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1.

Introduction

The origins of many forms of rail failures like those originating from manufacturing
defects and damages caused by inappropriate storage, handling and usage of the rail are
fairly clear and the methods of dealing with them are well established, at least in
principle. Advancements in rail making technology and in-plant testing have addressed
the failures caused by hydrogen cracking, non metallic inclusions, segregation, ingot
piping, and surface defects. The elimination of joint bolt holes through the use of long
welded rails, improved sleepers and fastenings, minimum field welds through use of
10/20 rail panels, and improved handling and maintenance practices have substantially
reduced the traditional rail failures.
However, certain rail defects commonly known as Rolling Contact Fatigue (RCF) defects
cannot be attributed to any metallurgical or manufacturing defects in the rail or wrong
handling and usage during service. These defects are essentially initiated on the surface
or very close to the surface of rail. They develop due to excessive shear stresses at the
wheel-rail contact surface and point towards the materials limited capacity to overcome
the fatigue damages. Such defects manifest themselves in the form of Gauge Corner
Cracks (Head Checks), Squats and shallow/deep-seated Shells. This paper presents a brief
overview of the current scenario and summarizes the measures to control them.
2.

Rolling Contact Fatigue Defects

The rolling contact fatigue problem in rails manifested itself in a major way during the
1990s. However, Railway Industry was compelled to treat RCF defects seriously after the
2000 Hatfield derailment in United Kingdom in which about 30 rail length shattered
completely on the outer rail of 1500 m radius curve. According to Federal Railroad
Administration’s statistics, in the eight years from 1995 to 2002, rolling contact fatigue
was the main cause in 122 derailments, and it was suspected that RCF might have
contributed to 160 more derailments.
Rolling contact fatigue (RCF) is a group of rail damages which manifest themselves on the
surface or close to surface inside the rails due to overstressing of the rail material. The
defects may first appear on the rail surface in the form of shelling, squats and gauge
corner cracks or within the subsurface in the form of deep seated shells. All these defects
appear as a result of repeated overstressing of the surface or subsurface rail material by
the millions of repeated wheel-rail contact cycles.
Two main physical processes that govern the development of RCF defects are crack
initiation and crack propagation in the rails. These are, in turn, governed by the factors
like rail and wheel profiles, track curvatures, grades, lubrication practices, rail metallurgy,
vehicle characteristics, track geometry errors, environmental conditions, and many
others. All these factors play an important role in the formation and development of RCF
and, therefore, could be optimized to control and minimize RCF defects.
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2.1.

Gauge Corner Cracks :

These defects develop on top corner of the gauge face in the form of a series of surface
cracks spaced at about 2-5 mm intervals at a downward angle of 10-30 degrees and
gradually spreading across the rail head. These defects are more prominent on outer
rails of sharp curves and manifest themselves as fish scales. The initial development of
Gauge corner cracks at or very close to gauge corner surface is shown in figure 1 (please
note the scale). Different stages of developed GCC defects are shown in figure 2.

Longitudinal Section of Railhead

Transverse Section of Railhead

Figure 1 : Initial Stages of Development of Gauge Corner Cracks and Spalls

Gauge Corner Cracks – Initial Stage

Gauge Corner Cracks – Intermediate Stage

Gauge Corner Cracks – Severe Stage

Figure 2 : Different Stages of Gauge Corner Cracks
2.2.

Running Surface Cracks (Flaking)

The other type of RCF defects are known as running surface cracks or flaking. This is also
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a surface condition that occurs on the running surface of the low and/or high rails.
Initially, the defects appear as a mosaic or snakeskin like pattern on the rail head. In
the latter stages of growth the cracks produce “spalls”, that can be up to about 10-15
mm wide, up to 3 mm deep, and can be continuous along the rail length. Examples
of run ning s ur fa ce cra ck s and associated minor spalling are shown in Figure 3.

Figure 3 : Running Surface Crack
2.3.

Shelling :

Shelling is an internal defect which generally initiates at a depth of 2-8 mm below the
gauge corner of the high rails in curved track. In the initial stages of development,
shelling defects are noticeable as dark spots in the gauge corner region of the rails.
Shelling defects do not appear as regularly along the rail as gauge corner checking
defects.
Shelling cracks develop on a horizontal or longitudinal plane consistent with the
shape of the rail on the gauge corner. The cracks continue to grow in a
longitudinal direction on that plane for some distance at an angle of about 10-30
degrees to the rail surface, and then either spall out into a shell or turn down
and form transverse defects which can continue to grow on a transverse plane and,
if not detected in time, eventually lead to rail failure. Transverse defects may also
directly initiate from the steel inclusions and grow in a transverse plane, without the
need for a prior shelling defect. Different stages of shelling are shown in Figure 4.

Shelling - Initial Stage (Dark Spots)

Shelling - Intermediate Stage
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Shelling – Severe Stage

Transverse Defect initiated from Shelling

Figure 4 : Different Stages of Shell Development
2.4.

Squats :

Traditionally, squats have been classified as part of rolling contact fatigue defects.
However, this is true only for the squats which are initiated from gauge corner cracking. In
general, squats are surface or near-surface initiated defects. More common squats that
form on the crown of the rail head are actually initiated from a white etching, hard
and brittle layer which is most commonly found on rails.
Squats which are initiated from the gauge corner cracks are shown in Figure 5. These
cracks eventually grow laterally and spread towards the crown of the rail head, and in
their advanced stages appear very similar to the rail crown squats. Both types of squats
develop mainly in mild curves and straight track, and in hardened rails. Both types of
squats can occur as discrete defects or as closely spaced multiple defects. Squats are
easily identified visually since they appear as dark spots on the surface of rail. The
defective area looks dark because of the subsurface cracking which occurs about 3-5 mm
below the rail surface in a horizontal plane and causes a depression in the rail surface.
The development of squats appears similar to the development of wheel burns. Wheel
burns, however, develop under much more severe conditions of slip mechanism under
much higher temperature; and are far deeper than squats.

Gauge corner crack initiated Squat – Small

Gauge corner crack initiated Squat – Large
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Multiple Squats initiated from Gauge Corner Cracks

Figure 5 : Different Stages of Squat Development
3.

Rail Wheel Contact Stresses

The stress conditions developed in the rail wheel contact patch are shown in the figure 6.
Generally the contact patch is elliptical in shape, and relatively small. The longer
longitudinal axis may e x t e n d u p t o 10-12 mm, while the shorter transverse axis may
be 5-8 mm. It is this small patch that supports the whole wheel load.
The major stresses that are produced within the contact patch are shear in nature;
they act at an angle to the loading direction and depend on a range of factors,
particularly the vertical wheel load, and the radii of the contacting surfaces including
the wheel radius and the rail crown radius and the creep (or traction) forces.

Vertical Load
Longitudinal Creep

Contact Patch

Lateral Creep

Contact Stress Zone

Figure 6 : Contact Stresses in Rail
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The three important aspects related to the stresses produced in the contact patch are ;


For relatively low traction levels, the resultant stress occurs within the rail head
to a depth of up to 10 mm from the wheel/rail contact surface.



For relatively low traction levels, the maximum stress occurs within the rail head
at a depth of 2-4 mm from the wheel/rail contact surface.



As the traction level increases, the maximum stress also increases and its location
moves closer to the wheel/rail contact surface.

The effect of traction, which is a direct function of lubrication of contact surface, is shown
in figure 7.

4.

7 :Circle
Influence of Traction on the Contact Stress
Stress StrainFigure
Vicious

In the present day Indian Traffic scenario, railway track undergoes 5 million cycles of
loading for every 100 GMT of traffic. Repeating loads induce internal stress cycles,
which gradually damage the material and initiate the crack development. Under the
influence of cyclic loading, the material is subjected to elasto-plastic region of stressstrain curve. It hardens initially; hardening leads to higher residual stresses in the
material and residual stresses lead to pure elastic behavior until the shakedown limit is
reached. Irregularities on micro scale caused by strains provoke increase of the
contact stresses, which generate additional stresses. Temperature als o influences this
process, generating extra stresses in the material, especially in cases of slip, when
high temperatures do occur. This leads to a condition generally referred as stress-strain
vicious circle illustrated in the figure 8.
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Figure 8 : Stress Strain Vicious Cycle
5.

Crack Initiation and Development

As already mentioned above, the position and level of the crack initiating stresses depend
on the contact geometry, load, and friction conditions. Under high friction conditions
shear stresses are rather large but very shallow. Under low friction conditions, the peak
shear stress is a little less but extends deeper into the railhead. As a result, some RCF
defects initiate on the surface itself and others under the surface.
5.1.

Surface Initiated Defects

The railway track encounters about five million wheel contacts every 100 GMT under
present day axle loads on Indian Railway. While most of these contacts do not cause
much damage to the rail, some of them plastically deform the steel in the direction of the
applied tractions. Each plastic deformation ratchets the surface layer until, eventually,
the rail steel exhausts its available ductility. The steel then fractures and the surface
generates a micro-crack.
RCF cannot be evaluated based on normal contact stress alone since its interdependence
with traction forces and material strength is quite intimate. Assessment of rail wheel
performance in the context of rolling contact fatigue involves all three parameters.
5.1.1. Normal stress (Po) at wheel/rail contact
Normal contact stress is a function of four main factors; wheel diameter, wheel load
including dynamic augment, the transverse rail profile and the transverse profile of the
wheel. The doubling of wheel load increases the contact stress by about 27%, a tripling
increases contact stress by 44%. The effect of wheel diameter is limited to a 1/3rd-power
function. The effect of transverse geometry of the wheel and rail profiles has, however,
much stronger effect on contact stress.
The factors that influence the actual position of the wheel on the railhead and therefore
impact the contact stress are:
•

•

Track Gauge – Changing the distance between the two rails usually modifies the
position and geometry of the rail wheel contact. Tight gauge in straight track
promotes gauge corner contact and RCF, whereas at nominal gauge more of the
contacts will be carried towards the crown of the rail. In curves, controlling wide
gauge is essential for mitigating low rail damage. Wide gauge curves are also more
susceptible to dynamic rail rotation, which often contributes to unfavorable contact
geometry.
Welds and profile irregularities: The weld steel has hardness different from that of
the parent rail steels. Where this difference is large (say 30 BHN), either softer or
harder, the weld will deform greater or less, respectively. Softer welds produce a dip,
known as cupping, which accelerates development of RCF. Harder welds produce
high spots that increase the dynamic augment and are responsible for RCF damage
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•

that develops adjacent to the weld.
Other factors that affect contact stress include cant excess and cant deficiency,
hunting of wheel sets in tangent track and mild curves, track geometry errors, uneven
wheel loads, and mismatched wheel diameters.

5.1.2. Rail wheel tractions (T/N)
Rail/wheel traction develops due to a small relative slip between the rail and wheel that
shears the steel layer in the contact zone. The level of slip (also known as creep) depends
on the curving and traction requirements. The creep forces cannot exceed the available
adhesion – the vertical force on the wheel times the friction coefficient. Controlling
tractions is therefore a process of controlling the properties of the interfacial layer and
minimizing creepage.
A lubricant can substantially reduce the peak traction force as compared with a dry
surface. This is particularly effective at the rail gauge face to control wear but at the top
of rail, a friction coefficient of above 0.3 is required to facilitate braking and traction.
Traction (T) has lateral (Flat) and longitudinal (Flong) force components, T = sqrt (Flat2 +
Flong2) which at the limit approaches the rail wheel friction coefficient. The actual traction
ratio T/N for any given rail wheel combination depends on several parameters, e.g.,
curvature, wheel base, suspension characteristics of the bogie, friction coefficient, cant
deficiency and several others.
5.1.3. Rail metallurgy
The effect of rail metallurgy on RCF is complex. For a given level of hardness, pearlitic
steels are more resistant to RCF than are other structures such as bainite and martensite.
The resistance to RCF increases with hardness. The experience suggests that high
strength steels are more prone to forming RCF, probably because of the failure of the
hard steels to wear or flow to a lower stress shape. However, if the rail is initially ground
to a lower-stress shape, then it is much more resistant to RCF than the softer steels.
The strength of rail steel in shear is believed to be the main factor that controls RCF in
rails. The work-hardened layer, which is 8-10 mm thick, exhibits high compressive
residual stresses and has high shear yield strength due to increased hardness. The high
compressive residual stresses inhibit the fatigue crack growth and generally prevent the
growth of shallow cracks. The deeper shelling cracks may, however, penetrate through
work hardened layer, continue to grow and develop into transverse defects.
5.1.4. Surface Crack propagation
Once a crack has initiated, the rate at which it progresses into the surface is influenced
by a large number of considerations. The crack propagation rates are dependent on the
propagation stresses and on the ability of the steel to resist propagation.
The presence of grease and water at the rail wheel contact plays a critical role in the rate
and depth of surface crack propagation. If grease or other contaminants seep into the
surface cracks, the reduction in crack-face friction allows the faces to slide past each
other, contributing to moderate crack growth rates. Water, with its low viscosity and
high surface tension, is drawn into the cracks by capillary action. If the surface crack is
oriented in a direction where it drops away from the approaching load, the rolling
contact will first seal the crack entrance and then hydraulically pressurize the crack tip.
This provides a large tensile stress at the tip, promoting rapid crack propagation. For this
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reason, crack propagation in dry environments is very different from that in wet
environments. The shear stress in dry environments is intense and very shallow. Surface
cracks propagate only about 3-mm deep. Under wet conditions, those surface cracks
propagate to a much greater depth (say 7-15 mm), largely due to the hydraulic crack
propagation mechanism. Depending upon the crack orientations, gauge corner cracks at
the high rail undergo hydraulic propagation and generally are more severe than at the
field side of the low rail. Once the crack reaches a depth of greater than about 8-15mm,
it is out of the field of influence of rolling contact stresses. Beyond this depth cracks may
continue to propagate due to thermal stresses in the rail (e.g. tensile stresses in cold
weather), bending stresses due to wheel loads and residual stresses in the rail from
manufacturing processes.
5.2.

Subsurface Initiated RCF Defects

Only one of the many subsurface defects that occur in rails can be considered as rolling
contact fatigue defect. While vertical and horizontal split heads and tache ovales have
sometimes been classified as RCF defects, they are more appropriately dealt with as
metallurgical defects since contact stresses have little influence on their initiation or
propagation. In contrast, deep-seated shells are a direct response to excessive contact
loads at the extreme gauge corner that cause the rail to fail along a shear or “slip” line. In
steels with metallurgical imperfections, the deep-seated shell can initiate a transverse
defect. Since rolling contact stresses are only active near the surface, the transverse
defect must be propagated by bending, residual and thermal stresses.
5.2.1. Subsurface Crack propagation
Once the crack is initiated, it propagates due to stress influences, which are
determined by rolling stock and environmental conditions. To have a good
understanding of the distribution of crack phenomena, it is necessary to integrate
the phenomenon itself and afterwards list the influential parameters. Finally the
characterization of cracks allows the propagation speed and the gravity of the
situation estimating.
The crack propagates slowly in the surface plain of the rail in the same direction as
the plastic deformation, i.e. generally under a 15 – 25 degrees angle to the running
surface of the rail, until reaching a depth of 3 - 5 mm deep. Then it will grow only in
the head of rail with an approximate rate of 1mm/GMT, crack propagation is then
determined by stress and strain acting at the crack mouth. The crack propagation
process can be decomposed into four phases as shown in figure 9.
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Region A
Crack
initiation

Region D
Region B & C

Crack
propagation
with vertical/
horizontal
branching

Crack
propagation
under a flat
angle

Railhead

Figure 9 : Crack Propagation Phases
Crack propagation phases as depicted in Figure 9 can be easily understood with the help
of following tables.
Region
A
B
C

D

Phenomena
Crack initiation by low-cycle fatigue; deformation and the propagation
process starts.
As crack lengthens, stresses near the crack tip increases and the crack
growth rate increases.
Beyond a certain critical crack length, the tip of the longest crack moves away
from the highly localized contact stress field and the stress intensity drops,
leading to a reduction of crack growth rate.
Crack is subjected to flexion and the residual traction stress facilitates the
crack growth rate.
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Wear rate
level da/dN

Characteristics

Level 1

The very high wear rates do not permit crack formation; crack mouth
truncation is higher than the rate of advance of the crack.

Level 2

The slightly lower wear rate rubs out the initiating crack faster than
they form; hence cracks are hindered from growing.

Level 3

Very low wear rates; thus that is not affecting crack growth at all.

6.

Prevention and Control of RCF Defects

The RCF defects, If not detected and treated in time, can provoke a rail fractures
which is an extremely critical situation from a safety point of view. Regular inspections
are therefore compulsory and corrective maintenance measures must be programmed
and carried out to cope with the damages on the rail as quickly as possible. Some of the
methods and procedures that can be adopted for reducing the potential development
of RCF defects and associated potential risk of rail failure are discussed below.
6.1.

Higher strength rail steels

Use of higher strength rail steels in the more critical track locations, like sharp
curves and steep gradients will increase the allowable shear stress limits. Higher
strength head hardened rails have been fou nd t o be successful in reducing the
development of shelling and transverse defects in well maintained, higher axle load
situations.
The hardened rails exhibit reduced wear and reduced plastic deformation.
Consequently, if the rail wheel contact conditions are not favorable, such conditions
will be retained for a very long time. Standard rails, on the other hand, will tend to
wear and deform plastically to accommodate non-conforming wheels. Consequently,
when hardened rails are used, it is essential that the appropriate (low stress) profiles
are implemented soon after their installation, and that regular preventive
maintenance is applied.
6.2.

Improvements in the rail wheel lubrication procedures

In absence of lubrication, an important friction occurs, which can cause a surface
plastification followed by the formation of cracks. There are two types of lubrication,
track mounted rail lubricators by which rail is lubricated by direct application of the
grease on the rail side; and wheel flange lubricators on the locomotive through which
grease is first applied on the flange, which, in its turn, is transferred to the rail.
The lubrication reduces the risk of rail contamination and fatigue cracks growth. The
importance of appropriate lubricators cannot be over emphasized. The proper
strategies of lubrication lead to a more efficient lubrication regime with a reduction in
the number of lubricators providing the required protection against excessive rail and
wheel wear. It should be noted that even though a lubricated surface will reduce the
crack formation significantly in most cases but once the crack is formed, lubrication can
facilitate crack propagation.
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6.3.

Rail Grinding

Rail grinding has been recognized as the most essential control procedure for RCF
defects, particularly for gauge corner and running surface cracking defects. Adoption of
rail grinding as a maintenance strategy for controlling RCF defects is aimed at achieving
a balance between rail wear and development of RCF defects. It is widely accepted that
excessive rail wear should be prevented because it wastes the wheel and rail
material, but insufficient wear which allows fatigue cracks to initiate and propagate,
also reduces component life and increases the risk of rail failures. This has
introduced the concept of the optimal or “magic” wear rate, which occurs when the
surface material wears (or is removed by grinding) just enough to prevent small fatigue
cracks from propagating at an accelerated rate in the rail and causing fatigue failures.

Strategy S1 : initial preventive; S trategy S2 : systematic preventive ;
Strategy S3 : maintenance; Strategy S4 : corrective; strategy S5 : no grinding

Figure 10 : Magic Rate of Wear
The achievement of the “magic” wear rate is of course the basis for preventive or cyclic
rail grinding, which aims to remove relatively small amounts of metal at more
frequent intervals, and in so doing prevents the fatigue cracks from propagating at
accelerated rates. The concept is illustrated in Figure 16, which shows how the
grinding cycles are applied to prevent the rapid growth of the cracks. Rail grinding thus
becomes a tool for preventive rail maintenance and not merely a means for
correcting severe rail damage once it has occurred.
Accumulated Traffic GMT

Depth below original rail surface

Crack growth rates with grinding

Overall rate of
material loss

Crack growth rates
without grinding
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Figure 11 : Preventive Grinding to Limit the Crack Depth
6.4.

Compensatory grinding or re-profiling

In the new rail profiles, a very narrow contact band occurs with some new and worn
wheel profiles. Such contact conditions accelerate the development of RCF defects,
particularly in the gauge corner region of the rails.
The purpose of compensatory grinding is to optimize the size and place of the
wheel-rail contact point, resulting in a better distribution of stress and even a decrease
of contact stresses in the gauge corner area involved. A rail profile optimization helps
in controlling wear and fatigue defects development; the rail is artificially worn and
then gets an adapted profile with a bigger zone of contact. This helps in reducing the rail
wheel contact stresses and improving the wheel set steering characteristics and hence
reduces the lateral traction at the rail surface.
6.5.

Friction modifiers

Decreasing the friction coefficient, which is a ratio of traction and normal contact force
(T/N) in the rail wheel interface is a way to cope with high traction forces which can be
achieved by use of friction modifiers (FM). Lubrication of rails on the gauge face helps in
reducing the traction maxima and consequently inhibits the RCF defects on the gauge
face. On the other hand, the friction coefficient should remain optimal, i.e. higher than
0.3 on the top of the rail to guarantee good braking and acceleration conditions. Use of
friction modifiers helps in striking a balance between two seemingly contradictory
requirements.
Friction modifiers are a thin layer consisting of water and one or multiple
composite polymer(s) to be applied to rail material surface periodically. They possess
two special characteristics: they exhibit an intermediate friction coefficient and reduce
the traction forces without affecting adherence and braking resistance; and once water
is evaporated, friction modifiers help in setting up a thin dry film which will remedy, to a
certain extent, crack propagation problems. So friction modifiers reduce crack
formation and do not facilitate crack propagation.
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Figure 12 : Traction/Creepage relationship of Friction Modifiers
6.6.

Inspections

Ultrasonic Inspections are normally carried out at regular intervals to detect the rail
flaws. USFD is a relatively well understood technique and was thought to be the best
solution to crack detection. However, USFD can only inspect the core of materials; that is,
the method cannot check for surface and near-surface cracking where many of the faults
are located. This is where eddy currents assume an important role.
Eddy Currents are most effectively used to check for cracking located at the surface of
metals such as rails. Figure 13 shows the different inspection areas covered by eddy
currents and ultrasonic. It is important to emphasise that ultrasonics and eddy currents
are complementary inspection methods and should not be used exclusively of one
another. The essential differences in USFD and Eddy Current techniques are also tabulated
below.

Figure 13 : Inspection areas covered by Eddy Current and Ultrasonic Testing
Comparison between Eddy Current and Ultrasonic Inspection
Eddy Current
Good at detecting surface defects
Near sub-surface defects reasonable
to detect
Deep sub-surface defect detection is
impossible
Probes are less sensitive to flaw
orientation
No couplant needed, stable results
Probe can be made wide and profiled to
cover wear face
Faster inspection speeds

Ultrasonic
Poor at detecting surface defects
Near sub-surface defects difficult to
detect
Good sub-surface defect detection
Signal is strongly influenced by flaw
orientation
Couplant is needed between probe and
material causing variable results
Defect must be on probe centre line
Slow inspection speeds
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Conclusion
RCF defects are essentially rail surface defects generated due to heavy contact stresses
between rail and wheel contact surfaces. If not managed properly, these defects can cause
rail failures leading to serious accidents. Beyond the safety implications, substantial
economic cost is also associated in the form of premature rail renewals. Proper inspections
for detection of surface cracks by eddy current, preventive measures like lubrication of
gauge face, use of friction modifiers and rail wheel re-profiling and corrective measures like
periodic grinding have been discussed briefly.
Indian Railway is entering into the era of rail grinding in a limited way within a year or so.
Going by the old axiom “you can’t manage what you cannot measure”, it is essential that
systems for eddy current inspection for crack depth assessment and rail profile
measurements on regular basis are introduced in the field inspections, at least on those
sections where rail grinding machines are to be deployed.
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