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Summary:
The major reasons for deterioration and premature replacement of rail on heavy haul track are reviewed with particular
regard to the mechanical and metallurgical factors influencing various damage mechanisms. Damage to the rail is
principally a result of wear; rolling contact fatigue; other types of fatigue defects; corrugation; plastic flow and head
crushing; martensitic layers, particularly from wheelburns; and batter of joints and welds. Some consideration is also given
to wheel damage processes. Conclusions are drawn regarding means of reducing rail (and wheel) damage on existing
systems. Future developments, primarily in the field of metallurgy, are also discussed. The proposed treatments address
both mechanical and metallurgical factors to contain the damage. Considerable substantiation is provided for the proposals
from an extensive review of published work.

1

INTRODUCTION
th

century can be
Railway engineering in the 20
characterized by one word: change! Although there has
been little modification to the basic design of rails and
freight wheels, their shape, mechanical properties and
internal qualities have been progressively improved by
utilizing technological advances in steel refining and rolling
or casting processes. 1880 rail examined by Kobayashi et
al [1] exhibited low but uniform hardness throughout its
cross-section; a sulfur print demonstrated severe
segregation in the center of the web and the fracture
toughness of the steel was compromised by high sulfur
inclusions. Despite this our predecessors must be saluted,
as they struggled with the same issues we struggle with
today. Without their efforts we would not have progressed
as far as we have.
Over the last three decades, the rate of change has
accelerated considerably. The average freight car axle load
has doubled and annual tonnage on main line track has
quadrupled. In spite of this, the typical rail wear-life
doubled in tangent track and tripled in curves [2, table 1].
A main initiator of these increases in rail wear life was the
improvement in metallurgical and mechanical properties of
rail steel [3]. Upgraded truck design and maintenance,
lubrication and profile grinding have also contributed to the
wear life increase of the rail.
It is expected that the historic trend of increasing axle loads
will continue unabated. At the same time, heavy haul
railroads strive to increase the wear life of rail and wheel or
at least maintain these at the current levels. Although we
can not know in detail how these challenges will be met
over the next twenty years, we can assume that further
improvements in rail metallurgy, bogie performance, rail
grinding strategies and friction management will make
significant contributions.

This paper reviews past achievements in rail steel making
practices, identifies the required properties of current and
future rails from the perspective of contact mechanics and
briefly explores the impact of friction management, bogie
characteristics and grinding on future rail performance.
2

RAIL DAMAGE

Regardless of variations in tonnage, speeds and
environment, all heavy haul railroads face a number of
opponents in the battle to increase rail life including wear,
surface contact fatigue, contact fatigue defects, plastic flow,
corrugations, weld batter, and martensite formation.
2.1

Wear

The top of the rail is subject to high contact stress and
relatively low levels of slip, which typically generates
magnetite (Fe4O3) through an oxidative, wear process [4].
The resulting particles are micron to sub-micron in size and
mix with various environmental contaminants that compose
a protective layer on the top of the rail. The composition of
this layer and frequency at which it is flushed from the rail
dictate the oxidative wear rate. Abrasive wear, caused by
silicate rich contaminants or sand from locomotives, can
double or triple the oxidative wear rates. Wheel/rail
abrasion is common near road crossings, on upgrade
sections of track, in sidings and in rail yards.
In dry curves, the gauge face/wheel flange contact is
subject to high flange force (often 30- 60% of the wheel
load), and a high level of slip. Gauge face wear is
dominated by adhesion; cold welding and subsequent
tearing of metal [5,6] that generates shiny metallic wear
particles (Figure 1). In addition to flange load and slip [7],
the wear rate is strongly influenced by lubrication [8],
microstructure and hardness [9,10,11,12], and grinding
practices [13].
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Figure 1: Shiny wear particles (“dandruff”) from adhesive wear at
the wheel flange contact with the outside rail in a sharp curve.
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The rate and depth of crack propagation is strongly
influenced by the presence of greases or water at the crack
face [22]. Dry cracks typically propagate less than a couple
of millimeters into the surface to a depth governed by the
limiting value of the surface shear stress. Lubrication of the
crack faces by water, grease or other contaminants allows a
crack to propagate deeper by Mode II (shear) propagation
(Figure 4a). Additionally, water entrapped in inclined
surface cracks can be hydraulically pressurized by the
passing contact load, propagating surface cracks rapidly by
Mode I tensile stress (Figure 4b).

Rolling Contact Fatigue (RCF)

A typical piece of heavy haul rail carries about 3 million
wheel load cycles every 100 MGT; freight wheels with a
life of 240,000 kilometers undergoe about 80 million
rotations. A percentage of these cycles, under conditions of
high friction and high contact stress deform the wheel and
rail metal in the direction of the applied stress [14]. The
accumulating increments of deformation “ratchet” [15,16]
the surface layer until it reaches its ductility limit, then
fractures and generates a surface crack [17,18] (Figure 2).
The rate of surface deterioration depends primarily on the
friction coefficient, maximum contact stress and strength of
the steel [16,19,20,21] (Figure 3).

a

b

Figure 4: a) Reducing the crack-face friction accelerates Mode II
crack propagation. b) hydraulic compression by entrapped water
leads to very rapid crack propagation in Mode I. [23]

Based on the combination of the above influencing factors,
the RCF damage can range from microscopic cracks to
head checks to broken rail [13]. Head checks [24] are RCF
cracks that grow initially at an acute angle to the rail
surface. If the inclined cracks coalesce or turn towards the
rail surface, a shell develops.
Deep seated shells usually develop at the gauge corner of
the high rail (Figure 5), and are commonly the result of
gauge corner collapse due to excessive loading of the rail
corner [25,26]. Clean steels in combination with grinding to
a transverse profile with moderate gauge corner relief is an
effective strategy for minimizing the occurrence of these
types of shells.

Figure 2: Ratcheting in rail steels associated with contact fatigue

Figure 5: Transverse defect and broken rail from head checking.

2.3
Figure 3: Shakedown diagram for line contacts

Defects

Rail defects significantly reduce rail life [27,28]. Among
the numerous types of rail defects are the detail fracture,
broken rail (pull apart), broken weld, vertical and horizontal
split head and transverse defect from a deep seated shell.

2
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All are difficult to eradicate in heavy haul track. Early
detection is the best method to deal with detail fractures
[28], while rail destressing and better welding practices can
address problems with broken rail and welds respectively.
Horizontal split heads are typically associated with worn,
head hardened rails. Deep head hardening helps to alleviate
these types of defects, even on rail with expanded wear
limits. Although some suggestions as to the cause of
vertical, split heads have been made [29,30] more research
is needed before effective means are found to alleviate this
defect. It is universally accepted that transverse defects
from shells initiate at alumina-silicate oxide inclusions
[31,32]. In some instances, head checks progress into
transverse defects (Figure 6), which lead rapidly to a
broken rail and, if not detected and removed, serve as a
derailment hazard. The transverse defects from deep-seated
shells are especially difficult to detect at their early stages
of growth, because they are shielded by the initiating shell
crack.

a

b
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pattern of corrugation on the rail with a wavelength of
about 150-450 mm. Contact fatigue corrugations are
prevalent in territories where crack growth is assisted by
surface water from monsoon rains or drifting snow that
hydraulically pressurizes the cracks.
A third form of corrugation common to freight lines is
“rutting” [33,38]. The damage mechanism is differential
wear associated with oscillatory tractions [39]. Oscillating
longitudinal tractions develop due to excitation of the
fundamental torsional resonances of the wheelset. This
may be exacerbated in some cases by stick-slip at the
wheel/rail contact.
Even without wheelset torsional
resonance, vertical track oscillation (e.g. from sleeper
resonance) causes variation of the normal force and thus the
longitudinal traction. Rutting is most common in areas of
high traction or braking, or where there is differential
traction on two wheels of a wheelset as occurs in curves.

c

Figure 6: Examples of shell fractography: a) open shell with crack
growth rings visible but with no head checks. b) open shell with head
checks (above the coin) present simultaneously. c) closed shell with
transverse crack could result in a broken rail.

2.4

Corrugations

Corrugation refers to periodic irregularity of the rail (and
sometimes wheel) surface which is often difficult to
measure but is visible to the naked eye. Corrugation gives
rise to high dynamic forces between the wheel and rail, and
degrades ballast and other track components at often
overlooked but substantial costs [33,34]. It may also be a
source of noise and associated litigation.
In heavy haul systems, corrugation is most common where
heavy unit trains run at a consistent speed [35].
Corrugation initiates at discrete railhead irregularities,
including welds and joints. The excitation of a vertical
resonance, in this case the unsprung mass of the heavily
loaded cars on the track stiffness – the so-called P2
resonance – leads to gross plastic flow in the corrugation
troughs and “mushrooming” of the rail head [36]. Many
trains with similar characteristics at similar speeds reinforce
the initial irregularities at a wavelength which is typically
200-300 mm. This form of corrugation tends to occur
preferentially on the high rail of curves, since contact
stresses tend to be larger there.
Head checks from rolling contact fatigue can also initiate
corrugation [37].
The initially irregular series of
depressions from shelly spots excite the same P2 resonance
mentioned earlier, evolving into a more or less regular

Figure 7: Typical Heavy Haul Corrugation

2.5

Plastic Flow and Head Crushing

Every rail installed in tangent or curved track is subject to
plastic flow due to ratcheting of rail steel [40]. The depth of
plastic flow can range from a fraction of a millimeter to as
much as 15 mm in depth [41]. The depth of plastic flow
increases with severity of curvature but decreases with
hardness [15].
In tangent track, the plastic flow results in a tighter profileto-profile gauge. This may increase the effective conicity
between wheels and rails and contribute to hunting of
vehicles. Periodic grinding is necessary to remove the
deformed metal on existing rail [37]. Installation of harder
grades of the rail can minimize future plastic flow
problems.
The direction of plastic flow in curves is always towards
the center of the curve on both inner (low) and outer (high)
rails [21]. Thus the metal flows towards the gauge face on
high rails where it is worn away by the wheel flanges.
Many low rails suffer from crushing through contact with
the false flanges of heavily loaded vehicles in curves with
3
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wide gauge. Harder rail steels better resist plastic flow
[42], but under wide gauge greater than about 12 mm, even
harder rails crush from the combined stresses and lateral
traction. Solving the inner-rail crushing problem relies on
reducing L/V ratios through friction management at the top
of the inner rail, introducing improved trucks to reduce
creepage and increasing the robustness of the track
fastening system to resist static and dynamic gauge
widening.

remains the hardness difference between the parent rails
and the weld joint [46]. A weld that is harder or softer than
the rail leaves a bump or a dip on the rail, respectively.
These initiate vertical vibration between the wheel and rail.
Both hard and soft welds are subject to contact fatigue and
contact fatigue related spalling; the hard weld joint because
of high contact stresses due to wheel impacts and the soft
weld joint because of increased susceptibility to ratcheting
and plastic flow.

2.6

3

Martensitic Layers (Wheelburns)

Under conditions of large slip, the temperature of the rail
(or wheel surface) can rise well beyond the 723oC required
for transformation of eutectoid pearlitic steel. “Selfquenching” of that zone by the large thermal mass of the
body results in martensite formation [43]. Slip of a driving
wheel over the rail surface causes an “engine burn” on the
rail surface (Figure 8a). Excessive braking and subsequent
sliding of the locked wheel over the rail causes skid flats on
the wheel (Figure 8b).

a
a)

b

Figure 8
Engine burn on the surface of a rail in a railyard
b) Skid flats on the wheel tread surface.

WHEEL DAMAGE

The rail wheel is subject to essentially the same damage
modes as the rail; flange wear [47] is a mirror image of
gauge face wear; tread wear of rail crown wear; skid flats
[48,49,50] of wheel burns, etc. The flange root and the rim
side of a wheel tread experience plastic flow in directions
opposite to that of the rail. For this reason, deep-seated
wheel shelling is not generated by the same mechanism as
deep-seated shells on the rail.
Wheel shelling (Figure 9) is the end result of surface
fatigue cracks propagating into the wheel and then linking
with other cracks, whereupon a piece of metal spalls from
the surface [48,51]. This process leads to high impact
forces that damage both the wheel and rail. Wheel
replacement due to shelling is a multi-million-dollar per
year problem in North America. Broken rails associated
with impact forces from shelled wheels are also common,
particularly in winter when the rail is under heavy tension,
the ballast is frozen and the number of shelled wheels is at
its highest. Cracking and shelling of the rail tread may also
develop into a broken wheel, leading to an immediate
derailment.

The hard, brittle martensitic regions on the rail (and/or
wheel) readily crack under subsequent wheel/rail contact
cycles. Spalling of martensite from the parent material
leaves behind a network of surface cracks [44]. On the
wheel, these commonly progress into rolling contact fatigue
shells. On the rail, these cracks may propagate deep into
the rail surface, appreciably increasing the potential of a
broken rail in cold weather.
2.7

Joint/Weld Batter

Although insulated joints are necessary to electrically
isolate sections of track, maintenance intensive jointed
track is steadily being phased out of heavy haul systems.
Maintenance of rail joints is expensive because of the
frequent welding and grinding required to control joint
batter. Although premium rails reduce joint batter, no rail
steel can withstand the tremendous wheel impacts that
occur at rail joints.
Heavy haul railways adopted rail welding in the late sixties
and early seventies [45] to avoid the high maintenance cost
of rail joints. Even though they are a significant
improvement over joints, rail welds are still responsible for
a large percentage of rail failures. A significant problem

Figure 9: A fully shelled wheel tread.

4

METALLURGICAL CONSIDERATIONS

The ability of rail (and wheel) materials to withstand wear,
surface and subsurface crack propagation is dependent on
the quality of the steel employed [52]. Properties such as
hardness, fracture toughness, metallurgical cleanliness and
the state of residual stresses are of primary consideration.
The next generation of harder and tougher steels is being
pursued through improved steel making facilities
[53,54,55], head hardening practices [2,56,57,58,59,60] and
inspection techniques [61,62].
4
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Large varieties of plain carbon, alloyed and heat treated rail
steels are available from rail manufacturers. The general
categories for existing rail and wheel metallurgies are given
in Table 1. While the development and production of
bainitic steels is well underway [2,63,64,65], their
performance under heavy haul conditions remains to be
established.
4.1

Hardness

One of the most important metallurgical properties of the
rail steel is its hardness [66]. It governs wear resistance,
rolling contact fatigue resistance and mushrooming (plastic
flow) of the railhead.
The wear resistance of the rail steel varies tremendously,
depending on the wear mechanism involved. Under
abrasive wear such as in rail grinding [67], when the
abrasive is much harder than the steel, the relationship
between wear and hardness is approximately linear [68].
However, under oxidative wear, hardness is not expected to
play a significant role.
The most valued property of hard rail is its resistance to
gauge face wear [3,6,7,11,52,66,69,70]. Laboratory tests by
Kalousek [21] have shown that in unlubricated wear, head
hardened rail steels can reduce gauge face wear rates by a
factor of six when compared with Standard rail. Under
well-lubricated conditions, the head hardened rail
specimens wore at half the rate of the Standard carbon rail
specimens. Results from the field tests [71] are less well
defined, as the lubrication and/or contamination of the rail
cannot be controlled to the same degree as in the laboratory
[10,12,27].
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Fracture Toughness

Rail steels with good fracture toughness can inhibit or
prevent the occurrence of shelling and internal defects in
heavy haul track. Steels with good fracture toughness resist
propagation of cracks from both RCF and other types of
fatigue [72]. The ability of a material to resist crack growth
depends on the propagation Mode (type I, II, or III)
[17,28,73,74,75].
The propagation of the contact fatigue cracks and
development of the associated spalls and shells are greatly
influenced by crack contamination or the entrapment of
fluids [23]. It has been widely demonstrated (though little
documented) that the presence of water in the cracks over
prolonged periods of time cannot be compensated for by
further enhancements of fracture toughness. Preventing
surface crack initiation represents a more effective way to
deal with this problem.
With respect to internal defects, good fracture toughness
allows for a reasonable defect detection interval, thereby
contributing to the safety of operations. Controlling the
morphology of inclusions [76], ensuring favorable residual
stresses [72], laboratory and field testing at high [77] and
low frequencies and loading rates [78] of developmental
rail steels have been utilized to improve the fracture
toughness of rail steel.
Micro-alloying elements have been shown to affect the
fracture toughness
[70,79].
Molybdenum increases
fracture toughness while increasing phosphorus has a
significant negative impact [72]. Manganese and niobium
additions do not appear to influence fracture toughness
[80]. Increasing the nitrogen content in steel to 0.0015%
enhances the metal’s impact strength at sub-zero
temperatures [81].

Table 1 - Metallurgical standards for railway wheels and rails

Production
Process
Microstructure
Hardness

Composition

Heat treatment

Wheel
Cast
Wrought
Eutectoid – pearlitic
Class B
277-341
Class C
321-363

class B
class C
C 0.57-0.67
0.67-0.77
Mn 0.60-0.85
0.60-0.85
P 0.05
0.05 max
S 0.05
0.05 max
Si 0.15
0.15 max
controlled cooled (cc)

Rail
Rolled from ingot or continuous cast billet
roller straightened
Eutectoid – pearlitic
Standard 260-280
Intermediate 320-340
Premium 360-375
Super 375-390
C
Mn
Si
P

0.72/0.82
0.80/1.10
0.10/0.60
0.035 max

S
Cr
Ni
Mo

0.037 max
0.25-0.50
0.25 max
0.10 max

Standard: Plain carbon – hot bed cooled
Intermediate: Alloyed – hot bed cooled
Premium: Plain carbon – fully HT
Super: Head hardened & micro-alloyed
• On line - no reheating of head
• Off-line – head heated by flame or induction
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4.3

Microstructure and Cleanliness

Despite increasing interest in bainitic and martensitic rail
steels, pearlitic steels continue to prevail for heavy haul
railway track. Work is ongoing continually to improve the
pearlitic structure, mostly through reductions of the
interlamellar spacing and lamella thickness.
These
refinements have been found to improve wear resistance
and fracture toughness properties [79,82,83]. On the other
hand, others [84,85] found that by increasing the cementite
lamella thickness in hypereutectoid pearlitic steels, wear
resistance improved by 20%. In pearlitic steel, increasing
prior austenite grain size and lamellae spacing decreases the
rate of crack growth [86]. The fine dispersion of copper
particles in both lamellae phases can strengthen the pearlitic
microstructure without reducing the tensile, ductility and
toughness values [69]. Spherodization of the pearlitic
microstructure, which may occur in the heat affected zone
at welds reduces wear resistance [11].
Rail cleanliness is judged according to the amount and
distribution of soft inclusions, hard inclusions and
entrapped hydrogen. In the most general terms, soft
inclusions increase wear, hard inclusions are associated
with sub-surface rolling contact fatigue defects and
entrapped hydrogen is responsible for some internal
defects.
Wear resistance of rail is adversely affected by soft,
manganese sulfide inclusions [87], with clean steel
outperforming standard steel by a factor of approximately
two. Sulfide inclusions may also contribute to the initiation
of RCF surface cracks [13], particularly in the softer grades
of rail steel. In either case, plastic flow from asperity
contact elongates the sulfide inclusion and effectively forms
microscopic cracks within the surface layer, weakening the
steels.
Hard inclusions or stringers of inclusions, typically of
alumina-silicate composition, have been implicated in the
development of sub-surface initiated rolling contact fatigue
defects [88,89]. Inclusion stringers are strongly implicated
in the formation of vertical split heads [90], deep-seated
shells and, in particular, transverse defects from the deepseated shells. Field testing has shown that the formation of
subsurface defects is critically dependent on the “Sugino
Index” [91] a measure of the length of oxide stringers.
Subsequent work by Clayton [92,93] and others [26,32,94]
suggests that the defect rate closely correlates to the socalled “Clayton Number”, which is dependent on the oxide
volume fraction, hardness, and Sugino Index. Despite all
efforts to improve cleanliness, overloading of the gauge
corner can still initiate deep-seated shells in the absence of
the inclusions [94].
The ability of hydrogen to form shatter cracks, and thereby
cause broken rails, is well known. However, the cleaner the
rail, the more precisely the hydrogen level needs to be
controlled [95]. It is not surprising then that most rail steel
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manufacturers pay very close attention to clean steel
making practices [56,63,96].
Improved cleanliness of rail steel substantially reduces the
occurrence of defects but cleanliness alone cannot
guarantee the absence of defects in the track.
4.4

Residual Stresses

Residual stresses in rail are the result of a) the rail
manufacturing process, b) contact stresses due to passing
wheels and c) welding. Stresses in as–rolled and fully heattreated rail are tensile in the head and base and compressive
in the rail web, whereas head hardened rail usually exhibits
a compressive residual stress in the head [57,97,98]. The
type of straightening process affects the residual stress
magnitude – characteristically in the order of 100 to 300
MPa [99]. Excessive residual stresses associated with
inadequate straightening techniques may contribute to
catastrophic rail failure and derailments [100,101].
Numerous destructive and non-destructive methods for
measuring residual stresses have been developed. The
simplest and most widely employed measurement
technique is the saw-cut method [100,102,103].
Work hardening of the surface layer by the passing wheels
induces compressive residual stress in the rail-head [104]
that can extend up to 15 mm into the rail-head, with harder
steels exhibiting a shallower work-hardened depth. These
protect the near surface layer by inhibiting the rate and
depth of contact fatigue crack propagation [105].
Residual stresses in the vicinity of the weld are distributed
in a very complex manner with respect to their magnitude
and direction. Flash butt welding introduces high tensile
residual stresses that significantly increase the rail
susceptibility to horizontal web failures [106].
4.5

Welding

Flash-butt and thermite welds are the most common used in
continuously welded track, though gas pressure welds are
also applied. Regardless of the welding technique, the
primary goal is to match the hardness of the welded joint to
that of the parent metal. Improvements to flash butt
techniques seek to eliminate defects associated with
preheating (spherodization and porosity), flashing (iron
oxide inclusions), upset (poor fusion, dendritic structure)
and post-heating (martensite, unmatched hardness)
[106,107]. Problems with thermite welds include lack of
fusion and porosity [108,109]. Although these are the same
problems that have plagued track maintenance engineers for
the last few decades [45], increasing axle loads, changes to
rail metallurgy, shorter maintenance windows and demands
for improved weld quality ensure that research into
improved welding processes will continue into the
foreseeable future [46,110].
A major problem with current rail maintenance technology
is that a rail defect is removed and replaced with a 6 m rail
plug and two more welds. Wide gap welds [111] that span
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70 mm offer the hope of eliminating rail plugs and reducing
the total number of welds in track.
5

CONTACT MECHANICS CONSIDERATIONS

Improved rail metallurgy may provide greater freedom in
the quest to engineer optimal wheel and rail profiles. The
design of profiles for a given rail operation has always
required a compromise between three main parameters:
1.

Contact stress – conformal profiles reduce contact
stress, which minimizes the possibility of contact
fatigue and wear. On the other hand, conformal
profiles may be subject to large spin creepages,
especially in tangent track. This creepage contributes
to wear and short pitch corrugation development.

2.

Wheelset steering – a non-conformal, single point
contact provides the greatest steering forces in curves,
but on heavy haul railways overloads the rail gauge
corner.

3.

Effective conicity – wheel/rail profile combinations
that compromise between contact stress and steering
often develop a high effective conicity, which is a
precursor to truck hunting.

If improvements in rail metallurgy are accompanied by
advances in wheel steel technology, we may significantly
increase the range of allowable contact stresses. An
exciting possibility is then available - with improved trucks,
profile selection and control, and grinding implementation,
we may one day be able to safely employ a single point
(conformal) high rail contact strategy on heavy haul
systems. The resulting improvements in steering and
stability should provide significant reductions in fuel
consumption and increases in both wheel and rail life.
6

OTHER PERSPECTIVES

Reduction in rolling contact fatigue, wear and defects are
achieved by minimizing contact stress, traction forces, and
ratcheting. The contributions of metallurgy to increasing
rail and wheel life have been addressed in §4. However
lubrication, bogie improvements and rail grinding also
contribute to increases in wheel and rail life, especially
when implemented as part of an overall system strategy.
6.1

Lubrication and Metallurgy

At any level of creepage and contact pressure at the
wheel/rail interface, friction is largely controlled by the
composition of the interfacial layer [4,19]. Depending on
the layer thickness and the amount of brakeshoe debris,
sand, organic residues, moisture, greases, oils, wear debris
and other environmental contaminants in the layer, the
effective friction coefficient can range between 0.1 and 0.7
[6,8].
The application of lubricants (greases, oils, solid sticks) to
the wheel-flange and/or gauge-face of the rail provides the
most dramatic evidence of wear reduction associated with
lubrication. Laboratory tests have shown that properly and
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consistently applied lubrication to reduce friction to 0.15 or
lower, can reduce wear of the high rail by a factor of 1000
of that in unlubricated conditions [8]. Subsequent fieldtesting showed that actual results ranged from 1/5 to 1/20th,
when comparing wear of the high rail under lubricated vs.
unlubricated conditions [21].
Managing the friction coefficient at the top of the rail has
emerged in the last decade as a feasible means for
controlling wear and contact stresses in rails.
The
“untreated” top-of-rail friction value often reaches 0.55 [44]
or greater and is associated with high rates of wear, fatigue
and plastic flow of both rail and wheel.. High top-of-rail
friction is also responsible for large lateral forces that
spread the high and low rails in curves. A high L/V
(lateral/vertical) ratio is a primary factor in derailments
caused by either climbing of the wheel over the high rail
(wheel climb) or outward rotation of the low rail (low rail
rollover derailments) [112].
As seen in Figure 3, the shakedown limit rapidly decreases
(and associated rolling contact fatigue rates increase), for
friction levels greater than 0.3. Controlling top-of-rail
friction to about 0.3, in combination with improved
metallurgy, provides a high degree of resistance to surface
plastic flow. Consequently, cracking and shelling are
inhibited and the number of rail breaks reduced. Because
of the concern with maintaining locomotive adhesion,
railways have been reluctant to place any friction reducing
substances on the top of the rail. However, significant
developments have been made in friction modifiers,
including the formulation of solid stick flange and tread
friction control products [19], and locomotive borne
lubrication systems [113,114].
6.2

Bogie improvements and Metallurgy

Improved bogies [115,116] have been shown to reduce
wheel/rail interface traction forces, wear [117] and RCF
damage to wheels and rails. At the same time, harder and
cleaner steels are demonstrating significantly greater
resistance to contact fatigue [24,118]. Taken together,
advanced bogies with improved metallurgies may permit
more aggressive asymmetric profiling of rails, reducing
creepage by maximizing steering forces. In the past,
steering was always compromised by the inability of rail
steels to withstand the higher contact stresses that were
required. Today’s premium steels may enable us to employ
wheel/rail profile combinations with higher (but acceptable)
contact stresses and improved steering.
6.3

Grinding and Metallurgy

Rail grinding has played a major role in increasing the life
of all rail [67,119,120,121,122]. As various field tests have
demonstrated, even though improved metallurgies may
considerably improve resistance to both wear and fatigue,
worn or improperly ground rail encounters an unfavorable
contact stress distribution that culminates in rolling contact
fatigue [92]. Profile grinding of the rail is required to
promote a healthy wheel/rail contact geometry [26,67].
7
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Advances in grinding strategies, including the application
of multiple tangent rail profiles and implementing
preventive grinding should be important parts of any
attempt to improve rail life. Fine-tuning metal removal rates
to meet the specific curvature/metallurgy/environmental
needs of the treated rail will enable rail grinding to further
contribute to both reduced rail maintenance costs and
increased rail life.
7

As axle loads rise toward the 50 ton level, even the cleanest
and hardest (≈380 BHN) pearlitic steels will succumb to
plastic flow, surface fatigue and internal defects. To meet
these demands, the development of harder rail steels is
underway.
Ultra-High-Carbon, Austenitic-Mn and
maraging rail structures are being considered but the most
promising candidates are eutectoid and low carbon bainitic
steels. Unfortunately, the cost of high alloy steels is likely
to be appreciably higher (e.g. 40%) than today’s standard
metallurgies. Also, before any new metallurgy will be
widely adopted, it must prove resistant to web cracking
during roller straightening, demonstrate suitable weldability
to existing metallurgies and exhibit a compatible thermal
expansion coefficient.
Demands for higher rail life under conditions of shrinking
maintenance windows have and will be met through a
systems approach. Although this paper has focussed on
metallurgy and contact mechanics, it should be clear that
other elements such as lubrication, bogie improvements and
rail grinding can provide significant contributions to
improving wheel and rail life.
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