightening Methods

An alternative method of straightening is stretch
straightening which involves pulling the rail such that
strains in excess of the yield strain occur across the cross
section and along its entire length.
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Figure 6.

Both the French rail maker Unimetal and British Steel in
collaboration with British Rail have stretched rail on an
experimental basis (7, 8). 1In the British work a permanent
strain of 0.8% was the minimum required to produce a rail of
reasonable straigthness with essentially no residual stress,
as shown for BS1l Grade 90A rails in Fig. 6.

The method is slow and due to the effects of the grips there
is additional yield loss, also tight control of the process is
necessary to avoid tensile fracture of high strength rails.
The process has only a minor effect on rail waviness and does
not correct the crown profile. It is therefore at best a very
expensive addition to the roller straightening process.

Control of Stress During Roller Straightening

As indicated earlier roller straightening alters the stress within
the rail, it can however, both increase and decrease residual
stresses and British Steel has carried out considerable tests to
evaluate and control the situation.
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A very considerable amount of finite element modelling has been
done but this will be reported at a later date. Without such
modelling the roller straightener effect on residual stresses is
difficult to follow and much "black art" has been used. Because
of this and the lack of sufficient proof of logic within the
"black art" British Steel used an experiment design technique
based on. Taguchi to unravel the situation.

The roller
straightening
configuration
used was single
plane as shown
in Fig. 7. The
trials were
designed
initially to
determine the
effect of
roller

straightening
deflections on ROLL ARRANGEMEN T - LAMBERTON) STRAIGHTENER
SHOWING DEFLECTIONS DY D2, D3,

the web saw
opening tests
on 1361b rails. Figure 7.

The rails had been off-line heat treated and showed an average web
saw opening of 2mm prior to the straightening trial. The rails were
also tested by a "nick and break" bending test to determine whether
subsequent fracture was likely to be horizontal along the web or
vertical. The settings were as shown in Fig. 8.

DEFLECTIONS 1/16 inch WEB SAW

ORIGINAL WEzmSAW BREAKAGE

Bl B2 1.5 = 2.0mm
12 8 3.69 Vertical
12 7 3.49 Vertical
12 6 4.17 Vertical
10 8 3.72 Vertical
10 7 3.67 Vertical
10 6 3.53 Vertical
8 8 3.37 Vertical
8 7 3.35 Vertical
8 6 2.92 Vertical

Bl = ©58% contribution to stress levels.

B2 = 1%

Original web saw = 22% contribution to stress levels.

Figure 8.



68

Mathematical analysis of the results showed Bl setting to have a
58% contribution to stress level and ingoing stress to have a 22%

effect.
PBAE\‘RE:KJN/mm
25
5 [-] L . o ° :
(=
£ 20
6 . °....°. . -0 ]
o
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10 { + + }
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Figure 9.

The results of a second series of tests omitting initial stress
(but still around 1.5 - 2.0mm) showed Bl again to have the major
effect with B2 and B3 marginal. By doing successive trials it is
possible to arrive at the lowest final stress state for any ingoing
stress on a particular rail section Fig.9.

Bl B2 B3 . Web Saw Openin
(1/16ths of an inch)| Simulated Breakage (mm)P °
1 13 9 5 Clean break in RSM 3.4
2 13 7 4 Unknown 3.7
3 13 5 3 Split web 4.7
4 11 9 4 Clean break in RSM 3.1
5 11 7 3 Clean break 4.0
6 11 5 5 Clean break 4.7
7 9 9 3 Clean break 3.9
8 9 7 5 Split web 4.5
9 9 5 4 Split web 5.0
Bl % contribution = 17%
B2 % contribution = 79%
B3 % contribution = 4%

Figure 10.
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For rail with high ingoing residual stress a different final
indication was achieved. Rails produced by the same off-line
process were roller straightened to give a web saw opening of 5mm.
The trial and breakage tests were repeated Fig. 10. This time the
controlling factor was B2 which controlled 79% final of stresses.
Web saw reductions of between 0 and 2mm were obtained on the
single trial. Again repeat trials were required to give optimum
results but the work shows that roller straightening can
considerably reduce stress. A second straightening can be
advantageous.

During the trial rails of three different sections were given the
same straightening procedure. Strain gauge and web saw opening
testing was carried out on the straightened rails. Fig. 11 gives
a selection taken from the results and this indicates that other
things being equal an increase in rail height progressively
increases roller straightener stresses.

Rail Head K1 Web A2 Foot F1
=N /mm +N/mm -N/mm
BR1131b 102 162 167
UIC60 Kg 171 169 200
1361lbs CN 166 191 264

Stress variation with section for fixed roller straightening

deflection.

Figure 11.

Mathematical modelling had indicated that second plane

straightening would reduce web saw opening.

carried out to investigate this Fig. 12.

A further trial was

This work showed that second plane straightening under optimum
settings could give web saw reductions of over 40%.

Actual Deflections (mm) Web Saw Opening (mm)
Run Bl B2 B3 before after
1 18 10 1 2.14 1.82 -0.32
2 18 7 -1 2.52 1.76 -0.76
3 18 4 -3 2.38 1.23 -1.15
4 14 10 -1 2.23 1.94 -0.29
5 14 7 -3 2.41 1.76 -0.65
6 14 4 1 2.26 2.13 -0.13
7 10 10 -3 2.20 1.71 -0.49
8 10 7 1 2.29 2.19 -0.1
9 10 4 -1 3.31 2.67 -0.64

Figure 12.
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5) Residual Stress Changes With Service
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Figure 13.

Work carried out earlier for ORE showed that roller straightened
rails Fig. 13 and stretched straightened almost stress free rails
Fig. 14, under went considerable changes in track Fig. 15 & 16.
The most obvious was the development of compressive stress at the
top of the head.

MOw2
-50 o S0

METHOD 'A'
—_— INTERNAL
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-50 o 50
MNw2
LONGITODINAL RESIDUAL STRESS

LONGI TODINAL RESIDUAL STRESS DETERMINED BY METHODS
A EB IV UNULSED STRETON STRAIGHTENED (0-8%) GRADE
DO A RA\L STEEL.

Figure 14.
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Residual Stress Measurement For Service

The work done by British pesipuAL STRESS (M /m‘l)

Steel indicated that
different tests were
required for different
service problems. The
work initially compared
Debro, whomper, web saw
and strain gauge testing.
Debro was dropped at an
early stage because of
inaccuracy and machine
unserviceability. The
indications were that
the web saw and strain
gauges gave consistent
results. The whomper
gave variable but still
usable results.
Comparisons between web
saw opening work and
strain gauge work showed
good web agreement

Fig. 19.
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Figure 19.

However, web saw and foot strain gauges gave little correlation.
Therefore it was considered that when web stresses were important
the web saw could be used as a general and relatively cheap test.
Unfortunately for foot fatigue, only the slow and expensive strain
gauge test gave adequate indication of stresses.

Fortunately as the roller straightening machines can now be fully
instrumented and their role in control is better understood
quality assurance procedures can be used which greatly reduce the

need for repeat testing.
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Summary

Residual stresses within the new rail are known to influence
service behaviour. They are caused by thermal and mechanical
deformation. Attempts must be made to control thermal strain
during manufacture. To a large extent this can be achieved.
However, roller straightening is the only means of accurately
straightening rails for the foreseeable future and this process
can have a very significant influence on final stress.

Trials carried out by British Steel have shown that straightening
machines can be set to maintain low stresses to some degree or
even to reduce already high ones. Particularly compressive web
stresses can be controlled by accurate settings and by secondary
straightening. Unfortunately, at this time foot stresses remain
at levels too low for maximum fatigue life, particularly on tall
rails. The work is continuing.

References

1. ORE Report No. C53/R86/E ’‘Behaviour of the Metal of Rails and
Wheels in the Contact Zone’, October 1970.

2. Allen, R.J. and Moreland, G.W., ‘The Significance of Defects
in BS11 Rails: Bolt Hole Failures and Tache Ovales’, ISI
Conference on rail Steel developments, London, 1972.

3. GOST 18267-82 ‘Through Hardening in 0Oil of Rails, Types P50,
P65 and P75, for Wide Gauge railways’ USSR, 1982.

4. Steele, R.K. et al, ‘Catastrophic Web Cracking of Railroad
Rail’, AAR Paper C-I-RP-1142 May 29, 1990, Chicago, USA.

5. Cannon, D.F. et al, ‘Neutron Diffraction Determinations of
Residual stress Patterns in Railway Rails’, Int. Conf.
‘Residual Stresses in Rails: Effects on Rail Integrity and
Railroad Economics’, Cracow, 3-5 April 1990.

6. Deputat, J., Szelazek, J. and Kwaszczynska-Klimek, A.,
'‘Experience in Ultrasonic Measurements of Residual Rail
Stresses’, ibid.

7. Deroche, R.Y. et al, ’Stress Releasing and Straightening of
rails by Stretching’, Paper No. 82-HH-17, Proc. 2nd Int.
Heavy Haul Conf., Colorado, USA, 1982.

8. Cannon, D.F., ‘An Evaluation of Stretch Straightened Rail by
British Rail and the British Steel Corporation’, Report No.
2301/25461/1, ORE Committee, D156, Sept. 1986.



RAIL MAINTENANCE



STRATEGIES FOR MAXIMIZING RAIL LIFE

R. K. Steele, Association of American Railroads
Chicago Technical Center
Chicago, IL 60616

Strengthening of pearlitic rail steel and use of lubrication have been
the traditional methods of maximizing rail life. The future seems to hold potential
for microstructural modification and profile control/metal removal. Improved
resistance to wear and rolling contact fatigue is possible with high hardness, near
eutectoid, bainitic microstructures. Alternatively, similar results can be achieved by
lowering the carbon content significantly and raising the alloy content. Reduction of
oxide content will improve shelling performance while reduction of sulphide content
will improve dry wear resistance and perhaps ductility and impact toughness. Rail
grinding profile control can influence the contact stresses and the creep forces
responsible for head checking and corrugation. Care must be taken with profile
selection to avoid concentration of work hardening on the gage corner to minimize
shell occurrence.

INTRODUCTION:

The continuing trend toward greater wheel loads!!) in North America
necessitates a continuing effort to coax more life out of rail. This necessity applies
to both new rail received from the steel mill and older rail already laid in track. The
parameters which control the life of rail are wear, plastic deformation including
corrugations, and fatigue, both of the rolling contact variety and the internally
initiated type. Much has been written®®®® about means of improving rail
performance. The entire topic cannot, of necessity, be reviewed in the limited space
of this paper. However, some the newer innovations will be addressed in some
detail.

Historically, the two most traditional strategies for extending rail life
have been strengthening of the rail steel by alloying and/or heat treatment, and
lubrication of the wheel/rail interface, particularly the gage face/flange interface.
Both strengthening and lubrication enhance wear and deformation resistance while
strengthening offers the additional advantage of improvement in fatigue resistance.
At the present time, we probably are approaching the maximum strengthening
achievable commercially while retaining the preferred pearlitic microstructure. In a
similar fashion, the benefits of lubrication have been well recognized. But, our lack
of understanding of how lubricants achieve their benefits limits significant

' Over the next several years unit train maximum wheel loads are expected to climb from
33 kips to nearly 36 kips. Some cars with 39 kip wheel loads currently are in service.
77
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advancements in this area. The engineering problem has devolved to finding the best
combination of lubricants and application systems. Little more will be said of this
here except to note that lubrication interacts with other strategies and to say that
perhaps there are more permanent methods possible to achieve wheel rail lubrication
than those currently utilized.

Having so cavalierly dismissed the traditional approaches, what
remains? The answer appears to this writer to be microstructural modification and
carefully controlled metal removal and profile control.

MICROSTRUCTURAL MODIFICATION:

This strategy has two component parts: replacement of the matrix
pearlitic microstructure with some other constituent such as bainite or tempered
martensite and (b) modification of the non metallic inclusion content.

Most usually the attempts to introduce alternative
microstructures @XM have been applied to near eutectoid composition carbon rail
steels. The results of such efforts have been to confirm that pearlite of the same
hardness as the alternative constituent microstructure has significantly better wear
resistance.  Kalousek etal® propose that the maximum useful hardness of
conventional rail steel for wear resistance is near HRC38-40. More recent work by
Clayton and Devanathan® has shown that chromium molybdenum rail steel heat
treated to microstructures of upper and lower bainite, i.e. hardnesses near 49 and 59
HRC, exhibits remarkable resistance to Type III severe wear at very high contact
pressures (1575, 1645 MPa) with very large creepages (35,50%). Thus, the
development of alternative constituent microstructures in conventional rail steels may
be beneficial if the hardnesses are high enough.

There is, however, an alternative approach to the use of conventional
near eutectoid composition rail steels. And that is the use of low carbon steels
containing significant amounts of chromium (~ 1.6 w/0) and nickel (~ 1.2 w/o0).
Work on this approach by Devanathan® has shown that a low carbon steel (0.04
w/0) having a hardness of only HRC 28 could have wear and rolling contact fatigue
resistances better than those of premium pearlitic steels. The main difficulty with
such a low carbon composition was its initially high plastic deformation rate. After
a period of cycling, however, the deformation rate dropped significantly.

The second approach to microstructural modification has focused on
the non metallic inclusion content. Generally the non metallic inclusions can be
divided into two categories, (a) those (oxides) which are not readily deformed at hot
working temperatures and (b) those (sulphides) which are deformed in the hot
working process. The oxides, most especially aluminum or silicon based oxides®?
are associated with internal fatigue crack initiation®(?_ The sulphides, on the
other hand, are associated with wear™? or ductility exhaustion’ related processes.

It is easy to argue that inclusions have a deleterious effect on rail
performance and therefore their presence should be minimized. But the essential
question is how much are the railroads willing to pay for the reduction of inclusion

' In North America the most troublesome oxides generally are of the complex calcium
aluminate type suggesting their occurrence from exogenous sources in the steel
making practice.
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content. To answer that question, one needs to know the relationship between
inclusion content and rail performance. Work in Australia®® has related the oxide
inclusion diameter to the defect occurrence rate. Below a threshold near 100um,
relatively small changes in inclusion diameter have large effects on defect rate. Tests
conducted at the Facility for Accelerated Service Testing (FAST) under 100T
capacity cars have suggested that both the volume fraction of aluminum oxide and
the stringer length have a direct effect on the shell defect rate’”. Hardness has been
shown to have an inverse effect. Figure 1 shows the shell defect rate as a function
of the product of oxide volume fraction and stringer length with the defect rate
corrected?® for hardness variations. Somewhat embarrassingly, the data fall
remarkable well along a straight line having a slope of approximately 0.34 (d log
(defect rate)/d log (cleanliness parameter)=0.34). Remarkably, studies of steel
cleanliness upon roller bearing life" have yielded a log life v.s. log inclusion length
slope of approximately - 0.33. The roller bearing life studies suggest that
modification of the morphology of the inclusions by use of rare earth additives may
prove more effective than relatively more costly efforts to reduce the overall oxide
content. The low slope value means that large changes in the amount and/or cluster
length of oxides must be made to produce only modest improvements in fatigue life
and reductions in defect rate.

0.1
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o i

Adjusted Defect Rate, Shell/Rail - MGT

0.01

10 100 1000 10600

Oxide Cleanliness Parameter = V§ox x Stringer Length
Vi ox= Volume Fraction - Oxide

Stringer Length = Total Length of Oxide
Stringer in 200 mm?

Figure 1: RELATIONSHIP OF ADJUSTED (FOR HARDNESS VARIATIONS)
DEFECT RATE AND THE OXIDE CLEANLINESS PARAMETER

Bl The adjustment to the defect rate was made using S/N data for rail steels of different
hardness® and assuming that S/N life was inversely proportional to the defect rate.
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The similarity of behavior of rail defect rate and bearing life as
functions of metallurgical cleanliness is reassuring. But Clayton!” has observed that
the FAST rail defect data also suggest that the rail steels tested which were
metallurgically cleaner exhibited a higher tendency to have those shells which did
form turn to transverse type defects. This behavior is illustrated in Figure 2. The
unfortunate implication of this, if it really is true, is that by reducing oxide content,
we perhaps will have replaced a mostly benign defect (the shell) with a dangerous
defect (the detail fracture). The data of Sugino etal®, have been examined to see
if there had been any tendency for metallurgically cleaner rails to develop a greater
proportion of transverse defects; such tendency has not been found.
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Figure 2: VARIATION OF THE ADJUSTED DEFECT RATE
AND THE DF/SHELL RATIO WITH OXIDE
CLEANLINESS PARAMETER

As noted previously™9 gylphides have their effect on deterioration
processes which involve significant levels of plastic deformation!. Generally the
means by which sulphides control local fracture processes is by void initiation,
growth, and coalescence. In the case of sulphides, decohesion between the inclusion
and the surrounding matrix is the mechanism of void initiation. The plastic strain
necessary for decohesion of a sulphide inclusion is believed to be negligible®”. The
laboratory studies of Kalousek etal™ and the theoretical analysis of Clayton and
Steele™ suggest that a factor of 10:1 decrease in sulphide inclusion content should
yield a 3.5 to 5:1 decrease in dry (Type III) wear rate.

There may be other beneficial effects of sulphide control as well.
Although sulphides appear to have no effect upon internal fatigue crack initiation,
recent research work with HY-80 ship plate steel® has shown that ductility and

' pebris generation from Type Ill (severe) wear occurs by cracking along shear
deformation bands.
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charpy fracture toughness are adversely affected by the presence of sulphides. The
fact that impact energy decreased as the inclusion aspect ratio increased suggests that
there may be benefits to morphological adjustment using rare earth additions or
alterations in the hot rolling practice. It is not clear to this writer that a systematic
study of the effects sulphide content and morphology has ever been published for rail
steels.

There remains in this writer's mind an intriguing question: does
sulphide content play any discernible role in the rolling contact fatigue (RCF)
process? Type III wear and RCF bear some resemblance metallographically to each
other. Both involve cracking along the shear bands which result from plastic
deformation under repeated wheel passages. In the case of Type III wear, the crack
progression along a shear band is quite small (a mm or less) before a debris particle
is produced. In RCF, the shear band crack growth may be much greater (many
mm'’s) and the crack may extend through the work hardened region and turn to
propagate into the base metal. At least for the shear band part of the propagation,
this writer is inclined to wonder if sulphides accelerate RCF.

Whenever we think of sulphide reduction (i.e. reduction in the sulphur
level) we should keep in mind the role that sulphur and manganese play in the
hydrogen flaking problem. The interrelationship of hydrogen flake occurrence, and
the hydrogen and sulphur levels is best illustrated in Figure 3 from the work of
Heller etal®. The basic message is: if manganese is to be maintained at a high
level (to achieve strengthening) and the sulphur level is to be reduced, then
extraordinary measures must be taken to keep the hydrogen level low. Before undue
haste is made to reduce sulphur levels further than those already achievable, perhaps
we should have a clearer quantitative idea of the effects of such reductions on rail
characteristics (specifically impact toughness, ductility, and RCF resistance).
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METAL REMOVAL/PROFILE CONTROL:

In recent years considerable attention has been paid to the contact
profile between the wheel and the rail. Grinding generally has been the means by
which control of rail profile has been achieved. It can control three parameters:

(a)  wheel/rail contact locations
(b)  contact stresses
(c) fatigue damage accumulation

The three parameters are not usually affected independently of each other.

The introduction of asymmetric rail profiles® provided a means by
which rolling radius difference (between the inside and outside wheels on an axle)
could cause wheelsets to negotiate low curvatures (< 3°) without flanging. In the
process, the approach prevented wheel contact on the smaller profile radius at the
gage corner (high contact stress).

Surface removal of metal by grinding obviously has the ability to
remove damaged metal resulting from rolling contact fatigue. Likewise corrugations
are readily removed. What may not be so obvious is that the internal accumulation
of fatigue damage leading to shell formation can, theoretically at least, also be
controlled by shifting the point of maximum damage accumulation to greater depths.
This is illustrated in Figures 4a and b for two grinding conditions, no metal removal
(zero wear rate) and optimal metal removal (maximum fatigue life), input into the
AAR three dimensional fatigue model, PHOENIX. At zero wear rate, the depth at
which the maximum damage rate occurs remains fixed beneath the surface. But at
the optimal wear rate, the depth at which the maximum damage rate occurs shifts to
greater depths beneath the initial surface with increasing tonnage.”! Figure 5 shows
how the optimal grinding (wear) rate would be predicted to decrease as the fatigue
life percentile increases. To this writer's knowledge, no systematic experiments have
ever been made to show the metal removal from the surface does delay shell
initiation and that the optimal grinding rate should decrease with increasing fatigue
life percentile. Tests currently underway on the FAST HTL are intended to provide
such verification but are not yet far enough along to do so. However, previous tests
on the old FAST loop have suggested®” that some dry running in conjunction with
lubricated running could significantly lengthen the shelling fatigue life of rail in
curves.

Turning now to the benefits of profile control, we should recognize that
the first efforts in this regard seem to have been made on the wheel side of the W/R
interface.®@ The intent of such work was to use rolling radius difference to help
wheel sets steer themselves through curves and thereby minimize train resistance.
Generally the approach recommended was to adopt a wheel throat profile close to
that of a worn wheel. It is not clear that the effects of such a profile on rail fatigue
behavior were ever considered although the effect on side wear of rail was expected
to be beneficial.

The works of Lamson and Longson® and, somewhat previously, of
Townend etal® have served to focus attention on the benefits of rail (head) profile

Bl However, the depth for maximum damage rate beneath the current surface diminishes
with increasing tonnage.
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control. The asymmetric profile, applied in curvatures up to approximately three
degrees, was able to limit side wear. This it did by positioning the high rail contact
region slightly to the gage side of the center of the ball while the low rail contact was
positioned slightly to the field side of the center of the ball. The approach is said®
to be effective for control of "shellings® and corrugations.... for any degree of
curvature.”

Kalousek etal® have described a number of different rail profile
configurations developed on the basis of tests made on the Canadian Pacific Railroad
and the British Columbia Railroad. The profiles required the removal of metal
preferentially from the gage side of the ball on high rails (and on rail in tangent
track) and from both the field and gage side of the ball on low rails. The amount
of metal removed from the gage side of the ball of new rails depended on the
original new profile!”! and increased with sharper track curvature. The basis for the
selection of these profiles seems to have been the control of rolling contact fatigue
damage that developed on the ball and at the high rail gage corner. No mention is
made of side wear measurements nor internal fatigue crack occurrence (shelling).

Epp and O'Rourke® and Epp®” have examined theoretically the
effect of wheel profiles on both wheel and rail performance. In these studies, a
series of wear modified wheel profiles as well as the old AAR 1:20 profile have been
considered on partly worn 60 kg/m rail®. The predicted effects of wheel profile on
the partly worn rail are perhaps best illustrated by Figures 6 and 7. In the first of

1 1t is not clear whether the word shellings means internally initiated shells and/or
surface initiated head check/spalls.

I The 14" crown radius 136RE section with 9/16" corner radii requires 50 - 100% more
gage side removal than does the 10" crown radius 132RE section with 3/8" corner radii.
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these, the lateral creep force component has been used to estimate corrugation
tendency. The results suggest that a wheel profile most closely approaching a worn
wheel provides the greatest resistance to corrugation occurrence, except at curvatures
above about 7° where the most wear modified wheel profile exhibited somewhat
higher corrugation tendency. Figure 7 portrays the effect of wheel profile upon head
checking tendency calculated from longitudinal creep force. Here, the most wear
modified wheel profile was predicted to have the highest head checking tendency up
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to about 3-1/4° of curvature (500 m radius), above which the predicted tendency fell.
Unfortunately, these studies do not make clear the degree of conformality of the
most wear modified profile with the rail profile.

The FAST observations that dry running in conjunction with periods
of lubricated running improved the fatigue life of rail in curved track and the
predictions of the PHOENIX model have prompted a series of profile tests at FAST.
In all these tests, great care was taken to assure that the gage face was very well
lubricated. The focus of the FAST test was primarily on shell/DF occurrence and
upon wear behavior because FAST has not ever been a prolific generator of RCF
damage even though dry periods have created considerable head checking.

The results (Table I) from the first of these tests'” showed,
surprisingly, that the number of internally initiated defects i.e. shells, could be as high
or higher in the section of a test curve ground to a two-contact profilel®
comparable to those used in revenue service. In addition, the gage face wear rates
of the two-contact ground rails were found to be about two or three times those of
rail which was left without grinding (Figure 8).

Table I: SHELLS FROM THE 33 KIP WHEEL LOAD HTL TESTS

Segment B high rail was two - contact ground
Segments A and C high rails were not ground at all.

Source: Reference 17

B The profile ground onto the high rail removed metal preferentially on the gage side of
the running surface to create two contacts, one on the gage side and the other near
the center of the ball; the low rail was left unground.
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The surprising results of the first experiment prompted a second in
which the following four profiles were intended to be utilized:

(M

(©))

)

4)

As worn, dry, subsequently ground conformally on the
ball to the as-worn profile at 25MGT intervals

Ground conformally on the ball to the FAST as worn
profile and subsequently ground to the same profile at
25MGT intervals.

Ground asymmetrically (two-contact) to relieve the gage
corner typical of revenue service profiles and
subsequently ground to the same profile at 2SMGT
intervals.

As manufactured with no subsequent grinding.

The rail was 133RE, HB300. Although the first two segments were
intended to be ground conformally to the FAST as-worn profile, this was not done
initially. Instead, the profile of the third segment (two-contact) was ground onto the
ball in the first two segments. Only after SOMGT was this situation corrected. The
low rail was ground (at 2SMGT intervals) to position the wheel path slightly to the
field side of the center of the ball.

The results were again a surprise because the two contact asymmetric
profile again exhibited the greatest number of shells as shown in Table II. One-half
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of the rail in second, third, and fourth segments was B rail (from the top of the
ingot) while that in the first segment was entirely C rail (more from the center of the
Thus, it was thought that there might be a metallurgical cleanliness

ingot).

difference. But quantitative metallographic examinations of specimens taken from
each rail suggested that the rail in the two-contact ground segment containing the
greatest of defects was perhaps the cleanest rail metallurgically in the entire test.

The shells which formed under the gage corner were biplanar in nature.

Table ll: DEFECT AND RAIL INFORMATION FROM THE SECOND PROFILE EXPERIMENT
(39 KIP WHEEL LOADS)

In addition, rail side wear measurements were made in each segment.
The first three segments initially had essentially the same gage face wear rates. But
when the ball profile grinding pattern on the first two segments was corrected to
yield a conformal profile the gage face wear dropped to about 1/10th of what it had

been with the two contact type profile. This is illustrated in Figure 9.
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Recognizing the small scale of the second test, a grander test involving
much larger quantities of rail in both 5° and 6° curves currently is underway.
Standard carbon (~ 300 BHN) rails from three different manufacturers are
incorporated into the test’. Three different profiles are utilized: (1) as-
manufactured, (2) ground to conformality on the ball with the FAST worn wheels,
and (3) ground to a revenue service profile essentially the same as that proposed by
Kalousek etal® for sharp curves.

The first results have shown a rash of shell defects occurring at the
gage corner of the conformally ground and the as-manufactured profiles (see Figure
10) for the 132RE rail. The cause for this surprising behavior apparently arises from
a change in the average wheel profile shape just after the start of the test!!¥ such
that many wheels in the train now were not at all conformal with the ground rail
profiles which they were supposed to match. The contact conditions with the newly
introduced wheels tended to carry the wheel load on the gage corner of the rail. The
tendency for this to occur was greater for the newly ground 132RE in contrast to the
newly ground 136RE rails (Figure 11).

8 Shells, 1DF @ 50MGT 3 Shells @ 50 MGT
1 1sheil @ 50 MGT 1 22 shells @ 50 MGT

11 11
6 ;ﬁ::cnon 132 136 132 136 132 136 132 136
A c A c A c A c
PROFILE TWO CONTACT | FAST CONFORMAL | FAST CONFORMAL CONTROL
GRINDING INTERVAL (MGT) 25 25 2 INITIALLY AS
GRINDING RATE (MM/MGT) 2 2 4 ROLLED
9 Shells @ 25 MGT
7 Shells @ 50 MGT | 2DP’s BY 50 MGT
l 1
5 RE SECTION 132 | 136 | 136 | 132 [ 136 | 136 | 132 | 136 | 136 | 132 | 136 | 136
MFGR AlB|lc|lals| e A B c AlBlec
PROFILE TWO CONTACT FAST COTACT FAST CONFORMAL CONTROL
GRINDING INTERVAL (MGT) 25 125 25 INITIALLY AS
GRINDING RATE (MM/MGT) 2 2 2 ROLLED

Source: Jon Hannafious/Transportation Test Center

Figure 10: LAYOUT OF THE THIRD RAIL PROFILE TEST WITH LOCATIONS
OF RAIL DEFECTS DEVELOPED BY 50 MGT

) The rails from two of the manufacturers were 136RE while those from the third was
132RE.

(0] A derailment of the FAST train slightly after the start of the test caused the replacement
of about1/3 of the wheels in the train with revenue service worn and AAR 1B wheels.
These wheels had more metal in the throat region than the customary FAST worn
wheel.
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AAR1B

"NOTE MORE CONCENTRATED
LOADING ON CORNER

Figure 11: COMPARISON OF CORNER LOADING OF
CONFORMALLY GROUND 136RE AND
132RE RAILS

The shelling behavior of ground rail (with both the two contact and the
conformal profiles) as opposed to the apparent shelling resistance of the dry worn
rail has prompted an examination of the plastic deformation distribution within the
rail heads. Hardness maps have been made on cross sections of a number of rails
from the FAST HTL (High Tonnage Loop) test as well as from rails from revenue
service exhibiting shell occurrence. Figure 12 shows the concentration of work
hardening that has occurred in the vicinity of the gage corner for a two contact
profile (a) and a FAST conformal profile (b) upon which revenue service worn (and
AARI1B) wheels had run. Figure 13 shows the more broadly distributed work
hardening in a dry worn rail which exhibited no shells (c) and two 136RE rails (a and
b) conformally ground in the current experiment that have exhibited far greater shell
resistance than the 132RE test rail. The dry worn rail exhibited significantly deeper
work hardening (by about 50%).

Several instances of unexpected shelling have occurred in revenue
service rails (high rails of curves) which have been ground to two contact type
profiles.'! Those that have become available to us have been hardness mapped.
Figure 14 illustrates the concentration of work hardening that has occurred in the
vicinity of the gage corner in each case. The shell/DF occurrence on the fully heat
treated rail (b) was particularly surprising because it had been in track (6° curve) for
only 35MGT (from installation and grinding).

The means by which concentration of work hardening into the corner
region of a rail facilitates shell/DF initiation is not exactly clear, at least to this
writer. To better understand the problem, X-ray diffraction methods have been

(11 post mortem examination shows that grinding marks remain on the gage side of the
ball thereby indicating that the initial profile was two-contact. But the exact
configuration of the two contact profile cannot be inferred from the post mortem
examination.
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(a) 136RE RAIL, MANUFACTURER C
FAST CONFORMALLY GROUND

(b) 136RE RAIL,
MANUFACTURER B
FAST CONFORMALLY
GROUND

HARDNESS ARE ROCKWELL C

(c) 133RE RAIL, DRY WORN TO CONFORMAL PROFILE

Figure 13: DEFORMATION PATTERNS OF THREE FAST HIGH RAILS EXHIBITING
GREATER RESISTANCE TO SHELL/DF OCCURENCE

(a) CHRONIUM MOLYBDENUM

(b) FULLY HEAT TREATED

383634 343636 3738

ALL THREE RAILS HAD BEENN
TWO-CONTACT PROFILE GROUND

HARDNESS ARE ROCKWELL C
(c) HEAD HARDENED

Figure 14: DEFORMATION PATTERNS OF THREE REVENUE SERVICE RAILS
EXHIBITING UNEXPECTED SHELL/DF OCCURRENCE
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applied to determine residual stresses on transverse cross sections taken from
the two FAST rails, one dry worn (which did not shell) and one two contact ground
(which did shell profusely). The residual stress contours for the vertical residual
stresses are shown in Figure 15. Those under the corner of the dry worn rail (a)
were very much like those that have been reported by Groom®? for unground rails
taken from revenue service. Eventually those residual stresses would be expected to
contribute to shell initiation®® usually with the shell predicted to form at a location
of slight tensile residual stresses. The two contact profile (b) appears to have a very
different configuration of vertical residual stresses indeed. The location of shell
initiation appears to be very near the zero residual stress contour at a hardness level
near HRC33. At that same location under the corner of the dry worn rail, the
hardness is a much more fatigue resistant HRC39. Even were a shell to form just
to the tensile side of the zero stress contour under the corner, the hardness of the
origin region would still be HRC 38 - 39.

HRC —»40 41 42 /Hemamlng Grinding Facets
N\ $2u054 °
; 3

Location of
iplanar Shell

(a) TWO-CONTACT GROUND -
MANY SHELL/DF's

HRC —» 42 42 41

2 gt S\ N
;
+12ksi 30

10ksi
(b) DRY WORN TO CONFORMAL Mt
PROFILE - NO SHELLDF's

Figure 15: VERTICAL RESIDUAL STRESS CONTOURS AND HARDNESS
CONTOURS FOR TWO RAILS FROM FAST HTL TESTS

CONCLUDING REMARKS:

The railroad civil engineer is close to being able to tailor the material
characteristics of the rail to meet the performance demands placed upon rail under
different service conditions. Our inability to specify the contact conditions with
exactness and our, as yet, incomplete knowledge of how (and why) rail materials
respond to those conditions as they do are remaining barriers to achievement of

1121 studies conducted at the Technology for Energy Corporation, Knoxville, TN.
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tailored performance. Still though, today there are many more manufacturing
options than have ever existed before so the tools for tailoring the performance are
pretty much available.

Improvement in the non metallic cleanliness and possible modification
of the morphological character of inclusions of rail steels offer the potential to
reduce internal fatigue crack initiation (aluminum oxide modification) and improve
wear resistance (manganese sulphide modification) and possibly toughness and
ductility as well. The change of microstructure from pearlite to bainite offers the
possibility to far greater wear resistance under very heavy wheel loads, but the
hardnesses must be very much greater than those customarily used (near eutectoid
carbon steels) or the carbon content must be reduced significantly while the alloy
content is increased.

Grinding is an important tool by which the wheel contact location and
level of contact stress can be controlled. In addition, the controlled removal of
surface damaged metal and the repositioning (over time) of critical damage
accumulation regions within the rail can delay the initiation of both rolling contact
and internal fatigue cracking. However, the choice of what wheel and rail profiles
work best together is dependent upon track curvature and lubrication. A profile
combination that works well to control corrugation may not be entirely successful for
controlling head checking and spalling. Rail profiles that unload the gage corner of
the high rails in curves may not be as successful in suppressing shell/DF formation
as one might hope. Premature shell initiation has been observed with both two-
contact and conformal type profiles where work hardening has been concentrated to
the gage corner region of the high rail of curves. A somewhat tentative conclusion
at this moment is that greater resistance to shell/DF initiation can be achieved by
using practices that avoid concentration of work hardening in the gage corner region.
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NONCONTACT ULTRASONIC INSPECTION OF TRAIN RAILS
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ABSTRACT: This paper discusses acoustic techniques to quantify stress, the
construction of transducers, and initial measurements on a short test section of
railroad track. Our goal is to develop instrumentation useful for nondestructive
testing during field inspection for potentially dangerous conditions, such as those
generated by thermal stress. The application of unconventional noncontact
transducers (EMATS) takes advantage of minimal surface preparation and the
elimination of fluid couplants. This approach depends on precise (1 part in 104)
timing of signal arrival. Elastic changes caused by stress generate very small, but
detectable velocity changes. However, other factors, notably changes in metallurgical
texture, may similarly alter the velocity. First tests on a rail section under applied
compressive loading showed a sensitivity comparable to that seen with conventional
piezoelectric transducers. If an alllEMAT system proves practical, it should be
possible to design an automated device to scan at reasonable speeds.

INTRODUCTION: Increasing traffic, speed, and axle loads make rail integrity ever
more important (1). While one problem is the size and nature of metallurgical
defects (2), another is stress. This may be a remnant of straightening during
fabrication or the result of thermal expansion; the result can be flaw growth or even
track buckling. Structural calculations may establish tolerable stress for train rails,
but nondestructive evaluation is necessary to determine that field conditions are
within acceptable limits.

Investigators have long known many effects of stress on the propagation of sound (3),
and the literature has suggested both methods and equipment for this purpose (4-8).
Recently, ultrasonic probes for residual stress have come to market. They rely on
very accurate timing measurements, potentially difficult with fluid couplants due to
possible thickness variations, especially in a dynamic environment. Relative or
differential stress measurements are simple and accurate, while absolute values have
more uncertainty due to the effects of metallurgical texture.
* Contribution of the NIST; not subject to copyright in the U.S.A.
§ NIST Guest Researcher, on leave from the University of Belgrade
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Electromagnetic-acoustic transducers (EMATSs) are noncontact devices to generate
and detect ultrasonic signals directly inside metal. A liftoff on the order of 1 mm is
possible since, unlike conventional piezoelectric transducers, the sound does not pass
through a couplant. This simplifies the signal by eliminating interfaces that may
cause reflections or mode conversions. Within some constraints, the EMAT designer
can choose the wave type, frequency, and polarization and propagation directions.

Our experience with noncontact EMATS on railroad wheels indicates they would
likely be useful in rail scanning operations also (9). Initial data from laboratory tests
on a loaded rail section suggest the accuracy and repeatability possible.
Measurements on surface-skimming pressure-waves yield near-surface stress while the
birefringence of shear-horizontal waves reflects the through-thickness average stress.

ACOUSTIC METHODS: Our goal is to examine three methods to measure stress
by ultrasound. In each case, the measured effect is a change in sound velocity due
to elastic strain. The two main difficulties are the small size of the change and the
effect of grain structure. We have begun preliminary tests on two methods.

Birefringence: Birefringence is the variation of the propagation velocity of a shear
wave as the polarization direction rotates. For elastic waves, there are two principal
causes: stress fields and metallurgical texture, or preferred grain orientation.

There are several ways to probe this anisotropy (10, 11). Figure 1a illustrates the use
of shear-horizontal (SH) waves. A transducer on the rail head launches a 2 MHz
tone burst; the wave reflects from the opposite face and returns to the transducer
(pulse-echo technique). Velocity measurements are necessary with the polarization
vector oriented along and normal to the rail length. Since the two signals travel the
same distance, the difference in the two velocities reduces to a difference in arrival
times. The fractional change between them is the birefringence

B = (t, - t,)/0(t, +t)/2], [1]

t is the transit time of waves polarized in the . and | directions. The functional
relationship between birefringence and stress is (12)

o, - 0, = (B - By)/Cy. [2]

B, is the birefringence due to the metallurgical texture and can be measured on an
unstressed specimen. B is often a major portion of the total birefringence B. C,
is the stress-acoustic constant for shear waves; two values in the literature for railroad
wheels are -7.6 x 10/MPa for wrought wheels (12) and -9.5 x 10%/MPa for cast
wheels (13). This small value dictates very accurate timing measurements (typically
one part in 10* for a stress resolution of about 20 MPa). The o’s are stresses in the
two principal directions; o is likely negligible. The calculated stress is the average
value over the volume of metal traversed by the wave.
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In practice, the largest uncertainty is the value of By, the metallurgical contribution.
As shown by our earlier work on railroad wheels (9), it may be possible to collect a
sufficient data base of measurements on unstressed specimens to find a statistically
satisfactory value to use for each manufacturer’s product. Another approach might
be to use internal calibration along a stretch of track; measurements on lengths
known to experience little or no stress due to their physical layout can be compared
to those on lengths where stress buildup is likely.

Surface-Skimming P-Wave Velocity: Longitudinal or pressure (P) waves have a
larger stress-dependent acoustic constant than shear waves and are more stress sensi-

tive (14). Launched along the surface, they are surface-skimming P-waves (SSPWs).
Conventional piezoelectric transducers generate them by critical refraction (14-16).

Large stress gradients are not uncommon. Because SSPWs travel near the surface
they seem a likely candidate to probe these localized stress fields. Figure 1b shows
the placement of transducers (pitch-catch) on the side of the rail head.

A rigid fixture maintains a set path length, so the problem becomes the measurement
of the transit time between the two receivers. Comparing measurements from a test
specimen and an unstressed reference specimen, we can calculate the stress from (16)

Ao = [E/(C, ty) ]IAt. (3]

Ao is the difference in stress between test and reference specimens, E is Young’s
modulus, C, is the appropriate stress acoustic constant, t; is the travel time in the
reference specimen, and At is the change in travel time due to stress in the test
specimen. C, for carbon steel is -12.6 x 10%/MPa (17).

The birefringence calculation comes from two timing measurements made at the
same specimen temperature. For the SSPW method, measurements may be made
at different times on different specimens. Since conditions may vary, it is necessary
to consider the velocity dependence on temperature (16, 18):

v = Vv - (avy/dT)AT. [4]

V and VY are the velocities measured at ambient and reference temperatures, dV/dT
is the speed change constant, and AT is the difference from the reference
temperature. For forged steel, dV/dT [in m/(s°C)] is 0.55 for P-waves and 0.38 for
shear waves (18); a temperature change of only 1 °C introduces a timing change on
the order of the necessary precision.

Combination of Waves: A major obstacle to calculating the stress from acoustic
measurements is the large effect on velocity of the specimen microstructure, mostly
the metallurgical texture noted above. Even when possible, comparisons against a



102

Figure 1. Transducer placements for the two types of measurements.

a, Birefringence. With the transducer on top of the rail head, the sound
wave propagated through the web and reflected from the base. When the
transducer was on the side of the rail, the signal remained within the head.
We made measurements at three locations through the width of the head.
b. Surface-skimming P-wave hybrid array. A rigid fixture assured a
constant separation between the two EMATSs serving as receivers.
Measurements were made only on the side of the rail head.

nominally unstressed reference leave unanswered the questions on how similar their
textures are and whether the reference stress is actually zero.

Theoretical and experimental work on steels (19, 20) has taken advantage of the
different elastic properties that combine to control the velocities of longitudinal and
shear waves. Combining measurements of P-waves and SH-waves polarized along
and normal to the stress field will minimize the effect of texture. Experimentally, this
combines the shear-wave measurements (Fig. 1a) with a velocity measurement done
using a transducer that generates P-waves propagating normally to the surface.

Yet another approach to this problem is to take advantage of the large difference in
the magnitude of the stress acoustic constants for shear and longitudinal waves (6).
The approximation is that any change in the velocity of a shear wave propagating in
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the stress direction is due only to elastic changes resulting from texture. This requires
measuring the velocities for the two wave types in both a stressed specimen and an
unstressed reference. Comparison should yield the stress independent of any texture
differences between the two specimens.

TRANSDUCERS AND ELECTRONICS: EMAT:s generate and detect ultrasonic
energy directly in an electrically conductive specimen. A high-current radio frequency
signal in a coil induces an eddy current in the test piece. This interacts with an
externally applied magnetic field to produce a mechanical force. Reception is the
inverse process; electrons vibrating in the magnetic field generate a current in the
specimen which induces a signal in the coil. EMATS are very inefficient so the
receiver electronics must amplify small signals and introduce little noise.

Virtually any wave type and radiation pattern are possible, depending on the coil-
magnet configuration (21). The unit in Fig. 2a generates an SH-wave that travels
normal to the specimen surface. The polarization direction is normal to the straight
sections of the coil. This EMAT stacks two coils at right angles to generate and
receive signals polarized along and normal to the rail length. An external switch
connects only one coil at a time to the electronics. A large permanent magnet and
a pole piece generate an active area of about 10 mm square. We electronically tune
and operate this EMAT at 2 MHz.

To realize their full benefits in the SSPW array, EMATSs would be advantageous as
the transmitter and both receivers. For this initial phase, we found it convenient to
use a conventional piezoelectric (PE) transmitter and wedge shown in Fig. 1b. The
PE device gave us a stronger signal with less noise than the inefficient EMAT.
Future research will eventually allow us to incorporate an EMAT transmitter.

Our current SSPW receivers are EMATS using a large (26 mm x 52 mm) permanent
magnet atop a meanderline coil with a period of 12 mm (Fig. 2b). They detect a 0.5
MHz P-wave traveling on the surface.

To apply the combination-of-waves approach to through-thickness measurements, we
will use the SH-wave EMAT in Fig. 2a; a vertical-incidence P-wave transducer to
operate on ferritic steel also will be necessary and will demand some development.
The coils probably will have the same pancake format, but the magnetic field, in this
case, must be parallel to the surface. Design of this EMAT is now in progress.

These techniques require timing signal arrivals to a few nanoseconds in several tens
of microseconds. Commercial timers that average about 100 arrivals can readily
achieve this if provided accurate start and stop signals. For the SH-wave system, the
start signal corresponds to the beginning of the transmitter pulse. The stop signal
comes from a special digital gate designed to detect the zero crossing of the selected
cycle in the receiver signal (9). For the SSPW system, we use a dual digital gate so
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Figure 2. EMAT configurations for the two ultrasonic probes used here.
a. SH-wave propagating normal to the surface. The two orthogonal coils
generate the two polarizations required by the birefringence method. This
transducer operates in a pulse-echo mode at 2 MHz.
b. P-wave propagating along the surface. The 12-mm period of the
meanderline coil fixes the operation at 0.5 MHz in steel. This transducer
operates as a receiver in the pitch-catch mode.

the first receiver starts the timer, while the second stops it. A window is set to the
selected cycle and the circuit generates a TTL pulse as the acoustic signal crosses
zero. For the birefringence method, there is only one set of signals.

EXPERIMENTAL PROCEDURES: To measure the load-strain response, we used
three pairs of strain gages attached to the head, web, and base of a 1-m length of
67.5 kg/m (136 Ib/yd) rail taken from service. A hydraulic testing machine with a load
capacity of 1000 kN applied compression along the length. Using a nominal elastic
modulus of 200 GPa (29 Msi), the strain gave the load-stress response in each of the
three locations.

The birefringence tests were repeated several times with the transducer in four
locations (Fig. 1a). With the EMAT on the top of the rail head, the SH-wave
traveled through the entire depth of the rail and reflected from the base; the transit
time was nearly 118 us. With the EMAT on the side, the signal traveled the
thickness of the head and back; the transit time was ~48 us. The lines identified as
1-3 are 1 cm apart and indicate the center of the transducer for three data sets.
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The P-wave tests were conducted solely on the side of the head. The transmitter was
a commercial 0.5 MHz PE transducer mounted on a polymer wedge designed for
critical refraction of P-waves along the surface. Springs in the array fixture pressed
this unit into the rail. The acoustic couplant was a commercial aqueous gel. The two
EMAT receivers were locked together ~10 cm apart; their magnets held the system
on the rail. The transit time between receivers was ~17.4 us.

EXPERIMENTAL RESULTS: The strain gage data showed that, because of the
irregular cross section, there was a stress distribution among the three locations. The
web stress was 97% of the head stress, while the base stress was 86%. Since the SH-
wave from the top of the rail head traversed all three regions, we used this
information and the fractional distance of each section to calculate an average stress
(Fig. 3). At incremental loads, we made timing measurements for the birefringence
and SSPW methods.

With the SH-wave system the echo arrival for the two polarizations was a measure
of the birefringence (Eq. 1). Figure 3 shows how (B-B,) changes linearly with the
stress. The stress-acoustic constant for this method is the slope (Eq. 2) of these data.
The values for the three EMAT positions on the side of the head (table below) vary
by about 20% but are in reasonable agreement with the previous reports cited above
(12, 13). Fitting all the side-of-head data to a single line, C, = -9.6 x 10°/MPa. The
table also shows that B, changes rapidly with position; this indicates a large gradient
in the texture through the depth of the rail head. When the EMAT is on the top,
the effect of texture on the birefringence is some average of the head, web, and base
texture.

The SSPW data in Fig. 4 are the average values from five complete load-unload
cycles. The stress-acoustic constant is again the slope (Eq. 3), and the value is similar
to prior measurements (17).

SUMMARY: Ultrasonic velocity measurements are a sensitive indicator of stress
state. The major question is whether these procedures will be useful outside the
laboratory environment or to any other than specialized technicians. EMATs may
point to an affirmative answer because:
1. Their signals are sufficiently regular and repeatable that it will likely be
possible to automate the timing system.
2. They eliminate the need for both fluid couplant and extensive surface
preparation, both of which can introduce errors if not carefully controlled.
3. Their noncontact capabilities might allow for a dynamic measurement
while scanning rails.

The major needs in further studies are:
1 Develop an alllEMAT system for the SSPW. This may entail
transducer design and/or electronic improvements.
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Figure 3. Change in birefringence as a function of compressive stress applied along
the rail length. Measurements included EMAT placement on the top of the head as
well as the side of the head at three locations through the thickness.
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Figure 4. Relative change in the transit time of a surface-skimming P-wave as a

function of the compressive stress applied along the rail length.

2. Electronic circuitry to automate the signal timing. This will eliminate
a large portion of the operator variability and improve speed and accuracy.
3. Learn how best to deal with the effects of metallurgical texture.
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STRESS-
EMAT UNSTRESSED ACOUSTIC

METHOD LOCATION | BIREFRINGENCE, | CONSTANT, C,
B, (x 104 (x 10/MPa)

Birefringence | Top of Head +18.2 -6.8

Side of Head:

SSPW I Side of Head | - | -14.7

Position 1 -50.2 -7.9
2 -38.5 -11.6
3 -20.6 -9.3
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EXPERIENCES IN ULTRASONIC MEASUREMENTS OF STRESSES IN RAILS

Deputat J., Szelazek J., Adamski M.
Institute of Fundamental Technological Research
Swietokrzyska 21, 00-049 Warsaw, Poland

1. INTRODUCTION

The paper is continuation of our contribution presented to the Krakow
International Conference in 1990 where the physical basis of ultrasonic
stress measurements and some examples of its application for railroad
industry were presented. Below we describe new results concerning stress
evaluation in rails. Two problems are discussed - the influence of rail
material texture on stress readings and possibilities of wultrasonic
measurements of different origin stresses in rails both in steel mill
and in the track.

Chapter two presents how the texture of rail material influences
velocities of subsurface ultrasonic waves propagating along the rail in
different locations around the rail profile. Next chapters describe
applications of wultrasonic technique for measurements of various
stresses created in the rail during its straightening, during track
laying and due to train passages.

Ultrasonic stress measurements are based on elastoacoustic effect i.e.
on the dependence of ultrasonic wave velocity on stress. In numerous
experiments performed on various technical materials the Ilinear
dependence velocity - stress was observed for both compressive and
tensile stresses, up to the plastic limit. Velocity changes caused by
stress depend on wave type and on the orientation between direction of
wave propagation, direction of stress and direction of wave polarization
(particle motion) and the grade of material under test.

In practice of ultrasonic stress measurements not velocities but times
of flights of ultrasonic pulses are measured. Time of flight Ts in
stressed material is given as:

Ts =To/ (1 -B*S)

where To - time measured in stress-free Tater1al
B - elastoacoustic constant [MPa
S - stress [MPa]
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The highest elastoacoustic constant is observed for longitudinal wave
propagating parallel to the stress direction and therefore this wave is
often used in ultrasonic stress measurements.

The value of elastoacoustic constant depends in some extent on material
chemical composition and material heat treatment. Measurements performed
on more than 100 samples cut from different rail parts show that
elastoacoustic constant differs insignificantly over the whole cross
section of the rail. It means that for texture ranges observed in the
rails it is practically texture independent.

The velocity of ultrasonic waves is influenced not only by stress but
also by numerous different factors which has to be taken into account in
stress measurements. One of them, the very important one in case of
rails - described in the next chapter - is material anisotropy due to
texture (preferred grain orientation).

Next factors are temperature and chemical composition of the rail
material. The temperature dependence of ultrasonic wave velocities can
be easily measured and times of flights can be temperature corrected.
Such corrections are specially important in measurements of stresses in
rails in track where temperature differs in a wide range.

The chemical composition of rail material, various for different rail
types and manufacturers, can be taken into account only by calibration
on a given rail type.

Longitudinal stresses in rails are measured with probeheads generating
subsurface longitudinal and transverse waves. Schema of such probehead
is presented in Fig. 1. The advantage of subsurface waves is that they

material under test

Fig.1. Schema of the probehead for subsurface longitudinal (L) and tran-
sverse (SV) waves.
TL’TSV_ transmitting transducers, RL’RSV_ receiving transducers

can be generated and received at one surface on the object under test.
Longitudinal wave is sensitive on both stress and texture. Transverse
wave polarized in vertical direction (SV wave) is mostly sensitive on
texture. This wave is also sensitive to stress parallel to the
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polarization direction but stress component perpendicular to the rail
surface, very close to the surface, can be neglected. The algorithm of
stress calculation with subsurface longitudinal and transverse waves is
described in [1].

Both waves propagate along one line. Measured times of flight are
reverse proportional to the mean values of pulses velocities on
distances between receiving transducers.

Subsurface wave gives information from a thin, subsurface layer of the
material. It enables to measure stresses on flat surface without any
special surface preparation. It is necessary only to remove debris from
the surface in order to get proper acoustic coupling between probehead
and the rail.

2. RAIL TEXTURE INFLUENCE ON ULTRASONIC WAVES VELOCITIES

The aim of experiments was to evaluate the influence of rail texture on
accuracy of stress measurements performed around the rail profile.
Material texture differs from massive rail head to the thin web or base
what results 1in differences 1in ultrasonic pulse velocities. The
measurements were performed on sample cut out from UIC-60 rail.

The sample was carefully stress relieving annealed to eliminate any
velocity changes due to residual stresses. The efficiency of heat
treatment was proved by measurements of distribution of velocities of
ultrasonic waves along the sample. It can be assumed that rail texture
gradient, if any, is very weak along the rail segment about 0.5 m long.
Therefore any changes in the wave velocity observed along the sample
could be related to remaining residual stresses with their maximum in
the middle of the sample and zero values at its ends. During the test
the same velocities over a whole sample length were observed what
confirms that the sample is stress free.

Differences in times of flight measured on this sample in various
locations around its profile which are result of texture differences
only are presented in Fig. 2. Times of flights for both waves respond in
similar manner to texture changes and their highest variations are
observed on rail head side. Fig. 2 presents also values of residual
longitudinal stresses calculated from measured times. It can be seen
that for all measuring locations on the rail profile stress value is
close to zero and stress value scatter is in the range +/- 10 MPa. This
scatter denotes an error in stress evaluation with subsurface waves when
the calibration (measurements of times of flight on stress free rail)
was performed for one probehead location on the rail.

The above experiment proves that with subsurface longitudinal and
transverse waves absolute values of residual stresses can be measured
with technical accuracy around the rail profile. Such measurements allow
to obtain more information concerning residual stress distribution in
the straightened rail.



112

locations

,_21331.00- 7
= 350t 8
£
(=, ]
= 300}
o 250F
E .
= B0, 5 6 T8

ré‘ =

E,50 e

(%]

& 0

A

= o o

123 b 5 6 T 8
locations on the rail profile

Fig.2.Changes in times of flight of longitudinal and transverse waves
as a result of rail texture, measured on stress free sample.
Stress values calculated from measured times.

Texture changes along the rail are much lower than those observed from
head to base therefore stress distribution along the rail can be also
measured.

3. RESIDUAL STRESSES IN STRAIGHTENED RAIL

Fig. 3 presents an example of measurements performed around the profile
of straightened rail with very high residual stresses. Tensile stresses
are seen around the whole head and across base underside. The web and
upper side of the base are in compression. The extreme compressive
stress was measured in the middle of the web. Stresses are distributed
symmetrically and practically the same values are observed on both rail
sides.

With dashed line are presented the residual stresses measured on the
same rail after annealing in 450 Centigrade during 3 hours. The aim of
experiment was to observe if after partial annealing of straightened
rail one can observe in it some regions where stresses are removed. Such
regions could be used for the calibration.It can be seen that stresses
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measured after partial annealing are reduced evenly about 60 % of their
previous value and no zero stress regions are observed.

Stress [MPq]
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Fig.3.Residual stresses measured in 60 points around the profile of
straightened rail. Dashed line presents stresses measured in the
same rail but after partial annealing in 450 Centigrade in 3
hours.

Results presenting distribution of residual stresses along the rails
straightened in different conditions and along the leading ends of
rails, measured with ultrasonic technique are presented in [2].

4. STRESSES INTRODUCED INTO THE RAILS DURING TRACK LAYING

The aim of this measurements was to observe another kind of stresses
which occur when the rail segment is positioned on ties and welded into
the track. Such longitudinal stress sums up with residual stresses.
Measurements were performed in field conditions on 400 m long CWR
segment with the probehead for longitudinal subsurface wave only.
Measured were both rails of the track, type S49.

Stresses which arise during rail laying are expected to be much smaller
than residual stresses. It can be also assumed that these stresses are
distributed evenly over the rail cross section and their gradients along
the rail are weak. Therefore the distance between receiving probehead
(see Fig. 1) and measured times of flight can be enlarged. Described
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measurements were performed on new rails so the probehead could be
attached to the rail head side not deformed by wheels yet.

The first measurement (calibration) were performed on the rails before
they were positioned on ties. For each of 13 locations on both rails
measured was time of flight and position of the probehead was marked on
rail. It was assumed that the calibration was taken on the rails free of
any longitudinal forces. In fact some forces resulting from rails
transportation and unloading can exist.

The second measurement (stress measurement) was performed before the
track was opened for traffic. The differences in times of flight
measured during calibration and second measurement are proportional to
longitudinal stresses introduced into the rails during track laying. To
minimize the influence of thermal stresses on readings both calibration
and stress measurement were performed in stable temperature conditions.
The difference in rails temperature noticed during tests were below 5
Centigrade. The error of presented measurements, due to temperature
changes, can be evaluated as +/- 5 MPa.

In measurements where only increments of stress are measured and
calibration and stress readings are performed at the same locations on
the rail, ultrasonic probehead has replaced a number of resistance
strain gauges which were necessary to fix to the rail along the track.
The difference is that to evaluate stress with resistance strain gauge
it is necessary to know Young modulus and in case of ultrasonic
technique - elastoacoustic constant for rail material.

Fig. 4 presents times of flight of subsurface longitudinal wave measured
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Fig.4. Times of flight of subsurface longitudinal wave propagating along
the head side, measured in 26 locations on two 400 m long rails
free of any external forces.
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during calibration. It can be observed that measured times are different
in different measuring locations. These differences can be result of
variations in unknown residual stresses existing in the rail head and
also of some unknown longitudinal forces introduced into the rails
during transporting and unloading. It can be also seen that extreme
values of times are observed for different locations on rail A and B.

Fig. 5 presents the distribution of longitudinal forces along the CWR
segment before first train passed. Marked are also welds performed
during track laying on both rails.

These stresses are calculated under assumption that the changes in times
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Fig.5. Distribution of longitudinal stresses introduced into the rails
during track laying , welding and geometry regulation.

of flight are result of forces introduced into the rails during track
laying and its geometry regulation. It can be seen that stresses are
distributed along both rails of the track in similar manner. Tension is
observed between locations 2 and 6 that again between locations 8 and
11. Also absolute values of stresses are similar for both rails. The
explanation of such stress distribution can be displacements of the
whole track when similar stresses are created in both rails.

Results of ultrasonic measurements of longitudinal stresses in CWR
during destressing operation and rail temperature changes but performed
with the probehead coupled to the rail web are described in [2].
Ultrasonic measurements presented there are compared with resistance
strain gauges readings.
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5.STRESSES DUE TO TRAIN PASSAGES

Passing trains exert loads on the rails in track. In result the material
of rail head is plastically deformed and the state of stresses in the
rail is changed. To measure such changes the same probehead as for
residual stress evaluation was used.

Loads simulating rail work in curve were applied to the rails as shown
in Fig. 6
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sy (] o

rails
300
280HB
200r i
) 100 -
&
4 0 |
g )
(%) \ l
|
4100 | :
t
-200 |‘, -
1 1 1 L ‘ 1 1 |X1 ["}mj L XZ l[mm]l
-200 -100 0 100, 200 0 0 50
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Fig.6 .Schema of rails rolling in the stand and residual stresses mea-
sured around the 280 BH hardness rail profile before and after
rolling.
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To observe effects of rolling two rails with different hardness were
chosen. Measurements were performed around the profile of two UIC-60
rails rolled at the bunch.

The diagram on Fig. 6 presents residual stresses measured around the
rail profile before and after 1 million of load cycles on the rail with
270 HB hardness.

Fig. 7 presents results of similar measurements obtained on the rail
with 370 HB hardness.

From both drawings it can be seen that the only changes in residual
stresses were observed in rolled regions. In these regions, where
tensile stresses due to straightening were observed in both rails prior
rolling, compressive stresses are seen after test. Higher stress changes
are observed for the rail with lower hardness.
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Fig.7.Residual stresses measured around the 370 HB hardness rail profile
before and after rolling.

Ultrasonic measurements of stresses were also performed after mechanical
removing of 7 mm thick layer from rolled rail head. Readings obtained
shows again tensile stress in the rail head.

The material texture in plastically deformed layer differs significantly
from the rest of the rail. Therefore the accuracy of stress
determination with ultrasonic technique in such a layer can be lower as
compare with a new rail.
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6. CONCLUSIONS

Results presented above were chosen to demonstrate how nondestructive,
ultrasonic technique of stress measurements can be used to measure the
absolute values or to monitor changes of stresses during rail life time
from the steel mill to the track. Ultrasonic probehead can be easily
positioned on the rail what allows to carry out measurements in field
condition, even in the time lapse between passing trains.

Results obtained on rolled rails showed that residual stresses measured
in web or base before and after rolling are the same. Therefore using
probehead positioned on web it 1is possible to monitor longitudinal
forces in CWR due to temperature changes (thermal stresses) or due to
braking forces. During such measurements repeated for chosen location on
the CWR both unknown residual stresses and material properties (chemical
composition, texture) are constant and any changes of ultrasonic pulse
velocity are result of stresses applied to the CWR.

Depending on distribution of stresses over rail cross section and along
the rail different ultrasonic probeheads can be applied. Residual
stresses can strongly change along the rail at the leading end. They
also rapidly change around the rail profile. Therefore the volume of
material between receiving transducers, over which stress value is
averaged, should be as small as possible. Also material texture around
the rail profile changes and these changes has to be taken into account
during stress evaluation. In result probehead designed for residual
stress measurements is comparatively short and generate two types of
ultrasonic waves.

Thermal stresses or stresses due to track laying or braking forces are
distributed evenly over the rail cross section. Also their gradients
along the CWR are weak. Therefore they can be measured in one location
on the rail profile (web for example) only and the distance over which
their value is averaged can be long.
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Rail Side Wear Problem On Chinese Railways

Zhiyun Shen
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ABSTRACT

The seriousness of the rail side wear problem on Chinese Railways has been described in this pa-
per. Things account for the occurance of this problem and measures taken to solve it are dis-
cussed. Recommendations on improvements of the rail quality and rail maintenance are given as
conclusions of this paper.

INTRODUCTION

Railways in China have known a history of more than 100 years. As the "main artery” of national
economy, the railway has spotted itself as a vangard industry for the development of society and
economy. Through technical remodelling of the existing railways and planned coustruction of
new lines, the country’s railway system grew up to route kilometerage of 57802 Km by the end of
1990, of which 563378 Km were state —owned and 4424 Km locally operated. In 1990, the rail-
way accomplished 653.4% and 71.3% of the country’s total passenger and freight turnover
respectively. In this year, the traffic density on China’s railways was 27.75 million tonne
—kilometers per kilometer, ranking second in the railway world.

For the purpose of upgrading the technical condtions of railway facilities, the
Chinese Railway has taken a range of measures of improvements, The double — tracked and
electritied kilometerages have been raised to 13023 Km and 6940.8 Km, or 24.4% and 13.0% of
the total respectively. Also the dieselized railway lines reached 16097 Km at the close of 1990. In
the same time, rails of 60 Km / m and heavier deployed on trunk lines amounted to 165682.6 Km,
constituting 23.1% of the total.

In the process of railway modernization, arised a problem of rail side wear on
curves, the severeness of which was out of our expectation. At many intensively operated rail
lines, new rails mounted in moderate curves were worn out in less than one year. For example, at
the Shi —Tai Railway, only 225 Km in length, has to remove away rails in total length of 55 Km
every year, which was only 4 Km in seventies. 98% of the removed rails were out of service due to
side wear on curves.

In this paper, after a brieve survey of the rail wear problem, the mechanism of the
rail wear on curves is analyzed and four methods of wear reduction are discussed, i.e.:

1. Rail quality improvements;

2, Rail lubrication;

3. Low wheel flange wear bogies;

4, Optimization of track parameters in rail maintenance.
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Recommendations on rail wear reduction are given as the conclusion of this paper.
RAIL SIDE WEAR ON CURVES

In recent years on Chinese Railways, the rail damages, mainly the severe side wear on curves, in-
creases rapidly. Yearly requirements of steel to replace the worn out rails and wheels consist of
180 and 120 thousand tonne respectively. The rail life of the ordinary 60 Kg/ m rail has been as-
signed as 600 MGT (Million Gross Tonne passage). But the real life of rails is only 100 ~ 1356
MGT on curves of 450 ~ 750m radius, and about 300 MGT for curves of more than 1000m ra-
dius. In respect with the wear on curves, the change of 50 Kg / m rails to 60 Kg/ m ones did not
bring increase but decrease of rail life.

__—Upper arched wear

Transition contour

Lower arched wear

Fig.1 — Arch shaped rail side wear on Da —Qin Railway, 1991. [1]

Fig.1 shows an example of extraordinary rail side wear, occured on Dai —Qin rail-
way [1], which was designed and constructed for modern operation of heavy freight trains for
coal transportation. The curved track of 600 m radius with 100 mm superelevation was put into
operation at the beginning of 1989. But by the end of this year, while the total passage was less
than 40 MGT, the new 60 Km / m rails have been worn out, leaving a section shown in Fig.1. The
replaced new 60 Kg / m rails were worn out again in less than one year.

The distinguishing features of this rail side wear is the two arcs with an overlapping
contour at the middle. The reason which causes this phenomenon, may be the different angles of
attack of the leading and trailing wheelsets of the freight bogies maunfactured specially for heavy
hauling. In order to increase the load per meter track with the ordinary axle load of 21 tonne,
short box cars have been manufactured for 10000 tonne coal train in Dai —Qin Railway. These
cars have higher ratio of wheelset base to the distance between bogie centres in comparison with
that of the ordinary freight cars. Under strongly enhanced tractional forces in the train, significant
values of the angle of attack were resulted. In the same time, big differences between the attack
angles of the leading and trailing wheelsets existed. In this consists the mechanism of formation
of the rail side wear shown in Fig.1.

Increased rail side wear have been observed in the process of changing from steam
locomotive to electrical and diesel ones. For moderate radius of curves, the rail wear rates were
about 0.03 mm./ MGT under steam engine traction. But, it increased t0 0.14 ~ 0.16 mm/ MGT
after electrification and / or dieselization. The highest rate reached more than 0.22 mm / MGT,
shortening the rail life to less than one year. As it was mentioned at the beginning of this paper,
electrification and dieselization are the main trend in Chinese Railway modernization, the prob-
lem of rail wear reduction became one of the hot points of research. Some results will be given in
this paper.
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RAIL QUALITY IMPROVEMENTS

One of the measures to imporove rail quality is to use more heavier rails. The replace of less than
50 Kg / m rails to 60 Kg/ m or 75 Kg / m rails greatly strengthened the track. But with respect to
rail side wear, the heavier rails may bring no advantage, even neqative effects. It has been re-
ported that rails of ordinary carbon steel without any heat treatment give higher wear rates than
the 50 Kg / m ones.

In rail wear reduction, two directions have been considered on Chinese railways: to
use high alloy steel and to apply heat treatment.

The constituents and tensile strength of new rails used on Chinese railways are list-
edin Tab. 1.

Tab.1 — Main types of rails to be used on Chinese Railways

Mark of Alloy constituents(%) Tensile

Rail Steel I Mn Si v Strength
u74 0.67~0.78 | 0.70~1.00 | 0.13~0.28 ~800 Mpa
U71Mn 0.656~0.77 | 1.10~1.50 | 0.156~0.40 883 Mpa
PD3 0.72~0.82 | 0.75~1.05 | 0.65~0.90 | 0.056~0.12 >900Mpa

Field observations of rail side wear of the high carbon steel, U71Mn and the steel of
microvanadium alloy, PD3 have been carried out by Wu Hang Railway in 1988. Part of the results
are given in Tab.2 [2].

Tab.2 — Results of Field Observation [2]

. Rail Side Wear Rail
Curve Rail Passage .

di Steel (MGT) max Rate Life
radius ee (mm)  |(mm/MGT)| (months)
460 U71Mn 104 23 0.221 12

m PD3 223 22 0.099 25
500 U71Mn 80.4 15 0.187 16.6
m PD3 1145 13 0114 18.6

The results quoted in Tab.2 show that the microvanadium alloy rails give a side
wear reduction of 55.2% —39% in comparison with that given by high carbon rails.

The most effective way to reduce the rail side wear is to harden the rail surface by
quenching along the whole length. The obtained sorbitic pearlite metalographic structure
pocesses very good triboresistant property and thus gives evident effect on wear reduction. This
was approved in practice on most of the railways in China.

For example, a field test [3] will be given herewith, The ordinary carbon steel rail
marked as U74 (see Tab.1) has been hardened by medium—frequency inductionthermy and then
laid among rails of the same sort, but without heat treatment on a curve of 600 m radius. Fig.2
shows the distribution of hardness in the cross section of the U74 rail after quenching by
medium—frequency induction hardening. After a passage of 10 thousand tonne, the side wear

measured is 0.0675 mm / MGT, much lower than that of the untreated rails, which has reached
t00.12 mm / MGT.
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Fig.2 Hardness distribution of the U74 rail after quenching [3].

OPTIMIZATION OF TRACK PARAMETERS

Great potential of rail side wear reduction consists in rail maintenance, during which the track
parameters, such as rail gauge, superelevation and cant of rails can be adjusted. Different values
of these track parameters give different effects on side wear rates. On Chinese Railway numerous
experiments under field conditions have been carried out to examine the influence on wear rates
of the rail gauge, superelevation and rail cant. Aimost the same conclusions have been obtained.

The rail gauge on curves has been assigned by Chinese Railway Standards to be
widened according to the radius of the curve. But in practice, it has been observed that small
gauge is advantageous to rail side wear reduction. The field observations, reported in 1989 [3],
gave a good example. On the same curve of 600 m radius, two gauges, 1443 mm and 1433 mm,
are deployed to stand the same tonne passage. After about one year’s operation the side wear has
been measured. The results showed that the narrow gauge gives a side wear reduction by a factor
of 65.5% against the widened one.

In this test, 3 values of superelevation have been compared with respect to rail side
wear rates. The equilibrium superelevation of this 600 m radius curve is 120 mm. Sections with
100 mm and 140 mm have been laid in both sides of the normal section. The measured results are
given in Table 3.

Tab.3 — Rail side wear measured in sections with different superelevations [3].

Measured wear Wear rates
Passed (mm) (mm / MGT)
Tonnage h = (mm) h = (mm)
(MGT)
100 120 140 100 120 140
93.50 3.86 4.45 4.05 0.041 0.048 0.043
119.84 4.46 4.92 4.47 0.037 0.041 0.040
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The results show that to set up dificient superelevation gives positive effect on rail
side wear reduction. Numerous tests of the same kind have been undertaken on other railways in
China and the same conclusion has been obtained.

Tests on increased rail cant have been carried out also. According to the Chinese
Railway Standards, the nominal value of rail cantis 1 / 40. To increase cant angle of the high rail,
from1/40to1/300r1/20,did not decrease, even increase the rail side wear. But shift this in-
crease to the low rail, keeping the high rail cant as 1 / 40, an evident reduction of the side wear
was observed [3]. After a passage of 26.34 MGT, the side wear of the high rail have been meas-
ured to be 0.24,0.59 and 1.01 mm for low rail cant of 1/ 20,1/ 30, 1 / 40 respectively.

RAIL LUBRICATION

Rail head side lubrication is an effective method to reduce intensive wear on tight curves. It is a
wellknown fact to all of the railway countries and it has been reported in a vast of papers that a
gain of 1.6 ~ 2.0 may be obtained purely by rail lubrication. Fig.3 is an example [4] showing by
numerical calculations that the wear index, or the total work done at the wheel / rail coutact
patches, may be reduced to about 1 / 2.5 of that without lubrication.
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Fig.3 — Work done versus curve radius.
1. Total work, dry friction
2. Total work, lubricated
3. Flanging work, dry friction
4. Flanging work, lubricated [4]

On Chinese Railways curves with radius smaller than 800m are lubricated by
track—side lubricator or lubricator carried by locomotive. Big research programs of rail lubrication
development have been set up by Chinese Railway Ministry in recent years. Several types of
lubricator, such as HB—1, developed by The Chinese Railway Academy, SPZ— by Shenyan Rail-
way Research Institute, etc. have been put into daily service and positive effects on rail side wear,
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as well as wheel flange wear reduction have been resulted. The lubricant used is Calcium or
Lithium Soap based grease containing.certain percent of Graphite. The lubrication is so easy and
effective that many railway sections of maintenance apply it to tight curves by hands, using
common machine oil as lubricant. It is an urgent task on Chinese Railways to work out good rail
or wheel lubricators and lubricants.

LOW WHEEL FLANGE WEAR BOGIES

The rail side wear is caused by the interaction between wheel and rail. In this tribosystem, the
wheelset, as a base body, plays very important role in wheel / rail mechanism. Therefore, in solv-
ing the wear problem, it is very essential to improve the bogie design, to which much efforts are
devoted in settling the research plan.

One of the basic research project is to determine the portion in rail side wear forma-
tion, how much from locomotives and how much from the freight cars. Metallic plates are in-
serted inbetween the wheel / rail contacts during the passing of locomotives, and are taken away
when the freight cars passed by. Keep doing this for an enough volumn of passage and measure
the rail side wear. Thus, the wear only from freight bogies are estimated at this isolated section.
Comparing the measured results with those of the ordinary rails at the same site, a portion of 80%
wear from freight cars has been evaluated. This study, although it was very expensive, revealed
the great importance of development of low flange wear freight bogies.

The cheapest way of wheel flange wear reduction is to replace the conical wheel
tread by a worn profile. The old wheel profile standard on Chinese Railway is shown in Fig.4.a,
while the new stand, called LM profile for freight cars — in Fig.4,b. Experiences of applying this
new standard of wheel profile indicated that the wheel tread wear may be reduced by a factor of
80%., and the wheel flange wear — by a factor of 50 ~ 30%.
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Fig.4 — Old and New standards of the wheel profile of cars.

In rail side wear reduction, the most essential is to design new type of freight bogies
without or with very scarce contact between the wheel flange and rail side surface. Various kinds
of radial bogies, self—steering or forced steering, effectively decrease the angle of attack of the
wheelsets by their radial orientation, and thus reduces the chance of wheel / rail contact. There-
fore, radial bogie development is greatly supported by Chinese Rail.

As a successful example in this respect, may be mentioned the forced —steering
freight bogie for Yunnan Railway. It was created in 1987 and was put into service in 1988. After
about 4 year’s service under very rigorous operation conditions, the wheel flange wear generated
was very small, no more than 1 mm. The dynamic behaviour analyses have been reported in 1989
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[6]. The total work done at the wheel / rail contact patches is given in Fig.b, which shows that
with the optimum steering gain, the total work or the wear index, is only one seventh of that hap-
pened to conventional bogies (there the steering gain equals to zero). Observations under field
conditions validated this conclusion.
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Total Work Done, KN+ m/ m
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Fig.b — Total Work done at w / R contact patches W,,, during steady state curv-
ing of the Forced Steering Freight Bogie [5].

CONCLUSIONS

Under modern operation of railways, the severe rail side wear problem arises, which merits a large
share of attention in its solution. According to the experiences gained by Chinese Railway, the
follwing measures are effective:

1. To improve the quality of rails mainly in two directions: to use high alloy steel,
and to adopt heat treatment, such as surface quenching, etc.

2. To optimize the track parameters in track maintenance, such as relatively narrow
rail gauge ; deficient superelevation and small cant of the low rail.

3. To lubricate the rail side on curves or to lubricate the wheel flange by lubricants
with triboresistant contaminants.

4. To improve the dynamical behaviour of the railway vehicles, especially the freight
bogies. The worn profile of wheel tread should be used without exception. Radial bogies give big
savings by effectively reducing the rail side wear.
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RAIL RECTIFICATION SPECIFICATIONS AND
MODERN GRINDING STONE TECHNOLOGY

Jim Cooper, Jean-Claude Schaffner
Speno International S.A.

INTRODUCTION

Rail rectification treats in track the shape and the surface of the
railhead, usually by grinding. The product is metres of finish ground
rail. However, rail rectification has traditionally been remunerated on
an equipment-presence basis and product specifications describing treated
rail are not yet generalized. With the modern tendency toward
production-related payment such specifications are now under discussion
by railway administrations.

At the same time, a new generation of grinding equipment is coming into
general use. The modern machines offer higher performance through their
enhanced technical capacity. Also, their favourable influence on product
costs renders rail rectification economically viable on a broader scale.

Key to the breakthrough is a new generation of grinding stones. Indeed,
stone development has become acutely important. Recent years have seen
the introduction of "aggressive" grinding stones with beneficial enhanced
production. However, aggressive grinding is indeed aggressive. With metal
removal rates up to six times greater than conventional grinding, the
mechanism of metal removal changes. The high-production machines produce
swarf-like particles rather than simple dust. The rail surface is clearly
rougher. The question has been raised of possible detrimental effects to
rail integrity.
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Fig 1 Aggressive grinding
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Originally deployed on heavy-haul lines, aggressive grinding has come
under wider consideration. On European conventional lines, with higher
train speeds, and rails lasting longer in service, engineers devote much
attention to micro-crack initiation and propagation. The lighter axle
loads may mean that the "disappearance" process of the grinding scratches
under traffic is different, and the rail may be more vulnerable to micro-
crack formation after aggressive grinding than heavy-haul experience
shows.

There has been extensive reflection about grinding specifications with
a view to introducing safeguards against excessive treatment of the rail.
While much remains unknown, a generally accepted set of requirements for
grinding rail is emerging. Meanwhile Speno International and its
subsidiary ASI push forward with the development of stones that are ahead
of today's increased demands.

Rectification

Rail rectification has particularities. First, the precision of the
operation is unusual within the context of track maintenance. A result
within a few tenths of a millimeter simultaneously in two planes is often
the standard to be achieved.

Second, rail rectification has a multiple action. It can be deployed to
treat the railhead:

- surface condition

- transverse profile

- longitudinal profile
These operations overlap in a complex manner. Assuring two or more
operations requires a volume of work that is less than the cumulation of
the individual tasks.

Production
Rectification in Europe is based upon multiple passes. Thus finish-ground
rail is the sum of several intermediate runs. The number of passes to
achieve the end-result depends upon:
- the crew: through its tactical skills (choices of angles and
pressures, and speed, pass by pass)
- the machine: by the number and power of the grinding units, and
specific constructional features

Fig 2 Grinding action
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and last, but not least
- the grinding stones: by their cutting power, and service life

SPECIFICATIONS

This part of the paper is put forward with diffidence. Both authors
contribute from the supplier's viewpoint. They may not be fully
acquainted with the railways' attitudes.

Details of "specifications" are quoted as examples. These elements are
not necessarily employed contractually by the railways. (BR, for example)
In some cases they may have been replaced by later versions that the
authors ignore.

The nature of specifications vary with the structure of the contract.
They can be one or several of:
- presence-related: definition of the availability of means to effect
the work
- performance-related: definition of the rate of work to be
accomplished
- product-related: definition of what has to be produced

We are mainly interested here in the last case - the railway describes
the finish-ground rail. However, all product-related specifications are
situated within two constraints:
- the necessity for high production (to lower costs and to minimize
track occupation)
- stone life should be at least a full shift (to avoid the time loss
and the danger of changing in track)

A notion of desired production levels is given by:
BR: min. 1,200m/hr finished when removing 0.1mm wave formation
Sncf: min. 1,000m/hr finished when removing 0.4mm

Also for quality, the cost factor dominates. Rail rectification is like
any production process - tighter tolerances mean higher production costs.
Specifications that stretch currently available means will contribute to
progress. Specifications that are frankly beyond those means can lead to
expensive development work that increases product costs out of proportion
to the technical advantages obtained.

Surface condition
Specific grinding for surface condition can be:
- preparative: cleaning millscale and construction damage from newly-
laid rail to assure optimal initial conditions for commercial service
- preventive: removing fatigued metal before micro-cracking leads to
more serious damage
- curative: recovering rail that has been hurt by external influences
such as ballast imprints, foreign bodies pressed into wheels, cargo
loss

Although grinding for surface condition is a specific application,
grinding for any application affects the surface condition of the rail.
Thus surface condition specifications concern virtually all grinding
interventions. It is precisely here that the balance between
rectification specifications and grinding stone technology is most
critical.

At issue is the rail and the need to protect it from untoward material
changes during the rectification process:
BR: Work shall be carried out...without adversely affecting the
metallurgical structure of the finished rail or the surface finish.
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Prima facie evidence of material damage is:
- discolouration
- excessive surface roughness

The first aspect is widely understood. The railways' site supervisors
understand instinctively that colouring of the rail surface merits
attention. However, explicit specifications in are not in general use.
Two rare mentions:
BR : Light blue/straw colouring is acceptable
Sncf: The ground zones should present no trace of blueing at the end
of the work

More precise wording presents the difficulty of quantifying an
essentially visual effect. Nevertheless, it would be useful to know more
about the meaning of colours on rails of varying qualities and
compositions.

Since the introduction of aggressive grinding, surface roughness has
become a major issue. First reactions were naturally prudent. With
conventional grinding the scratch marks left during rectification are
quickly re-absorbed under the influence of the passing wheels of the
first few trains. The perceived danger with the increased surface
roughness of aggressive grinding is that the relatively large-scale
irregularities on the rail surface fold over during the absorption and
initiate micro-cracks:

BR: Individual grinding stones should not leave transverse ridges on

the railhead surface such that they fold over under traffic.

Fortunately, the measurement of surface roughness exists as a standard
engineering procedure. The unit of measurement is the micron (one
millionth part of a metre). Less clear, however, in the case of rail
grinding is the correct direction of measurement. The scratch marks
result from the locus of a point on the flat end surface of the grinding
stone that has two components: rotational and advance. Thus the resulting
ridges are neither longitudinal nor transversal. (Speno International
meaiures surface roughness parallel to the longitudinal axis of the
rail.)

VAN,
V.

L
R = 1/L]]y () |dx

0
Fig 3 Roughness measurement
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Only a few railways have expressed an opinion of suitable surface
roughness after grinding in standard measurement terms:

BR: max. 7 microns at ten points across the rail

Sncf. max. 10 microns over the ground zone

These specifications present no practical problem for measurement.
Apparatus are commercially available that indicate numerically the
roughness as a centre-line average over a standard sampling length. They
are small and of handy use. The roughness is generally stable over ground
sections and sampling rate is not critical.

Transverse profile
There are several reasons for rectifying rail in the transverse plane:
- assuring vehicle behaviour
- controlling the distribution of internal stresses in the rail
- reducing rail wear
- relief for wheel profiles
- removing flowed metal that can obstruct track work processes

The product is a target rail transverse profile. Or more precisely, the
objective is the reproduction of a certain shape over a selected zone on
the surface of the railhead.
Thus a specification needs:

- definition of the shape

- tolerances

- the limits of the ends of the zone

Strangely enough, the definition of the shape poses problems. The matter
is under consideration by railway authorities. For the time being
reference is made to the manufacturing design profile (and the
appropriate rail laying angle).

The shape - a curve of varying radius - is rendered by the series of
straight facets of the individual grinding units. Thus, from the grinding
process alone there is an unavoidable polygon-curve approximation.

A basic ride parameter - equivalent conicity - is very sensitive to the
shape of the transverse profile. Calculating back from a desired conicity
value and an assumed wheel profile to the corresponding rail profile
shape indicates tight tolerances are necessary for the latter - in the
order of tenths of a millimeter. Such accuracy is comparable with the
polygon-curve approximation of a standard 32-stone machine. A call for
tighter tolerances will have a quantum effect on costs as it implies
extra passes or the deployment of bigger machines.

The ends of the grinding zone are mostly expressed as angles from the
vertical of the axes of the grinding units, typical values being 70°
toward the gauge side and 15° toward the field side (the flat grinding
stone face being applied perpendicularly to these angles.)

Some examples of railways' wishes in connection with transverse profiles:
Shape:

Speno International is not aware of a target profile - other than a
design profile - being currently specified, However, BR has stated its
intention of specifying target profiles by rectangular cartesian
coordinates.

Tolerances:
DB:
For line speeds
>160kph target profile +0.3mm/-0. 3mm
140-160kph +0.5mm/-0. 3mm
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<140kph service profile "improvement"

FS:
For line speeds
>160kph target profile +0.5mm/-0. 3mm
BV:
Without mention of line speed:
target profile +0.3mm/-0. 3mm
BR:
Without mention of line speed:
target profile +0.15mm/-0. 15mm
CFL:
Without mention of line speed:
target profile +0.5mm/-0.3mm
Sncf:
Without mention of line speed:
target profile +0.3mm/-0. 3mm
Limits:
FS:
The zone is the area of contact between the wheel and the rail.
BV:

The zone is the part of the profile from the beginning (lowest
point) of the 13mm radius on the gauge side to the beginning
(highest point) of the 13mm radius on the field side

In addition, some railways perceive the need for safeguards, mainly
concerning the subtended angle between two facets that may give rise to
a ridge - considered bad for wheel wear, and possibly a fragile point on
the rail.

Examples:
FS:
A regular finished profile without sharp edges.
Sncf:
Facet width shall not be larger than 5mm

In theory, checking on ground transverse profiles requires a continuous
recording. Much effort is being deployed to achieve this result. In the
meantime, two practical methods are being used. On Speno machines the
operator has a visual aid showing for each rail the variance of 10 points
on the current transverse profile from the appropriate target profile.
(This indication is for checking that the pattern of angles and pressures
being used is the best suited.) While the actual profile is retained by
spot-checks with a manual recording device allowing a five times
multiplication of the profile in analog or numerical form.

There remains the question of the appropriate sampling rate along the
rail - a value determined by:
- the assumed rate of change of the transverse profile along the rail
- the perceived stability of the grinding process (that is accepting
the notion that the accuracy stems from the control of the pattern
of the angles and pressures)

Provisional guidelines call for checking the transverse profiles after
grinding with the manual recorder at a frequency of:
DB:

- once per grinding section, on lines with speeds >160kph

- once per shift, with speeds 140-160kph

- twice per week, with speeds <140kph
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Longitudinal profile
The purpose of rectifying rail in the longitudinal plane is to ensure a
smooth running surface and thereby control unwanted disturbances such as
impact loading, vibrations and noise emission. The geometrical shape
sought is a "straight line". The variance from that line has two
practical dimensions:

- severity: the wave depth (peak-to-peak)

- extension:the length of track over which the wave depth is
representative

Within the general class of wave formation one can distinguish physical
phenomena that merit separate specifications:

- corrugation (30- 80mm long)

- short waves (80- 250mm long)

- long waves (250-3,000mm long)
In practice, the specifications result from mixed considerations, with
elements of both wishes and realities:

- how much the waves disturb railway operations

- how well the rectification process deals with them

- how well measurement systems describe them

The length of the waves plays a fundamental role in the grinding process.
The usual grinding stones have an outside diameter of 250mm and they
"bridge" over waves up to this length to give virtually the straight line
that is sought. Above this wave length it is the construction of the
machine, with its mechanical and operating tolerances, that determines
the precision of the result.

Some examples of desired tolerances of residual wave depths in relation
to wave lengths after grinding:

DB:
max. 0.02mm over 200mm
max. 0.30mm over 3,000mm
FS:
max. 0.02mm over 200mm
max. 0.30mm over 2,000mm
BV:
max. 0.02mm over 30- 80mm
max. 0.02mm over 80- 300mm
max. 0.30mm over 300-1,000mm
max. 0.30mm over 1,000-3,000mm
BR:
max. 0.010mm over 25- 90mm
max. 0.025mm over 90- 450mm
max. 0.050mm over 450- 750mm
max. 0.100mm over 750-1,050mm
max. 0.25mm over 1,050-1,400mm
max. 0.400mm over 1,400-1,700mm
Sncf:

max. depth less than 0.0001 times the corresponding wave length
over 100-1,000mm

Checking work to the precision of these specifications requires care.
Also, the method of measurement is important. A differential measurement
involves a geometrical transfer function with a selective zone of valid
response.

GRINDING STONES

The grinding stone is the key to rail rectification: it determines
performance. (Fundamental elements are grit size and binder tenacity, but
several other ingredients play important roles.)
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While grinding is a well-known practice, its use in track is particular.
Specific safety and application methods must be respected.

Workshop grinding exists in two common forms:
- the heavy action of de-burring
- the precise action of polishing
The stones and the operating parameters differ widely.

Conventional rail rectification is between these extremes. It resulted
from the adaptation to use in track of an uncritical process with average
metal removal and average precision. The inhibitions to performance
included:

- the fragility of the then-current stones

- the unsophisticated means of controlling the grinding pressure

- the undemanding action of the fixed-angle units

- the relatively low power of the grinding unit drive motors

A wave of parallel innovation has enabled rail rectification to move
forward to a new level of capacity. The process has become closer to de-
burring, but the end-product still requires a quasi-polishing finish. The
problem is to reconcile both aspects by special means or by built-in
flexibility of the stones.

Heavy-duty grinding removes metal by a complex action. There are elements
of cutting, of tearing and of wearing. This condition results in part
from:

- use of a mixture of various grit sizes

- differential cutting speeds (from 25m/sec to 50m/sec) across the
rotating face of the stone

The metal debris varies widely in its characteristics. The surface finish
reflects this fact. Discolouration and surface roughness of the rail can
result from unsuitable stone characteristics. Such occurrences are not
necessarily synonymous with heavy metal removal.

Stone design
The scheme for stone development (for a given drive motor power) is:
1. review of physical dimensions to clear obstacles in track (while
respecting the maximum peripheral speed of 50m/sec imposed by
European regulations)
and then a re-iterative process including:
2. choice of grit sizes and mixtures to give suitable surface
finish
3. choice of binder, and compacting pressure, to give suitable
stone life
4. choice of other ingredients to balance performance
5. bench tests of metal removal in relation to power absorbed
At this stage the objective is to balance stone life and metal removal
and the evaluation parameter is:

quotient "G" = volume of metal removed
unit volume of stone consumed

The bench tests are valid for comparisons between prototype stones of the
same series. They enable short-list selection of the pre-series stones
for track testing. (On the other hand, comparisons between bench tests
and track tests are not assured.)

The essential difficulties during this process are:
- the delicate balance between the opposing constraints of surface
finish, stone life and metal removal
- the complexity and sensitivity of the ingredients and their
interaction
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- the difficulty of carrying out objective tests in the widely varying
conditions in track

The current generation of grinding stones results from:
- new chemical ingredients (mainly stemming from zirconium)
- new physical aspects (specially shaped abrasive particles)
- new resin bonds
- new manufacturing process (high-pressure compaction)

A schematic comparison of the progress initially achieved in standard
benchmark conditions:
conventional stone modern stone

surface finish 3-5 microns 10 microns
life 6 hours 5 hours
metal removal 0.05mm 0.20mm
quotient "G" 2-4 10-12

Since then progress has been made in stone life that renders the
comparison much more favourable for the new technique.

Operation
The usual parameter for quantifying the grinding action in rail
rectification is depth of cut, a value that needs understanding. In fact
the rate of work is the removal of a volume of metal in a unit time. The
width of the zone treated across the railhead and the advance speed of
the machine must be taken into account for correct evaluation. There are
also two geometrical effects:
- when grinding wave formation the first passes, which act upon the
crests, remove a greater depth of metal
- when grinding the transverse profile the units on the gauge and field
corners, which act upon a small-radius contact, remove a greater
depth of metal
Thus defining performance by average metal removal requires careful
specification of the circumstances.

The depth of cut of an individual stone depends upon:
~ type of stone
- power of the drive unit motor
- area, and shape, of the contact rail-stone
- speed of advance
and the depth of cut of a machine with multiple stones depends upon:
- number of stones
- angular disposition of the stones
- order of cut

All performance considerations are subjected to the over-riding
requirements of:

- respect of product specifications

- practical stone life
and within this scheme a distinction must be made between grinding on the
gauge or field corner and grinding on the running surface. The railhead
radius at the point of contact is sensitive to the extent that grinding
on a 13mm radius versus a 300mm radius can:

- double the depth of cut

- double the surface roughness

- halve the stone life

To understand the new situation, the Sncf undertook in January 1991 a
series of practical tests with a Speno International 32-stone machine
fitted with modern stones. The trials centered on rail surface finish and
hardness.
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A partial illustration of results:
(measurements on running surface of roughness in microns, in conditions

where six passes of the machine remove about 3mm on gauge corner and
about 0.6mm on running surface)

before grinding

after "roughest" intermediate pass aimed at removing metal
after final pass intended to give acceptable finish

after traffic smoothing (about 40,000 gross tonnes/day)):

example number before "roughest" after after
passes grinding grinding grinding 1 day
1. 6 "o" 15 2
2. 4 2 7 3 1
3. 5 1 18 5 4
4. 2 "o" 4 3 1
0.6 mm

\ﬁ f

After six passes with a 32-stone machine

Fig 4 Typical metal removal

CONCLUSION

A broad comparison between current rail rectification specifications and
grinding practice indicates that there is approximate equivalence.
However, a more precise look at the characteristics directly related to
stone technology - discolouration and surface roughness - shows that the
limit of current acceptability may have been reached.

It may be possible to develop grinding stones of greater cutting power,
but before going further suppliers need to know whether current
constraints on rail treatment are definitive. While awaiting more
information Speno International is concentrating on prolonging stone life

for the same performance. On that score there is no doubt about the
benefit for all.



IN TRACK QUALITY CONTROL AND ASSESSMENT OF RAILS

Coenraad Esveld

Consulting Engineer, The Netherlands

Summary

Rails are an important component of the total track structure. Irregularities and
imperfections directly cause high dynamic forces which might be responsible for
rapid deterioration and damage to the track. This paper discusses measuring sys-
tems presently in use to control rail geometry efficiently. Both high speed recording
systems and static manual equipment are covered, while also attention is paid to
monitoring of wheel imperfections via track mounted measuring systems.

1. Introduction.

When considering quality control of rails two main aspects can be distinguished:
quality control at the rolling mill and quality control in track [1]. This paper primar-
ily deals with the last aspect.

At the rolling mill there is normally an internal quality control system and an
independent control system for acceptance of the rails. Most railways nowadays buy
rails on certificate in which the supplier guarantees that the rails meet the specific-
ations agreed upon. In Europe most rails are manufactured with an extreme tight
tolerance for straightness: maximum peak deviation less than 0.4 mm relative to a
3 m base. The straightness is checked in a continuous measuring system and also
the dimensions of the rail are checked mostly with optical equipment.

Via computer control the precise chemical composition is adhered to. With the
present manufacturing techniques high cleanliness is achieved and the control on
flakes with the aid of ultrasonic inspection is very effective.

Most railways, especially in Europe, almost exclusively lay continuous welded
rail (CWR). For this purpose the rails are welded together either in a welding
depot, with flash butt welds, or in situ with thermit welds or with flash butt welds
made by a mobile welder. Weld straightness is an important aspect from the point
of reducing the high wheel-rail impact forces.
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N PHENOMENON MONITORING
1-30cm corrugations axle box acc
1-100cm | poor welds axle box acc

Fig 1: Relevant wavebands for poor wheels rail accelerations
rail quality assessment. 2-3m rolling defects axle box acc/displ

In track the rails deteriorate as a result of the wheel-rail forces and the obvious
remedial action is grinding: with phenomena like corrugations this action is focussed
on the longitudinal direction, whereas with phenomena like shelling, headchecks
and plastic deformation, due to inconsistent wheel-rail profiles, profile grinding is
required to restore the appropriate cross sectional rail shape.

If the longitudinal rail geometry is considered in more detail different wave
bands can be distinguished, which are characteristic for a particular phenomenon or
a class of maintenance methods. Figure 1 presents a survey of these wavebands
together with the maintenance processes available. Most of the modern track recor-
ding cars produce this, or part of this information in wavebands of similar dimen-
sions.

With the aid of rail flaw detection, normally carried out by ultrasonic inspection
systems, rail defects are located. This information is normally collected in a data
base for further analysis aiming at determining when rail service life will expire.

When the causes of rail deterioration are studied these often happen to be cor-
related with the quality of the wheels passing over the track. It is therefore advised
to also look at this aspect, with special emphasis on detecting damaged wheels in an
early stage so that they can be taken out before ruining the track.

In the subsequent chapters a number of measuring tools for in track rail assess-
ment will be discussed.

1. Measurement equipment for use on recording cars
1.1 Measurement of corrugations and poor welds.

It is extremely difficult to measure the geometry of corrugations and poor welds
directly at high speed. Systems have been developed to do this indirectly via axle
box accelerations. In fact such systems look at vehicle reactions, ie the response of
the wheelset. A digital Corrugation Measuring System (CMS) was developed in the
Netherlands by High Tech Automation [3]. This system produces per rail axle box
accelerations at a fixed reference speed and geometry (wave depth).

The relationship between rail geometry and axle box acceleration is primarily
governed by contributions from wheel, rail and Hertzian contact spring. As a first
approximation this relationship may be considered as linear. Figure 2 shows this
relationship. Obviously the wheel produces by far the greatest contribution in the
frequency band up to about 50 Hz. The rail is mainly responsible for the behaviour
in the 50 to 1000 Hz band and the Hertzian contact spring determines the behav-
iour above 1000 Hz.
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Fig 2: Transfer function between axle Fig 3: Basic calculations performed by CMS.
box acceleration and rail geometry.

A special algorithm was developed to estimate the precise transfer function for a
specific measuring wheelset from a number of repeatability runs at different run-
ning speeds. Preservation of energy, together with an optimization of the transfer
function parameters according to the least square principle, form the basis of the
estimation procedure. The modulus of the transfer function for the system running
in The Netherlands is also displayed in figure 2.

The setup of the digital system is outlined schematically in figure 3. Left and
right hand acceleration signal are sampled with an interval of 1 cm and overlapping
blocks of 15 m are transformed to the spatial frequency domain. Psd functions are
subsequently created and smoothed to satisfy statistical reliability. For the current
speed the transfer values are determined and the squared values are multiplied by
the corresponding acceleration spectra components to obtain geometry spectra. The
acceleration spectra at the reference speed are obtained by dividing the geometry
spectra by the squared transfer values at the reference speed v,.

The spectra are split up into a number of user determined wavebands. The
square root of the spectra, combined with the phase information, are used to back
transform the signals to the space domain. The system checks whether the weld
signals in the 0.3 - 1.0 m waveband exceed the user defined threshold levels.

Standard deviations are produced for both accelerations and displacements in the
corrugation wavebands and for the displacements associated with the rail rolling
process.

1.2 Rail profile measurement

In most of the track recording systems, especially in Europe, one important factor is
lacking: the cross section of the rails. Knowledge of the rail profile may provide
valuable additional information in the decision making process for rail profile
grinding, aiming at restoring a suitable profile from the point of view of curving
and contact stresses. Also track gauge and lateral rail wear can be monitored and, if
the accuracy is sufficient, parameters like equivalent conicity and rolling line off-set
can be produced for accommodating vehicle dynamics studies.
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Several rail profile measuring systems are available on the market, like for
instance RailScan and LiteSlice. Because of the extremely high requirements from
the point of inspection speed, resolution and accuracy TNO’s Institute of Applied
Physics (TPD) in the Netherlands has proposed the development of a Rail Profile
Measuring (RPM) system, as described in reference [S], for Netherlands Railways.

Compared to inertial systems RPM has the advantage that it is a static meas-
urement system, which shows the rail’s cross section with a constant resolution and
accuracy. The longitudinal resolution increases with decreasing inspection speed.

In figure 4 an arrangement for the proposed RPM system is shown. The system
consists of an illuminating system, an imaging system and a detector system. The
illuminating system may consist of a (semi-conductor) laser with a collimator lens,
to provide a light plane. The cross section of the light plane and the rail head is
imaged onto the detector’s surface. A special imaging arrangement features low
distortion and large depth of view. This implies that no post processing is necessary
to obtain rail profile data.

The user requirements, set for the development phase of the RPM system are:
inspection speed up to 200 km/h;

« resolution/accuracy of rail profile change better than 0.1 mm;

transversal sample distance (cross section) < 1 mm;

longitudinal sample distance < 100 mm.

The PSD camera is very well suited to perform contactless and rapid 3D geometry
measurements, for instance in a rail profile measuring system. The principle is
based on the triangulation method. The cross-section of the light plane from an
illumination system, e.g. a photo diode, and the object results in a thin light strip,
which is imaged on the PSD-chip that consists of 96 photosensitive strips. Each of
these strips generate an electrical current on the electrodes on the outer side of the
strip. The exact position of each part of the profile is derived from the ratio of
these two currents.

The main advantage of a camera built around the PSD-chip over a CCD camera,
is the high speed with which measurements can be performed. It takes about 20 ms
to read a frame from a CCD-chip, while it takes only 64 us to scan the 96 strips of

Fig 4: Rail profile and
gauge measuring setup.
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the PSD-chip and with that to register a complete picture. With a triangulation
angle of 30° and a reduction of 4 times, the field shown on the chip is 10.8 (y) at
50.7 (z) mm.

The resolution depends on the adjustment of the optics, the triangulation angle
and the amount of light which reaches the chip. A resolution between 0.03 and 0.1
mm in depth or z-direction is well achievable. The resolution in the y-direction
typically is better than 0.03 mm. The resolution in the x-direction is determined by
the movement of the camera with respect to the object.

1.3 Ultrasonic inspection

Most of the modern railways nowadays make use of ultrasonic inspection for rail
flaw detection purposes. The state of the art system operated by Netherlands
Railways is briefly described hereafter. All measurement data are recorded on an
optical disk, enabling off-line trend analyses and optimization of measurement data
classification. This, in turn, allows predictions to be made concerning:

« crack development, essential to decide when to replace a defected section;

« reduction in rail height, which gives a good estimate of the tonnage borne;

The maximum measuring speed is 50 km/h and the maximum distance which can
be tested in one day is 200 km. Tests are carried out every 2 mm, regardless of
speed. This provides the high precision needed for detecting cracks, particularly star
cracks, as early as possible. In contrast to most other ultrasonic rail testing cars, the
NS car can continue measuring through switches and crossings.

Fig 5: Setup of the NS ultrasonic measuring system.
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The probe system has 0°, +70° and -70° probes for each rail, with the capability
of investigating the head, web and central part of the foot. The probe shoe is of a
special type, designed to maintain optimum contact with the rail even at high
speeds. To improve the signal to noise ratio, the electronics for the probe are
mounted remote from it, in a special cabinet inside the car.

The electronic system consists of the real time Incident Detection System (IDS)
and the off line Report Generation System (RGS) as explained in figure S. The
IDS features are:

« menu driven operation;

« real-time display of analog probe signals on four dual channel oscilloscopes;

« real-time display of digitized results on a high-resolution monitor;

« high-resolution plot on fast digital plotter;

« storage of all measurement, configuration and administrative data on hard disk;
« automatic measurement start via detection of permanent magnets in the track;
« detection sensitivity standardized for depth;

» measuring area adjustable separately for each probe;

« automatic adjustment at changes of profile;

Fig 6: RGS plot of glued insulated joint
with horizontal crack.
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The Report Generation System (RGS) is based on a powerful IBM PS/2-90 PC,

fitted with an 800 MB WORM drive for the storage of all measurement data. This

runs an Oracle database with application-specific graphics functions. The main

features are:

« menu driven operations;

« automatic classification of measurement data files;

 geometric transformation of probe signals;

« interactive classification on high-resolution colour monitor;

« consultation of historic data to aid interactive classification;

« graphic hard copy of defects on high-resolution plotter (figure 6);

« defect report with detailed location information, including distances to the near-
est hectometre post and reference construction;

« rail hight tables, giving mean and standard deviation of the vertical wear; autom-
atic reset each time profile changes;

2. Wheel monitoring

The mechanical exposure of tracks is increasing steadily due to higher axle loads on
heavy haul railways, higher running speeds on European freight lines, introduction
of high speed trains and implementation of more and more through-going trains.

High frequency wheel load components due to damaged wheels can be signific-
antly higher than static loads. By detecting these wheels in an early stage via wheel
flat detectors, the track engineer can - to some extent - protect his rails and sleep-
ers.

The most well known principle of monitoring high impact loads is measuring ver-
tical rail acceleration. The system described in [4] consists of 7 accelerometers per
rail spaced at sleeper distance. The layout is sketched in figure 7. The length is suf-
ficient to cover at least one wheel revolution.

The signal processing of the accelerometers is controlled by means of wheel
sensors mounted in the track. These wheel sensors determine the position of each
wheel, which information is used to switch on the appropriate accelerometer when
a wheel passes.

Fig 7: Layout of the Caltronic
wheel monitoring system.
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The system determines the maximum acceleration peak per wheel and the RMS-
value to cover both single peaks and periodic forces. The information is stored in a
memory and then transmitted via a telephone modem to a central computer for fur-
ther monitoring purposes and off line statistical analyses.

A number of railways have initiated the use of wheel flat detectors. Caltronic
installations have been installed at Danish railways DSB, the Finnish railways VR,
the Swedish Rail Authority Banverket, and the Czechoslovak railways CSD. In the
summer of 1991 the Caltronic system have been through a very comprehensive test
programme at the Association of American Railroads (A.A.R.) testing facilities in
Pueblo, Colorado.

The future need for heavier axle loads and faster trains will inevitably neces-
sitate a more intense quality control of wheels. The well established "60 mm length"
rule for wheel flats in Europe and the American "Rule 41A" will not be sufficient
for this purpose and therefore have to be replaced by more precise descriptions re-
quired for assessment by means of automatic track mounted equipment.

3. Manual equipment
3.1 MINIPROF system

As the wheel and rail profiles constantly change by wear systematic control is
useful to minimize maintenance costs. A recently developed system called
MINIPROF, referred to in [2], will be briefly described here. The system consists of
a notebook computer with dedicated electronics for interfacing and integration.

The Wheel-Unit is magnetically attached to the wheel. The Rail-Unit uses the
opposite rail as a reference by a foldable fixture.

The sensing element, which is identical for both the wheel and rail unit, is a
small magnetic wheel attached to the end arm, made by two joint extensions. When
moving the arm the extensions are rotated. The rotatory method makes fast and
precise measurements possible. The observed angles of the extensions are sent to
the computer, where the actual profile is calculated and stored. A rechargeable
battery provides approximately 3 hours of uninterrupted use. Figure 8 shows the
measuring principle for rail profiles and figure 9 for wheel profiles.
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The MINIPROF provides:

» geometric profile, available graphically in real time and as x, y and slope in
ASCII format for further analysis;

» difference between reference profiles and actual profile. Material and time can
be saved by optimising the new profile;

« wear patterns which ease diagnostics and help to explain excessive wear rates;

« Profile slope to determine and optimize dynamic interaction between wheel and
rails;

» geometric characteristics for quality control, for instance for wheels Sd, qR and
Sh; Some examples of wheel profile measurement are given in figure 10;

The specifications are as follows:
wheel unit  rail unit

weight measuring unit: 0.6 kg 1.1 kg

weight notebook computer: 3kg

accuracy better than: 0.05 mm

accuracy typically: 0.01 mm

measuring rate: 10,000 points per second

profile scanning: 3 sec

profile processing: 2 sec (with co-processor)

storage capacity on hard disk: more than 10,000 profiles
storage capacity on floppy disk: more than 200 profiles

Fig 9: MINIPROF for wheel profiles.

Fig 10: Wheel profiles recorded with MINI PROF.
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3.2 Electronic measurement of rail geometry by RAILPROF

When considering longitudinal rail geometry this is normally measured contin-
uously as discussed before. For manual recording the Cemafer apparatus is a com-
monly used tool, comprised of a 1.2 m reference bar relative to which a moveable,
hand driven pen, records the off sets on paper. This tool is adequate for tests, but
under practical conditions it is too slow and not sufficiently ruggedised.

This has led to the development of an electronic straight edge, further referred
to as RAILPROF, designed as a rugged and easy to handle, yet accurate device, for
use in the field and in the workshop. It records both vertical and lateral rail geo-
metry over a length of 1.2 using one non-contact electronic sensors per measuring
direction.

The recorded information is displayed on a LCD screen as graphs, or condensed
information in the form of maximum versine, maximum step, maximum first deriv-
ative and standard deviation, in accordance with the selection of the user. All meas-
urement data are stored in a memory to facilitate down loading in a central com-
puter for post statistical analyses.

Typical applications of RAILPROF are:

- prior to thermit welding: monitoring and assessment of the rail end positions
relative to each other to obtain the correct lateral and vertical geometry, includ-
ing the overlift in vertical direction for compensating the shrinkage after wel-
ding;

- during and after weld grinding: recording of the rail geometry in order to meet
the required standards, and to achieve effective quality control by both the
welding troops and the management;

- in case of rail corrugations: assessment of vertical rail geometry to enable timely
corrective grinding of the rail surface;

- in case op rail grinding: monitoring of the grinding result during the course of
the process;

Relatively small irregularities in the rail running surface can already cause high
impact loads, leading to accelerated deterioration of the track construction. Limiting
of these irregularities to acceptable levels is an essential step in controlling the
service life of the track and its components. Netherlands Railways, for instance,
require for vertical weld geometry a versine on a 1.2 m basis of less than 0.2 mm
and a step, defined as the differential displacement over 20 c¢m, of less than 0.1
mm. Corrugations, on the other hand, start to develop at values in the order of 0.05
mm peak to peak and then have to be ground off as soon as possible.
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To be able to control the processes in conjunction with monitoring and grinding
of rail corrugations and the production of welds, both on site and in the depot, the
measuring equipment used should meet high performance specifications. Therefore
RAILPROF is equipped with specially developed high accuracy sensors, which take
the average value of an area of about 10 mm’ to eliminate the roughness of the rail
surface; these sensors have the additional advantage of not being influenced by rust
and dirt on the rail.

With this concept RAILPROF achieves an overall accuracy which is better than
0.05 mm.
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COMPUTATIONAL CONTACT MECHANICS
OF THE WHEEL-RAIL SYSTEM
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Abstract

In this paper a survey is given of contact mechanics as it is applied to the wheel-
rail system. This means that we will concern ourselves with the elastic and plastic
rolling contact of bodies made of identical materials. Moreover, these bodies may in
vast majority be approximated by half-spaces.

After an introduction, the boundary conditions of contact are discussed. It is
found that they are twofold, viz. the contact formation conditions and the frictional
conditions. Numerical theories regarding elastic contact problems are treated, and
also plastic rolling contact theory is considered.

Finally the impact of contact mechanics on some railway problems are discussed:

1. Simulation of vehicle motion;
2. Abrasive wear;
3. Crack inception and propagation;

4. Residual stress.

1. Introduction

Contact mechanics is the mechanics of solid bodies touching each other. Distinc-
tion may be made between rigid and deformable bodies: rigid bodies are treated
by J.J. Moreau, eminent mechanicist and mathematician from Montpellier, France;
the contact between deformable solids was initiated by Hertz (1882), and later by
Cattaneo (1938) and Mindlin (1949-1955), and by K.L. Johnson (1958-the present).

In contact mechanics a special role is played by rolling contact, and indeed the
wheel/rail contact falls in that category. The first to consider rolling contact was
Carter (1926), actually in a railway setting. He considered two infinite cylinders
rolling over each other with parallel axes, and made of the same linearly elastic
material, e.g. steel on steel. As our present interest is the wheel-rail rolling contact
which actually is steel on steel, we will omit the qualification "made from equal
materials” from our considerations. — Carter solved his problem exactly, but it was
2D.
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Inspired by this, K.L. Johnson, later in cooperation with his assistant P.J. Ver-
meulen, approximately solved the rolling contact problem without conicity (1964).
The purpose was again the railway application: in effect vehicle motion simulation.

Kalker started work to remove the restriction and the approximation; his results
were laid down firstly in his thesis (1967), and later in his book (1990). As vehicle
dynamics simulation requires the utmost of speed of calculation, he laid much em-
phasis on fast yet accurate calculations. So his work developed along two tracks: on
the one hand, an exact contact theory was developed which took into account the
complete theory of elasticity (CONTACT, see Kalker (1990)): this program was used
to verify the various fast approximations of restricted classes of rolling contact that
were constructed on the other hand:

1. Table Book: Developed by British Rail; a CONTACT-like program was used
to construct the tables (ca. 1980);

2. FASTSIM: Approximate elastic equations are used;

3. Linear Theory: For small tangential forces, and small conicity;

4. Explicit Formulae: No (1968) or small (1990) conicity taken into account.
5. Pascal’s Method: For non-Hertzian wheel-rail contacts.

In Section 2 of this paper, we will model the contact phenomena such as they occur in
the ideally elastic contact of a perfectly smooth, elastic wheel rolling over a perfectly
smooth elastic rail. In sec. 3, we describe the elastic theory that lies at the root of
CONTACT; in sec. 4 we describe the theories 1-5. In sec. 5, we consider the plastic
theory of rolling, and in Sec. 6 we discuss the impact of contact theories on

o Simulation of vehicle motion;
e Wear of surfaces;
o Crack inception and propagation;
o Residual stresses.
2. Modelling contact phenomena

Notation: Bold faced symbols designate vectors.

Contact mechanics is, in essence, a special boundary value problem of solid mechanics.
Indeed, we must distinguish between contact formation and friction.
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2.1 CONTACT FORMATION

Fig. 1. Two bodies rolling over each other

Consider two bodies in contact, see Fig. 1. The bodies are numbered (1) and
(2). The bodies touch each other in the contact area C; it is unknown a priori.
We introduce the potential contact area P which must contain the contact area, but
which is otherwise arbitrary; we assume it known. The area E ("exterior”) is the
difference of the pot.con. and the contact area. Let x be a point of body (1) and
P; the distance of the bodies at = is denoted by e(z). e is taken positive where the
bodies are apart; zero where they touch; negative where they penetrate. The latter
cannot happen:

e(z)>0in P, =0inC, >0in E (1)

In addition, surface loads p(z) act between the bodies at P; we define p(x) as the
traction on the surface of body (1). A local coordinate system (z,y, 2) is introduced
with @ as origin; z lies in the direction of rolling; z points normally into (1), and
y completes the right-handed coordinate system. We decompose the traction into
normal and tangential components:

p(z) = (v, p.) (2)
and we have that the normal component is compressive in C, and vanishes in E:

p. 20in P, =0in E, > 0inC. 3)

These constitute the conditions of contact formation. In elasticity, ¢(z) depends
linearly on
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U () = Upp(8) — Uy() (4)

where u,, is the z-component of the elastic displacement of body (a); indeed,

e(x) = h(z)+ u(x); h(z): Distance at  when the elastic deformation is omitted.

(5)
2.2 DRY FRICTION

Essential for friction to be dry is that in C there exists a positive function of
position called the traction bound ¢ > 0, that g vanishes in E, and that it is such
that

[p(z)| < g(z) nP:g>0inC, =0in E (6)

The slip s;(x) is the tangential component of the velocity of body (1) over body
(2) at z, in C. It plays an important role in dry friction, namely

si(®) #0 = piz) = —(8(2)/ | 8:(2) |) 9(x) (M)

This means that the tangential traction is at the traction bound and opposes the
slip, if the latter does not vanish. If it does vanish, one merely has (6). For anisotropy,
(6) and (7) have to be modified. If this is taken into account, tribologists agree on
the validity of (6) and (7).

The traction bound depends on several parameters. Although tribologists consider
this an oversimplification, the traction bound is often written as

g(x) = fp,(x), f coefficient of friction (8)

Sometimes the coefficient of friction is regarded as being equal to two constants,
Sstat and frin: viz. 8y = 0: fyq4, otherwise fii,. It is our experience with CONTACT
that only when fy,; and fi;, differ considerably, a real effect is observed.

Like the distance e(z), the slip s;(z) may be expressed in the tangential compo-
nent u, of the displacement difference u:

u =u, —u,, u = displacement difference 9)

Indeed we have, after division by the rolling velocity V:

8t/V =&+, (10)
8,/ V: relative slip (11)
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with

"= d/dq
q : distance traversed by body (1) over body (2)
z, : Relative slip, when the elastic slip %; is omitted.

In numerical contact mechanics, equation (10) is discretized, with steps d of ¢. In
this discretisation it should be observed that the differentiation (") is particle fixed,
i.e. one compares the displacement on one and the same particle at various instants
of time. We multiply by d, and find

34(z,q)d/V = &y(z,q)d + u(2z,q) — u(z,q — d), d: the discretization step. (12)

One can also write this in terms of coordinates rather than of particles. Let y be
the surface coordinates fixed to the contact area of the point & at time ¢; when ¢ is
the unit vector in the direction of rolling, the point « was situated at (y + td) at the
time (g-d). So,

3t(y1 q)d/V = ét(ya q)d + ut(ya q) - “t(y + 'dv q—- d)v (13)

i : unit vector in the direction of rolling (14)

Note that this formula covers both transient and steady state rolling. Transient
rolling is represented by eq.(12), where #; and u;(y + d, ¢ — d) are known. In steady
state rolling, there is no dependence on explicit ¢, so that the second arguments in
(12) may be omitted:

8(y)d/V = z,(y)d + u,(y) — u(y +1d) : steady state rolling (15)

In addition, cases that are not rolling at all may be represented by (12). Indeed,
gross sliding takes place when | .d |>| u,(z, ¢) —u:(z,d—q) |. Then the displacement
may be neglected, and

8:(z,q)/V = #,(z,q): gross sliding (16)

We write (12), which is perfectly general, in an abbreviated way:

S=X+U-U (17)
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= 8/(=z,q)d/V : shift

z(z,q)/d : rigid shift

= wu,(2z,q): present displacement
u,(z,q — d) : past displacement

I ™
Lo

3. The exact theory
In 3.1 we describe the contact formation, in sec. 3.2 rolling contact.
3.1 THE NORMAL CONTACT PROBLEM

During the late 1970’s, the normal contact problem was attacked by a number
of authors (Reusner (1977)), Nayak and Johnson (1978)) by dividing the candidate
contact area into a number of strips, see Fig.2a,b.

Inside the contact area C, the distance e(z) =0, so that

u,(z,y) = — h(z,y) (18)
T a AN
P N - / A
[ 1 . \
{ 1 |
( ]
\ —/ N
N 7 f:u.yl 10,y) (a,y) V
—r—7 3 /

Fig.2. (a): A contact area divided into strips; (b): The pressure on the strips; (c):
A contact area discretized in rectangles.

In many cases, the following expression holds for k,

h(z,y) = A(y)z® + D(y); A,D: known functions of y (19)

Indeed, the distance h between two ellipsoids is of this type, and Hertz’s semi-
ellipsoidal pressure distribution is the solution. So we take the pressure semi-elliptical

in each strip, see Fig. 2b, and we fit a (boundary of contact), and p.me- as well as
we can to (17)-(18).
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The representation of Fig. 2a,b has several disadvantages. The first is, that
not all exact normal problems satisfy (18). The second is that the displacement all
over the contact area due to the pressure in a strip is hard to calculate; the third is
that the calculation as a whole may fail; and the fourth is that the validity of the
approximation is open to doubt. So, new ways were sought in the early 1980’s by
Paul and Hashemi (1981) and by Kalker (1983), see Kalker (1990) for both methods.

These authors divided the contact area in small rectangles called elements, see
Fig.2c. In Paul and Hashemi, moreover, the boundaries of contact are approximated
in a special manner. The traction is taken constant over each rectangle. It was
pointed out by Fichera already in 1964 that the conditions of contact formation can
be embodied in a minimum principle, that as a consequence of convexity has a unique
solution. It was shown by Duvaut and Lions (1972) that this holds also for friction,
if the traction bound g is prescribed numerically. All this holds for elastic bodies;
Duvaut and Lions prove their case also for viscoelastic bodies.

Based on this minimum principle Kalker (1983; see 1990) proposed an algorithm
that solves the discretised contact formation in a finite number of steps (typically
4) where each step consists essentially of the solution of n linear equations with n
unknowns, where n is the number of elements in the candidate contact area.

Kalker solved these equations with the aid of Gauss Elimination (GE) (1983);
as the coefficient matrix is positive definite, Carneiro (1987) and Vollebregt (1992)
used Gauss-Seidel (GS) instead; Vollebregt, in addition, uses a MultiGrid method
(MG) in conjunction with GS. Both used a vector computer. As GE'’s timing is
proportional to n3 and GS’s to n?, while MG yields a constant acceleration factor,
this yields a spectacular acceleration. Carneiro went as far as using 1000 elements
in C. The algorithm is formulated in a plausible manner in the pressure p,, the
deformed distance e, and the discretized contact area C. No explicit reference is
made to the functional that is minimized: yet minimized it is.

The algorithm seems simple, but appearances deceive. It is perfectly robust.

3.2 THE TANGENTIAL PROBLEM OF FRICTION

The algorithm can be adapted to the frictional problem, where it works equally
well, although no proof is offered in this case. The equations at the heart of each
iteration are non-linear; Kalker solved them by linearization (Newton-Raphson (NR))
and GE. Pascal (1992) showed that under extreme conditions N-R may converge
slowly, or even diverge. Jager (to be published) and Vollebregt each made attempts
to apply GS to the problem. Jager abandoned Kalker’s algorithm, which results in
non-robustness. Vollebregt could retain Kalker’s algorithm by a neat trick; yet he
also cannot claim complete reliability.

When the bodies have different elastic constants, the minimization problems do
not exist. By a trick, viz. by prescribing the traction bound g, one regains the
minimization problems; g is then adjusted by iteration (fixed point process).
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4. The Fast Rolling Contact Theories
We will treat the theories in the order they were enumerated in the Introduction.
4.1 TABLE BOOK

It was stated before that the exact theoretic algorithms are quite slow. This
induced British Rail Research (ca.1980) to use such a program to extensively tabulate
the rolling contact laws with the aid of CONTACT’s predecessor DUVOROL. The
table has to satisfy certain demands, viz. that entries are easily extracted from it,
and that the entries are close enough to allow easy interpolation. DUVOROL is
confined to steady state rolling with a Hertzian normal pressure, and it is completely
reliable. BRR made about 10* — 10° entries, confined itself to the Poisson ratio of
steel » = 0.28, and to elliptical contact areas. Needless to say, the elastic constants
were equal.

Nowadays one is not satisfied with Hertzian contact areas. I propose to generate a
Table Book in a few hours or days for each combination of wheel and rail. Parameters
are: the lateral position y of the wheel with respect to the rail, the normal force F,
on the wheel, and the longitudinal and lateral creepage at a reference point: four
parameters in all, leading to a Table Book of about 10 entries. The spin follows
from the local conicity that is known from the profile, and Poisson’s ratio and Young’s
modulus are of course likewise known.

It has appeared , however, that difficulties arise with CONTACT in flanging. But
instead of CONTACT, Pascal’s multi-elliptical contacts together with FASTSIM may
be used to generate the Table Book.

4.2 FASTSIM

FASTSIM is a fast simulation routine to calculate frictional contact problems on
the basis of the Simplified Theory of Rolling Contact. In this simplified theory, the
displacement difference u,(x, g) is assumed to depend on the traction p(x, g) alone,
and not on the tangential traction at other points £ and times ¢, as distinct from
classical elasticity where the strain at «,q depends on the stress on the same point
alone. In fact, we have in simplified theory

P = LU, L: aconstant called flezibility. P = py(x,q), P'= pi(z,q-d) (20)
Then, (16) becomes

S=X+LP-P) (21)

In the so-called area of adhesion S = o. Assuming (x, ¢) to be in the area of
adhesion, we calculate the corresponding traction P, which we call Py. P’ and X
are assumed known:



o=X+LPy—P) = Py=(P -X)/L (22)
1. Assume that

| Py | < fP,, P,: normal pressure, f coefficient of friction

Then we can show that  lies in the area of adhesion, and that P = Pjy.

2. Otherwise, x is in the area of slip where S # o, and we can show that
P = PyfP,/| Py |.

In order to calculate P in the entire contact area, we start with an y outside the
contact area. There P = o. we set

P = P; y=y—1id; calculate P; set P' = P, etc. (23)

Outside the contact P will be zero, as P, = 0. Once inside the contact, P starts
to build up.

The determination of the flexibility constitutes a problem. We solve it with the
aid of the linear theory, see below (Sec. 4.3).

Only steady state rolling can be treated with simplified theory with acceptable
accuracy, see Kalker (1990), and that only when the contact area is elliptic: see
Sec. 4.3. So, in particular, simplified theory cannot be used in the normal contact
problem, and we have to use a complete theory as described in Sec. 3.1.

4.3 THE LINEAR THEORY

The basic assumption of the linear theory is that we assume the tangential traction
to be smaller than the traction bound f P, in most of the contact area, so that we may
neglect the condition ”| P |< fP,” altogether. This means that we have adhesion
everywhere in the contact, or, in other terms, that P = Py = (P’ — X)/L, when
simplified theory is adopted. Now the linear theory can also be implemented on the
basis of the full theory of elasticity, where the local strain depends on the local stress.
A comparison of these theories yields various values of the flexibility L. A weighted
sum of these values was proposed by Kalker (1990) as a final value. At present,
the linear theory can only be calculated with any accuracy when the contact area is
elliptic.

4.4 EXPLICIT FORMULAE

Nowadays the best explicit formulae are based on the theory of Vermeulen-Johnson
(1964), which to that end are slightly modified. This modification is necessary be-
cause V-J leads to a linear theory which is slightly wrong. Correction with the aid of
the linear theory, see Sec. 4.4, leads to a very close fit with FASTSIM, CONTACT,
and Johnson’s experiments (1958, 1964).

The first formula of this type was given by Kalker (1968); it can handle arbitrary
longitudinal and lateral creepage. The most advanced formula is due to Shen, Hedrick
and Elkins (1984), which handles longitudinal and lateral creepage and small spin.
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4.5 PASCAL’S THEORY

Recently, Pascal(1992) proposed to approximate the non-Hertzian contact area in
wheel-rail contact by by the union of several not necessarily disjunct ellipses, which
he finds in an automatic manner. The tangential traction distribution is found by

FASTSIM. A remarkably good agreement is found with CONTACT.
5 Plastic Rolling Contact

Up to now, we have concerned ourselves exclusively with elastic contact, and it was
seen that there is a wealth of theories, computer programmes and explicit formulae
in that area. The situation in plasticity is less favourable.

The reason is that plasticity, and especially elastoplasticity, is essentially different
from and more difficult than elasticity. Plasticity is essentially nonlinear (unilateral),
so that superposition is only possible to a limited extent. Only a handful of papers
on plastic rolling contact of the type that is relevant for the wheel-rail problem are
mentioned by Johnson in his authoritative book (1985), Ch. 9.

Residual stresses are produced in rails by cyclic loading, and the question arises
whether the rail shakes down, and whether the rail suffers damage or not. When
shakedown occurs, the plastic deformation due to cyclic loading stops eventually.
Shakedown in rolling was first investigated by Johnson (1962), and by Johnson and
Jefferies in 1963. In subsequent years these considerations were refined, and the latest
developments were reported on by Bower and Johnson in (1991) and in this Session
(1993).

In my opinion the last word has not been spoken on contact plasticity theory. It
sems to me that a consistent use of unilateral theory both in the contact leg (see
Kalker (1990) Ch. 4) and in the plasticity leg in the framework of a 3D FEM holds
much promise.

6 Applications
We will now consider the contact mechanical aspects of some wheel rail applications.

6.1 SIMULATION OF VEHICLE MOTION

Towards the end of the 1950’s the investigators Johnson and de Pater interested
themselves in rail vehicle motion simulation. Especially de Pater saw great possi-
bilities in the then novel computers, and he became one of the pioneers in this field
in the Netherlands. As the most important forces on a rail vehicle are those the
rail exerts on the wheel, a powerful impulse was given to contact mechanics. This
resulted, on Johnson’s side, in the theory of Vermeulen and Johnson (1964), and in
various theories on plastic rolling contact discussed in Sec. 5, which, by the way,
pertain more to the theory and practice of rails — subject of this conference — than
on vehicle dynamics.
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De Pater delegated the elastic contact mechanics to me. As in vehicle motion
simulation hundreds of thousands of contact problems must be solved without much
loss of accuracy, a quest of speed came into existence which led to a great number of
rolling contact theories, approximate and accurate, fast and slow, see Kalker (1990)
Ch. 2.

In my opinion the best bet for wheel-rail contact is found in a non-Hertzian ta-
ble book, generated for a single pairing of wheel-rail profiles, either by CONTACT-
Vollebregt or by the non-Hertzian multi-elliptic contacts of Pascal.

An important role will be played by the problem of flanging, about which we
will be told by Hanson and Keer in this conference (1993). There are two types of
flanging contact, viz. two-point contact, and a single contact smoothing itself about
the corner of the rail.

Two-point contact can often be treated as two independent contact areas, one on
the tread and one on the flange, see Piotrowski (1982). "Smoothing” contact, that is
a continuous contact from the tread to the flange, is very difficult as the half-space
approximation fails: we look forward to the paper by Hanson and Keer (1993).

6.2 ABRASIVE WEAR

By abrasive wear we mean wear that is proportional to the local frictional work.
Distinction is made between regular wear and irregular wear.

Regular wear leads to an evolution of the profiles of wheel and rail; irregular
wear leads to unroundness of the wheel and to corrugation of wheel and rail. These
problems have in common that hundreds of thousands of contact problems have to be
solved, which requires the utmost of the robustness and speed of the rolling contact
codes. Table book and explicit formula solutions are ruled out as the profiles change
(regular wear), resp. the rolling contact is transient (irregular wear). In addition,
the local frictional work is needed in regular wear. Remaining are FASTSIM (regular
wear) and CONTACT (irregular wear). Regular wear has been considered by Kalker
(1987,1991), and by Pearce and Sherrat (1991). Irregular wear has been the focus of
attention of Knothe (TU Berlin; see e.g. Knothe and Ripke (1989)) and of Frederick
(1987).

In irregular wear, an important role is played by the response of the track to
vibration. In this conference this will be treated by Grassie (1993).

6.3 CRACK INCEPTION AND PROPAGATION

Cracks constitute problems in self-contact, and can therefore be attacked by
CONTACT-type algorithms. This has been done by Allan Bower; work on the same
lines was done by Marie-Christine Dubourg. Dr. Dubourg will report on this theory
at the present conference (1993). Bower and Dubourg consider cracks in a half-space.
On the other hand, Prof. Stupnicki used an FE code to simulate cracks in much
the same way as Bower and Dubourg. Needless to say that Stupnicki’s program is
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relatively slow, which results in his using the absolute minimum of elements at the
crack, but he has the advantage over Bower and Dubourg that the geometry of wheel
and rail can be very realistic. It will be interesting to compare the results of Dubourg
and Stupnicki.

The contact mechanics at the outer surface need be given only sketchily. What
might be of interest is a program to calculate the elastic field inside the half-space
(CONTACT), but that may be severely deformed by the presence of cracks and other
iregularities.

6.4 RESIDUAL STRESS

We considered residual stress in Sec. 5, in the context of shakedown. For the
calculation, only a low accuracy of the surface loading is required. However, the
elastic field inside the rail seems to be required with rather good accuracy.

Conclusion

In this paper we have tried to give an overview of wheel-rail rolling contact theory
with applications.

We started from the formulation of the contact as a boundary value problem.

Then we gave some idea of the computer code that implements this as accurately as
possible, together with the experimental results supporting it.

Finally we mentioned a number of wheel-rail problems in which contact mechanics
plays a major role.
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SUMMARY

Mathematical models developed for the track's response to dynamic excitation in the
frequency range SHz-5kHz are reviewed, particularly with regard to their use in
practice. Experimental data strongly suggest that for vertical excitation the most
significant deficiency of a model of a beam on a uniform, continuous support is that it
does not satisfactorily represent behaviour at the so-called "pinned-pinned" resonance.
The severity of this deficiency has yet to be quantified satisfactorily. The errors
incurred in neglecting loss of contact are also relatively poorly explored. A variety of
measurements in track indicate that typical ballast stiffnesses are in the range
30-80MN/m per railseat; the stiffnesses of Smm and 10mm elastomeric railpads are
typically about 250MN/m and 100MN/m respectively. To model the lateral response
satisfactorily it is necessary to respresent both bending and torsion of the rail at lower
frequencies, and bending of the web for frequencies of about 1500Hz or more. Track
longitudinally behaves as a strong viscous dashpot in parallel with an elastic spring.

1 INTRODUCTION

Mathematical models of the track's dynamic behaviour are particularly valuable to the
railway engineer because they enable phenomena to be explored which cannot easily be
measured, and effects of changes to the vehicle/track system to be examined without
making costly and perhaps damaging modifications to track. The concern of this paper
is with dynamic models of the track for excitation at frequencies from about SHz to
SkHz, with particular emphasis upon vertical excitation. These models are needed to
explore physical phenomena such as corrugation and wheel/rail noise.

The mathematical models of track which have been developed for these purposes vary

in complexity from analytical models, through those of Ahlbeck et al with several

degrees of freedom e.g. [1], to the finite element models of Thompson [2,3] and Knothe
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et al [4,5]. Different models of track for vertical, lateral and longitudinal excitation are
discussed in Sections 2 to 4 respectively of this paper, particularly in relation to their
uses and limitations.

In the lower part of the frequency range of interest the rail moves significantly on the
ballast and on the more or less resilient pad which may exist between rail and sleeper.
It is accordingly necessary to model these components and to have values for the
appropriate parameters. Relatively few values have been been published, and those
found in [6] from a very limited number of tests in track are often used. Techniques
for finding appropriate parameters from experiments in track are discussed in Section 5
and a range of values for vertical excitation is presented.

2 MODELS FOR VERTICAL DYNAMICS

2.1 Infinite beam on a uniform, continuous support

The most familiar model of track, and that used for static track design, is that of an
infinite beam, representing the rail, on an elastic foundation representing the ballast.
This model is also most useful dynamically, and it is accordingly appropriate to quote
some standard results from refs [6-8]. The static deflection at a distance x from a load
P applied to an infinite rail of flexural rigidity EI on a continuous, uniform support of

stiffness P per unit length of track (the "track modulus") is

Y(x)=——l)—m[sin|kx|-I—coslkxl]e'IkXI e}
(6433151

B ] 0.25

where k= [Z]:j

The bending moment and shear force in the rail are found by differentiation.

The deflection Y(X)eJ®tof an Euler beam of mass m per unit length on a support of
* .
dynamic stiffness B (© under a dynamic point force PeJ® is calculated from eqn (1)
simply by substituting
B=p"-mo? ()

For example, many characteristics of typical track with sleepers are evident from a
support comprising 3 layers: the railpads, the sleepers and the ballast (Fig 1). If these

have stiffness ljl’, mass m and stiffness Bbrespectively per unit length, then
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The receptance Y(x)/P (which is, in general, complex) is calculated from eqns (1)-(3).
In practice a dynamic contact force is caused when the wheel rolls over irregularities on

the rail or wheel. If the irregularity is assumed to be sinusoidal and of amplitude A, the
dynamic contact force P is given by [6]

P _ -1
kgA  (l+kg(or+ow)) “)

where Kpis the linearised contact stiffness, ¥

found from eqns (1)-(3), and

is the direct receptance of the track,

olw— _1
Mo? &)

is the receptance of the wheel, which is modelled as a rigid body of mass M,,. This is
typically 350kg for a passenger coach and 1000-2000kg for a locomotive.

Equations (1)-(5) can be programmed quickly on a microcomputer using a good
scientific software package, and give a satisfactory estimate of the dynamic contact
force for frequencies up to about S00Hz, provided that wheel/rail contact is not lost.
Dynamic loads caused by discrete irregularities with relatively low frequency
components can be found using a Fourier transform method in which eqn (4), or the
equivalent for the response of interest, is taken as the transfer function relating the
Fourier transform of the response to the Fourier transform of the irregularity. This
technique has been validated tentatively by fair correlation of calculation with measured
contact forces and sleeper moments for different railpads and vehicle speeds [9].

British Rail have have used the model of an Euler beam on an elastic foundation to
calculate loads arising from a wheelflat and from dipped welds [10,11]. For dipped
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welds, which contain essentially long wavelength components, good correlation of
calculated and measured contact forces and stresses was obtained [11]. Newton and
Clark [10] obtained satisfactory correlation of calculated and measured data for
wheelflats for speeds up to about 80km/h, above which their model is deficient
primarily because they neglect the railpads which decouple the rail from the sleepers,
thus reducing the high frequency contact force. They show that shear deformation and
rotatory inertia significantly affect the rail at high frequencies, and their neglect
overestimates the dynamic contact force. When the railpads, shear and rotatory inertia
are neglected, high frequency components of the contact force may misleadingly be
associated with a "contact resonance" of the rail and sleepers moving approximately in
antiphase to the wheel on the contact stiffness, whereas such components are caused
essentially by sleeper resonances. Analysis equivalent to that of eqns(1)-(3) for a
Timoshenko beam representing the rail on a 3 layer damped elastic support is given in
ref [6].

A limitation of the uniform support model is that it does not show effects of the
so-called "pinned-pinned" resonance which occurs when the wavelength of bending
waves is twice the sleeper spacing. The frequency at which this occurs is approximately

f= L@ /B (©)

where m is the rail mass per unit length, EI is its flexural rigidity and L the sleeper
spacing. The frequency calculated from eqn(6) for 56kg/m rail and L = 0.7m is 950Hz,
whereas in fact the effects of shear and rotatory inertia reduce the pinned-pinned
resonant frequency to about 750Hz in this case. Models which can be used to calculate
the track response when the pinned-pinned resonance is significant are considered in the
following Section.

The complexity and nature of the support model clearly influence its utility and validity.
Representation of sleepers as a uniform, continuous layer of elemental beams spanning
the rails is a useful means of studying damage which occurs from excitation of flexural
modes of vibration [12,13]. The non-uniformity of typical sleepers appears to have a
relatively small effect on the dynamic moment. Railpads and ballast are commonly
modelled as damped, elastic components. Values for the stiffness and damping, and the
validity of different damping models, are discussed in Section 3.

Although the model of track with a 3 layer support presented in [6] appears to be the
standard reference in this area, it transpires that a substantially similar model with the
rail as an Euler rather than a Timoshenko beam was developed at a slightly earlier date
[14]. Recently the same group has developed a track model with a 5 layer support to
calculate forces on the ballast [15]. The support comprises 3 layers of distributed
viscoelasticity representing the railpads, ballast or resilient sleeper support, and the
subgrade, with two intervening layers of distributed mass representing the sleepers and
the ballast.
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The model of track as a beam on a continuous support has been particularly useful for
calculation of the 'P2' force arising from resonance at about 25-50Hz of a vehicle's
unsprung mass on the track stiffness and examination of associated problems. For
example, it was demonstrated [11] that a reduction in unsprung mass of locomotives
would be necessary to prevent cracking at boltholes on track with bolted joints, as a
result of which British Rail's early Class 86 locomotives were fitted with resilient
wheelsets. Excitation of this mode also either gives rise to or exacerbates at least three
types of corrugation [16-19]. The model and Fourier transform technique for
calculating the response to discrete irregularities has also been used to help design track
components to withstand both the quasi-static loads associated with vehicle dynamics
and the higher frequency loads arising from rail and wheel irregularities [9].

The rail was modelled as a uniform beam on a continuous support in early work on
wheel/rail noise [20], and should be adequate for calculation of vertical dynamic loads
provided the rail is modelled as a Timoshenko beam. A more sophisticated rail model
is now used to model distortion of the rail cross section under lateral loads in the
acoustic frequency range [2,3].

2.2 Finite element models

The finite element (FE) models of track which have been developed in the last decade
have provided a powerful means of examining cross-sectional deformation of the rail
and of including the discrete nature of the track support. Deformation of the rail, and
particularly of the web, occurs primarily under lateral excitation and is discussed in
Section 3. However, it is clear from measurements of bending strains in track that the
rail does not always deform vertically as a single beam: a clear high frequency "spike"
is measured, which cannot be calculated using the simple beam models described in
Section 2.1. This appears instead to arise from the railhead moving as a beam on the
elastic foundation of the web.

Thompson [2,3] has developed an FE model of the rail to study wheel/rail noise. In his
model the rail is divided into elements 10mm long in which the railhead is a beam and
the web and foot (where most of the deformation occurs), comprise elemental plates.
The rail support is assumed to be uniform and continuous, and the model track is of
infinite length. The model is validated most directly by the satisfactory correlation
obtained between calculated receptances and several published sets of measurements,
and less directly by comparing measured noise levels with those calculated from a
model in which the track is one component. The possibility of obtaining good
correlation with receptance data is limited by there being up to 10dB difference between
some sets of published data. It is clear from Thompson's calculated receptances [3] that
a single Timoshenko beam is a satisfactory model for vertical vibration of the rail up to
at least 4kHz. Resonance of the railhead relative to the foot, which gives rise to the
aforementioned "spike" on measurements of bending strain, occurs at about SkHz for
Thompson's 56kg/m rail ; whereas Bender and Remington found a corresponding
frequency of 3-4kHz in experiments on lighter AREA 100 rail [20].
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Fig 2 Finite element model of track on discrete sleepers (from [4])

Several rail and track models have been developed by Knothe et al e.g.[4,5,21], in order
to study the development of rail corrugation. They conclude that it is sufficient to
model the rail as two Timoshenko beams representing the head and foot separated by an
elastic element representing the web [21] for both lateral and vertical excitation up to
about 2.5kHz. The frequency range in which the simpler single beam model of Section
2.1 is valid for vertical excitation alone is not examined. The more complicated rail
models which are proposed for higher frequencies are tested by comparison of the
calculated dispersion relationships with the experimental data of Scholl [22]. The
pinned-pinned resonance which occurs because of the discrete support of track at
sleepers (Section 2.1) significantly affects the track's dynamic behaviour at a frequency
of about 1kHz, which is in the region excited by typical corrugation on high speed main
line track. The discrete support has accordingly been included in these track models,
with the sleeper either as a rigid body or as a Timoshenko beam spanning the rails [4]
(Fig 2). Railpads and ballast are included as viscously damped elastic elements. The
infinite nature of the track is included using a technique of "harmonic continuation"
[5,21]. The dynamic response of this model track, whose receptance varies between
sleepers, is found by the Fourier Transform technique described in [5]. The calculated
receptance correlates well with that measured and has been used to find support
parameters [38], as described in Section 5.

At the opposite extreme of frequency from that of noise, one of the most prominent
characteristics in ground-borne vibration is the "sleeper-passing" frequency [23]. It has
been shown by Auersch e.g. [24,25], that a track model with discrete sleepers is
required to predict these effects.

2.3  Modal analysis

In their work on wheelflats [10] and corrugation [26] British Rail developed a track
model which includes a finite length of track (e.g. 20 "sleeper spans” in ref [10]) with
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discrete supports at sleepers, from which the response to a moving load is calculated by
modal analysis and forward integration. The importance is demonstrated of the railpad
(or the equivalent local resilience in timber sleepered track) in attenuating the contact
force and of shear deformation and rotatory inertia in calculating behaviour of the rail
[10], but the latter cannot easily be included in their model.

BR's model includes loss of contact, in contrast to the linear models described in
Sections 2.1 and 2.2; in later work the correct contact position is also calculated [27].
Calculations suggest that the contact force following a period of "free flight" may be
underestimated by as much as 25% if it is assumed that the contact point is always
under the wheel centre. However, it is not yet clear to what extent the contact force is
under- or overestimated by a linear model in which contact is not lost.

It is difficult in such a finite model of track satisfactorily to represent high frequency
behaviour, essentially because travelling waves rather than standing waves exist in the
rail. Also in BR's calculations it is assumed, for convenience, that damping is constant
in each of the many modes. This may overestimate the influence of some modes while
underestimating that of others, particularly the relatively ill-damped pinned-pinned
mode [6].

24 Other models

The work on dynamic behaviour of track undertaken by Ahlbeck, Harrison and their
colleagues is distinguished by a concern to derive practical limits and correlations with
minimum effort. The rail is accordingly represented as an effective mass and the track
overall as a system with relatively few degrees of freedom e.g. 11 and 18 in refs [1] and
[28] respectively. By comparison, 126 modes of BR's 20 span track model [10] were
found in the frequency range 80-3000Hz. In a study of the dynamic loads caused by
coal trains, good correlation was obtained between calculated and measured peak
wheel/rail forces for two wheel profiles and for speeds of 8-88km/h [28]. Calculations
indicated that the dynamic contact force caused by short wavelength irregularities
would be reduced using more resilient railpads, whereas the converse would be true for
long wavelength defects.

Such models have been useful in examining essentially the track's lower frequency
behaviour, but it is questionable whether they can be used reliably to predict high
frequency behaviour because the asymptotic behaviour of the rail is not that of a rigid
body . Their use as a general predictive tool is also limited by the apparent absence of a
routine way of calculating effective modal parameters.

Restriction of the effect of the discrete support at sleepers to a narrow frequency range
around the "pinned-pinned" resonance was revealed by a model of the track as an
infinite, discretely supported Euler beam [6]. The transfer matrix method used there to
model the infinite rail is substantially similar to the technique used by Knothe et al
[5,21].
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3 LATERAL DYNAMICS

Track behaves differently to lateral excitation at the railhead than to vertical excitation
in two particular respects: torsion of the rail, as well as bending, is significant because
the force does not pass through the shear centre, and deformation of the cross section
itself is significant at higher frequencies because the web is like a relatively slender
beam with the railhead and foot at either end. Although these effects were examined
somewhat qualitatively in [29], a more thorough treatment of their significance has
awaited development of finite element rail models such as those of Thompson [3] and
Ripke and Knothe [4] in which deformation of the rail's cross section is explicitly
examined (Section 2.2). With the insight which these finite element models provide it
is accordingly now possible to propose how the track may most appropriately be
modelled in different frequency ranges, and perhaps to reconcile apparently conflicting
observations.

At relatively high frequencies the rail cross section is distorted significantly: a mode in
which the railhead and foot move in antiphase on the web's flexural stiffness occurs at
about 1800Hz [3,4]. However, the lack of significant distortion at lower frequencies
suggests that a substantially simpler model may be used to represent the rail. Thomson
[3] has obtained satisfactory correlation of his calculations with a few sets of
experimental data up to their limit of about 1.5kHz, and states that three significant
features are present in the track's response: resonance of the rail and sleepers laterally
on the ballast at about 80Hz, lateral vibration of the rail on the railpad at about 150Hz
and a well damped torsional resonance on the railpad at about 350Hz. Representation
of the pinned-pinned mode at about 350Hz requires a model with discrete sleepers e.g.
[4]. This model has been used by Fingberg [30] to study wheel squeal.

The satisfactory correlation obtained by Thompson suggests that an appropriate track
model to about 1.5kHz should include the rail's response as an infinite beam in bending
and torsion, on appropriate continuous, distributed supports. The frequency of torsional
resonance on the support would be determined primarily by the resistance of the railpad
to roll of the rail. By varying this roll stiffness it might be possible to obtain
satisfactory correlation of calculation with the data of [29] for track on both timber and
concrete sleepers. Such a model was developed in [31] but may have been abandoned
prematurely. "Beam" like behaviour, such as that associated with track on timber
sleepers in [29], could be retained to a relatively high frequency by having a railpad
with high roll stiffness, whereas the higher lateral receptance of track on concrete
sleepers may be obtained from a pad with low roll stiffness.

Regardless of the model's detail, the rail is not only much more "lively" laterally than it
is vertically, but it is also in general more lively than the wheel. Measurements made of
the lateral receptance of a wheel and of a rail individually and together [32] show that
the rail behaves like a weak spring and damper attached to the wheel.
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4 LONGITUDINAL DYNAMICS

Interest in the longitudinal dynamic response of track arises primarily because
longitudinal vibration is excited by variations in longitudinal traction. These are
caused, for example, by stick-slip oscillations of the type which give rise to wheel
squeal and may be associated with development of corrugations.

An extremely simple model of the track which gives acceptable correlation of
calculated and measured direct receptances is of a spring and dashpot in parallel. The
spring is of stiffness

k= iBAE ™

whereP (which is typically 25MPa) is the support stiffness per unit length, A is the
cross-sectional area of the rail and E is its Young's modulus. The dashpot has strength

c=2my J% ®)

where M1 = PA

is the mass per unit length of the rail [33,34].

More complicated track models which include the sleepers, give slightly better
correlation with experimental data and can be used to find the response away from the
driving point are described in [33].

5 PARAMETERS FOR MATHEMATICAL MODELS

Parameters are required for the various track components in order to use the models
described in Sections 2-4. Only vertical excitation is considered here; some parameters
for lateral and longitudinal excitation can be found in refs [29] and [33]. Parameters for
the rails are well defined: the mass per unit length and the flexural rigidity for the Euler

beam model, plus the additional shear constant X for a Timoshenko beam model: a value

of K= 0.34 ¢ appropriate for BS113A (56kg/m) rail [10]. For the FE models of Section
2.2 the rail is divided into well defined beam or plate elements.

The geometry, spacing and mass of sleepers are also well defined, but an effective
flexural rigidity is required if they are represented as the uniform beams of refs [12,13].
The satisfactory correlation of measured track response with that calculated for the first
3 modes indicates that the effective flexural rigidity for a typical non-uniform sleeper is
approximately that at the centre. A shear constant of 0.83, corresponding to a
rectangular section, is appropriate.

The parameters which are relatively ill-defined are those for the railpads and the ballast.
Techniques for finding appropriate values of these are discussed in Section 5.1 and
several values are presented in Section 5.2.
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5.1  Ballast and railpad parameters

The majority of techniques for identifying parameters involve fitting transfer functions
calculated from reliable mathematical models to those measured. Clearly the railpad
and ballast parameters which are of greatest interest are those pertinent to the track's
response under traffic, and it is accordingly desirable to obtain appropriate values from
experiments involving a vehicle of the type of interest with track of the type of interest.
In such tests the track's response is measured to an irregularity on wheel or rail: the
latter is preferable as its position along the track is known. Experiments of this type are
expensive and alternative methods which are more routine and do not require a vehicle
are desirable. Examples of both types of tests are described below. The relevance of
parameters found from the latter tests to calculation of the track's response under traffic
is discussed in Section 5.2.

Excellent examples of controlled experiments in track under traffic are those undertaken
by British Rail to study effects of dipped welds [11], wheelflats [10] and corrugation
[26]. In the latter two cases an irregularity of known profile was ground into the rail
and measurements were then taken on the track as a test train ran over the instrumented
site. Instrumentation has included transducers to measure shear strain on the rail web
and deflection of the sleeper. Parameters for the ballast and railpad were found by
fitting a calculated response e.g. the amplitude of sleeper displacement as a function of
train speed, to that measured (Fig 3). The ballast stiffness influences behaviour
primarily at frequencies below 100Hz, whereas the railpad is most significant around
the first sleeper resonance (at about 200Hz in Fig 3). Ballast is the principal source of
damping. Data from BR's corrugation experiment were also used in [12] to calculate
support parameters.

Field tests have been undertaken in which railpad and ballast parameters were found
from the measured vibration of rail and sleeper caused by wheel irregularities on a test
train [9,35]. The stiffening of resilient railpads with increasing static wheel load was
clearly demonstrated: for the 10mm railpads tested, railseat bending moments were
consistently attenuated (compared to the moments with non-resilient HDPE or EVA
railpads) by about 75% under a 30kN wheel load but by only 50% under a 110kN wheel
load [35].

Values of ballast and railpad stiffness and damping found from several experiments
with test trains are shown in Table 1. These values are expressed for a single railseat as
it seems reasonable to expect, for example, that the effective ballast stiffness would be
approximately doubled if there were twice as many sleepers. Values reported for unit
length of track have been converted by assuming a sleeper spacing of 0.7m.

A technique which has gained wide acceptance is to find the support parameters by
fitting a calculated value of the track receptance to that measured on unloaded track.
This method was used in refs [6], [13] and [18] to find support parameters, and is also
now used by British Rail [36]. Measurements can be made particularly quickly using



Magnituda (nm/N)

Displacement

x~ BR experiment

—Calculation

|

I
|
|
I

i I
300 450
Frequency
Hz

Fig 3 Sleeper end displacement, test train (from [12])

750

175

100 100
ﬂ ~ L~ >
10 A %e 10 \"'
\ < )
\
~ \ .g
5 '\ /
il
1 T 1 -
1 o V
>
.1 .1
20 50 100 200 S00 20 50 100 200
Frequency (Hz) Frequancy (Hz)
0 > 8]
"90 \Vj-(w \ -80 >
o o _
\A w R ; ~_
-180 §-180 k_W
&
-270 -270
-360 -360

Railhead receptance

Fig 4 Railhead and railseat receptances (from [37])

Railseat receptance



176

calculate the transfer function. It is prudent to obtain some corroboration of the fit of
calculation and measurement, such as by fitting two sets of data. An example is shown
in Fig 4 where correlation is established for both the direct receptance at the railhead
and the cross receptance at the railseat [37]. Values of ballast and railpad parameters
found from the receptance on unloaded track are shown in Table 2. An essentially
identical technique has been suggested by Kopke [43] for finding areas where gas
pipelines are poorly supported.

| ballast | railpads
stiffness damping stiffness damping ret notes
(MN/m) (kNs/m) (MN/m) (kNs/m)
50 51 250 26 12 2
31.6 21.8 200 10 5
46.6 250 26 2
64.6 40.8 11
35 35 70 7 9,35 3
35 35 350 70 9,35 4
Notes
1 All data are for ballasted track with concrete sleepers unless stated otherwise,

and are for a single sleeper end

2 Smm thick railpads
3 10mm thick railpads
4 HDPE railpads

5

timber sleepers

Table 1 Ballast and railpad parameters: measurements with test train

Track parameters can also be found from the response of a vehicle passing over a length

of rail of known profile. If Sx(@and Sy @) are the power spectra of the railhead
profile and the vehicle response respectively, the transfer function is simply

_ || Sy
H(w) = J Sx (w)

(€)

The measurements of this type shown in Fig 5 were made up to a frequency of about
60Hz during calibration of a railhead profile system using axlebox accelerometers [17].
The profiles of several 200m lengths of rail were measured using a self-propelled
profilometer which runs along the rail at walking speed: this was developed at
Cambridge University in the 1970s. The corresponding axlebox accelerations were
recorded on the measuring coach at speeds of about 80km/h for several runs over the
same site. The transfer functions shown in Fig 5 are for several runs over the same site.
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The illustrative calculations are for an Euler beam on a uniform, continuous support
(Section 2.1) with effective stiffness and viscous damping constants of 70MN/m and
70kNs/m respectively per metre length of track. Fair correlation is also found in ref [6]
of measured data with the calculated transfer function of contact force per unit railhead
irregularity for a few frequencies in the range 300-800Hz. Although this is a powerful
technique in principle, a practical difficulty with such measurements is that the wheel
may not run along the line measured by the profilometer.

| ballast | railpad
stiffness damping stiffness damping ref notes
(MN/m) (kNs/m) (MN/m) (kNs/m)
180 82 280 63 6 2,7
27.8 16.6 6 4
70 30 225 28 6 2,6
72 132 280 50 13 2,5
100 72 300 45 38 2,8
20-100 2-12 39 3
30.7 (0.2) 221 0.2) 18 2,9,10
41.6 (0.3) 18 10
12 30 76 ) 37 3
55 100 76 5 37 3
65 150 76 5 37 3
Notes
1 All data are for ballasted track with concrete sleepers unless stated otherwise,
and are for a single sleeper end
2 5Smm thick railpads
3 10mm thick railpads
4 timber sleepers
5 frozen ballast
6 post-tamping
7 pre-tamping
8 light rail
9 sleepers with resilient "boots"
10 damping is viscoelastic with the specified loss factor (see eqn (11))

Table 2 Ballast and railpad parameters: measurements on unloaded track

Lyon [36] reports results of low frequency tests undertaken for ORE Committee D117
to obtain track stiffness and damping. A known load was applied to a section of track
carrying an equivalent unsprung mass and a static load . Although details of the test
method are unclear, equivalent ballast stiffnesses per sleeper end can be calculated by
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Fig 5 Transfer function of axlebox acceleration to railhead profile (from [17])

assuming that the deflections quoted are for track with a sleeper spacing of 0.7m.
Values thus calculated are a secant stiffness of 78.4MN/m for a static load of 100kN
and a quasi-static stiffness of 172MN/m for a load of +/- 50kN about a mean load of
150kN, which are high compared with values in Tables 1 and 2.

Stiffness and damping values have been found for railpads in laboratory experiments.
Kanamori [40] reports measurements of the static railpad stiffness in the range
40-60MN/m and a dynamic stiffness at SHz of 1.2-1.5 times the static stiffness. For
one type of pad the dynamic stiffness was 80MN/m at 5Hz, 150MN/m at 1kHz and
200MN/m at 2.5kHz. The loss factor ranged from 0.2 at 5Hz to 0.6 at 1kHz.
Stiffnesses of several resilient railpads measured in a laboratory resonance test
correlated well with, but were consistently greater than, those found from receptance
measurements in track [39]. In this case consistently good correlation was obtained
between the static stiffnesses of lightly damped resilient railpads and the stiffnesses
found in the resonance test. Poor correlation was found of corresponding values of the
(relatively low) railpad damping. Such techniques provide a convenient means of
comparing different railpads.

Sato et al [15] report measurements of ballast loss coefficients of 5 and 15 for concrete
and timber sleepered track respectively, which are substantially greater than damping
values found in other tests reported here.

5.2 Discussion

The majority of effective ballast stiffnesses reported here for vertical excitation are in
the range 30-80MN/m per railseat. There are insufficient data to decide whether there
is any consistent difference between values found with a test train and those found from
receptance measurements on unloaded track. Lower values may be more typical of
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recently tamped track and higher values of well consolidated track. These stiffnesses
are about 50% greater than static values commonly used in track design. For example,
Raymond [41] suggests that an optimum track modulus is in the range 35-70MPa (i.e.
25-50MN/m per railseat for a typical sleeper spacing of 0.7m), while Stewart [42] has
measured a variation in track modulus from about 21MPa with 250mm depth of ballast
to 48-55MPa with 750mm depth of ballast. Stewart's findings were that track modulus
consistently increased with depth of ballast and that there was little difference in
modulus before and after tamping, whereas ballast stiffnesses measured by Sato et al
[15] decreased with depth of ballast.

Data are shown in Tables 1 and 2 for two thicknesses of more or less resilient railpads.
The 5mm thick railpads, some of which are rubber and some a composite material,
consistently have a stiffness of 200-300MN/m, whereas the stiffness of the 10mm thick
pads is consistently about 70MN/m under the fastening load or a relatively light wheel
load. A more representative stiffness under a static wheel load of about 100kN would
be 125MN/m. HDPE railpads would typically be at least as stiff as the 350MN/m
shown in Table 1.

Damping in the railpad and ballast has commonly been represented as viscous i.e. the
dynamic stiffness at frequency @ is

*_ 9_)3
B B(l’*']ﬁ (10)

where * is the effective viscous damping constant. However, viscoelastic damping is a
better physical representation for typical resilient railpads i.e.

B* =B(1+jm) (11)

where M is the loss factor. Kanamori's range of 0.2-0.6 for the loss factor [40] should
cover the majority of railpads in current use. However, there is evidence that a more
lightly damped railpad is less likely to degrade from dissipation of thermal energy [39].
The mechanism of damping in ballast is not yet well understood, and both viscous and
viscoelastic models are used. The values of viscous damping in Tables 1 and 2 are
equivalent to loss factors of 0.3-0.6 for the frequency range 50-100Hz. Although
higher values would be obtained from correlation of data at higher frequencies, it would
be surprising if values as large as those reported in [15] were obtained as the mode in
which the unsprung mass moves on the ballast would then be attenuated more than is
suggested by most experimental data.
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6 CONCLUSIONS

Many mathematical models of railway track of considerable complexity have appeared
in the literature, but for a very large number of applications the track can be modelled
satisfactorily as a beam on a uniform, continuous support. For vertical excitation at
frequencies up to about 400Hz the rail is represented satisfactorily as an Euler beam.
This gives rise to a particularly simple analytical expression for the track receptance.
For frequencies of about 400-4000Hz the rail can be represented as a single
Timoshenko beam, while a more sophisticated model is required for higher frequencies.

If detail of vibration of the sleepers is not of interest, these can be modelled as rigid
bodies, but should otherwise be modelled as beams spanning the track. Railpads and
ballast are conveniently represented as viscoelastic layers. For railpads the loss factor
varies from 0.2 or less for lightly damped materials to about 0.6. The majority of
measurements of ballast damping correspond to loss factors of 0.3-0.6 in the frequency
range 50-100Hz.

The only significant deficiency of a model of track with a continuous support is that it
fails to represent the so-called pinned-pinned resonance which occurs when the length
of bending waves is twice the sleeper spacing. If the effects of this are significant the
discrete support at sleepers must be modelled explicitly. The method of harmonic
continuation used by Knothe et al e.g. [4,5] is a means of doing this while maintaining
the physical representation of the rail as an infinite beam which is lost in other methods.

When a rail is excited laterally its behaviour is more complicated than when excited
vertically. At frequencies above about 1500Hz a rail model is required which includes
distortion of the cross section. At lower frequencies a model which allows both
bending and torsion of the rail should be adequate but this has not been demonstrated
conclusively. When the track is excited longitudinally it behaves at the driving point
essentially as a spring and dashpot in parallel.

There are several interesting areas for further work and questions to be answered. For
example, existing models could be used to quantify the extent to which the contact force
may be under- or over-estimated by assuming that the support is continuous rather than
discrete. Loss of contact is neglected in most existing, linear models, but it is not
known to what extent calculations are in error which assume that contact is not lost and
that tension accordingly exists in the "contact spring". Railpad and ballast
characteristics are at present commonly found from receptance measurements on
unloaded track, yet these appear to underestimate both stiffness and damping. It would
be desirable to know in what circumstances these parameters give an adequate estimate
of dynamic loading and whether they can be modified in a consistent manner to
calculate loading more accurately.

A broad area for research is in the prediction and reduction of degradation of the track
support. For example, damping in the support is desirable insofar as it reduces dynamic
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loads, but may be obtained at the cost of damage to the support, as indeed appears to be
the case with highly damped railpads. Development of appropriate and well validated
models may indicate to what extent damping can satisfactorily be obtained in practice.

7
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Rail Service Load Environment
by Measurement and Modeling

Donald R. Ahlbeck, Battelle, Columbus, Ohio USA

1. Background

A key factor in all aspects of rail vehicle and track performance, but particularly in the
service life and reliability of the rail, is the wheel/rail load environment. The steel rail is
subjected to certainly one of the more severe mechanical environments known to man. In
many ways it is analogous to the roller bearing in a severe impact application. The steel rail
is overloaded and overstressed by increasingly heavy locomotives and freight cars. In curves
the rail must resist the triaxial loads of the nonsteering solid-axle wheelset, Figure 1. It can
also be subjected to severe dynamic load conditions even under the lighter axle loadings of
passenger and rail transit vehicles.

Load-induced rail damage can take many forms. Repetitive high loads under unit trains can
induce plastic flow at the rail surface, as well as subsurface fatigue failures. Cracks can be
initiated at metallurgical anomalies, and rail flaws such as the transverse defect can grow
under the service load regime. Curving wheelsets can produce extensive flange face and
gauge corner wear on the high rail, as well as plastic deformation on both high and low rail
running surfaces. Impact loads at rail running surface geometry errors, such as rail joints,
engine burns, and poorly-ground welds, cause surface batter and deformation, as well as
subsurface head and web damage such as bolt hole cracks. Finally, the oscillatory dynamic
phenomena that cause rail surface corrugations can produce plastic deformation, abrasion
and wear, and even thermal damage to the running surface.

In the context of flaw growth and rail fatigue life, the rail service load characterization is best
defined in a statistical sense. To this end, sophisticated load measurement instrumentation
and extensive data acquisition experiments have been employed. In the context of wheel/rail
dynamics and the damage initiation processes, transient load events can be of even greater
interest. Both measurement and computer modeling techniques have been developed to
explore these aspects of the rail load environment.
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2. Load Measurements
2.1 Measurement Techniques

Measurement of dynamic loads on the various track components has long been of interest
to railroad administrations and track designers. Measurement of dynamic forces directly at
the wheel/rail interface has been the ultimate goal. The contact patch, however, is for all
practical purposes inaccessible to measurements, unless some unforeseen future technique
makes this possible. At this time, one must measure from a distance and sort out the
intervening uncertainty as best one can.

Techniques used to measure wheel/rail loads fall into one of two categories: loads measured
at a specific location in the track (wayside measurements), or loads measured by a specific
wheelset (on-board measurements). The two methods provide an orthogonal view of the
service load environment. Wayside load data pertain only to the instrumented bit of rail or
track, but accumulate these measurements under a wide range of passing cars and
locomotives. Wheelset load data accumulate over a wide variety of track conditions and
geometry errors, but pertain only to the instrumented wheelset and its specific vehicle.
Combinations of both are needed to extrapolate the load environment to the greater
universe of vehicles and track.

The development of the strain gage in the late 1930s was the key factor in wheel/rail load
measurement technology. Almost all successful load measurement techniques are strain-
gaged based. Some accelerometer-based techniques have been used. Unless the
accelerometer is mounted to a rather stout structural mass, however, the relationship
between acceleration and force cannot be easily defined.

The art of load measurements with stram-gaged wheelsets has been developed and refined
over the past thirty years!. A number of major research programs have used thlS technique.
Strain gages are mounted in arrays on either the wheel plate? or wheel spokes® to measure
vertical, lateral, and even longitudinal forces. The use of the wheel as a transducer does have
certain limitations. Short-duration impact loads at the wheel/rail interface (the traditional
“P1” force) are attenuated by the relatively massive wheel rim. Structural modes of vibration
in the rim, spokes, or plate are excited by impact loads. Because of these vibrations, the
wheel-mounted strain gage signals are distorted and must be low-pass filtered below 200 Hz,
and much of the wheel/rail impact load data is lost.

The art of load measurements using the strain-gaged rail has also been advanced in the past
thirty years!. Vertical wheel/rail loads are measured with the standard ORE-design strain
gage pattern on the rail web between crossties (sleepers). These gages measure wheel loads
between the chevron gage patterns (i.c., within the crib) through shear effects. As a
transducer, the ORE gage pattern is remarkably linear and free from crosstalk due to
orthogonal loads, rail bending, or contact patch position. It has a trapezoidal “influence
zone” within which a sample of the passing wheel load is captured, Figure 2. Since the
intervening rail head mass is small relative to the wheel rim, the rail-based transducer has
a useful frequency range of 1000 Hz or more.
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Measurement of lateral load by rail-mounted strain gage patterns has had a less satisfactory
history. ORE experiments have, in the past, used vertically-oriented gages on the rail web
located over the sleeper to measure lateral load-induced bending. This arrangement suffers
a rather large crosstalk error due to the position of the vemca] load on the rail running
surface. A “base chevron” pattern was therefore devised’ to circumvent these problems.
This pattern is reasonably linear up to a lateral to vertical load ratio (L/V) of about 0.3 and
is reasonably immune to crosstalk within its influence zone.

Measurement of rail dynamic longitudinal loads at the track can currently be accomplished
only by major structural modifications to the rail. Railroad administrations frown upon this
approach Railweb-mounted gage patternsthat can measure thermally-mduced longitudinal
railloads* suffer, unfortunatcly, from large crosstalk errors from passing vertical wheel loads.
We look to the ingenious to solve this measurement problem with a physically and
economically practical transducer.

2.2 Measured Rail Service Loads

Several large-scale measurement programs were undertaken durm thc late 1970s to
characterize wheel/rail loads in the revenue train service environment® Examples of the
statistical occurrence of vertical and lateral loads on the rail are given in Figures 3 and 4,
rcspectlvely The curves, on a normal probability plot, represent at any pomt the percentage
of passing wheel loads exceeding that particular load level. These plots® were developed
from seven randomly-chosen measurement sites on tangent wood-tie track with continuous
welded rail (CWR). Traffic on this single-track line consisted of mixed freight, including
unit grain and coal trains and intermodal (piggyback trailer and container) trains,
predominantly in the 75 to 120 km/h speed range. From Figure 3, we see that the median
vertical wheel load of this traffic mix is about 80 kN.

The statistical description of rail loads in Figures 3 and 4 can change substantially from
month to month (with seasonal harvest traffic, for example) and from year to year as traffic
density and types of loads change. The predicted vertical load spectrum under unit train
operation (a mine railroad, for example) is also shown in Figure 3. The sharp knee in the
curve near the 50 percent (median) level shows that most of the axles are under either fully-
loaded cars (and locomotives) from the mine or empty cars returning to the mine.

In the lateral load exceedance curve, Figure 4, a rather sharp discontinuity is seen below the
15 percent probability level. The rapidly increasing lateral loads at the lower probability
levels reflect the speed-dependent truck hunting phenomena. This type of instability drives
some wheelsets into periodic hard flange contact at higher speeds. At lower speeds, this
behavior subsides and a more Gaussian distribution of lateral creep forces (on this tangent
track) results.

2.3 Extreme-Value Loads
Perhaps of greater interest to the track engineer and rail metallurgist is the frequency of

occurrence of extreme-amplitude loads. The development and commercnahzatlon over the
past eight years of the Wheel Impact Load Detector (WILD)®® has provided us with an
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invaluable source of data on these low-probability events. By storing measured load maxima
as counts in “load bins”, the WILD can develop statistically significant data bases under
weeks or months of traffic.

Examples of extreme-value vertical wheel/rail loads are shown in Figure 5. Two different
populations are illustrated here. First (the top two curves) are the peak (per wheel) values,
each representing the maximum value per passing wheel from a group of load measurement
sites. A point on this curve represents the probability that a passing wheel will exceed that
load level at some point on the rail, within a wheel diameter. With the current design of the
WILD (in terms of the number of circuits and the sleeper spacing), about 80 to 90 percent
of the passing wheel diameter is inspected. The second population (the bottom two curves)
is the “event”, the probability of the load on a given small piece of rail (about 20 cm long,
Figure 2) exceeding that particular load level. Traffic on two different railroads is compared
in Figure 5. Traffic on Railroad C is mixed freight and loaded coal trains, while traffic on
Railroad F is more predominantly intermodal trains.

The extreme-value vertical load statistics can vary substantially from week to week, as shown
in Figure 6. This variation can result from one particular unit train with marginal wheel
conditions passing by one week, but not the next. Impact loads are usually speed dependent:
in Week 3 of Figure 6, a speed restriction was enforced for track maintenance during part
of the week. Thisis seen in the train speed distributions of Figure 7. Impact load amplitudes
are also dependent on track modulus. The load statistics on wood-tie track (75 to 120 km/h
freight traffic) are more in line with the lower-speed (30 to 100 km/h) traffic on concrete tie
track in Figure 6.

2.4 Curved Track Loads

Measurements of wheel/rail loads on curved track have for the most part been concentrated
in particular test programs on the behavnor of specific rail vehicles. Analytical studies (see
for example the paper by Newland®) have defined the lateral and longltudmal loadsin terms
of steady-state curving behavior. With the solid-axle wheelset in a two-axle bogie
arrangement, the leading wheelset assumes some angle of attack relative to the curve radius.
On smaller radius curves, flange contact occurs on the high rail. The vector (net)
combination of lateral creep and flanging forces on the high rail, plus lateral creep force on
the low rail, result in a track gauge-spreading load. Except in extremely short-radius curves,
the trailing wheelset assumes a near-zero angle of attack and develops low lateral and
longitudinal creep force levels.

Steady-state curving in the real world is, however, an idealized average condition. Lateral
and vertical loads under a vehicle in a curve will oscillate about the steady-state values due
to curve entry dynamics, track geometry errors, or kinematic hunting behavior. An example
is shown in Figure 8 for the leading bogie of a heavy coal-hauling freight car on a 5-degree
(349 m radius) curve on 11.9-meter bolted-joint rail (BJR) track with staggered rail joints.
Plots show the variation in wheel/rail loads by distance from the high rail joint. Even on
CWR, the effects of geometry errors at welds will cause similar (but attenuated) variations
in load.
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3. Analytical Modeling of Rail Loads

Analytical models of the wheel/rail dynamic system provide a means for predicting the load
environment at the point of greatest interest -- here, the wheel/rail contact patch. This
location is inaccessible to current practical measurement techniques and its loads are
somewhat obscured at “remote” measurement sites on rail or wheel. Therefore the
analytical approach can be a “best bet” for both a qualitative and quantitative understanding
of the contact patch loading.

Analytical techniques used by researchers have ranged from closed-form solutions to
lumped-anddistributed-parameter mathematical modelsto verycomplicated finite-element
models. The analyst must steer a course between simplicity (and possibly missing important
dynamic phenomena) and too much complication, which can obscure important
relationships and increase computation time and costs unnecessarily.

3.1 Curving Loads

The closed-form solution methods have worked well for studying steady-state curving load
behavior'®!!, Examples of predicted lateral and longitudinal loads from this type of analysis
for our old favorite, the three-piece freight car bogie, are given in Figures 9 and 10. The
model SSCRV?2 uses an iterative matrix solution to solve a set of nonlinear algebraic
equations and to satisfy wheel flanging and wheel/rail creep limit conditions. In this
example, a 5-degree (349 m radius) curve on branchline track was simulated.

In Figure 9, the net lateral force of the lead outer wheel on the high rail is the sum of the
positive (outwardly directed) lateral flange force and negative (toward the center of
curvature) creep force. This is the lateral load measured at the rail (Figure 8). The flange
force, which cannot be measured directly, produces the greater damage to curved rail
through rail gauge-face wear, which is controlled by lubrication and (on transit systems) by
guard rails. The negative (inward) lateral creep force of the leading inner wheel on the low
rail can result in running surface damage, rail rollover, and wheel drop derailments if
sufficiently large. Lateral creep forcés on the trailing wheels can be positive or negative in
direction and, for this combination of vehicle and track characteristics and wheel/rail
geometry, are quite small.

Longitudinal loads on the rails under the four wheels are shown in Figure 10 for this specific
curving situation. Positive loads (as plotted) force the rail away from the direction of vehicle
forward motion. Additional loads due to torques on the wheelsets (such as those due to
braking) have not been included in this particular analytical solution.

Dynamic models are needed, however, to predict the actual varying load behavior illustrated
in Figure 8. In a time domain model, the nonlinear wheel/rail creep and flanging
relationships are used directly in the force calculations. The model may be “started” from
tangent track passing through an entry curve (spiral) and into the body of the curve, or it may
be started from analytically calculated steady-state conditions in the body of the curve itself.
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3.2 Wheel Impact Loads

Impact loads due to wheel tread or rail running surface geometry errors can be a major
factor in rail service life. The loads at rail geometry errors occur with some statistical
distribution of the peak amplitudes, but always near the same point on the rail. Damage
accumulates relatively quickly. Impact loads from wheel flats occur with some small, but
measurable probability at any given point on the rail. A rail with an existing mature crack
can break under these low-probability loads.

Analytical models have been used to cxplore the effects of these impact loads on rail, track
structure, and wheel bearing life’>!3!4, The rail itself has been modeled to varying degrees
of complexlty -- as, for example, a Tlmoshenko beam on an elastic foundation, continuous
or discrete’>!%, Even a relatively simple, but nonlinear rail and track structure model can
provide good correlation with measured impact loads under measured wheel tread
geometries!’, Figure 11. In this model, the rail effective mass has been approximated by
standard beam-on-elastic-foundation (BOEF) relationships. Nonlinear Hertzian wheel/rail
contact and rail/tie support stiffnesses are used, plus the transverse bending modes of the
concrete or wood crosstie.

Using this type of model, some interesting differences in rail contact patch forces can be
predicted between concrete and wood-tie track. These are shown in Figure 12, where the
solid curve plots the rail/tie reaction force, which approximates the measured force of the
WILD system, and the dotted curve plots the wheel/rail contact force. On rail stiffly coupled
to the more massive (350 kg) concrete ties, the two force time histories are nearly identical.
On rail loosely coupled to the more resilient and lighter (102 kg) wood ties, there is much
higher frequency content in the force at the contact patch.

3.3 Rail Corrugations

One of the problems that has plagued railroad and rail transit administrations for over 100
years is that of rail corrugations. These periodic waves on the rail running surface generate
excessive noise, shorten rail life (as well as the life of track and vehicle components), and
increase maintenance costs. Mathematical models of varying degees of complexlt¥ have
addressed this problem in an effort to define the initiation and growth phenomena’®!

In a recent study of corrugations on the Baltimore Metro?!, a nonlinear model of the
wheelset and track components was used to explore the magnitude and phase relationships
of the triaxial loads at the wheel/rail contact patch under known rail corrugation-producing
conditions. Examples of load time-histories are shown in Figures 13 and 14. These
instantaneous load relationships can be used in complex stress analyses to predict rail
surface and subsurface Hertzian contact and shear stresses. The key point in this study is the
realization that the wheelset, rail, and track structure act in concert as a complex and total
dynamic system. In this particular case, the rail gets much the worst of the situation.
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4. Summary

Measurements and mathematical modeling of track loads have provided a better
understanding of the nature of wheel/rail loads. Rail loads have been defined quantitatively
for specific vehicle and track combinations and for representative traffic and operating
conditions. In the design of railway track, both the statistical and temporal load regimes
must be addressed by the civil engineer. Both track and equipment designers must view the
wheel/rail interface as part of a complex dynamic system, not as a convenient boundary to
one or the other’s responsibilities.
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Figure 1. Loads at the Wheel/Rail Interface.
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Figure 7. Speed Distribution of Wheelsets
for Three Weeks of Traffic.
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Rail Loads during Steady-State Curving
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Abstract

This paper addresses contacts which occur in rail-wheel systems. In
particular the edge effect caused by the gauge face of the rail is examined. The
methods developed by the authors in a previous paper for contact analysis of a
quarter space geometry are presently extended to investigate frictionless contacts
near the edge of a wedge with varying wedge angles. Numerical results illustrate
the effect of wedge angle on contact stress and contact area geometry. The loss
in stiffness caused by proximity of the contact region to the gauge face of the rail
is also quantified. To simulate side loading of the gauge face by the wheel
flange, a modification of the analysis is made to accomodate frictionless contact
on both faces of the wedge. Numerical results are given for the contact stress
when symmetric contact is assumed.

1. Introduction

In rail-wheel contact the evaluation of the contact stresses and the internal stress
fields in the rail head are extremely important for understanding and predicting
failure mechanisms. The stress field is quite complex since in addition to non-
linear (plastic) deformation which may occur under heavy loading, the presence
of the gauge face of the rail head may significantly alter the contact stress and
internal stress fields in the rail head from a simplified half space model. A
traction free gauge face will cause an edge effect on the stress fields. In some
instances the wheel flange will exert a loading on the gauge face, thus
compounding the edge effect.

It is the purpose of this study to examine the edge effect caused by the
gauge face of the rail. In a previous paper [1], the authors addressed this issue
by developing a stress analysis capability for a three-dimensional incompressible
wedge under normal loading on one face while the other face was traction free.
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It was shown for a right angle wedge (quarter space) that proximity to the edge
significantly affects contact stress and contact area geometry as compared to
similar half space results.

The present analysis will further investigate edge phenomena by considering
frictionless contact near the edge of a wedge with varying wedge angle. Thus
the effect of wedge angle on contact stresses and contact area geometry will be
examined. Furthermore, the loss in stiffness as a function of distance from the
edge will be obtained. As noted above, the wheel flange may exert a loading on
the gauge face thus altering the contact and subsurface stress fields. To address
this point, the analysis in [1] is modified to account for normal loading on both
faces of the wedge. The solution for point normal loading on each face will be
derived. The point force Green’s function is then used to obtain integral
equations for the contact stress on both the upper surface of the rail head and
the gauge face of the rail head. These integral equations are solved using the
methods developed in [1]. Numerical results for contact stress and contact area
geometry are given for various wedge angles and for contact on the gauge face
of the rail head.

2. Frictionless Contact for a Three-Dimensional Wedge

In this section frictionless contact on the upper face of a three dimensional
wedge is examined. The geometry and coordinate system is shown in Figure 1.
The z axis is taken along the edge of the wedge while the polar coordinate r is
measured from the edge and the angle 6 is measured from the middle surface.

The wedge faces are located as 6=ta. Rigid spherical indentation is consndered
and the indenter tip is located a distance r, from the edge. The coordinates r*

and z* are attached to the indenter tip. Denoting v(r,a,z) as the normal
displacement of the upper surface the integral equation derived in [1] is given as

pl(r,, z,)dr dz,

ﬁ )%+ (z-2,)*?

2,2 _ 2
ffp(ro,z ( L (“F)p | (Itet(z7Z) )dr)drodza,

JTIo"° o G(1) % 2rr,

vir,a,z) = f

(1)

where p(z,.z,) is the contact pressure divided by the shear modulus. The
functions F(t) and G(t) are given in [1] as
G(t) = t?sin?(2a) -sinh?(2at) (2)

F(1) =G(1) +tanh(ztn) {tsin(2a)cos (2a) +cosh (2at) sinh(2a<t)}
(3)
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In equation (1) P, 1 (s) is a Legendre function of the first kind which can be
2

defined by an integral representation given in equation (30) of [1]. The numerical
procedure is based on a piecewise constant approximationto p(r,, z,) with an
iterative approach to determine the contact area. The details are given in [1].

contact region
for frictionless indentation

rc I'*
YA Z*
o

o 0

Figure 1. Geometry and coordinate system for
frictionless contact on one face.

For spherical contact the displacement in the contact region is given as

1
v(r,a,z)=—6+E}—2{(r—rc)2+zz} (4)

where R is the indenter radius and § is the rigid body displacement of the
indenter. Since the contact area will not in general be circular, there is not a

convenient length scale useful for non-dimensionalization. Thus here as in [1] &
and R are taken in dimensional form although the actual units (mm, inches, etc.)

need not be directly specified. All subsequent quantities will be understood to

have dimensions consistent with those chosen for 8 and R. In [1] the quantities
d=n/8 and 1/2R=n/16 were used and the reduction in contact area and pressure
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were studied for a=45° (quarter space) as r, was decreased. The effect of
different indentation depths and wedge angle effects are examined here. The
distance r, is taken as «,3.0,1.5,1.0,0.5,0.0 where r .= implies the half space
results while r =0 places the indenter tip on the wedge tip.

The first example considers a wedge angle of 63 degrees. For an indentation
depth of 8=n/8, Figure 2 displays the contact area as r, varies. The contact area
remains circular (Hertzian) for r.>1.5 while for r.=0.5,0.0 contact is made with the
wedge tip. The pressure through the center of contact (z*=0) is shown in Figure

. =00
2- .=0.5
=15
y /
I.=3.0
Oe¢
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1.
-2 r Y r v v
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Figure 2. Contact area variation versus distance from
the edge for a 63 degree wedge.
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=
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Figure 3. Contact stress through the center of
contact for a 63 degree wedge.



207

3. Again for r21.5 the contact stress is Hertzian while a slight deviation occurs
for r=1.0. When r=0.5,0.0 contact extends to the wedge tip and the contact
stress is singular along the edge. The coefficient of the singularity varies along
the wedge tip and increases as r, decreases. This result is in contrast to a 45
degree wedge where it was shown in [1] that for r.=0.0 the stress is not only non-
singular but in fact vanishes along the edge.

The second example considers a wedge angle less than 45 degrees, namely
30 degrees. Figure 4 displays the contact area for various r_ values. Inthis case
the contact area decreases much faster as r, is decreased and hence one must
go further away from the edge to recover the Hertzian results. It is interesting to
note that as r, is decreased the center of contact area shifts off the indenter tip
in a direction away from the edge.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>