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Abstract This research paper reviews the recent works

on the rolling contact fatigue of rail wheels. The topic

covered includes the mathematics equations of rail-wheel

contact stress and fatigue, RCF defects in the rail, the

development of cracks, and the strategies used to reduce

the rate of RCF defects. Therefore, the main understand-

ings of RCF as they currently stand are crucial for the

improvement and mitigation on rail fatigue failures in the

future. This research paper has not been published yet and

has not been discussed yet by the Malaysia Railway

Network.

Keywords Rolling contact fatigue � Rail–wheel contact �
Rail defects � Crack propagation � Stresses

Introduction

In today’s engineering field, fatigue is one of the leading

major failures caused by various loading amplitudes. The

term fatigue often refers to the load applied to the subject

(component). An insufficient level may cause failure in a

single application [1]. Cui [2] also added that a component

receives a force in continuous loads, thousands or millions

of times in variable or constant ways, allowing it to

develop into cracks and increasing the likelihood of the

failure of the components. The failure always appears

gradually, locally and permanently by relying on the

repeated stress coming out of dynamic stress in the critical

area where the number of stresses subjected are less than

the ultimate tensile strength (UTS). Recent publications by

Ye and Cini [3, 4] state that fatigue failure can be traced

back to the nineteenth century during the Industrial

Revolution in Europe, as featured by German engineer, W.

A. J Albert in 1829. In Albert’s paper, he mentioned that

the repeated stress of lower amplitude loads and the loss of

durability of the metal [3]. The word ‘fatigue’ was used a

decade later by Poncelet in his book titled ‘Introduction à

la Mécanique Industrielle’, also known as the ‘Introduction

to Industrial Mechanics’ [3]. Later on, a disaster occurred

in 1842 when a heavy locomotive axle failed due cyclic

loads. The broken axle demonstrated the presence of brittle

cracking across the diameter, as found by British Railway

Engineer, W. J Rankine. He recognized that fatigue has an

effect on the concentration of stress in mechanical com-

ponents, as shown in Fig. 1 that the highest concentration

of stress occurs at rail-wheel contact as able to form the

defect as RCF as squat and head checking.

In 1850, the research engineer Wohler designed a

method for determining the characteristics of fatigue based
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on a myriad of experiments focusing on the failure of

railway axles. To determine the fatigue life of the com-

ponents, some of the specimens with cylindrical gauge

lengths were tested using constant conditions. The results

from the cyclic test were plotted on the stress–life curve.

Ultimately, some amendments to the mechanical design

and properties are required to reduce the stress concentra-

tion areas and to control the fatigue failure of the

component.

In terms of rail–wheel contact, [5] and [6] underlined

that Rolling Contact Fatigue (RCF) is a term that has been

used broadly in railway engineering. It is well known to be

a common cause of failure because of the repeated stresses

due to rail–wheel interactions when moving. The types of

defect due to RCF such as head checking, squat, and

spalling/shelling may be classed as dangerous as they can

cause the train to derail from the track and contact patch

[7, 8 and 9]. For instance, Fig. 1 shows the zone appear-

ance and stress concentration of RCF.

According to [10, 11], rails are one of the key compo-

nents of railways, involving a heavy haul track and high

circle of fatigue with a cover in between 106 and 108 cycles

of loading across its rail life. Following to the recent

publication by Murray [11], a number of circles of 107

from steel can develop the endurance limit. Failure never

occurs if the total number of stresses does not exceed the

limit. To control the rail fatigue, the selection of rails is

highly important in relation to the track limit. It is often

involved in the percentage calculation of uniaxial tension

strength, also known as UTS [11, 12 and 13] (Figs. 2 and

3).

Where the stress number is below the endurance limit,

plastic flow may occur on the rail, but it raises the strain

hardening in response to the yield stress. This is where the

steel carries additional load cycles and the plastic flow

ceases without further damage. This process is known as

shakedown, and it is one of the rails’ characteristics [11].

For instance, cracks appeared at present in the surface of

rail, but the stresses are below the endurance limit. Here,

the plastic flow might be the action needed for the propa-

gation of crack ceases, appearing at the tip of the crack.

Generally, the rail fatigue experiences were the outcome

of the highest bending stresses, lateral loading, and rail–

wheel contact stresses observed, etc., such that if the stress

values exceed the endurance limit of the rails, then

shakedown may not occur and the fatigue damage might

accumulate with every cycle of stress [11]. In the initial

phase of crack initiation, there is propagation at the surface

and finally, the rail breaks which can cause a derailment

accident. To respond to the rail fatigue problem, engineers

need to follow the theory of contact stress by Hertz to

determine how to multiply the wheel–rail dynamic load

and static load.

Fig. 1 Zone appearance and

stress concentration of RCF [8]

Fig. 2 FE model of rail–wheel elliptical contact [16]
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Mathematic Equations for the Rail–Wheel Contact

To predict the fatigue of the rails, it is vital to engage in the

accurate stress analysis of the rail wheel. Generally, the

main backbone of the Hertz contact theory is the rolling

contact stress predictions. Sometimes this method incurs

less accuracy in terms of the results of the rolling contact

stress when the plastic deformation develops in response to

a large amount of stress.

To find the value of the normal pressure distribution,

p(x,y) has been expressed below by Srivastava and Jaga-

deep and Sayed [14, 15 and 16]:

P ¼ po

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � x

a2

2

� y2

b2

r

ðEq 1Þ

The formula represents the following:

a = half-width contact area for the x longitudinal

direction.

b = half-width contact area for the y lateral direction

a ¼ m
3p
4

� pK1 þ K2

Aþ Bð Þ

� �1=3

ðEq 2Þ

b ¼ n
3p
4

� pK1 þ K2

Aþ Bð Þ

� �1=3

ðEq 3Þ

To calculate the contact areas of the rail wheel, it is

essential to obtain the real measurement of the geometric

constants used in the above mathematical formula. The

following are the combinations of curvature proposed

[14–16]:

Aþ B ¼ 0:5 � 1

R11

þ 1

R12

þ 1

R22

þ 1

R21

� �

ðEq 4Þ
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� 1
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þ 1

R22

� 1

R21
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þ2
1

R11

� 1

R12

� �

1

R22

� 1

R21

� �2

� cos 2/

" #1=2

ðEq 5Þ

The values of A and B as constants are where the R11 is

the rolling radius of the wheel curvature, R12 is the radius

of the wheel profile, R21 is the radius of the runaway of

infinity, and R22: is the radius of the rail curvature in the

cross section [14].

To calculate the principal stresses at the surface of the

rail–wheel contact, the following equations were used:

r1 ¼ �2lp0 � ð1 � 2lÞp0

1

R11

þ 1

R12

þ 1

R22

þ 1

R21

�

ðEq 6Þ

r2 ¼ �2lp0 � ð1 � 2lÞp0

1

R11

þ 1

R12

þ 1

R22

þ 1

R21

�

ðEq 7Þ
r3 ¼ �p0 ðEq 8Þ

rvon�mises ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r1 � r2ð Þ
p 2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 � r3ð Þ
p 2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r3 � r1ð Þ
p 2

� 1

2

� �

ðEq 9Þ

Fig. 3 Left: Actual dimensions in millimeters; right: damaged

specimen of R260 for LRT [29 and author] [27] mentioned that the

Hertz contact theory considers the radius of the curvature of the rail

and wheel profiles when they are in contact as assumed. This is where

there is a constant and no plastic deformation in the contact area.

Figure 2 shows the elliptical rail-wheel contact with labelled

dimensions on the x, y, and z axis. Figure 3 on the left presents the

actual dimensions of the rail at an LRT of R260
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Fatigue Analysis

This section demonstrates the fatigue analysis results based

on the finite element analysis. The fatigue crack life usually

can be divided into 3 phases covering the initiation of the

crack and its growth. In the first phase, shear stress occurs

at the surface. In the second phase, there is the growth of

the crack and in the final phase, there is the subsequent

shear crack growth and tensile effect. The crack starts with

repeated rolling contact on the surface which may occur in

phase 1. To determine the life of fatigue, a formula has

been introduced by Jiang [17] as follows:

FP ¼ \rmax [ ðDe � 0:5Þ þ JDsDcÞ ðEq 10Þ

The mathematical formula for the fatigue life on the

plane can be used as follows: Eq. 11 sets the material

properties shown in Fig. 4.

FPmax ¼ \rmax [ ðDe � 0:5Þ þ JDsDcÞmax ðEq 11Þ

Types of Stress and the Root Cause of Rail–Wheel

Stresses

Bending Stresses

Bending stresses are one of the types of stress during train

movement from point A to point B. The train’s movement

through the wheel creates a force known as lateral loading

that is also vertical to the rail [7]. There is the possibility of

rail failure due of the forces involved which contributes to

the fatigue failure. Usually, the vertical loading appears

where there is a static axle load of 7 tonnes—23 tonnes.

The dynamic effect comes from the train movement. Fig-

ure 5 shows the schematic diagram for the movement

direction and crack propagation. The weight of the rails,

the presence of defects, and irregularities in the running

interface mean that motion sleepers can be influenced by

the magnitude of the bending stresses (Fig. 6).

In the current circumstances, the bending stress can be

measured using a computer based on the theory of a beam on

an elastic foundation. Tensile stress shows on the rail surface

a distance from the wheel’s position rather than in contact

with the wheel, according to [7]. Figure 7 displays that how

the stress distribution on the bending, shear, contact stresses

and bilk stresses in longitudinal section of rail.

Zimmermann [18] revealed that determining the bend-

ing movement of MY and MZ can be undertaken as follows:

My xð Þ ¼ � Fv

4kv
cos kvx� sin kvxð Þ � exp �kvxð Þ

Mz xð Þ ¼ � Fv

4kv
cos kLx� sin kLxð Þ � exp �kLxð Þ

The representatives of symbol x—the longitudinal

position on the rail, FL and FV the lateral and vertical

Fig. 4 Types of stress and their

root cause
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wheel loads are shown in Fig. 8. As Fig. 8 demonstrates,

the bending stress at rail surface and location of FL and FV

kL and kV are constant parameters which rely on the lateral

and vertical foundation stiffness kV and kL and rail

geometry.

kv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kv

4E � Iyy

4

s

kL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:85kv

4E � Izz

4

r

Shear Stresses

The contact area of the interface between the rail and wheel

involves the traction of the trains which generates the shear

stress [7]. The types of situation caused by shear stress can

be due to the particulars below:

1. Acceleration and deceleration of trains [7]

2. Train start and stops [7]

3. Slip occurs [7]

4. The lateral movement of the wheel results in a

transverse creep during the train curving or hunting

[7]

The creep traction or forces can result in fatigue failure

as it generates a high level of tangential stress between the

train and rail interface layer which is a mixture of wear

debris, dust, rust, and environmental contaminants [7]. To

minimize the creep traction that controls the traction from

the train, a lubricant is used at the interface, in comparison

with a dry rail surface [7, 19]. Ultimately, shear stress can

result in a crack at the surface. It plays a salient role in

vertical crack propagation with the involvement of major

fracture mode II as well as knowing how the wheel rolls

over the rail surface.

Rail–wheel Contact Stresses (RWC)

One of the major problems that contribute to fatigue failure

come from rail–wheel contact stress. It forces the wheel

rail at the contact patch to induce high contact stresses in

the initial stage of crack propagation. The modern

researcher has been sketch out the position of contact stress

zone and typically loads in three axis by Singh [20] as

Fig. 9. A crack from RWC stress can be traced at the rail

surface, and it has the potentiality to propagate in two

stages as follows:

Fig. 5 Schematic of rail defects

[28]

Fig. 6 Schematic diagram of a wheel rolling over a rail showing the

movement direction and crack propagation by [7]

Fig. 7 The stress distributions of bending, shear, contact stresses, and

bulk stresses in the longitudinal section of the rail [7, 29]
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Stage I Cracks can grow at a shallow angle of 9–39.5�
into the rail. This is where the crack can change the

propagation direction after reaching a critical depth. The

stress field dominates crack propagation [7, 21, 22].

Stage II Upward into the rail surface, causing surface

spalling. When downward, it is at a steep angle of 60–80�,
potentially causing the rail to break [7, 21, 22].

The RWC stress relies on the contact area profile, train

braking/steering, the presence of welds, and dynamic axle

loads which all propagate cracks at the rail, including when

the direction and speed rapidly decreases. To reduce the

crack propagation, it is essential to use grease or lubricant

to control it. According to recent publications, the Hertzian

model is the right theory of calculation to use for rail–

wheel contact stresses as it highlights elastic contact

[23, 24]. The rail–wheel contact stresses are decided by the

transverse wheel profile, transverse rail profile, wheel load,

and wheel diameter. Furthermore, a double wheel load can

increase the contact stress from 27–44% depending on

weight, but it can be reduced the acceleration level of crack

in propagating with supporting from bulk stresses due to

contact stress. To get more understadings about these, Shen

[7] has drawn the schematic diagram as Fig. 10.

Residual stresses

Residual stresses can be traced at any rail location due to

the welding or manufacturing process during either the

installation or in rail production. During the manufacturing

process, there are residual stresses generated by the heating

and roller straightening treatments.

Thermal Stresses

Thermal stresses can be generated by the rails due to the

difference between the rail’s neutral temperature and the

ambient temperature. The rail’s neutral temperature means

that there is no thermal stress on the rail during installation

or during the running of the train. The ambient temperature

is higher than the neutral temperature. For example, at

Fig. 8 Bending stress at the top

of the rail surface due to the

wheel and position of FL and FV

by [29, 30]

Fig. 9 The position of the contact stress zone, vertical load,

longitudinal load, and lateral load [20]

Fig. 10 Schematic diagram governed by contact stresses and bulk

stresses [7]
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noon and on hot days, the rail is compressed and prevented

from expanding in the axial direction [7]. Therefore, the

risk of derailment may be increased because of the buck-

ling of the rail. Recent reports also mention that when the

tensile thermal stress reaches the maximum at night or in

cold weather, the possibility of the rails fracturing is high.

Myriad Rail Defects

A lot of defects can be detected on the rails either at the

head, web, or foot depending on the particular circum-

stances, example: Fig. 11 about the rail profile. Rail defects

can be classified according to their position:

• Railhead—Cracks will occur at the surface point of

origin caused by shelling/spalling, squats, and head

checking due to rolling contact fatigue [7].

• Web—Horizontal cracks and vertical longitudinal

cracks (piping) on the web. These are normally caused

by welding where cracks occur at the fish-bolt holes

used for the joining of rail sections and in the

manufacturing process. All of the cracks are able to

fracture [7].

• Foot—Cracks can be transverse or longitudinal as

shown in Fig. 12. However, the location when inspect-

ing the foot is the most difficult because it regularly

causes rail fractures [7].

The improvement in the quality of the rails is important

to reduce the defects associated with RCF resulting from

high train speeds, high axle loads, and inappropriate

manufacturing and installation.

Horizontal Split Head

According to [25], a defect in the horizontal split head can

be traced from horizontal separations in the railhead where

it shows the division of the two parts of the rail head itself.

Generally, this defect can be considerable in length,

specifically between more than 50–100 mm. Figure 13

presents that a real defect on horizontal split head at top of

rail surface from rail company. The dark point of small and

medium defects is that they are unable to be traced visu-

ally. However, larger defects can be looked at as shown in

the figure below:

Some of the previous studies argue, regarding this

defect, that the inclusion stringers or elongated seams of

the horizontal split head which present at the rail and initial

crack have the possibility to grow by an uncertain amount

in actual stress conditions [25]. Nevertheless, it is pertinent

to consider whether the crack development entails a shear

stress component with strong evidence involved as follows:

• Lateral creep force occurs at the railhead that is

produced as the wheel oscillates from one side of the

track to the other [25]

• The field side localizes the loading of the rails which

occurs where there are worn rails and hollow wheels

[25]

The horizontal split head is able to be treated through

newer rails which reduces the risk development normally

occurring in older rail steels [25].

Gauge Corner Cracking (Head Checking)

This is one of the names for surface breaking that can be

detected at the gauge corner of the rail head. The dominant

location of this defect is mostly at tangent rails and the

outer rails of curves. The spacing of the cracks is able to

Fig. 11 Rail profile

Fig. 12 (a) Transverse rail foot crack and (b) longitudinal crack in

the foot by [7]

Fig. 13 Horizontal split head defect from NSR [26]
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threaten the integrity of the rail as the loads can steeply

turn into the rail, causing transverse cracks [7]. In addition,

there is the potential to fracture the rail and cause the crack

to propagate upward [7]. The academicians from railway

have drawn the defect of head checking and real dimen-

sions in Fig. 14 [8].

Shelling/Spalling

The defects here start with an internal defect at a depth of

2.8 mm below the gauge corner. This mostly occurs on the

high rail of the track as of Fig. 15. However, some

researchers have opined that the shelling defect becomes

noticeable when there are dark spots on the gauge corner of

the rails. Regularly, the shelling defect does not appear and

form at the gauge corner. It can develop into a crack on

either the longitudinal or horizontal plane consistent with

the shape of the rail.

Squat/Stud Defect

Squat defects occur at the surface or subsurface of the rails

where it is possible to propagate the crack longitudinally

and laterally when caused by RCF at the rail-head as shown

in Fig. 16. Several characteristics of this type of defect

include a shallow depression on curved rails and a tangent

[7]. The root cause of squat defects comes from the train

speed at either low, medium or high traction. The cracks

from the squat can be divided into two major cracks as

follows:

• Longer trailing crack propagating in the opposite

direction.

• One short leading crack in the direction of the train.

Moreover, the cracks are able to propagate 3–5 mm

below the rail surface and occur 10–30� to the horizontal.

To detect small cracks from the squat, it is essential to use

an ultrasonic signal to ensure the location of the defect. As

stated by 66–68, there are two different types of squat

mechanism as stated below:

• The squat defect, also known as stud, which can

develop without any major plastic deformation of the

rail surface.

• The classic defect of the squat is able to form due to

plastic deformation at the surface due to the wheel-rail

traction. The liquid element can be influenced by crack

propagation where there is a shear mode and tensile

crack growth.

Rail Corrugations

This type of defect is cyclic (wake like) and involves

irregularities and vertical running on the surface of the rails

[25]. There are two types of rail corrugation:

(1) Long pitch—the number of measurements

above 300 mm in wavelength [25]. Ker [25]

Fig. 14 Head checking of the gauge side and real dimensions [8]

Fig. 15 Shelling/Spalling defect at rail surface [31]

Fig. 16 Squad defect of the running surface by [32]
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states that the long pitch can be developed by

more than[ 20 tonnes of train operation. The

depth of length can range from 0.1 mm to

over 2.0 mm. The original defect for these are

in Fig. 17.

(2) Short pitch—the number of measurements

ranging between 30 and 90 mm in wavelength

[25]. Ker [25] highlights that the short pitch is

able to grow below\ 20 tonnes of nominal

load and the length of depth of the rail

corrugations is normally less than 0.2–

0.3 mm. Further phenomena regarding rail

corrugation are as follows [25]:

• Rail support is very weak—timber sleepers,

concrete sleepers, and continuous support.

• Different grades of track.

• Increase in the dynamic loads of the train.

• Higher vehicle speeds.

Wheel/Engine Burns

Wheel burns or engine burns are a known type of defect

formed by the running of the rail surface. It is caused by the

continuous slipping of the train or locomotive wheel

movement. During the wheel slipping that occurs, there is

an increase in temperature on the surface of the rail to a

high value. Subsequently, the rail can be deformed by more

than 50 mm in length, in addition to small defects

(equivalent to a squad defect) at the rail surface as Fig. 18

occurs in India and Fig. 19 occurs in Malaysia.

A recent study has determined the key factors that

increase the likelihood of the wheel movement to slip as

stated below:

– The train driver not following procedure to accelerate

the locomotive vehicle [25]

– The type of wheel is stronger than the track grades [25]

– Mistake made in the selection of lubricant to assist in

the avoidance of contamination when running the

surface of the rail [25]

– Insufficient locomotive power in the gradient [25].

Furthermore, this type of damage has the potential to

form a transverse defect as it develops from the defects

associated with wheel burn when the surface condition

reaches a critical displacement stage.

Development of Crack Initiation

Singh [20] mentioned that the level of cracks relies on the

volume of stress from the different types of loading, fric-

tion conditions, and contact geometry between the rail and

wheel. The high friction conditions of shear stresses have

quite a big effect but are very shallow. Otherwise, the low

friction conditions of the peak shear stress are a little less

but extend deeper into the railhead. Various publications

regarding RCF demonstrate that the defects come from

RCF initiated at the surface and subsurface of the railhead.

Initial Defects on the Surface

In today’s rail operations as part of an urban network,

specifically a Light Train Transit, the railway track expe-

riences more than 4000 cycles of rail–wheel contact due to

the present day axle loads in Kuala Lumpur Railway.

However, these contacts do not massively damage the rail

Fig. 17 Rail corrugations by [33]

Fig. 18 Wheel burns defect [34]
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and several plastically deform the steel in the direction of

the applied traction. Eventually, plastic deformation occurs

at the surface layer until the rail exhausts its available

ductility. Azmalea [26] also provided some viewpoints on

this in that the defects from RCF are not solely based on

single normal contact stress. Instead, they proposed that

there might be an interdependence between material

strength and traction forces. In the context of rolling con-

tact, fatigue can be divided into three parameters as shown

in the next section.

Normal Stress at Rail–Wheel Contact

The normal stress experienced by rail wheels can be cat-

egorized according to four factors as the wheel load and

wheel diameter include a dynamic augment. There is also

the transverse profile of the wheel and transverse rail

profile to take into account. An experiment focused on

wheel load found that doubling the load of the wheel may

increase the contact stress by 27%. Triple the load can

increase the contact stress by 44% [20]. Nevertheless, the

effect of the diameter of the wheel is limited to 1/3 in terms

of power function [20]. Other factors might influence the

actual rail–wheel position highlighted as follows:

1. Track gauge—This involves changing the geometry of

the rail–wheel contact and the distance between two

rails. A straight track on a tight gauge promotes RCF

and the corner contact where there is a nominal gauge

with more contact is able to generate a crown. For the

curves, reducing the RCF defects involves controlling

them with a wide gauge to mitigate and minimize the

rail damage.

2. Welds and Profile Irregularities—The type of welded

steel can have different hardnesses according to the

parent of the rail steel. The harder welds generate high

spots that play a role in controlling RCF damage and

increasing the dynamic augment. Softer welds can

produce cupping or a dip which speeds up the

development of RCF.

3. Other Aspects—The other aspects that have an effect

on contact stress include track geometry errors,

mismatched rail–wheel diameters, cant excess, uneven

wheel loads, the hunting of wheel sets in mild curves

and tangent track, and cant deficiency.

Tractions of the Rail Wheel

According to [20], rail–wheel traction is the development

of a minor relative slip between the rail–wheel contact

where shear occurs at the layer in the contact area. Another

term for slip is known as creep, and it relies on the traction

requirements and curving movement. The forces that come

from creep must not exceed the available adhesion as the

vertical forces at the wheel are a coefficient of friction. To

control creep, controlling traction is the right process, as

well as controlling the properties of the interfacial layer.

Shen [7] states that the application of a lubricant is one of

the alternatives used to reduce the peak traction force to

compare it with a dry surface so then it is eventually in a

curve rather than a straight line. This effectively controls

the wear at the rail gauge face at the top of the rail as a

friction coefficient of the 0.33 required to facilitate traction

and braking [20]. A lot of recent researchers agree that

traction produces a longitudinal F-long (force component)

and lateral F-flat as T = sqrt (Flat 2 ? Flong2). This is

where the approaches limit the rail–wheel friction coeffi-

cient. Counting the real traction ratio T/N for any given

rail–wheel combination depends on some of the parameters

underlined by Singh [20] specifically the suspension

characteristics of bogie, the wheel base, curvature, friction

coefficient, and cant deficiency.

Rail Metallurgy

Rail metallurgy is a subject focused on the level of steel

hardness and pearlitic steels so as to create more resistance

to RCF propagation than other structural materials such as

martensite and bainite. To control RCF using hardness and

prior experience also reveals that the high strength of steel

can result in RCF due to the failure of harder steels to wear

down to a lower stress shape. As a result, the hard rail is the

most effective compared to softer steel when it comes to

reducing RCF. [7, 20] argue that to reduce the rate of RCF

defects, to control the maintenance cost, and to improve the

safety of train movements on the rails, there is a need to

Fig. 19 Small defect consisting of wheel burns at Urban LRT

J Fail. Anal. and Preven. (2023) 23:16–29 25

123



focus on a work-hardened layer that is 8–10 mm thick with

a high shear yield strength and high tolerance to com-

pressive residual stress. The advantage of being resistant to

high compressive residual stress is that it generally pre-

vents the growth of shallow cracks and therefore responds

to fatigue and crack growth.

Surface Crack Propagation

In terms of fatigue failure at the point of rail–wheel con-

tact, the start of the crack may be initiated on the rail

surface where the rate of progression becomes bigger and

more serious. The current researcher has argued that crack

propagation can lead to failure, but it depends on the stress

propagation and the ability of the steel to resist propaga-

tion. To tackle this problem, the presence of water and

grease at the rail–wheel contact point plays a vital role in

the depth of the surface crack propagation and its rate of

progression. The function of grease in the surface of the

cracks is that it is able to reduce the crack face friction,

contributing to moderate crack growth rates and the ability

of the crack faces to slide past each. For the water, it has a

high surface tension and low viscosity, meaning that it is

drawn into the cracks by a capillary action. Singh [20]

explained that 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.

Subsurface of RCF Defects

In rail–wheel contact, not only can a defect happen on the

surface of the rail but also on the subsurface of the rails.

This is considered to be rolling contact fatigue. This comes

from horizontal split heads, as well as the vertical and tache

ovales categorized as RCF defects. Shen [7] and [20] stated

that deep-seated shells occur in direct straightforward

through to excessive contact loads at the gauge corner,

creating a failure in the rail along the shear-slip line. They

emphasized the critical point on the surface of the rail

according to RCF.

Subsurface Crack Propagation

It is necessary to understand how the distribution of cracks

propagate according to the type of stress. The propagation

of cracks can be determined through the rolling stock and

environmental conditions as either the main phenomenon

or as one of the influences on the parameters [20]. Ulti-

mately, the characteristics of the cracks allow for their

propagation due to the gravity of the situation and the

propagation speed. The figure below shows the crack

propagation process divided into 4 phases.

To gain a strong understanding of the phases of crack

propagation as shown in Fig. 20, some of the summaries

that are easy to understand have been included as follows

[20]:

Region Phenomena

A Crack initiation by low-cycle fatigue;

deformation and the propagation process starts

B As crack lengthens, stresses near the crack tip

increases and the crack growth rate increases

C 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

D Crack is subjected to flexion and the residual

traction stress facilitates the crack growth rate

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 them from; hence cracks

are hindered from growing

Level 3 Very low wear rates; thus that is not

affecting crack growth at all

Strategy to Reduce the Defects in the RCF of Rail

Wheels

RCF defects are a vital focus in the railway industry due to

the threat to the safety of passengers, the potential for a loss

of assets, and the effect on the maintenance program. RCFs

also can provoke rail fractures when in an extremely crit-

ical situation from the safety perspective. Several methods

and procedures can be used to reduce the risk of RCF

development and subsequent rail failure which has been

summarized as follows.

Rail Grinding

As pointed out by [20], rail grinding is an important pro-

cess that is used to control RCF defects, particularly

surface cracking and the gauging of corners. It also plays a

salient role in establishing a balance between the
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development of RCF and rail wear. This method has been

used to prevent rail and wheel material waste but not a

sufficient amount of wear as it allows fatigue cracks to

initiate and propagate, increasing the risk of rail failures

and reducing the life of the component [20]. Therefore, the

completion of the rail grinding process can use the concept

of magic wear rate of Fig. 21 which is where the material

surface wear is removed by grinding. This removes the

small fatigue cracks from propagating [20], for example

Fig. 22 shows the schematic diagram of rail grinding pro-

cess and the current approaches might have to uses a rail

grinding train to accelerate the process to control the

defects of RCF as Fig. 23.

Higher Strength Rail Steel Material

Regarding the collected results of the experiments includ-

ing the modeling, visualization, and simulation that use the

types of rail material with a higher strength in critical track

locations such as gradients and curves, this may help to

increase the allowable shear stress limit. In addition, the

hardened rails have found optional ways to reduce the

development of RCF defects that are likely to include,

transverse, spalling/shelling or higher axle loading cir-

cumstances. Consequently, when hardened rails have been

used, it demonstrates that they are able to minimize the

level of wear and reduce the degree of plastic deformation

in comparison with a standard rail. The preventative

maintenance regular method can therefore be applied in

this manner.

Re-Profiling of Rails

This involves a correction of the railhead geometry using

planning, milling, and grinding to remove defects at the rail

surface and subsurface. It is one of the components of the

preventative exercise part of the maintenance program used

to control and respond to rail defects. As the current

researchers explain, according to [8], profiling is a modern

strategy with a high reliance on knowledge, experience,

equipment, and technology to engage in the successful

management of RCF defects. This approach makes it

Fig. 20 Phases of crack

propagation [20]
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possible to make corrections part of the long-term process

and to maintain the track section in the RCF regime (squad,

wheel-burn, braking, etc.).

Conclusion

In this research study, recent reviews of rolling contact

fatigue have been explored according to the appearance of

various defects found on rails by referring to recent pub-

lications in journals, books, articles, and various other

sources. It has been noted that the highest stress occurring

as part of the rolling between the rail and wheel contact can

be involved in the creation of defects and fatigue failure at

the surface area of the rails. In addition, every single type

of stress may contribute to failure, defects, and fatigue, but

it can be prevented if a strategy is undertaken to reduce the

RCF defects and control the crack propagation. Therefore,

this paper informs future research to enable the investiga-

tion of the relationships possible with material properties,

wear reports, maintenance programs, a new design of rail,

and the coating of the rail to increase its longevity.
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