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Abstract

Safety and reliability  of rails primarily depend on detection, monitoring and maintenance

of rolling contact fatigue (RCF) defects. Since when they are undetected and untreated,

they can further propagate and increase the risk of rail failures. Thereby, infrastructure

managers (IMs) tend to detect these cracks at an early stage in order to manage this risk

After detection, the growth of these cracks should be monitored and efficient maintenance

should be carried out to prolong the rail life. However, this requires reliable and sufficient
field data with accurate prediction models of RCF damage and its counterpart damage
mechanism; wear. A Ithough the current models , which are particularly used on real track
conditions , focus on mainline routes and were often validated using rail surface
observations, lesser emphasis has been placed on underground -metro system tracks and
the use of non -destructive testing (NDT) measurements particularly the crack depth which

isa key parameter in the assessment of crack severity and maintenan ce planning.

In recent years, London Underground (LUL) has put additional effort to improv e their rail
inspection practices to support the optimisation of their rail maintenance strategy . Besides
the use of several different NDT techniques, the magnetic fl ux leakage based sensor is
used to measure the depth of detected cracks. R esearch suggested thatth  is rail inspection
data c ould be used to improve the accuracy of damage predictions . With the help of
successive measurements,t  he severity of damage could b e quantified and the changes in
RCF estimations and its interaction with wear over time could be demonstrated. It was
proposed that t his should increase the confidence in predicti on models for maintenance

planning and help to support future maintenance optimisation

Owing to use of different NDT techniques, a significant volume of field defect data was

collected and examined in detailed during the research to understand the dominant

damage mechanisms and the influential factors promoting RCF crack growt h. It was found
that severe damage is not limited to mainline and freight routes, with rails on metro lines

also suffering from a high number of cracks . In addition, the various track data consisting

of wheel -rail profile measurements, track geometry, vehi cle speed diagrams and traffic
information were also submitted . This provideda good opportunity to build detailed vehicle

dynamics simulations for the selected lines to be further studied on LUL.

The Whole Life Rail Model (WLRM) and the Shakedown Map wer e selected as predictive
models since, they can integrate  with vehicle dynamics simulations . However, when the
PDLQ LQSXW RI :A30 Z xially applied to LUL tracks, it was found that while, it
successfully showed the effect of significant factors, it resulted in over -and under -
estimation of the RCF damage in several locations . Therefore, the research investig ated

the interaction between the model parameters and their comparison on sites with and



without reported RCF defects to find an optimum solution. The results indicated certain
distinctions and hence, new wear and RCF damage prediction methods were developed

using a combined Shakedown Mapand TA DSSURDFK

Both of the methods were applied to selected LUL RCF monitoring sites. Whilst the wear
method was applied to predict the loss in cross - section area of the rail, the new RCF crack
depth prediction model was validated using the MRX -RSCM crack depth measurements
The location and severity of both damage types were successfully predicted. To ob serve
and predict the changes in RCF damage including the interaction of wear over successive
measurement intervals brought novelty to the study. In addition, the accuracy of

predictions was improved on sites with various track characteristics such as high and low

rail of checked and unchecked curved track section and tangent tracks.
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B ntroduction

The introduction of high speed lines, higher axle loads in freight traffic along with the

increased passenger demand and shorter headways in railway operations, make rails more
vulnerable to damage. Wear and rolling contact fatigue (RCF) are two of the key damage
mechanisms observed in rails. Rails are exposed to cyclic loading during traffic operations

and the high contact forces in the wheel -rail interface cause cracks to initiate in the
railhead. After initiation of these cracks, several factors stemming from material
characteristics, varying operational and environmental conditions cause them to grow

further. If they are left undetected and untreated , the propagation of these defects can
lead to premature rail replacements and/or rail breaks. Therefore, RCF cracking is crucial
for the railway industry worldwide as they are one of the major risk factors influencing the
maintainability and operational safety of tracks. In addition, rail damage maintenance
(e.g. inspections, repairs and grinding) is very cos tly and time consuming for the

Infrastructure Managers (IMs).

In order to meet the increased traffic demand and provide a safe operation at reduced

whole -life cycle costs, the rails have to provide long -term performance. Developing
accurate and efficient t ools for the prediction of rail damage is a prerequisite for
optimisation of maintenance and (re)investment. This requires reliable and sufficient field

defect monitoring data in order to help to understand the existing RCF mechanism in rails

and to support the damage prediction modelling studies. However, this contains certain
challenges such as limitations in rail inspection devices sometimes reduce the reliability of

field defect data and the changing operational and environmental conditions in rail traffic
make it difficult to monitor the crack propagation from field observations. In addition, the

complex crack growth mechanism affects the rate of propagation and therefore, the depth

of each crack varies based on its development path and initiat ion angle from the surface.

1.1 Research aims and objectives

Although RCF is considered to be a major factor affecting the maintainability and safety of

the tracks in heavy -haul and high -speed railway lines, due to excessive axle loads and
higher speeds inthe se routes, itis also a crucial concern for underground -metro systems.
While rail damage in conventional mainline routes has been primarily investigated within

previous studies (Girsch and Heyder, 2003 ; Li et al. 2008 ; Olofsson an d Nilsson, 2002 )
there has been less emphasis placed on the development of RCF cracking in these metro
systems. However, with the changing track characteristics, the high traffic demand as well

as the reduction in the available maintenance times, means that the management of RCF

cracks is also of vital importance on these lines.
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The main aim in this research is to investigate rail damage mechanisms on

underground -metro systems. RCF and wear damage were examined in detail on selected

lines of the London Underground (LUL) network using field defect data and rail profile

measurements. In addition, the crack propagation on selected sites was investigated by

analysing crack depth data obtained from consecutive measurements using the MRX Rail

Surface Crack Measurement (MRX &SCM) non aestructive inspection device. Variations in

key wheel -rail contact parameters at selected RCF sites were investigated to improve the

accuracy of damage prediction modelling. This was achieved by accomplishing the

following objectives

1. Understand the dominant damage mechanisms on the studied lines and identif y the key
factors that promote RCF crack growth by analysing the field defe ct data.

2. Evaluate the effectiveness of current rail damage prediction model under the influence
of significant factors  particularly observed on metro lines and the comparison of its
predictions with the field defect data.

3. Investigate the variations in the key contact parameters between the sites with and
without reported RCF defects in order to identify the conditions that are contributing to
the observed damage and propose improvements to rail damage prediction models

4. Validate the proposed model predicti ons using NDT measurements and provide

guidance/suggestions on future maintenance strategy

1.2 Contribution to knowledge

The research contributes to current knowledge by answering some of the important

guestions in the existing literature. Firstly, a comprehensive study was carried out to
investigate the prevalent damage mechanisms on metro tracks. A large volume of field

data was examined such as rail inspection outputs in terms of both RCF cracking and wear

and including their maintenance history. In addition, various track data was also received
containing track geometry, vehicle speed profile and traffic information. Compared to other

modelling studies, this was very beneficial and provided the research an opportunity to

build detailed ve hicle dynamics route simulations.

Secondly, t he main model which was used in this research to predict the damage is the
Whole Life Rail Model (WLRM). This model was selected as it has been implemented and

validated in real @&ase studies and it allows to in vestigate how different vehicle types,
speeds, wheel and rail profiles and track geometries affect rail wear and RCF formation by

integrating vehicle dynamics simulation outputs in its model framework. Even though the
model produced successful predictions at a number of sites on the Great Britain (GB) rail
network, it has not been developed/validated on routes with significantly different

operating conditions. In this research, the WLRM was implemented on the metro lines of
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London Underground (LUL). The eff ect of significant factors on its input; wheel -rail contact

HQHUJ\ 7A derbnstrated and its correlation with field defect data was conducted.

Thirdly, contrary to previous modelling studies, this research compared the key damage

prediction parameters  between the sites  where RCF cracking was previously reported and

having no reported RCF defects in order to improve the accuracy of estimations. The
results showed certain variations between different sites and hence , a new methodology
was developed to predict both RCF and wear damages by using a combin ed Shakedown

Map D QG @pbroach .

Fourthly , the use of advanced technology for the measurement of crack depth in rails,
such as the MRX ®&SCM inspection device, b rings novelty to the research. Previous
validation studies  mainly relied on comparing the surface damage observations (e.g . crack
length and density ) ZLWK VLPXODWLRRQ Y relsdarvck,@hig Was further improved

by using the crack depth measuremen ts, which is a significant parameter in assessing the
severity of cracking and defining the maintenance requirements. The detection outputs,

including: crack depth measurements and surface damage map, provided an opportunity

to investigate the influence of changing contact conditions on crack propagation. In

addition, they helped to develop a new RCF crack depth prediction model which was also

IXUWKHU YDOLGDWHG RQ VHOHFWHG p5&) ORQLWRULQJ 6LWHVY ZLWK YI

as high and low rails ~ on checked and un -checked curves and tangent tracks

Finally , the comprehensive field data analysis and the improvement in the accuracy of RCF
and wear damage predictions especially on consecutive inspection cycles can provide an
opportunity  to support the future maintenance optimisations and move to condition -based

maintenance on LUL.

1.3 Structure of the thesis

7KLY WKHVLV FRQVLVWYVYV RI QLQH FKDSWHUV :KLOVW &KDSWHU
objectives and its contribution to current kno wledge, Chapter 2 clarifies the RCF and wear

damage mechanisms and introduces the current prediction models from the existing

literature. The selected models, e.g. WLRM and Shakedown Map, are explained in detail
with their assumptions and findings from pre vious related studies.
Chapter 3 describes the characteristics of the network studied and contains a further

literature review regarding the problems observed on other metro systems and LUL. The
third section of the chapter includes detailed analysis of th e field crack data. The dominant
damage mechanisms, critical track sections and key influential factors on the studied lines

are examined in this chapter.
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Chapter 4 presents the wheel -rail contact calculations in VAMPIRE vehicle dynamics
simulation software. It also includes a review of existing contact models and their effect

on rail damage modelling. Additionally, this chapter contains a description of the
preparation of the vehicle dynamics route simulations and the fac tors which were taken

into account in the input files.

Chapter 5 demonstrates the applicability of the WLRM on the metro lines of LUL. The effect

Rl VLIJQLILFDQW | D(BuhRbodunR @aditid, friction, different track irregularity levels

and wheel -rail profile shapes) are presented in the first section. The second section
evaluates the effe ctiveness of the model by comparing the  model input parameter with
the field crack data. The key areas that potential ly cause discrepancies in the predicted

damage on the studied lines are also detailed in this chapter.

Chapter 6 describes the methodology which was adopted in this research. The interaction

between the selected damage prediction modelling parametersandt heir influence on the
observed damage are provided in the first and second section of this chapter. The results

from these sections led to the development of a combined Shakedown Map DQG
approach inthe damage predictions. The third section explainsthe  senew proposed models

for both RCF and wear damage s.

Chapter 7 presents the application of the new wear damage prediction method . The
selection of representative data and the number of simulation conditions considered in the
analysis as well as  the sites used in validations are initially described in this chapter. The

model predictions were compared to the wear measurements  on these selected sites

Chapter 8 pr ovides the application of the new RCF damage prediction method. The
predicted location and  sever ity (depth) of cracks were compared with MRX -RSCM outpu ts
from consecutive measurements. The areas which  showed good and poor correlations are
identified and suggestions for improvement are given. It also includes guidance on using

the proposed m odels to support maintenance optimisation on the LUL.

Chapter 9 concludes the thesis by summarising the findings in the different stages of the
research and by addressing the objectives . Additionally, recommendations are given for

future research work.

The structure of the thesis is illustrated in Figure 1.1.
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* Research’s aim and objectives
¢ Contribution to knowledge

* RCF and wear damage

 Current damage prediction models and their gaps
* WLRM

* Shakedown Map

.

* London Underground and the characteristics of the studied lines
¢ Bakerloo and Jubilee lines

* Literature review on other metro systems and LUL

* Field defect data analysis

* Wheel-rail contact modelling in Vampire
¢ Review of other existing models
* Their effect on rail damage modelling
* Preparation of vehicle dynamics route simulations

e

* The effect of significant factors on ‘signed Ty’
e Curve radius, friction, different track irregularity levels and wheel-rail profile shapes
* Route RCF damage predictions
¢ Comparison of predicted locations with field defect data

* The relationship between the damage prediction parameters (Shakedown Map and Ty)
* Their comparison and effect on observed damage
¢ Combined Shakedown Map and Ty approach in RCF and eear damage predictions

* Application of wear damage prediction method
* Validation of model results using MiniProf measurements at selected sites

* Application of RCF damage (crack depth) prediction method
* Validation of model results using MRX-RSCM measurements

* Crack depth data and surface damage map in consecutive intervals
* Guidance on maintenance optimisation

* Conclusions
* Recommendations for future work

L € € (€ €€ << 4

Figure 1.1: The structure of the thesis
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B Litcrature Review

This chapter gives an overview of the existing literature related to the research
topics presented in this thesis . The first section gives a brief explanation about wheel -rail
contact, RCF, wear and the interaction between these two damage mechanisms. The

second section explains the inspection of RCF defects and introduces the prevalent non -
destructive testing techniques, including the MRX -RSCM inspection device. The novelty of

this device, its measurement outputs and the previous validation studies are als o]
presented. The current RCF damage prediction models and the gaps in these approaches

are explained in the third section of this chapter. The reasons for the selection of the WLRM

and Shakedown Map approaches, their methodology, assumptions and the previo us

findings in the related studies are also highlighted.

2.1 Wheel -rail contact

As the RCF damage is a consequence of wheel -rail contact, it is firstly introduced in the
thesis. When the wheel travels on the rails, the contact generates various conditions. For
instance, while the rail and wheel profile shapes influence their position and other related

geometrical parameters, the differences between the forward velocity and circumferential

velocity of the wheels as well as the friction between two contacting surface s causes
creepage, affecting adhesion and movement of the trains. The wheel -rail contact

calculations are generally described by the following for sub problems:

1) Geometrical Problem
2) Normal Problem
3) Kinematical Problem

4) Tangential Problem

In the geomet rical problem, the contact positon, size and area are calculated depending
on the wheel rail profile shapes and the contact pressure is found in the normal problem.

The most widely used method is th e Hertzian theory which uses three common cases; line,
circular and elliptical contact s. As can be seenin Figure 2.1, each body in the se contact
differs such as while two cylinders are used in the line contact, spheres and ellipsoids are
used in the circular and elliptical contacts, respectively. They are rig id non -conforming
surfaces, pressing to each other and meet at a point where the normal distance between

them is minimum  (Ayasse & Chollet, 2006)
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Figure 2.1: Hertzian Contacts; line contact (a) and circular point contact (b) (Lewis & Olofsson,
2009) and elliptical (c) (Ayasse & Chollet, 2006)

To illustrate an example, the elliptical contact calculation is given  which has curvatures
with two d ifferent radii . T he co ntacting surfaces of the bodies are demonstrated by \f L

:TA4J, and \§ L : TAJY; for the wheel and rail, respectively and have two principal curvatures:

L #TE$ U (2.2)
\§ L #T°E $UP (2.2)
where is the longitudinal and is the lateral curvature. In the railway case, these

curvat ures are shown in the below Figure 2.2 and are represented as follows:

Figure 2.2: Hertzian contact demonstration in the wheel -rail application (Ayasse & Chollet, 2006 )
. x i 5
Wheel: e L t#s Né\] (2.3)
L) g N (2.4)
xi Eaa
Rail: 2Ll t$s N> (2.5)
X Eva
The longitudinal curvature of the rail ( ¢ is generally neglected since, the rail is straight

which make its radius infinite. But, the radius of the longitudinal curvature in the wheel

( p is taken as normal radius of the wheel N (usually rolling radius of the wheel). The
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radii of the lateral curvatures are found :4ss and 4y from the transverse profiles of t he

wheel and rail.

The relative vertical distance between the bodies is calculated by the sum of the two

bodies:
VEVLL @ #FPES$Y (2.6)
5 5.5 5.
# Le_a3 (2.7) and $ L Fan E By (2.8)
Hertz proposed a semi  -ellipsoid pressure distribution over an elliptic contact patch area
with semi -axes fand ,. Hence the pressure distribution over this patch is:
LiTAS L 2, 8sF @A F A6 (2.9)
TaL L2 SsF @R Py -
where ‘ is the maximum contact pressure and it is calculated from applying Normal

contact force (¢ to the semi -ellipsoid.
2, L (2.10)
6 OO0
The semi -axes fand , are dependent on the geometry of the bodies in contact and Normal

force which are calculated as follows:

_ e 5 7

=L | @@%»A 2.11)
e 5

>LJ @4 2.12)

where ' U is the equivalent Elastic modulus 5, 4,and "5, "4 are the Elastic moduli and
B3RLVVRQTVY UDWLRV RI HDFK ERG\ LQ WKH FRQWDFW

5  5?é& 57¢:
By L v % (2.13)
Inevitably, thes e parameters vary in line and circular contacts (Lewis & Olofsson, 2009)
For instance, the semi  -axes fand maximum contact pressure s are found from  the below
formulas:
. Eeg>6 6E
Line contact; =1L @%A (2.14) and 2 L Y (2.15)
: Eed 7 7E
Circular contact; =1L @@A (2.16) and 2 L 55 (2.17)
Onthe con traryto elliptical contact, the line contact (I; cylinder length)  and circular contact
have single radius in each body in which the equivalent radius 4 is calculated as follows:
5,6 5_5



Although it has been commonly used , the Hertzian theory contains the following

assumptions:

1) Each body in the contact area are linearly elastic, isotropic and homogeneous.

2) The bodies are assumed to be perfectly smooth which causes frictionless contact.

3) The half -space assumption is valid in the theory which means that the size of the
contact area is significantly smaller than the dimensions of each body. This
assumption is also described as both of the r ail and wheel generate a rigid and non -
conforming contact.

4) The curvatures of the surfaces in contact are constant.

However, these assumptions are often violated in the real case profiles . In order to
increase accuracy, several methods have been developed which are summarised in

Chapter 4.1.1.

In the kinematical and tangential problems, this aforementioned creepage and the related

forces are calculated, respectively. When the wheels travel at velocity , they are also
subject to torque which enables the  angular velocity of the wheel ™and in turn creates
the circumferential velocity ..L ™ Nadius of the wheel) . The difference between these

two velocities causes a deviation from the pure rolling motion which is called as creepage.

Creepage is generated i  n the contact patch in three directions: longitudinal, lateral and

spin. The longitudinal creepage :{;is the deviation in relative velocity in the longitudinal
direction and the lateral creepage - ;is similarly defined as the relative velocity in | ateral
direction. The spin :f; is the relative angular motion between wheel :Sa 4 in Vdirection)
and rail :Szz in Vdirection) about an axis normal to the contact patch. Figure 2.3 presents
the creepage and velocity directions (Dollevoet, 2010)
Figure 2.3: Creepage and velocity directions at the wheel -rail contact (Dollevoet, 2010)
&ack NKHHEABKREPIUB E % (2.19)
~ 152
QL2 (2.20)
'y 0xx
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15?Y%

QL ol (2.21)
S L Las?8va (2.22)
Iy oxx

where © isthe yaw angle of the wheelset relative to the track. The forces arising from this
relative motion in the contact patch are defi ned as creep forces and there have been again
many different methods to calculate which are detailed in Chapter 4.1.2.
2.2 Development of RCF damage
When a rail section is exposed to repeated loading, its response can be described by four
loading regimes as illustrated in Figure 2.4 (Johnson, 2000). When the yield stress of the

rail material is not exceeded, the elastic response takes place. But, with the increased
loading, cyclic shear -induced dislocations cause pla  stic deformation and generate slip
bands surrounded by less affected material. This difference creates residual stresses within
the material after the contact is unloaded and they will help to delay further plastic
deformations. When they are combined with the strain hardening of the plastically
deformed material, it enables the material to support much higher loads than its elastic

limit. This response is called elastic shakedown.

Figure 2.4: Material response to cyclic loading (Johnson, 2000)

When the load is greater than the elastic shakedown limit, there will be plastic flow with

each cycle. Under plastic shakedown, the cyclic stress -strain curve becomes stabilised
closed loop with no accumulation. H owever, the higher increase in loading conditions cause
incremental (uni  -directional) accumulations by every load passage. This process is called

as ratchetting and it continues until the ductility of the material is exhausted. When this

is exceeded, it ma y cause the removal of material from the surface as wear debris or

initiation of cracks in the railhead (Kapoor, Beynon, F letcher, & Loo -Morrey, 2004)
After the initiation of a crack, its further propagation is mainly driven by the contact
stresses as well as bending and shear stresses arising from the load during the passage

of the wheel. When these stresses are combined with thermal stresses, due to restrained
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elongation of continuously welded rails and residual stresses developed from
manufacturing process, cracks can grow f urther and increase in length (Schilke, Larijani,
& Persson, 2014)

The life of a crack is defined by its development path. However, itis very difficult to predict
the crack development path as the aforementioned stresses are influenced by several
factors such as different wheel -rail contact condition s, vehicle configurations, traffic, track
and environmental  factors. Moreover, rail m aterial characteristics play a major role in the

point of crack initiation and the direction of crack growth.

Rail material type, its chemical composition, steel grade and the kind of metallurgical
processing and/or the heat treatment method adopted durin g manufacturing are some of
the key elements which influence rail microstructure. The current EN standards include a
range of pearlitic steel grades with varying hardnesses between 200 HBW and 400 HBW

But, although some of the rails have similar hardness levels, their microstructure can differ
based on the aforementioned changes which in turn affect their performance during
railway operations  (Bevan, Jaiswal, Smith, & Ojeda Cabral, 2018) . Nevertheless, the steel

grade R260 is one of the mos tdominantrailt ypes used in mainline and metro systems.

In addition to the complex nature of the crack development, the number of cracks initiated

differs depending on the material and loading condition (Schilke et al., 2014) . There are
various types of RCF  crack related damage which are observed in railway lines: head
checks, squats, shelling, longitud inal vertical and horizontal cracking are different type of
cracks which are formed from the aforementioned factors (Zerbst, Lundén, Edel, & Smith,
2009) .

The crack developmentis us  ually defined by three phases, as demonstrated in Figure 2.5.
The crack initiation takes place in the first phase. Then, the crack slowly expands in the

second phase and increases its growth rate until rail fractures in the final phase.
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Figure 2.5: Three phases in crack development (Plu, Bondeux, Boulanger, & Heyder, 2009)

Numerous studies have been conducted to find explanatory concepts to understand this
RCF phenomenon. However, it is still unclear which of the above fact ors lead to which type

of crack initiation and how they affect the crack propagation. After initiation, crack
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development path varies and it is usually defined by its surface and sub -surface length,

depth and its angle from the surface.

One of the studies  which investigated microstructure of rails stated that the depth of the
plastically deformed surface layer and the level of alignment of the microstructure altered

depended on the contact loading and the rail steel grade. When the load was applied
repeate dly in similar directions, the plastic deformation followed this direction. However,
the material properties of the steel ceased to be isotropic when the rail is plastically

deformed and became anisotropic ~ which resulted in different resistance to crack
propagation and the study found that the cracks grew along the direction which had lowest

resistance (Larijani, 2014) . Figure 2.6 displays the difference while there is a random
distribution indicating the isotropy under undeformed material (Figure 2.6 (a)), the plastic

deformation startstore  -orient and align, made the material anistropic (Figure 2.6 (b)).

Figure 2.6: Differences in material microstructure under unde formed (@) and deformed (b) states
(Larijani, 2014)

Crack initiation and growth and the influence of the rail microstructure to its surrounding

cracks have been investigated using test rig and field sample test results (Schilke et al.,
2014) . The crack follow ed the plastically deformed layer allowed it to propagate in only

one direction. But, after reaching the boundary of this layer, its path was determined by

the loading and the stochastic weaknesses of material. It was also identified that branching

occurs for the cracks which had the shortest distance to each other. Cracks propagated
together and the mai  n crack reached deeper points then a single crack. Figure 2.7 displays
the cracking in this field sample of a UIC 900 A grade rail located on the curve track.

Whereas Figure 2.7 (a) shows the schematical representation of the transverse plastic flow

(solid lines ) and the border of the plastically deformed region (dashed line), the typical

crack (b) and the crack branching (c) observed on this sample.

In a separate study, the concept of crack shielding in multiple closed head check cracks
showed that two cracks cannot grow close to each other since, the one which had a higher

crack growth r ate would shield the slower crack (Tillberg, Larsson, & Runesson, 2009)
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Figure 2.7: Schematical representation of plastic flow (a), surface crack (b) and crack branching
(c) in the field sample of UIC900A grade rail (Schilke et al., 2014)

2.2.1 Wear and its interaction with RCF

High wheel -rail contact forces do not only cause cracks to initiate , but also lead to wear
on the rail surface. In general, wear is defined as the loss or displacement of material from

a contacting surface  (Olofsson, Zhu, Abbasi, Lewis, & Lewis, 2013) . While material loss
might be in the form of a debris, material displacement may occur as a result of transfer

of material by adhesion or local plastic deformation.

There are different types of wear mechanisms that can generate between contacting

bodies, suchasthe wheelandr ail, which are summarised below (Lewis & Olofsson, 2009)

Oxidative wear is a process where an oxide layer of the material is detac hed from the

surface. It occurs under low contact conditions.

Adhesive wear takes place at microscopic surface asperities where the contact occurs
between the surfaces. When the contact surfaces in these regions move relative to each
other, the material is broken away by either brittle or ductile fracture. After the material

at the original points of contact has broken, contact will occur at new surface asperities.

Abrasive wear is generated due to relative motion of either harder asperities, which is

known as two -body abrasive wear, or hard particles such as those formed from different
contaminants trapped between the surfaces, which is known as three -body abrasive wear.
These third body particles can consist of remaining material of the surface that have

already worn away and oxidised or may include hard contami nants (Carroll, 2006)

Thermal wear occurs as a result of frictional heating at the contact. This surface heatin g
causes to a softening or melting of the material. The heated material can thereafter be

displaced as it resemble s a viscous fluid.
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Delamination wear  mainly result s from the accumulation of plastic deformation due to high

number of wheel passages, thin s heets of wear debris are detached from the surface.

The above different mechanisms lead to changes in the wear rate /regime . Commonly,
there are three wear rates : mild, severe and catastrophic. Whereas mild wear is often
associated with oxidative wear, severe wear is caused by adhesive wear. Increased
temperatures at the contact and material softening in this region result in catastrophic

wear regime (Olofsson et al., 2013) . The mild wear led to smoother surfaces whereas

severe wear gave rise to rougher surfaces.

The service life of arail is generally defined by when fracture occurs ( RCF cracking reaches
severe conditions) and/or when the amount of combined wear (head and side wear)

exceeds the maximum limits (Ben -Akiva, 1996) . The limits may change for different type

of traffic and track sections. For instance, on LUL, the maximum allowable crack depth is

defined as 7 mm and the maximum side wear is 4mm under 6mm of headwear  (LUL,
2015) . Traditionally, wear in rails is defined with reference to three different locations of

measurement profile which are also presented in Figure 2.8.

1) Top (Head) /Vertical Wear (W1): The amount of material worn at the railhead
surface (vertical axis of the rail)

2) Side Wear (W2): The material worn at 90° to the vertical axis in the gauge point
(according to European Norm Standards, it is 14 mm below the top of rail)

3) Gauge Corner Wear (W3): The wear at 45° to the vertical axis.

Measurement

Reference

Figure 2.8: Rail wear measurement  (Greenwood -Engineering, 2010)

Even though the wear is produced by several different mechanisms, ratchetting and  high
plastic deformation  accumulation s can lead to both RCF and wear . Under this condition
the initial stages of  their develo pment are very similar , however they will interact each
other in a highly complex manner. Figure 2.9 shows a section from the 900A rail disc in
which the large unidirectional plastic deformations and surface cracks were evident under

ratchetting. However, the competition between wear and RCF was also demonstrated as

the initiated cracks were continuously truncated by w orn material depth of 220 pm

(Donzella, Mazzu, & Petrogalli, 2009)
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Figure 2.9: Truncation of a crack due to wear on the 900A rail disc under ratchetting (Donzella et al., 2009)

While wear may dominate  and cracks simply wear away in some cases , the wear rates
may be low in different circumstances , allowing cracks to propagate . Nevertheless |,
excessive wear may be also critical and can  give rise to undesirable condition s such as it
may decrease the service life of a rail and lead to a modification in rail and wheel profiles
which in turn affect the wheel -rail contact position s. The optimal strategy in material
re PRYDO ZDV GHVFULEHG E\ WKH WHUP FD @EOMagel,[20T1) L.FhisHaieéd5 D W H |
to remove the existing and incipient cracks with the combined amount of nat ural and
artificial (grinding) wear. Although the technological advances in the rail manufacturing

such as changes in ¢ hemical composition and heat treatment processes have resulted in

steels with higher hardness and yield strength which make them more resistant to crack

initiation and wear, the problem of RCF cracks continues to exist in railways. The increased

wear resis tance means that the surface initiated cracks are no longer removed through

wear. In other words, low wear rates cause initiated cracks to develop in the plastically

deformed rail steel and those may grow deeper into the rails. In addition to this, the low er
wear rate means that any unfavourable rail gauge corner shapes remain for longer than

seen with softer steel rails which will reach a conformal shape more rapidly (E. M agel,
Roney, Kalousek, & Sroba, 2003)

2.3 Rail inspection and non - destructive testing (NDT) techniques

In order to reduce the risk of rail failure s, infrastructure managers (IMs) generally
endeavour to eliminate rail defects at an early stage . Since they influence safety and
quality of operation and increase operating expenses , rail inspection becomes crucial . IMs
predominantly carry out visual inspection to assess the surface condition of the rail and

use non -destructive testing (NDT) to detect rall defects. They primarily use ultrasonic

testing, eddy current and magnetic induction measurements.

In ultrasonic inspection, a beam of ultrasonic energy generated by a piezoelectric element
is transmitted into the rail. The reflected (scattered ) energy of t he transmitted beam is
then detected using a collection of transducers. It was often stated that the standard

ultrasonic sensors have poor ability in detecting surface initiated cracks (< 4mm) and

36



cannot accurately detect critical defects masked by spalled rail or shallow defects
(Papaelias, Roberts, & Davis, 2008) . In order to overcome this problem, multiple

transducers need to be employed at different angles to increase the detection ability of

these cracks which is demonstrated in Figure 2.10.
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Figure 2.10: Multiple ultrasonic transducers positioned at various angle (Innotrack, 2008b)

Eddy current technology is also widely used in rail industry. The sensors consist of one

exciting and one sensing coil which detects the eddy currents generated from magnetic

field. When thereisanear  -surface defect, currents are causing fluctuations and giving rise
to changes in the impedance. Although it is stated that this system has a better
performance than ultrasonic inspection, it is sensitive to changes in the distance between

the coils and the target. Thus, it is strongly influenced by the lift -off variations which
means that certain surface defects can still be missed during inspection (Innotrack,
2008b) . In addition, eddy current measurements give an indication for the depth of the

cracks by using a predefined crack initiation angle to estimate the crack depth.

Rail inspection with magnetic induction or (magnetic flux leak age), permanent magnets or
DC electromagnets are utili  sed to generate a magnetic field. Sensors close to the railhead
measure changes in the magnetic field (leakage in magnetic flux) to identify the location

and severity of defect in the rail. Even though this technique has demonstrated a higher
accuracy in detecting the near -surface and surface -breaking defects, its performance has
been adversely affected by increases in inspection speeds which stem from the reduction

in the magnetic flux density (Papaelias et al., 2008)

Over the last few years, the limitations in current methods have led researches to develop

different techniques for the inspection of rail condition. These new technologies include:

Field Gradient Imaging, Alternating Current Field Measur ement , and Electromagnetic
Acoustic Transduc ers. Even though these systems have showed good performance in
detecting cracks, they can be adversely affected from grinding marks and lift off variations.

The use of automated visual inspection systems is also a recent development which has
been utilised in railways. High speed cameras are mounted on test trains and used to

capture high quality video images that are analysed on -line using customised image
analysis software. The system is able to measure the cond ition of the rail head surface,

wear percentage, gaps along the rail and corrugation. Nonetheless, it cannot accurately
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detect rail cracks. The detection of cracks requires a more reliable data and the movement
of the cameras sometimes causes blurred image s which reduce the resolution of the
images. Therefore, real  -time data evaluation is not possible in this system and an off -line

analysis is needed to identify any defective areas.

Visual inspection is still one of the primary methods used to verify the de tection s carried
out by the more advanced techniques and to assess the severity of the cracks. The crack

depth , which is a critical parameter in the assessment of the severity of a crack , could not
be detected reliably by most of the recent inspection tools. However, it is crucial for track
maintenance to decide if itis a current risk that requires immediate removal or will become

arisk in the future. Previously, t he crack severity class ificationis largely based on surface
length rather than depth . Figure 2.11 was developed in order to determine RCF severity
classification. A large sample of rails we re sectioned and the RCF cracks were examined

to define a correlation between length and depth of a crack (Glavin, Aspebakken, & Besch,
1989) . As shown , if the surface length of a crack is larger than 20 mm, it corresponds to

heavy severity and the possibility of the crack growing further increases rapidly.

Figure 2.11: Correlation of crack penetration with visible crack length (Glavin et al., 1989)
In a more recent study, the observed crack depths were plotted agains t the observed
surface crack length for different type of rail steel grades (Innotrack, 2009a) . ltwas found,
for rail steel grade R220 that for observed surface crack lengths of less th an 17 mm the

crack depth was not longer than 5 mm, but for greater surface crack lengths, the depth

increased up to a maximum of 10 mm. However, it was also noted that there was no direct
correlation between surface length and crack depth for all the ralil steels investigated. The
position of the rail whether it was on curved, transition or straight track along with the

different rail  steels changed the crack growth angle which led to different crack depths

regardless of its surface length

In order to validate the correlation presented in Figure 2.11, the recent study analysed

the crack shapes by multi  -slice axial sectioning. Each  axial slice oftherail , shownin Figure

2.12, a representation of the observed cracks in the transverse plane was made. This
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severity cracks (Garnham, Fletcher, Davis, & Franklin, 2011) . The results from this UK
study were compared with the data obtained from German (D eutsche Bahn-DB) and
Canadian rail networks.  Visual surface crack length and vertical crack depth of UK/DB were
relatively in good agreement but, the observations from the Canadian rail network
deviated due to the different traffic conditions experienced by these rails . The study also

stated that the singular vehicle characteristics led to regular RCF crack pat terns.

CRACK 2
1 2 3 4 5 6 < SLICE > 1 2 3 4 5 6
8 mm
- - <
CRACK 3
CRACK 4
1 2 3 4 5 6 1 2 34 56
8 mm
T
CRACK 5
CRACK 6
1 2 3 4 5 6
8 mm —v—v- M
CRACK 7 ! |
All 7 cracks
superimposed
1 2 3 4 5 6
Figure 2.12: Vertical sections through a series of RCF cracks in a rall (Garnham et al., 2011)

2.3.1 MRX -RSCM crack measurement

One of the latest technologies for crack detection is the MRX Rail Surface Crack

Measurement (MRX &SCM) system (developed by MRX Technologies). The MRX-RSCM
system uses magn etic flux leakage to measure crack depths up to 7 mm into the railhead

and also gives an opportunity to estimate the presence of subsurface damage . When there
are no defects, the  flux lines travel undisturbed through the railhead . But in rails with
defects , the flux cannot travel as easily and some flux leaks . Sensors measure the depth
from changes in strength of the flux lines which is also named as artifact depth (MRX,
2011) .

With the help of 19 sensors positioned 5 mm apart to each other as shown in Figure 2.13
and 2.5 mm longitudinal detection interval, 5x 2.5 mm grids are generated onthe top
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surface demonstrating the severity of damage by the help of pre -defined colour scale . The

system measures crack depths and outputs the maximum in each 1m interval.
Totally, the RSCM technology enables the following measurements:

x Crackdepth(0 -7 mm)
x  Crack (longitudinal) track position (crack locations on the line, distance ( km))
x Crack (lateral) position on the rail head surface (close to gauge or field side of the

rail. etc, 0 -95 (5*19) mm

X Indicative shape of the crack

___Towards Field Side of RailHead
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Figure 2.13: Sensor positions and measurements (MRX, 2011)

Figure 2.14 shows the real game display data on the RSCM Operator Propelled Unit for a
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graph (also named as Surface Damage Map in the measurement outputs) shows the crack

location on the 1 m segment of rail head surface. The type and severity of a RCF crack in

the Rail View screen can be predicted from the Damage Colour Scale. For instance, wh ile

a dark blue colour demonstrates a light/minor damage, a red colour shows a more

severe/deep damage.
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Figure 2.14: Example of the MRX -RSCM output (Klecha, 2013)
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In order to validate the MRX -RSCM crack measurements, a number of examinations were
conducted. The laboratory condition s showed that the system provided a good correlation
for the cracks between 1.5 -5 mm depth. It classified the rail section as severe damage

when there was spalling (or flaking off) of material on the rail surface. Both flash -butt and
alumino -thermit welds were distinguished, as it showed the highest severe damage

warning in these locations (Kaewunruen, 2015)

However, further validation studies which were carried out under International
Collaborative Research Initiative ( ICRI) project revealed significant differences between
crack depth measurements using the MRX -RSCM and Draisine systems and rail sectioning
results. Draisine is an inspection tool which u ses eddy current s to inspect rail flaws. It
meas ured the crack length and calculated the crack depth based on assumed crack angle

which was defined as  25° in the study. After measurements of cracks in the specified
regions, the rail sections were removed from the track. The rail cross sections were cut

and examined under electron microscope. The success of Draisine was mainly depende nt
on the pre -defined crack initiation angle. When the angles were smaller than 25°, it
overestimated the damage depth. Similarly, the MRX -RSCM also provided unsatisfactory
validation , asitmeasured 50 -75% higher than the actual crack depth. Nonetheless, it was
mentioned that 1 m depth output interval may be responsible for this inaccuracy as the

lengt h of rail samples were shorter (E. Magel, 2016)
2.4 RCF damage p rediction modelling

The phenomenon of RCF has been investigated for many years. Various models were
developed by applying different techniques and laboratory tests were conducted to
understand the reasons behind the problem. In this thesis, the RCF damage prediction
models have been divided into three main groups, as presented in Figure 2.15. The first
group is the crack initiation models which primarily focus on predicting the initiation time

and investigate whether the initiated cracks are able to pass the critical limit. This helps
to understand whether the cracks removed by wear (and/or grinding ) or they have the
potential to propagate furthe r. Secondly, the propagation models are mostly concentrated

on calculating the crack growth rate in further stages of crack development. Finally, the
models mainly focus on predicting the location of cracking on large railway networks to
find the critical sites. Crack location s are defined by longitudinally which means the

distances along the lines and laterally over railhead.

Figure 2.15: Three main types of RCF damage prediction modelling
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Similar to ph ases given in the RCF crack development, the crack growth rate changes in
both the initiation and propagation stages (Kapoor, Schmid, & F  letcher, 2002) . Figure 2.16
illustrates the crack propagation rate in respect to the increase in crack size. Additionally,

he crack growth rate are presented
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Figure 2.16: Phases in the crack propagation rate

(Kapoor et al., 2002)

In addition to failure of the grains in the railhead due to ductility exhaustion and large
, the white etching layer (WEL) may be also formed resulting from

(Carroll &

plastic deformations
severe plastic deformations and/or high temperature rises under the phase 1
Beynon, 2007) . Atthe end of this phase, the cracks are initiated which corresponds to a
crack length of approximately 3 -5grains (0.1 -0.5 mm). Transition to the second phase of
crack development occurs when the crack growth is driven by shear mode contact
stresses. During this phase , the crack becomes long enough to be affected by additional
crack growth mechanisms. Lubrication and water are very crucial in this stage as they
dramatically influence the stress state. When the crack becomes larger and the crack tip
moves away from the high stress region, the crack propagation slows down. The influence
of the compressive longitudinal residual stresses, which are also a consequence of plastic
flow produced by contact loading, are also modified in the phase 2. If these stresses are
located close to the rail surface, then their effect will reduce as t he crack propagates. The
reduction in these stresses makes the rail bending stresses more significant at longer crack
lengths and encourages the development of branch cracks, which may penetrate in to the
rail head at an angle of 55° +65°. Th us, rail bending stresses dominate during phase 3
crack growth . As it can be also seen in Figure 2.16, the crack prop agation rate is largely

defined by the modes in fracture mechanics (Lewis & Olofsson, 2009)
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One of the most popul ar crack initiation model s is the Brick (Dynarat) model. This was
developed to predict crack initiation aswellas wear. A cross section of a rail was modelled

as a mesh of elements (or bricks) parallel to the direction of traction. Each element in the

mesh was assigned material properties such as initial shear yield stress and critical p lastic
shear strain for failure . The plastic shear strain increment per cycle was calculated from

the difference between the maximum orthogonal shear stress and the shear yield stress.

When the accumulated strai  n in an element reached its critical value, the element failed

DQG zZzDV PDUNHG DV pZHDNY :LWK UHVSHFW WR WKLY WKH PRGHO FR.
the material fails at the surface as wear debris or remains as part of the material structure

and forms cra ck-like defects. The depth of crack initiation was determined from the

number and orientation of weak elements in the mesh as expressed as percentage damage

depth in the model such as 1% and 10% damage depth (Franklin & Kapoor, 2007).

Another crack initiat  ion model is the overall wheel -rail contact and da mage model (OCD)
which is a combination of extended creep force (ECF) and the approximate wear and

damage (AWD) models (Six et al., 2017) . The structure and the steps of the model is
shown in Figure 2.17. In the first step, the ECF model calculates the contact shear stress
distribution required for the AWD model considering the tribological effects such as
roughness, temperature and/or fluids. Then, the plasticity model calculated the plastic
shear strain distributions Us from the bulk stress model results; é:TdJAv,and 1:T4JA, d ater,
the damage model estimates the RCF crack initiation and wear model predicts the depth

of removed material from the surface. It was stated that (microscopic) cracks either lead

to the formation of flakes or wedge -like structuresd  epending onthe distribution of angular
plastic shear strain . Whereas flakes can lead to wear, wedge like structures can co ntribute
either wear and/or RCF which can ultimately form macroscopic fatigue cracks. The model

results provided good agreement with a full -scale test rig results in which gauge corner

cracking was observed after 100,000 cycles.

Figure 2.17: The steps and the sub  -models in the overall OCD model approach (Six et al., 2017)
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In the RCF crack growth modelling, the cracks were described by the three distinct

regimes: micro -structurally short cracks, physically short and long cra cks. Each crack
regime had a fracture mechanics based approach to characteri se crack propagation
behaviour: micro -structural fracture mechanics (MFM), elastic -plastic fracture mechanics
(EPFM) and linear -elastic fracture mechanics (LEFM). Although numerous investigations
were conducted to determine whether the EPFM or LEFM was applicable in the propagation

of shorter cracks, it is still a controversial issue. Whereas some researchers believed that

the LEFM was applicable since the rail has shaken down to el astic steady state which did
not lead to high increments in bulk plastic strains, the others questioned the fact that there

was large plastic zone compared to crack length in the short crack regime (from Phase 1

to 2) which causes crack growth in elastic -plastic regime rather than linear -elastic
(Ringsberg & Bergkvist, 2003)

As it was previously mentioned, defining the critical crack size in the modelling is important
and from a maintenance perspective , this would include the identification of the crack size
which cannot be removed by wear or grinding. Therefore, the interaction of wear and RCF

is significant in the crack growth. Previous models which account for wear rate showed

three different levels f  or both crack initiation and propagation stages (Ringsberg, 2005)
As it is demons trated in Figure 2.18, when the wear rate is at the Level 1, the crack
formation is not generated. The slightly lower rate at Level 2 may remove the initiating

cracks faster than they form, hence the crack growth is restricted. When the wear rate is

very low, the crack growth cannot be prevented which generally occurs in harder rail steels

due to their higher wear resistance.

Figure 2.18: The influence of wear rate on crack propagation (Ringsberg, 2005)

Crack propagation models can be differ ed according to the dimension of the
wheel -rail contact and the initial crack defined in the modelling. While some res earchers
considered line contact (2D) modelling, others have used 3D elliptical ¢ ontact models. The
crack dimension described in these models changes in terms of depth, sub -surface length

and crack inclination angle. Additionally, 3D models have been recently started to study

44



in which semi -circular or semi -elliptical cracks have beena  ssumed. There are also studies
which have used 2.5D modelling, which is a combination of 3D elliptical contact patch with

a 2D crack model.

Ringsberg (2005) created a 2D FE model to analyse the propagation of short cracks in a
set of twin disc tests. As a conse guence of laboratory tests, he found that the LEFM was
not appropriate  to describe the RCF crack behaviour since , the local conditions of crack
growth near the crack tip were greatly affected by the adjacent material deformation and

response. Th us, the EPFM was conducted using the results from FE model for four crack
lengths: 0.05, 0.1, 0.2 and 0.4 mm with selected crack inclination angle of 20°. Theresults

showed that all of the cracks extended by the mode Il shear growth mechanism and the

direct ion of the three shortest cracks were almost parallel to each other but , the longest
crack in the study had the lowest propagation rate and turned inan upward s direction.
For the cracks in Phase 2, the influence of fluid is playing a major role in the det ermination

of crack growth. The laboratory tests which were conducted to investigate this
phenomenon found that three possible mechanisms were generated by this fluid effect
(Way, 1935) . In modelling, the se three following mechanisms as demonstrated in  Figure

2.19 are usually taken into account to cal culate crack propagation rates.

) Fluid might lubricate the crack faces which means that the crack is propagating
in mode Il by the cyclic shear stresses caused by repeated rolling contact.

1)) Hydraulic pressure mechanism; fluid forced to prise apart the crac k faces which
generates mode | stress intensities at the crack tip.

1)) Fluid entrapment mechanism; crack mouth closes or contact patch can seal it

and the fluid inside the crack applies a pressure towards the tip.
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Figure 2.19: Mechanisms ofthe  fluid effect used in the RCF model ling (Lewis & Olofsson, 2009)

One of the first models which was deve loped to analyse the effect of fluid on crack growth
considered the three above mechanisms (Bower, 1988) . The 2D model of a surface
initiated crack was generated with a sufficiently long crack in order to use LEFM principles

and with a crack angle of 25°. In the first mechanism, stress intensities  at the tip of the
crack were calculated using dislocation method to present the load as it moved over the

surface (Keer & Bryant, 1983) . It was found that the sequence of slip, stick, opening and
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closure was dependent on neither the inclination nor the length of the crack. However, the
direction of traction changed the crack growth as the driving traction produced greater
stress intensities than the braking traction. The second mechanism was studied by taking

the hydraulic pressure equal to the Hertzian pressure of the half width contact. The crack
growth rates were rapid but the model was unable to demonstrate the influence of the
direction of traction. Thirdly, the crack was filled with fluid just before the contact reached

the crack mouth and afterwar ds, crack mouth was sealed when contact passed over it.
Both mode | and Il stress intensities should be calculated as the fluid kept part of the

crack open (mode ) and reduced the friction forces acting on the crack faces (mode II).

It was concluded that  the driving traction again generated large stress intensities but the

braking traction showed an opposite effect.

In the F&B (Fletcher & Beynon) model, the 2.5D modelling technique which gave the
opportunity of changing the contact position over the crac k was used to describe the effect

of rail grinding or re  -profiling of the running surface. Figure 2.20 shows the influence of
3D contact patch on the 2D semi -elliptc DO FUDFNV :KLOH WKH FUDFNV 3% DQG 3%
covered by the contact which made the Fluid Mechanisms Il and Il applicable, the cracks

T DQG 3" FDQOQRMW d$ealed by the contact patch. The stress intensities were
FDOFXODWHG XVLQJ *UsHrbei&r\o tetdQeE We.dei@putation time. Although the
method helped to convert the stresses along the line of an inclined surface breaking crack

in to a stress intensity factor, the F&B model extended it to semi  -elliptical/circular cracks

by using ageom etry factor. Regarding the lubrication effect, only the first mechanism was

taken into account and the friction of the crack faces was varied in the model. In the no -
offset case, the stress intensity factors (and hence crack growth rate) were greater for

elliptical contact patches with high ellipticity (a/b) levels. But, the offset contacts showed

that even the small offset of the contact by 1.6 mm (corresponds to 40% of crack radius)

produced a 10 % reduction on the predicted shear mode stress intensity fa ctor. For the
3.1 mm offset, the crack growth rate was decreased by 80% which is very common in
reality by changing the cross sectional profile through grinding (Fletcher & Kapoor, 2006)

Figure 2.20: Influence of 3D contact patch on semi -elliptical crack (Fletcher & Kapoor, 2006)

The F&B model was further studied to investigate the hydraulic pressure and fluid

entrapment mechanisms on crack growth. In the study, full -scale testing was also
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conducted to analyse fluid penetration. Rainwater was simulated using water carrying a
fluorescent dye to allow its presence inside the cracks in order to detect it in the destructive
examination. At the end of the experiments, it was found that the fluid could penetrate
into the cracks without contact loads or traction of a passing wheel. Therefore, they stated
thattheideaofcrack  having tobe opened by passing wheels to allow water in was violated.

The modelling results demonstrat ed that fluid pressurisation increased the crack growth
rate relatively higher than the no -fluid case. This second mechanism had a greater impact

on the small cracks (which had less than 4 -5 mm of radii) and the wear rate was lower
thus, the cracks continu ed to propagate and crack truncation could not be observed.
However , the fluid pressure did not apply to larger cracks since , the contact may not seal
these larger crack sizes. Again, the shear mode crack growth model was studied which
produced lower crack  growth rates even from the wear rate hence, provides a stable crack

propagation for larger cracks (Fletcher, Hyde, & Kapoor, 2008)

One of the earlier works done by the 3D modelling technique with semi -elliptical cracks
used the Body Force Method to calculate the stress intensity factors (Kaneta & Murakami,
1991) . The crack face was divided into 128 triangular sub -regions. The weighting functions
indicating the magnitude of body forces at each sub -region . The hydraulic pressure was
taken as equal to the contact pressure at the crack mouth and decreased linearly along

the length of crack and reached zero at the crack tip. It was found that the direction of

surface traction, the distance of contact to the ¢ rack mouth and the crack inclination angle
strongly controlled the fluid seepage into the crack. In the shear mode growth, crack was

extended when driving traction became larger a nd crack face friction was low while, the
tensile mode crack growth induced b y hydraulic pressure was occurred at the deepest
point for smaller cracks. When the crack depth became higher, the crack growth occurred

at the tip of the mouth which led to arrow head shape crack development.

The 3D modelling approach using FE analysis wa s also studied to examine the crack
propagation in squat type defects. Both small and large crack sizes: 12.46 mm and 44.80
mm were taken into account in the study. It was found that the direction of surface traction

and friction played an important role in the crack growth rate as well as crack branching.
The length of the crack was also crucial as while larger cracks were more prone to crack
branching and transverse defect s, small cracks were liable to spalling especially in the dry
conditon % RJGD VNL % UG®RY.Qhey also studied the fluid entrapment mechanism

by applying iterative numerical procedure. During iterations, the pressure in the crack

faces was gradually increased in each step which caused a separation of crack faces and

an expansion of the are  a. In each iteration, the volume inside the crack was enlarged
however, the pressure was kept constant until the area of open cracks stopped widening.

$IWHU UHDFKLQJ WKH 3VWDWH RI HTXLOLEULXP" FRQGLWLRQ WKH
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calculated for each st ep. The fluid entrapment was only valid until the contact centre

reached the centre of the crack. In this position, fluid squeezed out from the crack which

led to a decrease in the opening mode , but an increase in shear mode causing the system

passing to f luid mechanism I. In the study, 3D and 2D model results were also compared

and found that crack growth rates were much larger in 2D models. Hence, for fluid

mechanism Il and Ill, rate reduction factors 0.25 and 0.16 had to apply to the 2D results
%RJGD VNL ki, 2008} .

Crack branching was also studied by mixed -mode fracture mechanics which was applied
tocrack tip to demonstrate the deviation in crack growth. A numerical analysis was made

to compute the dominant modes in crack growth according to the conse cutive wheel
positions with respect to crack location. The three phases occurred in the analysis; the

first phase was a mixed of | and Il modes, a pure mode Il and mode | generated on the

second and third phases, respectively. The study found that branchin g initiated after the
crack length reached 4.2 mm. The occurrence of crack branching further studied in the

dry and wet conditions as it is displayed in Figure 2.21. In the dry condition, the higher
rolling surface friction which increased greater tangential loads enhanced crack opening

and branching in the beginning however, the high crack face friction increased crack

locking and high wear on the surf ace removed the initiated cracks. Conversely , crack
growth rates were decreased in the wet condition and no branching was occurred in the

starting phase , but low crack face friction increased the sliding in the crack faces which
resulted in larger crack gr ~ owth rates. Additionally, the influence of residual stresses on

crack growth rate was investigated. Whereas the positive residual stresses increased the

crack extension rate due to an enhancement of crack opening and branching, th e negative
residual stress es led to a reduction in crack opening and sliding which affected the

branching and crack  growth rate adversely (Dubourg & Lamacq, 2002)

Gisiny s IRt B e ot
Dry
conditions
D1 - Rapid initial D2 - Multiple cracks locked D3 - Intenshe wear
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surface wear
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lubricated
conditio
ne L1 - Mo damage L2 - Crack propagatian L3 - Lomg crack
1% laciged propagalion into the bulk

with lfew aurface wear

>

Numbar of cyclas

Figure 2.21: Schematic representation of damage under dry conditions and water lubrication
(Dubourg & Lamacq, 2002)
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The effect of multiple crack interaction on crack growth was analysed considering only the
bending stresses. The distan  ce between the cracks was selected as 5 mm and the crack
inclination angle was taken as 30° to represent shallow angled RCF cracks which were
usually observed in Phase 3 crack propagation (driven mostly by bending stresses). The
single cracks with varying inclination angles were also modelled to compare the results.
Naturally, the single cracks showed the widest opening and no shielding was occurred from

the tensile stresses.  On multiple cracks , larger widening took placed at the end of series
regardless of the numbers of cracks modelled in the analysis. Therefore, the stress
intensities were cal culated for the central cracks to show the influence of neighbouring
cracks. All stress intensities in each mode were found to be lower than the single crack

case. | n addition, it was shown that the material between cracks was relieved of stress in

the longitudinal direction but, the material at either end of the series was highly stressed
(Fletcher, Hyde, & Kapoor, 2004)

Besides th e above models, the re are models which are used to predict RCF damage
locations over long distances. They can be easily integrated with vehicle dynamics

simulations and hence WKH PR GiHpDtV parameters can be calcu lated for various
operating conditions  and track characteristics . The common models are the Whole Life Rail

Model (WLRM) and Shakedown Map which are clarified in the subsequent sections.
2.4.1 Gaps in the RCF damage prediction models

During the review of currently available RCF crack initiation and propagation models

several gaps were identified. The crack growth models which were explained in the

previous sections were mainly fracture mechanics based approaches and hence, they

require d certain parameters of an initiated crack such as size, shape and orientation.
Additionally , the dominant modes and stresses in these models were mainly determined

as a result of laboratory testing which were often undertaken through the use of twin -disc
testing. In these models, the effect of fluid was investigated as it was pronounced that

this had a major impact on crack propagation rates. This was generally incorporated into

the models by changing the friction levels in the rolling surface and inside t he crack faces.
The impact of wear and/or grinding in some of the models  was also studied to find the
influence of wear rate on crack development and the effect of change in wheel -rail contact

position on crack growth rate.

However, these factors consider ed in the current approaches were not sufficient to
scrutinise the RCF problem. Each phase in  the crack growth rate in Figure 2.16 may be
affected by various factors stemming from changing operational characteristics. Firstly,
divergent traffic conditions such as freight and passenger operations result in different

speeds and vehicle configurations with various wheel profiles, axle loads and bogie

characteristics. Seco ndly, track characteristics such as curve radii and cant deficiency
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values significantly affect the wheel -rail contact size and position . Although these factors

have an impact on crack growth rate, they were sometimes overlooked in the models.

Specifically, the contact pressure which was commonly taken as 1500 MPa in the models

did not always reflect the real conditions as it reaches larger values on high tonnage routes

or it may reduce due to two - point contact condition which is mostly occur in the curved
track sections. In addition, the wear which was occasionally incorporated into the models

to demonstrate its influence on crack truncation can have greater impacts on the crack

development process.

These assumptions in the aforementioned model s had to be made due to usage of Finite
Element (FE) modelling technique in the calculations.  Although it provides the detailed
analysis of stress and strain distributions under wheel -rail contact, it is cumbersome to
establish and is not appropriate to de scribe the significant variation in operating conditions
observed in reality. Furthermore, the models aimed to demonstrate the effect of fluid
mechanisms Il and Ill on crack growth were making numerous calculations and iterations

in order to showed how flu id goes inside the crack. However, the findings from full -scale
testing showed that the water would be present in cracks from the first wheel of a passing

vehicle (Fletcher et al., 2008) . Hence, this extensive number of iterations might become

unnecessary in describing this fluid mechanism.

As a consequence, amore  rapid approach is required for the prediction of RCF damage on
large railway networks. These models should be easily integrated with vehicle dynamics
simulation sin orde r to calculate wheel -rail contact positions and forces for various kind of
operating environments and traffic networks. In this research, the relatively rapid methods
3:KROH /LIH 5DLO ORGHO”" :/50 DQG 6KDNklé&ateiz.Q 0DS ZHUH

25 8VLQJ 7A LQ WKH 5 &Jagn@g& predictions

7KH @Approach was first put forward as a hypothesis in the year 1978 (Allen, 1978). The

net tangential force of the wheelset and the work done in a contact was derived by using

the torque balance on the wheels. According to this hy pothesis, the net tangential force

which was derived from the torque balance was equal to the force on the wheelset and it

LV WKH GUDJ IRUFH ZKLFK SXOOV YHKLFOH WR PRYH IRUZDUG GLUHFWL
was calculated from the sum of the produc ts of the creepage and creep forces for the

longitudinal, lateral and spin components. Therefore, the work done on a wheelset was

equal to the distance multiplied by this tangential force. It was a ssumed that the energy

which le d to this work must be diss ipated in some form such as noise and/or heat , but it

was argued that the majority of the energy would be released by wearing the wheel -rail

FRQWDFW VXUIDFHV )RU WKLV UHDVRQ WKH SDUDPHWHU 7A LV DOVR F

6UL6GUE QU E/ ;S (2. 23)
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where 6, 6 and Qa;n are the tangential creep forces and the corresponding creepages in

the longitudinal and lateral directions respectively, and / { and S; are the spin moment

and the corresponding spin cr eepage respectively.

Although the parameter was initially used to predict wear, it was later proposed that the
energy generated in the contact patch could also result in a RCF damage and hence the

WLRM was developed.

2.5.1 WLRM damage function

One of the well -known approaches used in the prediction of rail damage, particularly the
initiation and location of RCF cracks, is the Whole Life Rail Model (WLRM). The model
predicts the RCF damage  severity and the interaction of wear on the crack development
process (e.g. wear removes RCF damage), based on the increase in contact energy
SDUDPHW HTheiefore, the model describes the regions where wear would be the
dominant mechanism and the regions where RCF damage would be more likely to

accumulate. Figure 2.22 shows the development of WLRM Damage Function from the

regions of RCF and Wear damage separately (Dembosky, 2004)
WViear
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Figure 2.22: Combination of wear and RCF functions in the WLRM  (Dembosky , 2004)

The WLRM was developed as a consequence of several studies that were conducted
following the Hatfield Rail Accident in 2000. This accident played a crucial role in RCF

studies , as the cause of the derailment was a broken rail that resulted from the
propagation of head check defects. Although the cracks were observed and the rail
replacement in the accident region had been scheduled, the cracks led to fracture before

their removal (Grassie, 2005) . To better understand the crack development mechanism

and to support the manage and mitigation of the problem, RCF cracks at se veral sites on
the GB railway network were investigated. These studies enabled a detailed understanding

of crack patterns observed in the rails and the influence of track geometry, vehicle and

traffic characteristics and contact conditions on the initiatio n and growth of the damage.
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The data collected from the site investigations was considered in the development of the

WLRM through the use of vehicle dynamics simulations. Several vehicle types, with

different bogie and suspension characteristics, real tra ck geometry conditions and various

wheel and rail profiles were modelled to calculate the variations in 7A 7KH YDOXHV ZHUH

correlated with the site observations to develop the WLRM damage function. This damage

index generated from the developed damage fun ction isanon -dimensional number which
accumulates based on the number of cycles (or axle passes) given in the model.

In order to test and validate the WLRM, the model predictions were linked to the actual

RCF conditions seen on site, particularly surface crack length, position and orientation
(Burstow, 2004) . Figure 2.23 which was one of the outputs of this study displays the
comparisons of damage indices and surface crack len gths for left and right rails at tangent

track site in the  Ruscombe study site  (UK). The largest surface crack lengths can be
associated with the higher damage indices in several locations of the track. But, there are

still places where the model could not accurately predict the RCF damage.

Figure 2.23: Comparison of damage index and surface crack length for left and right rails at
Ruscombe study site  (Burstow, 2004)

Following the site validation, several revisions to the WLRM damage function were

implemented and the model took its final form as shown in Figure 2.24. The damage

function is divided into three regions. In the low energy level, which is defined at a fatigue

threshold of 15 J/m (N), the energy at the wheel -rail contact is insufficient to gen erate

damage and therefore the predicted damage is zero. When this number is exceeded (first

region) WKH PRGHO VKRZV SRVLWLYH 5&) GDPDJH LQGH[ YDOXHV ZKLFK
2Q0\" W\SH RI GDPDJH DQG LW UHDFKHVY D SHDN GDPDJH &bn@ XH DW -
UHJLRQ ZKLFK LV GHILQHG DV 35&) DQG :HDU" WKH HQHUJ\ OHYHOV !
wear begins to dominate but the wear is not sufficient to remove the initiated cracks

entirely. In the third region where 7 Avalues become higher than wear/RCF balance point

of 175 J/m (N), the predicted damage passes through zero to negative values. In this

region, the wear rate dominates the cracks growth in the higher energy levels and the

wear becomes sufficient to remove initiated cracks (Bevan, 2011)
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Figure 2.24: WLRM RCF damage function (Bevan, 2011)
,W VKRXOG EH DOVR QR WHG WKKIYWP WEHO7AV DOVR UHIHUUHG WR DV pV
based on the assumption that RCF in rails is generated under only traction direction, while
braking direction leads to wheel damage. It was shown during previous modelling studies
and experiments that RCF cracks could continue to propagate under fluid effect when the
longitudinal creep force was acting in a traction direction which is indicated by a force on
WKH UDLO RSSRVLWH WR WKH GLUHFWLRQ RI WUDYHO DQG ZKHHOTV
Figure 2.25. Traction force at the wheel -rail contact moved over the crack and cause fluid
(entrapment) inside the crack to apply pressure towards the tip. T hus, the model only
considers the regions where the longitudinal force on the rail is opposite to the direction
of traffic (on the wheel, similar direction to traffic) and predicts the damage based on its
value. In the previous studies, the spin component RI WKH 7A ZDV RIWHQ QHJOHFWHG
computational limitations during that time and it was assumed that its contribution would

be very small. However, recent simulation tools can calculate this and studies have taken

into account accordingly (Bevan, 2011 ; Dirks et al., 2015).
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Figure 2.25: Influence of fluid on the crack propagation.

2.5.1.1 The assumptions in the WLRM RCF damage function and

its previous applications

Although the current form of the WLRM was successfully applied and validated using real
case studies to predict RCF damage, the model contains several assumptions which made

it less accurate when it was implemented on routes with different characteristics to those

used during the original validation of the model. These can be divided into three groups.
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JLUVWO\ WKH WHUP 7A LV \sWgedtidg Dthi¢ \ietRaNgentisl lforce  rotating the
wheelset was transformed into an energy causing RCF and wear at the whee |-rail surface
by neglecting other outputs such as noise, heat and etc. The previous WLRM results
provided good indications where the sites were more susceptible to RCF cracking.
QXDQWLILFDWLRQ RI 7A DW W toHel&FtRd With Fh& d&iEhW FtKat ratc hetting
developed in the material. However, as the further propagation depended on factors such
as fluid pressuri sation (or entrapment) , thermal and residual stresses, it was mentioned

that it might become inapplicable to predict these phases . Therefore, some studies
combined with crack growth models. One of the studies found that crack growth rate
LQFUHDVHV ZL W But Wtkwhs TAcertain which conditions were leading to further
extension after ratchetting. Similarly, the brick model showed a good corre lation
SDUWLFXODUO\ IRU b¢lbvOo65H\Y RRZBYHU WKH KLJKHU 7Ashyvie® XaHV WKDW
larger wear rate did not provide good agreement with the brick model and site conditions
where a decrease in RCF initiation risk was not observed (Burstow, Fletcher, F  ranklin, &

Kapoor, 2008)

Secondly, the previous works predominantly used VAMPIRE vehicle dynamics software in

the WLRM computations. Although VAMPIRE is a very rapid simulation tool to provide
creepages and creep forces for a wide range of differen t contact conditions, the calculated
results were the global outputs of the wheel -rail contact. The usage of Hertzian theory and
.DONHU f\al@dteld look -up tables in the wheel -rail contact problem lowers the
accuracy of results and do not show the dis tribution of forces (local output). These

limitations are clarified in the Chapter 4 of this thesis.

Thirdly, the assumptions which were made in the development of WLRM can cause certain
drawbacks. Firstly ,duetouseof 36LJQH®&  WWURM gave reas onably good validation
especially in respect to classic high rail RCF, but it often disregarded the low rail damage
(Evans, Lee, & Hon, 2008) . Therefore, the study suggested that the creep force angles

between 0° and 90° may also cause RCF and Figure 2.26 was developed.

Since the WLRM was previously used and validated on the mainline routes of GB railway

network, the breaking points (thresholds) of the model may require modification when

considering different vehicle/track characteristics and operating conditions. When th e

longitudinal creep force direction of each contact on these mainline tracks was analysed,

it can be seen that the flange contact is usually in the traction direction on the high rail.

Thereby, the previous WLRM studies have mostly taken into account the VLIQHG 7A YDOXHV

at the wheel flange/gauge corner contacts at the outer wheel of the leading axle. For

LQVWDQFH WKH KLJK 7A | 1 JHQHUDWHG DW WKLV FRQWDFW ZDV G
for the side wear in rails (Burstow, 2006) +RZHYHU WKH FUHHS IRUFH GLUHFWLRQV

might vary under different railway systems. In these conditions, the dominant wear
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damage which can be occurred by the several aforementioned mechanisms might be

REVHUYHG DV D UHVXOW RI VPDOOHU 7A YDOXHV 7KH VWXG\ ZKLFK FRP
high speed and h eavy -haul lines showed that on the contrary to high speed lines where

the wear volume was reduced and RCF damage became severe, the plastic deformation

became critical with greater axle loads which increased the wear volume in the freight

lines (Zhong, Hu, Shen, Wang, & Lius, 2011)
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Figure 2.26 f6LJQHG 7A3 LQ WKH :/50 DQG (YDQBety&@JIMH))XQFWLRQ

The WLRM was developed based on the performance of R260 rail material and high
FRHIILFLHQW RI IULFWLRQ E ZDV VHOHFW Haditdn® éhHradkKk H DFW XD O
were unknown and it was decided to incorporate the worst case scenario into the model.

Since IMs have recently tendedt o use harder steel grades and apply lubrication in critical
track sections in order to manage RCF defects, the influence of using the m should be
further analysed and considered in the model. Regarding the use of alternative rail steels,

the influence of material properties on the mode | was accounted theoretically. It was
assumed that hardness  of alternative steels can lead to different  wear/RCF balance point s
onthe model andthe  elongation parameter can provide  anindication of peak damage and
the first slope of the model ductility (Burstow, 2009) . Figure 2.27 demonstrates the
proposed WLRM damage function for alternative steels. However, it should be noted that

the validation of these models has been in still in progress
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Figure 2.27: Proposed WLRM damage function for alternative rail steels (Burstow, 2009)

55



2.5.2 Wear prediction s XVLQJ & a different approach: Archard

function

The 7 Awas initially used in predictingwear . One of the earlier studies was performed using

a laboratory rig and field measurements , DLPHG WR SURYLGH D UHODWLRQVKLS EHW
wear damage for both rails and wheels. A large volume of wear data from the field was

FROODWHG WR ILQG WKH ZHDU UDWH DQG WR HVWDEHMKeLsgiIK D FRUUH
component inthis study was initially neglected since, it was stated that its contribution to

wear number was very small. As a re sult of full scale rig laboratory experiments, the

following relationship was found which is as follows:

O 7A 1 0LOG :HDU
Jd 7A ) 1 6HYHUH :HDU (2.2 4)
The study calculated the wea r rates for both rail and wheel s which was expressed as a

cross -sectional area loss of the rail produced by the passage of a certain number of

vehicles. The results presented  below were for rails only (McEwen & Harvey, 1986)

7A 1 UDLO ZHDU UDWH 4 [nif/10° axles
7A 1 UDLGQr&te=50x10 2 mm?2/10 % axles
7A | 1 UDLO ZHDU UDWH322)x1p 7°A mm?/10 ® axles
Lubricated Condition; rail wear rate < 6.0 x 10 3 mm?2/10 % axles (2.25)

In the subsequent study, the laboratory results were validated using field data. The wear
number predictions that were computed from curving program outputs compared with the
measured wear rates from a wide variety of track locations. Although the correlation
EHWZHHQ 7 Aurau@ was rather sparse particularly at sharper curves, this study
showed that the mild wear rate prediction for the moderate/shallow curves was similar to
laboratory results.  Thefield measurements showed less severe wear rates than those seen

in the laboratory experiments which stem from an application of lubrication in sharper

curved tracks (Harvey & McEwen, 1986)

This model was later called the British Rail Research (BRR) Wear Function shown
graphically in  Figure 2.28 which demonstrates both the mild, transitional and severe wear

rates . One of the first well  -known studies that used this model T Yrinciple was to predict
wear on wheels (Pearce & Sherratt, 1991) . The predicted wheel profiles and the conicity
vs distance plots calculated from vehicle dynamics simulations were compared to data

obtained from long -running profile wear experiments. Although the route models in the

analysis consisted of typical alignment sections (e.g. tangent and c urved tracks) , a

relatively good agreement was achieved in the study.
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Figure 2.28: BRR wear function (McEwen & Harvey, 1986)

In the following years, this modelhasbeen DGDSWHG WR LQFOXGH WKH 7A $ SDUDPH'
A is the nominal contact area. As it was mentioned previously, there are several kinds of

wear mechanisms that are responsible for different wear rates in rails. In order to

understand the influential factors, a large number of laboratory experiments have been

carried out across several studies. It was mentioned that creep force, creepage and

Hertzian contact area were the main parameters affecting the wear rates. A linear

relationship was found between the wear rate (in terms of weight loss per unit nominal

contact area in unitdistancerolled ) DQG WKH SDUD P HBulton) Claktoh, & McEwen,

1982) . The su ccessive VWXG\ FRQILUPHG WKH UHODWLRQVKLS EN&M&ZHHQ ZHDU
conducted metallurgical examinations to analyse the specimens from the laboratory tests

(Bolton & Clayton, 1984) . There are three different types of wear rates. Whereas the type

| wear rate was more related to surface oxidation and a metallic flake formation, the type

Il wear was characterised by the wider range of flake deformation and adhesive wear. In

type lll , alarge volume of material loss was observed

Figure 2.29 VKRZV WKH UHVXOWV Rl WKH 7A $ EDVHG ZHDU PRGHO IURP WK
can be seen that the materials in different wear tests almost result in similar behaviour

VXFK DV WKH LQFUHDVH LQ 7A $ JDYH U L(Vawis®tl. K0T H UlnZHidiioh,U D W H V

it show s different wear rates ; mild, severe and catastrophic for R8T and R7T wheel st eels.

The effect of different wear rates on both surface and subsurface was investigated and it

ZDV REVHUYHG RQ WKH VXUIDFH HIITHFWV WKDW ZKLOH WKH R[LGDWLY
YDOXHV WKH UDWFKHWWLQJ SURFHVV EHFDPH GRPLQDWQi# DV 7A $
experiments.  Similarly , the observation of subsurface morphologies revealed that a larger

DPRXQW RI SODVWLF GHIRUPDWLRQ ZDV JHQH U DMeéef@thBrWwiciédse KHU OHYHO
LQ 7A $ YDOXHV FDWDVWURSKLF UHJLPH OHG W&RkIWKthe @iy HORSPHQW

surfaces and the direction of them changes downwards to form larger cracks.

+RZHYHU LW ZDV QRWLFHG LQ WKH IXUWKHU H[SHULPHQWVY UHVXOW\
wear rate were caused by the severity of loadings: normal load, sliding ve locity or surface

temperature. The wear rate followed a similar pattern with the creep curve in that the first
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transition wear occurred at the transition point from partial slip to full slip. But, the
temperature calculations for the contact demonstrated that the large increase in wear
rates seen at the second wear transition might result from a thermally induced reduction
in yield strength and other material properties.
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Figure 2.29 7KH 7A $ ZHDU PRGHO UHVXOWYV IURP VHYHUDO VWXGLHV D DQG WKF
for R8T and R7T wheels (b) (Lewisetal., 2010)
Furthermore, iW ZDV PHQWLRQHG WKDW ZKLOH WKH 7A PHWKRG KHOSHG WR

wear rates and could reflect the changes of other contact parameters such as pressure

and slip by moving the values on the wear curve , it did not demonstrate their individual

contributions on wear . In order to take into account, the mapping method was used which

cal FXODWHG WKH ZHDU EDVHG RQ.¥herKne 6ffwéal X YR3/dldrIQed from

the following formula where k isanon -dimensional wear coefficient, N is the normal force,

s is the sliding distance and H is the hardness of the softer material at the contact .

Cle
&god G (2. 26)
The wear coefficient  k is found from the wear map based on the sliding velocity v and

contact pressure  P. The wear map demonstrated in Figure 2.30 was developed using a

mixture of twin  -disc and pin -on-disc testing methods using R7 wheel material and 900A

grade rail material. It also shows the specific regions where tread and flange cont acts
generally occur. It was mentioned that while tread contacts located in the mild to severe
wear regime, the flange contacts were in the severe to catastrophic regimes which

matched with the field observations (Olofsson et al., 2013)

Despite a large number of studies being conducted, the wear transitions and rates defined
in these models are valid only for dry conditions. The effect of different mechanisms and
third body materia  Is such as lubricants and water were not considered. Recently, twin -disc
testing study was carried out to compare the wear characteristics under dry, water and

(Hardwic k, Lewis, &

Eadie, 2014) . Figure 2.31 VKRZV WKH 7A $ UHVXOWV IRU WKHVH WKUHH FRQGLW

grease lubricated conditions of R260 rail against R8T wheel material

that the wear rates were considerably lower compared to dry case and it was stated that
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higher energy levels were required to achieve the severe - catastrophic wear regimes for water and

grease contacts. Nevertheless, much work are needed to establish new models.

Figure 2.30: Rail steel wear map for UIC60 900A  (Lewis & Olofsson, 2004)

9.0
ik
80 — X 5% DRY
1%

g—, TID |
E
£ 60
£
'E 50 4
= 40
o
§ 304
C h

- s0e 10% WATER

L0 T S——— gmmmmmmmmmmm—ca—aa- -

................. _?_"_,,1_ 20% GREASE
0.0 T .
5 10 1% 20 25 30
Ty/A (N/'mm?)
Figure 2.31 :HDU UDWHYV DW ORZ 7A $ YD O XH Sndgle@sH lubi@atad camiiiorsUor
R260 rail against R8T wheel material (Hardwick et al., 2014)

2.6 Shakedown map

The Shakedown Map was developed based on different material responses explained in
Chapter 2. 2 for both line and point contacts. In order to model the ratchetting, the
non -linear kinematic hardening law had been incorporated into a theory of elastic plastic

rolling and sliding contact (Bower & Johnson, 1991)

2.6.1 Calculation of a rolling -sliding line contact
In the calculations of a line contact, an elastic cylinder with 4 radius with an elastic
perfectly plastic half space was assumed which is also shown in Figure 2.32.
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Figure 2.32: Rolling/Sliding contact of a cylinder with an elastic perfectly -plastic half space
(Johnson, 1989)

The semi -width of contact a and the contact pressure P were calculated using  the Hertzian
principles Equations 2.14 and 2.15 which was previously introduced in Chapter 2.1. The

elastic contact stresses &5 &; and &; were givenas (Johnson, 2000)

&el F3i [ FIV %P EVF V. (2.27)
& LFS YIS EV, (2. 28)
&, L 0:&sE&;; (2.29)
Since Oz is an axis of symmetry, the shear stress ijsequalstozeroandhence , the principal
stresses
&L &e (2.30)
& L & (231)
& L 0:&:E&;; (2.32)
When these stresses were considered at the surface ( x=z=0 ), the principal stresses
became & L & L F2, and & L Ft 62, and when they substituted into the Tresca criterion,

yield occurred when 2, reached thevalue & :sF1t6;
&F& L &:F&;, L& LtG (2. 33)

Thus, the principal shear stress is L s t:& F &;has a maximum value of rd r2, at a depth

of about VL r& z= This means that i n the rolling condition of a line contact, yield will

initiate at the point (0, 0.78) which is below the surface
1245 L s&yd L uai@Tresca criterion) 25 L sy {& L udVon -Mises criterion) (2. 34)
However, when residual stresses were introduced, it was expected the half -space to

remain plain in rolling condition. Owing to this fact, they became independent of x and y
directions é&;; L &; Lrand &; L &s L r. Thus,the & V,and &, :V, was stated to be vary

only on the z direction.
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To find the lower bound of the Shakedown Map OHODQTVY WKHRUHP zZQVoaWwasiG DQG
selected to ensure that :&, E &, ;was the intermediate principal stress. In order to define

the lower bound in whi  ch yield was not to be exceeded by the Tresca criterion

& F&°L<6sEé&sF& PEVIEQVE (2. 35)
It was stated that this condition could be justified by taking disiaoel Gand &5 L &; F &4
Inthe elasticcon tactstressfield, :ijs;30sL rdw2at TL Gr& y=aVL ra~=provided the lower
bound to the shakedown limit.
2ZR VG (2. 36)

IQ WKH FDOFXODWLRQ RI DQ XSSHU ERXQG WKH .RLWiistthfeMh@ KHRUHP ZL
HITHFW RI DFFXPXODWLRQ RI SODVWLF VWUDLQV 7KH LQFUHPHQWDO !
assumed to generate under shear at a depth of h below the surface. The work by the
elastic stresses was then computed as R v¢—and the plastic dissipation LV N" X3 %\ .RLWHUTV
theorem, the incremental collapse (ratchetting) will occur when

11e¢Q2R GQ2 (2.37)

Therefore, the optimum band to the shakedown limit was obtained by selecting DL rarat

which ;s has its maximum value r & w2, which also corresponded to
2FQvG (2. 38)

When the upper and lower bound values were compared, it was apparent that they were
both equalto  2FL v&

However, a Ithough the friction traction was not considered in the rolling contact, it was

taken into account in the sliding contact which equal s to
MT; L J2¥sF:TF =%, Eis friction coefficient (2. 39)
Under this condition, the combined effect of both pressure p(x) and q(x) should be taken

into account. Contrary to rolling contact, the maximum value was slightly increased and
located more close to the surface. At the surface, the stress state became hydrostatic due
to normal pressure and there was no t endency to yield (except for the negligible plastic
flow in the lateral direction). Therefore, only the stresses under frictional traction q(x)

were considered:

& Ta; L FtaT= F=QTQ= (2. 40)
&, T&, L FtoaT= F=QTQ= (2.41)
& :Ta;Lr F=QTQ= (2.42)
le:Ta; L FMT; L Fa§sF = (2. 43)
The principal shear stress i5: T& ; in the plane of deformation which is given by
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i5:T&; L—Z:é7 F&; L—Z¥:éﬁ F &8 EVeS L 42, The r esults showed that the yield was

initiated simultaneously at all the points in the contact surface isL G
2 GL s a (2.44)
Figure 2.33 was developed considering both rolling and sliding line contact. The

Shakedown Map demonstrated that under sliding conditions, both the elastic and

shakedown limits were equal which means tha t they are not dependent on the material
KDUGHQLQJ ,Q DGGLWLRQ LW VKRZHG WKDW DW E WKH FULWLFDO \
to surface.

Figure 2.33: Shakedown M apin aline contact for a perfectly plastic and kinematic hardening
material (Johnson, 1989)

The presented shakedown theory in the above assumed that full slip takes place between
the cylinder and half  -space. However, under partial -slip condition which means when the
traction coe fficient (T/N) is lower than the friction J(mostly occurred in the dry conditions)

the lines displayed in the Shakedown M ap changes. Wher eas for low friction,  there were

less differences between the partial and full -slip, a higher impact on the maximum s hear
stress was calculated for high  er friction (Bower & Johnson, 1991) . Figure 2.34 shows the
Shakedown M ap with partial slip. It can be concluded that the partial slip lowered the

shakedown limits and hence made these contacts became more damaging . Moreover, the
effect of kinematic hardening on low values of Jdemonstrated that it had a crucial role in

finding the yield limit under subsurface stresses.
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Figure 2.34: Shakedown Maps with partial slip: a)Elastic  -perfec t-plastic b)Kinematic hardening
(Johnson, 1990)

2.6.2 Calculation of a rolling -sliding point contact

To find the shakedown limits for rolling and sliding point contacts, the Hertzian contact
pressure was again used which is calculated from Equation 2.10. Under sliding conditions

(Ponter, Hearle, & Johnson, 1985) ;
G -
M Ta; Laa§sF@A ':%?6 (2.45)

It was stated that the calculations were more difficult for point contacts than lin e contacts
since six components of residual stresses should be considered in the analysis which is
displayed in Figure 2.35. Whereas a complete surface layer of unifor m depth was displayed
relative to the subsurface in line contacts, only material close to the contact area was

displaced and left underformed material on either side of the track in point contact case.

Figure 2.35: Rolling/Sliding contact of a point with an elastic perfectly -plastic half space (Ponter et
al., 1985)
The displacement field caused to a self -equilibrating system of residual stresses &, : UaV:

and & :UaV. It was mentioned that this difference in point contacts led to two types of
plastic deformation:
1) The incremental growth of plastic deformation as it was previously called as
ratchetting.

2) Avrepeated closed cycle of  alternating plasticity took place which generated beneath

the surface with no incremental growth. This state was called as plastic shakedown.
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Figure 2.36 demonstrate s the shakedown limits for point contacts. While the y -axis is the
load factor with represented by E @k ( Eis the shape factor) , the x -axis is the traction

coefficient given  represented as f, ..or T/N in the literature.

a 2 I
Vilsoss (2. 46)
<1 1 ¥(soE (raap
BLaLCL (c (2.47)
where Fiat is the lateral tangential force, Fiong is the longitudinal tangential force and Fn is

the normal load. In this case, it was stated that when the traction coefficient exceeded

0.3, yield initiated at the surface.

Figure 2.36: Shakedown Map on a circular (point) contact (Ponter et al., 1985)

The plastic shakedown was located between the curves A and B in Figure 2.36. As it was
previously mentioned, a fully contained enclave of material below the surface encountered

a closed cycle of plastic strain , but the surrounding undeforming material prevented the
progressive strain growth. Regarding the ratchetting limit, it was found that the point

contact at the surface was subjected to the same -damaging non -proportional cycle of
stress as it was experienced in line contacts. The X and Y were found as 0.203 and 0. 227,
relatively. Also, the dashed line represents the shakedown limit calculated by considering

WKH DIRUHPHQWLRQHG 0H GibhGafipliet\fdt h tbhitéct.Z

Furthermore, it was mentioned that the given Shakedown Map was applicable for
particularly po int contacts which have larger lateral width than its longitudinal semi axis

( E+D and circular contact ( a=b ). In order to address this issue, the effect of different
ellipticity levels ( a/b) was investigated (Ponter, Chen, Ciavarella, & Specchia, 2006)
Figure 2.37 shows that the shakedown limit monotonically decreased with b/a. It was

found thatthe b/a=4 was closest to the line contact. Although there were larger variations
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observed between the different ellipticity levels under low traction coefficient values, the

shakedown limit became almost similar at E
Figure 2.37: Shakedown Map for point contact wit h different ellipticity levels (Ponter et al., 2006)
It should be noted that a different type of material response take s place under repetitive

load passages. Even though some passages will exceed the shakedown limit and cause

plastic defor mation to accumulate, the other passages as well as the surface displacement
resulting from this previous exceedance might affect the shakedown limit . These potential
modifications in the shakedown limit either lead material to a reversion to a shakedown

state or continue to increase ratchetting

2.6.3 The assumptions in the Shakedown Map and its previous

applications

7KH 6 KDNHGRZQ 0DS DQG UDWFKHWWLQJ OLPLW DUH DQ HIILFLHQW PHMW
response to the applied forces and provides an indication of the propensity to generate
surface and sub -surface damage. But, the model was developed based on certain

theoretical assumptions:

1) Hertzian contact theory  : Although it has certain assumptions which were detailed
in the Chapte r 2.1, the Shakedown Map extended the Hertzian contact theory by
including the inelastic material response and rolling friction (Ringsberg, 2001)

2) The sliding contact case was in full slip and the effect of partial -slip condition was
mainly neglected. Nevertheless, while partial slip condition showed a higher
influence on line contacts, it showed a lesser effect on point contacts (Dirks &
Enblom, 2011)

3) It was mainly applicable for particularly point contacts which have larger lateral

width than its longitudinal semi axis ( E « D and circular contact (  a=b ).

In one of the earlier studies, Beagley (1976) linked the transition between mild and severe

wear by the help of the Shakedown Map. It was stated that the traction coefficient of 0.32
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played a crucial role as it was indicated as the transition point from subsurface to surface
deformation. On lubricated surfaces, the T/N was less than 0.32 and hence the maximum
shear stress occurred below the surface . Additionally, the wear was experienced
particularly under high contact stresses and it became more critical than cracks as it was

often encountered at the rail flange contact in rail traffic operations.

Another study used the Shakedown Map to determine the failure mechanism and the

related RCF prediction model for different type of material responses. When the material
is below the e lastic shakedown limit, the failure would occur eventually by high cycle

fatigue (HCF) mechanism. As it was expected, no cracks were initiated for the simulated
magnitudes of contact pressure and friction coefficient. However, ifit  was above this limit
and inside the plastic shakedown limit, the material was defined to be failed by Low Cycle

Fatigue (LCF). In this regime, lower number of cycles were generated to initiate crack
development than HCF. The model results for the ratchetting mechanism showed the
severity of this regime since the cracks were generated at the lowest number of cycles
(Ringsberg, Loo -Morrey, Josefson, Kapoor, & Beynon , 2000) . Inthe subsequent study, the
site observations revealed that the large shear deformations of the material microstructure

in the zone of head checks occurred as a consequence of both ratchetting and LCS
mechanisms. The HCF produced less visible damage on the surface of damaged rails
(Ringsberg, 2001)

Figure 2.38: Shakedown Map for dry and FM conditions (Eadie et al., 2008)

A more recent study demonstrated the effect of friction modifiers (FM) on the rail da mage
by using the Shakedown Map. As it is presented in Figure 2.38, the dry conditions led to
more severe deformations (ratchetting) than the FM condi tions. While the ratchetting
mechanism gave rise to wear and head check crack formation, the FM applications delayed

the onset of head checking (Eadie et al., 2008)

66



One of the well -known applications  of the shakedown theory is the Surface Fatigue Index

(Flsurt). It was calculated from the horizontal projection of the shortest distance between

contact points and the ratchetting limit. (Ekberg, Kabo, & Andersson, 2001) . As the
equation of the boundary curve for surface flow (ratchetting) in the Shakedown Map is
5 5
RL Li_g (2. 48)

Then, the surface fatigue index becomes;
(%eab BF L BF

6 00P
[2

- (2. 49)

Previous studies were conducted to validate this model using twin -disc and full -scale
testing . Itcan be seenin  Figure 2.39 that the RCF was predicted for all the test conditions

with the exception of wet twin -disc cases inwhichthe  (Flsuf) value was givenasn  egative .
During the experiments, the higher FI sur values led to early crack initiation. However, it
was stated that the further detection of cracks was not reliable as the wear removed the
initiated cracks. It should be noted that the FI suf was applicab le for surface initiated
damage, another parameter the surface fatigue index FI sub Was also developed in which
the cracks were assumed to initiate at depths approximately 3 mm from the surface

(Ekberg, Akesson, & Kabo, 2014)

Figure 2.39: The surface fatigue index ( Flsur) results for the studied test conditions (Innotrack, 2009b)

Flsur and WLRM predictions were compared in a number of studies . One of the studies
stated that the damage index provided a better correlation to the reality than the FI surf, as
it underestimated some of the damage (Stichel, Mohr, Agren, & Enblom, 2008) . In tighter
curves, the damage index became negative showing the larger wear rate over crack

initiation but, in these areas, the FI surf, had the highest values (more distant to ratchetting

limit). It was later stated that although the FI sur might underes timate the RCF prediction
for high creepages due to limitation of traction coefficient values by the maximum friction

coefficient, the damage index might overestimate as it was previously observed in the
laboratory experiments that for high creepages ( > 5% ), the RCF life was unaffected by

creepage.
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Recently, new models: Stress Index (SI) and Energy Index (EI) have been developed by
incorporating the longitudinal and lateral shear stresses to these models (Dirks, Enblom,
Ekberg, & Berg, 2015)

54 ¥i;s:TAJSEIN; :TALF G (2. 50)
"+:TAJ L i;5:TAJ OkQ F :1 OU0E i :Td U@ E:1 UT;A (2.51)
where 1;s:TdJ, and 1i;; : TdJ; are respectively the longitudinal and lateral shear stress es in

the cell element of Tand Udirections. ([ 4jare the creepages an d 1 is the spin mome nt.
These new models were also extended by the crack propagation model in order to predict

crack depth for small crack sizes. In the study, the model results were correlated with

measured crack depths and surface crack lengths on a curve of the Dutch railw ays. It was
found that while EI provided better predictions regarding crack depth estimations, the Sl

was superior in surface length. Nonetheless, it was mentioned that further validation was

required considering a range of operational conditions as the mo dels were only applied on

a single curve.
2.7 Conclusions and discussions

In this chapter, the definition of RCF, wear and the interaction between these two damage

mechanism s are given. In order to manage RCF crack growth and to reduce the risk of rail

failu re, it was noted that the further processes of both of the damages should be predicted

since, wear (as well as grinding) can truncate the size of existing cracks . However, to
understand these damaging condition s better in rails and to increase the accuracy of
current prediction models it was suggested that reliable and sufficient field monitoring
defect data is essential . Therefore, current inspection methods and NDT techniques are

also provided in the chapter with their strength and limitations.

The crack data acquired by the MRX -RSCM rail inspection device was selected for use in

this research due to its novelty in crack depth measurement. Although it provided
satisfactory results in certain studies, further validation studies revealed that it ov er-
predicted the crack depths. In order to overcome these problems and increase the

reliability of field crack data in the research, several measures were taken which are

detailed in Chapters 3 and 8.

Additionally, the current RCF and wear damage predicti on models are summarised along
with their benefits and assumptions . When the influential mechanisms in crack
development as well as wear were reviewed, it was noticed that there are several factors

affecting damage in rails. Nevertheless, plastic deformati on accumulation (including uni -
directional strain; ratchetting) is commonly responsible . The existing detailed RCF crack

growth models mainly utilised FE modelling which provided the opportunity to build 2D/3D
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contact -crack models. However, even though thi s helps to understand comprehensively
the changes in stresses and find the crack growth rates under the effect of several factors

such as different fluid mechanisms, it requires high computational times to solve a number

of cases. In addition, certain para meters of an initiated crack (e.g. size, shape and
orientation)  should be pre -defined . Therefore, when the damage predictions over long
distances such as London Underground were considere d, this modelling technique
become s impractical to apply and investig ate a wide range of operating conditions with

changing traffic, track geometry characteristics and wheel -rail profiles.

The two common approaches used in the prediction of damage initiation and location are

the WLRM and Shakedown Map. Both of them can be u  sed in combination with vehicle
dynamics simulations and by the help of these tools, it is possible to efficiently calculate
differentwheel -UDLO FRQWDFW SDUDPHWHUY DQG LQSXWYV MRobadiakistVH PRGHOV
(contact stress)  for numerous operating conditions. Although they provided satisfactory
results in previous studies and validated using laboratory testing and field observations,

they contain certain assumptions (as clarified in Chapters 2. 5.1.1 and 2. 6.3) and the
accuracy of estimations were s ometimes reduced. Both of the models predict the RCF
damage based on plastic deformation accumulation. However, while the Shakedown Map

gives an indication of its severity and may only be used for qualitative analysis, the energy

term can be quantified in the WLRM to show the incremental plastic deformation.
Nevertheless, due to effect of several factors on further crack propagation such as fluid,

thermal and residual stresses, it was previously mentioned  that the WLRM should be used

in combination with cra ¢k growth rate models (in longer crack  depths) .

A number of studies were conducted to compar e damage indexand Flsur. Itwas concluded
that the FI sut might underestimate the damage due to limitation of traction coefficient

values by the maximum friction coefficient (as it often predicted the RCF under dry
conditions) whereas , the damage index might overestimate since , the high creepages did
not always lead to increased RCF risk.  In addition, the higher Flsut values did not have a

good correlation with the negative damage index, as wear removed the initiated cracks.

Moreover, the input parameter of the WLRM: TA DQGA\ $ ZDV DOVR XVHG lkae WKH ZHDU
prediction s. It was observed that the ratchetting process be came GRPLQDQW DV 7A $

increased but its further increase led to the development of RCF cracks on worn surfaces

In the later studies, it was mentioned that the energy parameter was not individuall y
considered the influence of other contact parameters in wear rates and hence, the
SUFKDUGTV |k& Fevsidre(3 the contact stress and sliding velocity have been started
to utili se in wear damage prediction studies. However, it should be noted that the wear
transitions and rates defined in these models are valid only for dry conditions. Although
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recent testing studies were carried out considering third body materials, much work is

required to establish new models.

In the light of all the facts menti oned above, the research initially used WLRM in the RCF
damage predictions. The assumptions and deficiencies of the WLRM particularly, the
fVLIQHG 7Af ZHUH dndt@td vhgrev@  in the study.  For instance, one of the key
issue s that wh ile the WLRM has been used at a number of sites in the mainlines of GB
network, it has not been tested on routes with different characteristics such as metro -
underground systems. Owing to changes in vehicle and track characteristics on London
Underground network , it was suggested that the model may require modifications.
Additionally, the Shakedown Map parameters were also taken into account in the

subsequent st eps of the research .

Furthermore, the literature review demonstrated that even though crack depth is a key
parameter in the crack severity, previous laboratory test findings and model results were
primarily used in the validation of crack growth rate prediction studies and surface

observations were largely used in the WLRM studies. A conver sion factor (aspect ratio)

has been recently applied to estimate the crack depth. However, as it can be expected

from the complex crack growth behaviour , a single aspect ratio might produce inaccurate

predictions for every crack (Burstow, 2004) . Therefore, contrary to previous studies, this

research suggested touse MRX-RSCM crack depth measurements inthe model validation.

AIWKRXJK LW PLJKW EH XQVXLWDEOH WR FRUUHODWH WKH FRQWDFW VX!
depth, the research used this parameter to accumulate damage rate between different

sets of measurements.
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B Site Selection and Field Cra ck Data

Analysis

During the development and validation of RCF damage prediction models, it is important

to observe the development of cracks in the field. Since the research aimed to quantify

the growth of RCF cracks, the availability of repeatable rail i nspection data played a key
role in the site selection. In addition, it was also necessary to have reliable data to describe
the infrastruct ure and vehicle characteristics such as: track geometry, vehicle

configuration, wheel -rail profiles and traffic conditions.

London Underground (LUL) currently use s various NDT methods to inspect the condition
of the railhead in order to optimise their maintenance methods (Vickerstaff, 2015, 2016)
Owing to the opportunity of significant volumes of field data and consecutive MRX -RSCM
crack depth measurements, two | ines from the LUL network were selected for detailed
investigation in the research. LUL provided th e field defect data for these selected lines
along with the profile and track geometry measurements and the maintenance history

information including the rail replacement dates and track lubricator positions.

In this chapter, the operating and track conditions of the two lines are initially described
and the problems which were mentioned in the previous LUL and other metro  -underground

systems studies are summarised

Furthermore, the chapter includes a detailed review of rail inspection data. The field defect
was analysed to find the dominant damage mechanisms and the critical track sections. In
addition, several correlations we re made with the track data to identify the influential

factors promoting RCF crack growth in the selected lines.

3.1 London Underground

London Underground is the oldest and one of the busiest metro railway networks in the

world. It carried nearly 1.5 billion passengers in 2015 . Its history dates b  ack to 1863 when

WKH ZRUOGTYV ILUVW XQGHUJURXQG UDLOZD\ WKH OHWURSROLWDQ OL:
Paddington to Farringdon (TfL, 2017) .

The population growth and rapid development have led the city to expand its metro

network over the years. Currently, it consists of 11 lines with 270 stations. In order to

prov ide an efficient service to this high traffic demand, LUL has been carrying out major

repairs to the rolling stock and upgrading systems. For instance, new automatic signalling

systems were installed in some of the lines to allow Automatic Train Operation (ATO).

However, previous studies conducted on metro -underground systems (given in the next
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section of this chapter) and from discussions held with LUL demonstrated that the change
of driving mode (from manual to ATO mode) increased the number of RCF cracks on the
lines. To investigate this effect on RCF cracks, which results in higher traction/braking
forces, two lines were selected in the research with one operated under manual mode

(Bakerloo line) and the other under ATO mode (Jubilee line).

3.1.1 Bakerloo line

The Bakerloo line was originally named by the combination of Baker Street and Waterloo

Railway Line and opened to service in 1906. Throughout the years, the line has gone

through a number of changes and is now made up of 25 stations and a total length of
approximately 23.2 km, as illustrated in Figure 3.1. The line includes a mixture of deep

WXEH 4XHHQYV 3DUN WR (OHSKDQW  &D Vig\sechionsDaQich areXdolelyFH UXQ QL
operated by the Mk 11 1972 Stock trains.
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Figure 3.1: Schematic map of Bakerloo line (TfL, 2017)

Bakerloo line is declared to be ninth busiest line i n the entire network  (Hopkinson, 2016)
Figure 3.2 shows the annual tonnage levels for the Bakerloo Southbound (SB) line defined
in Million Gross Tonnes (MGT) and Total MGT, which includes the passenger loading. It can

be seen that the busies t section of the line is between Marylebone and Oxford Circus
Stations. Also, Figure 3.2 defin es the Track Loading parameter which classifies each track

section according to its maintenance priority level and usage and is calculated as follows:
. L:685% srrr (3.1)

where L is the track loading, T is the total MGT (tonnes) and V is the permitted speed
(mph) .

Table 3.1: Classification per track loading on LUL

Track Classification

Loading

L=60 A*
30<L<60 A
15<L<60 B

L<15 G
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Figure 3.2: Track tonnage levels in Bakerloo Southbound line

The tunnel cross section is a deep bored cylindrical cast iron tunnel with a single track

which has an internal radius of about 1.83 m and the tracks are constructed of

conv entional LUL type whichisnon  -ballasted concrete slab track with bull -head (BS 95Ib)
rail supported on hard wood sleeper by cast iron chairs spaced at 0.95 m intervals
(Chatterjee et al., 2003) . Recently, flat bottom CEN 56EL1 rails have also been installed in
several sections of the line. Due to old trackwork, infrastructure and insufficient tunnel
clearance, the maximum running speed ranges between 45 km/h and 55 km/h. As
mentioned, the Bakerloo line is currently operated under manual mode and therefore this

has reduced permitted speed levels. However, the distance between the stations is short,

with a mean distance of only 400 m

The track geometry on the Bakerloo line consists of sharp curves with a minimum curve
radius of 85 m. Check rails are installed on curves for radius smaller than 200 m. As it can

be seen in Figure 3.3, check rails were located to the inside of low rails in these curves.
Whenthe track gaugei s atnominal distance (1435 mm), the flangeway clearance between
low rail and check rail becomes 47 mm. The purpose of a check rail on these sharp curves
is mainly to reduce the risk of flange climb derailment and failure of track components by

distributing the lateral wheel -rail forces.

Wheel back-to-back = 1360mm

Flange Flangeback clearance = 9.5mm

—

Thickness
Checkrail —J
Flangeway
High Rail clearance Low Rail
" Check Gauge = 1388mm =: 47mm=

-

Track Gauge = 1432 to 1438 mm

A

Figure 3.3: Nominal track system dimensions including check rail positions

In the Bakerloo line,  the station platforms are also generally located in these check -railed

curves. Figure 3.4 shows the Waterloo station which has a curved platform. The actual
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cant level is mainly affected by the curve radius, but also the location of the curves in

relation to the platforms. In the majority of cases, a cant of 100 +120 mm is implemented,
but is increased to 150 mm for a 125 m curve radius. The low running speeds and the

high actual cant values decrease the level of cant deficiency to 10 =50 mm. In some

sections, can t excessis also present on the line.

Figure 3.4: The curved platform in the Waterloo station

7KH VHFWLRQ EHWZHHQ (OHSKDQW &DVWOH DQG 4 XaA¥p@tI¥Yor3DUN LV F
London (TfL) and the remaining sections are under the control of Network Rail (NR)

therefore, the aforementioned 11 km -long track section was modelled in this research.

3.1.2 Jubilee line

To reduce congestion on the Metropolitan and Bakerloo Lines, the Jubilee Line was op ened
to operation in 1979. Later, the Jubilee Line Extension (JLE) was proposed and construction
started in 1993. This project connected the section from Green Park to Stratford in 1999

(Mitchell, 2003) . The final configuration of the line is presented in Figure 3.5.

Figure 3.5: Schematic map of Jubilee line (Tfl, 2016)

The total length of the Jubilee line, including the JLE, is approximately 36.5 km and 13 of

the 27 stations are underground stations. The majority of the line runs over -ground, the
middle section is located under the ground level between the surface tracks. From
Stanmore to Finchley Road, the tracks are ballasted tracks and run parallel to Metropolitan

line between Finchley Road and Wembley Park. Then, the line enters the tunnel sect ion
before Finchley Road station and exits before reaching Canning Town station. The tunnel

sections are mainly divided into two sections: while, the old section has conventional LUL

type of tracks (as aforementioned in the Bakerloo line), the JLE extensio n was constructed

with alow vibration slab track system as illustrated in Figure 3.6. The ballasted tracks with
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concrete sleepers were implemented fro m Canning Town to Stratford where the Jubilee

Line runs parallel to Docklands Light Railway (DLR). Similar to Bakerloo line, t wo types of
rail profiles were installed, but the CEN 56E1 are predominantly used in the JLE section.

At the beginning of the operation, the 1972 Tube Stock trains were utilised . This stock was
later replaced by 1983 and 1996 Stock trains, respectively. Although the 1996 Stock was

delivered as six -car train sets, a seventh car was added to all of the trains in 2005.

Figure 3.6: Track super -structure in Jubilee Line Extension (Mitchell, 2003)

The Jubilee line is operated under ATO mode with a maximum running speed of 90 km/h

in several locations. The line carries a high volume of passengers and it is pronounced to

be the third busiest line in London Underground network (Hopkinson, 2016)  with an annual
average track tonnage of 29 MGT, compared to 22 MGT on th e Bakerloo line. The changes
in track tonnage are shown in Figure 3.7, which illustrates that the highest total tonnage

takes place between Westminster and Canary Wharf section.
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Figure 3.7: The track tonnage levels in Jubilee Southbound line
The Jubilee line also  has curvaceous track geometry but , it has a higher minimum curve

radius of 250 m. Therefore, checks rails are not required for this line and most of the
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platforms are located on straight sections of track. The actual cant value varies along the
line, butduet oincreased running speeds the cant deficiency becomes higher and reaches

a maximum of 80 +85 mmin the JLE section.

3.2 RCF cracking in metro -underground systems and London

Underground

The public expectation from the rail mass transit is significantly demand ing; the railways
should provide a reliable, comfortable, safe and un -interrupted service. However, these
requirements put a huge demand on the performance of the wheel -rail interface and make
the damage prediction and preventive maintenance crucial. A stu dy of RCF cracks on the
German (DB) rail network pointed out a significant difference between the mainli ne and
metro systems. Heyder et al. (2014) stated that the uniform loading generated by a
homogenous fleet of vehicles produced stresses concentrated within a narrow contact

region (running band) on railhead and this led to rapid crack growth in suburban rapid

transit systems which was als o responsible for the early crack initiation in these lines.

The study which was undertaken at Vienna Underground stated that the track tonnage in

metro lines were in the same range as conventional main railway lines (Valenta, Varga, &
Loibnegger, 2013) . Itwas concluded that the suscep tibility of RCF cracking in rails did not
depend solely on track tonnage, axle -load and speed; rail material, wheel profile and

vehicle characteristics also played a key role.

Another study in the Vienna Underground investigated the so -called 3urface bre ak-out ~
type defects which generally occurred in curved track sections. But, in this case, those

were located in curved tracks just before the stations. This is where the metro trains

severely decelerate and hence the forces increased on the outer rail of the track
(Fischmeister et al., 2009) . The study also mentioned that when the rails were subjected
to homogeneous traffic, they showed uniform crack spacings and generated regular RCF

crack growth patterns.

Similarly, a study which analysed the RCF cracks in Attiko Metro in Athens through non -
destructive evaluation and metallographic sectioning found that the larger number of

cracks were observed in the curve sections as well as braking sections before the stations.

These cracks had a depth of approximately 4 mm , but the crack subsurface lengths were
varied between 20 and 50 mm stemming from the vari ous crack initiation angles

(Haidemenopoulos et al., 2006)

The earlier investigations conducted for LUL confirmed some of the aforementioned
findings and suggested some critical points. It was revealed that the severity of the
cracking substantially increased when a new rolling stock was introduced on the lines

(Scott, 2009) . When the rail profile measurements were analysed, it was found that

76



flattening had occurred on the low rails of sharp curves (inner rails of the tracks) with low

cant deficiency values.  The high actual cantimplementation caused larger resultant forces

on the low rails which in turn increased the damage risk in these areas . This finding was
very crucial particularly for the lines where ATO was implemented as the vehicle speeds

were increased to provide larger cant deficiency values.

The recent study which investigated the reported defects on LUL put forward a significant

difference from the previous studies. In 2006, approximately 600 squats were recorded

by JNP (Jubilee, Northern and Piccadilly lines) Division , but the majority of them were
observed on Jubilee and Northern lines in which the new rolling stock was brought i nto
service (Grassie, Fletche r, Hernandez, & Summers, 2011) . When their defect records were

evaluated, it was noticed that the 45% of the defects observed in the most 10 critical sites

which were located in open track sections ra ther than tunnel sections. F urther
metallurgical exam inations revealed that some characteristics of the reported squats
differed , as these defects were initiated by the excessive wheelslip in poor adhesion areas,
approaching signals on open track sections and resulted in thermal damage to the rails.

Hence, a new name was given and called as studs: squat -type of defects. Moreover, the
observations demonstrated that the studs did not propagate further. As it is shown in
Figure 3.8, their superficial appearance looked similar wh en they exceeded certain size
And they were both recorded outside the tunnels but , squats were mostly found in traction
sections and studs  were located in high traction as well as particularly in braking sections.
While the squats frequently occurred in straight and moderate curve track sections, studs

may also be seen on sharp curves and on both high and low rails. On the contrary to

squats, which had relatively lower crack growth rate and initiated at the gauge corner side

of the rail, studs may develop within the first 10 MGT of traffic and generate in the middle

or field side of the running band.

Figure 3.8: Superficial appearance  of a well -developed squat and stud defects (Grassie, 2011)
3.3 Field crackda ta analysis

Previous railway research has generally been u sing a track segmentation approach for

data analysis that required identification of segments on the basis of track and/or
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operational conditions.  The track segmentation is divided based on top-down and bottom -
up approaches (Innotrack, 2008a) . In the top-down method, all the collected data is
grouped into track sections with the similar charact eristics such as curve radius. Then, the
related information; traffic and operational conditions, trackform characteristics including

line defects and track failures information are gathered for each track segment. In the

Bottom -Up method, all the track fa ilures and rail defect data are collated and distributed
according to their location along the line. The idea behind the bottom -up approach is that
the failure modes which caused the most expensive repair and maintenance (rail

replaceme nt, grinding, etc.) in the past may lead to similar activities in the future. The

steps of this data analysis approach is presented in Figure 3.9.
The bottom -up approach was used in the data analysis step of th is research. Firstly, defect
information obtained from the defect data sheet and MRX -RSCM measurements were

evaluated to unders tand the dominant crack mechanisms and to assess their severity.
Secondly, track geometry and maintenance history data including rail replacement,
grinding activities and lubrication application points were analysed and correlated with
defect information t o0 determine the influential factors on crack patterns and to find the

critical sections.

Processing Data/Defect Analysis

® Current distribution along the line
* Determination of factors causing these defects

« Comparison/Correlation of these defects between
other sections in the similar networks or other routes

Track Data Collection
Track Geometry
Trackwork Construction
Traffic Data

Maintenance History

Rail Defect Information
* Inspection Method
® Severity

e Location

Figure 3.9: Steps in the field crack data analysis
3.3.1 Rail inspection in London Underground

LUL currently uses NDT devices, such as ultrasonic and/or magnetic flux leakage

(MRX ®SCM) sensors . In addition, they carry out visual inspections to verify these
measurements and  in particular to identify defects which may have been missed by the

NDT tec hniques or have been rectified in order to define potential risks to generate rail
failures . The defects are recorded in the rail defect form that includes the information such

as date and type of inspection, rail defect type (code number), severity, locat ion,
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repair/maintenance technique and the minimum actions which have to be taken before its

removal. Depending on the severity of crack and risk level, the type of repair or

PDLQWHQDQFH ZDV GHWHUPLQHG IURP WKH /8/1V VWDQG RelicBty )RU H[DP
(depth<5mm) defects are recommended for planned monitoring and maintenance, such

as grinding, minimal repair and rail welding, the high BULRULW\N GHIHFWYVY GHSWKe P
require a more rapid rail replacement with minimum actions such as speed limits and

emergency clamps in the highly critical defect (LUL, 2013) . The defect reports are listed

in defect data sheets for each railway line on LUL.

3.3.2 Bakerloo and Jubilee lines defect data sheet

The defect data sheets analysed in this research contained the recorded information
between the years 2013 2015. When the inspection methods in identifying the defects
were compared in  Figure 3.10, it was noticed that the ultrasonic testing was the primary
technigue used in these two lines. However, it was also noted that approximately 25%

and 5% of the total defects on Bakerloo and Jubile e lines respectively were recorded as
ultrasonically untestable. This means that the level of damage on the surface of the rails

prevented ultrasonic detection

BAKERLOO JUBILEE

B
et

= Visual = Ultrasonic = MRX-RSCM = Visual = Ultrasonic

Figure 3.10: Rail inspection method in the Bakerloo and Jubilee lines

LUL records the observed defects using a Code Number which is defined according to
principles given in the UIC 712 Rail Defects Leaflet. This code gives three primary
information about the defects;

1) Defect zone whether they are ge nerated on the welds (if the rails are connected by

a joint/fishplates; rail and), switch and crossings (S&Cs) and mid &ils (plain track)
which represents the intermediate sections between rail and/welds and/or S&Cs.
2) Defect position inside the rail, head, web and foot of the rail.

3) Defect type such as squats, shelling, corrugation and etc.
The code usually consists of three or four digits. Whilst the first two digits represent the
defect zone and rail position, respectively, the last one/two digits give inf ormation about
the defect type and further details. For example, the code 227 represents the squat type

of cracks inside the rail  head in the mid  aail/plain track zone.
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Figure 3.11: Recorded defect zones in the Bakerloo and Jubilee lines

Figure 3.11 illustrates the recorded defect zones on the selected lines. As expected, cracks
were predominantly observe  d on plain -track sections which had a longer distance
compared to other zones on the track. Rail -end and S&C zones were also under high risk
of damage especially on the Bakerloo line. Since this line is a relatively old metro line, the

age of turnouts and  the larger proportion of bull -head type of rails, which are connected

by rail joints, might account for the increase in the number of defects

The effectiveness of rail inspection depends on the efficiency and accuracy of the
inspection device and the ski Il and experience of the inspector. The data presented here
are the outputs from the defect reports prepared by LUL inspectors and hence it might
occasionally contain misinformation. For example, the defect zone or the defect type may

be typed incorrectly  or no information may be provided. Due to this problem, approx. 16%

of the total number of observed defects on the Jubilee line had no information regarding

its occurrence zone.

The RCF cracks are mainly divided into two groups: surface and subsurface -initiated
defects. Whil st, the defects in the first group are mostly generated due to repeated loads

and high contact forces at the wheel -rail interface, subsurface  -initiated cracks are often
caused by metallurgical faults such as improper heati ng or cooling. As it can be seen in
Figure 3.12, the most prevalent type of rail damage was squats which can be frequently
observed on both Bakerloo and Jubilee lines. They are often described in the literature as
dark spots containing cra  cks with a circular arc or V. -shape. Widening of the running band
and localised depressions were also indicated as the by -product of this defect mechanism
(E. Magel, 2011) . On LUL, when the estimated length and depth of the squat defects
exceed a certain value, they were recorded as squat with T/O (tache ovale) which
corresponds to a transverse defect from RCF in Figure 3.12. The results indicated that
approx. 10% and 25% of th e total squats recorded in Jubilee and Bakerloo lines,

respectively had a possibility to growth further, resulting in a transverse defect.
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Figure 3.12: RCF defects recorded in Bakerloo and Jubilee lines

The second dominant type of rail damage was shelling which was often seen on the gauge

corner and the top of running surface of the railhead. The high contact stresses leading to

surface and subsurface -initiated cracks merge together to cause localised los s of structural
integrity which results in shelling of the surface material in the railhead (Olver, 2005) . This
shows that high contact stresses are not just limited to heavy axles in freight traffic , but
metro lines also suffer from high forces generated at the wheel -rail contact in combination

with frequent load passages which have a significant impact on the formation of damage.

Longitudinal v ertical and horizontal cracking were also recorded in the data sheets. These
are progressive type of cracks which tend to separate the head into parts horizontally,
parallel to the running surface or vertically through the head (UIC, 2002) . Besides the

surface -initiated cracks, the tache o vale type of defect which is a subsurface defect, was

also r eported by the maintenance team

As expected from the finding of the stud study, a high number of squats were observed in
LUL (Grassie et al., 2011) . However, as aforementioned, som e of these recorded squats
could be stud type defects which was also declared by LUL staff. In fact, a relatively low

number of wheel burns were also reported in the lines.

3.3.3 MRX-RSCM rail inspection

LUL has been using the MRX-RSCM device to increaset he reliability of rail inspection and
to measure the crack depth information. The sensor provides two measurement outputs
that include a surface damage map and crack depth diagram. Figure 3.13 shows example
outputs for a track section located just before a station between Regents Park and Baker

Street on the Bakerloo line. The measured crack depths are presented at one meter

intervals on the lower plot, whilst the upper diagram displays the rail damage on the rail

head for a highlighted 50 m section of the crack depth diagram.
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Figure 3.13: MRX-RSCM measurement output data for a track in Bakerloo line

The MRX -RSCM data for the Bakerloo line has two subsequent measurements, which were

conducted in the 2014 and 2015 whereas, the Jubilee line was inspected in 2013 and 2015.

Duringthe data analysis , a number of issues were identified. Several occasional g aps were
revealed during the investigation of the distances between different measurements. For

instance, the length of the Location Coding System ( LCS) sections varies when two
consecutive measurements were overlaid to each other and the MRX -RSCM crack da tawas

compared with the distance in the track geometry information.

MRX-RSCM crack measurements are performed by the operator pushing the sensor along

the railhead. The road wheels which are shown in Figure 3.14 are set to central position
and rail wheels used to gauge when the device is on track. Due to changes in the railhead

profile and the effect of slip, the road wheels cannot effectively adjust and rail wheel

produces different distances for similar LCS sections. In addition, the differences in starti ng

and stopping points increased the gap between two consecutive measurements.

Figure 3.14: Gauging adjustment of the MRX -RSCM inspection device

Furthermore; as it is expected from the field data, the MRX -RSCM crack depth
measurements were scattered along the measurement route which might mainly stem
from the changes in the maintenance history of the rails throughout the lines. However,

the aforementioned over -prediction problems may also play a role. Nonetheless, LUL

82



carried out measurements by an optimum walking speed of 5 km/h to increase the
accuracy. In addition, the field crack data that were obtained from various methods such
as vis ual inspection, ultrasonic and MRX-RSCM sensors were overlaid in orde  rto increase

the efficiency of field data analysis and eliminate the detection errors in the research.

3.3.4 Field crack data analysis results

The field crack data collected from defect data sheet and MRX -RSCM measurements were
correlated with the track geometry and maintenance history data to identify the significant

factors having an effect on crack mechanisms and determine the critical track sections.

Figure 3.15 displays the 2014 and 2015 MRX -RSCM crack depth results in 1 m interval
and the defect data output for right rails in the Bakerloo Nor thbound (NB) line. The blue
arrows demonstrate the common defect locations such as at approx. Ch. 7+000 km,

8+000 Km, 8+500 km, 10+500 km while , the orange arrows show the unmatched areas

(Ch. 4+000 km and 5+000 km) . Additionally, the dashed lines at Ch. 4+500 km and Ch.
7+500 km presented the areas where all the methods were in agreement. The crack depth
values which clustered along the route we re mainly considered in this study. However,t he
distance discrepancies can also be seen when the crack depth trends/platoons are

compa red in consecutive measurements.
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Figure 3.15: Right rail MRX -RSCM crack measu(re)ments and defects on the Bakerloo NB line
(Note: 1+000 km = 1000 m)
It can be observed from Figure 3.15 that the cracks mainly occur on high rails of the curve
sections and the dominant damage type is the transverse RCF defects. In contradiction to
the findings in the stud -squat comparison stud vy (Grassie et al., 2011) that stated that
squats were m ainly generated in  the outside section, they were reported in tunnel sections

and had a high tendency to increase their size. When the depth of transverse defects was
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considered, it was noticed that even though they were measured as approx. 4mm at
around C h.8+000 km in 2014, they were reduced in 2015 which might s tem from the
grinding activity ~ took place between the two inspections. But, the decrease in crack depth

at Ch.1+000 km, Ch.2+000 km Ch.3+600 km was caused by the rail replacement in 2014.

In order to test the previous arguments regarding the effect of traction, the platform

regions were particularly evaluated and it was noticed that the higher number of defects

occurred in the traction areas where the trains start to accelerate after station platfor ms
both in the Bakerloo and Jubilee lines. Although certain metro system studies highlighted

the importance of braking sections, this study validated conclusions from previous RCF
modelling study that forces in the driving traction produced greater stress intensities than

the braking when they are exposedt o the fluid effect (Bower, 1988)

The | ubrication mechanism which has a primary influence on crac k propagation rate was
analysed, as it was primarily applied on both the check and running rails which can be

seenin Figure 3.16.However, the purple circled areas in the plot displays that the defects
were occurred on the lubricat ed regions of the Bakerloo S B line. T his also supported the

previous RCF modelling results stat ing that the fluid pressurization raised the crack growth

especially for small cracks in 4 -5 mm length  (Fletcher et al., 2008)
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Figure 3.16: Left rail lubricator positions and the defects on the Bakerloo S B line
The defect data for left rails on the N B route of the Jubilee line are presented in Figure
3.17. The inconsistency between the defect data and MRX &SCM measurements can be

again seen in some sections but, the majority of the cracks were matched due to the

greater number of reported defects in this li ne. The tunnel section is also marked in Figure
3.17 which starts from approx. Ch. 3+200 km and ends at Ch. 22+500 km. This
demonstrates that both the open -track (Ch.23+000 -35+000 km) and tunnel sections
(Ch.15+000 -23+000 km) were suffering from RCF cracks. There was a substantial

reduction in the number of cracks in the JLE section between Ch.5+000 &1+000 km, this
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was noted both in the defect data and MRX &SCM measurements

track system (or the rail age might be smaller compared to other
irregularity levels

stemming from the higher track stiffness

. Due to a new tunnel
areas ) and the low track

levels presentedin Figure 3.18.
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Figure 3.18: Left rail defects and the lateral and vertical track irregularity levels on the Jubilee N

Similar to the results of the aforementioned stud

-squat comparison study

B line

(Grassie et al.,

2011) , the squats were mainly reported in the open regions especially in the tangent track

and moderate curve sections in the Jubilee line. But, the shel

predominantly  observed in tunnel sections
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susceptible to gauge corner cracking, the top of running surface shelling was mainly

observed on the low rails, showed that over -cantedt racks cause high contact forces.

Moreover, it was noted from the data analysis that the actual track quality levels,
determined from the deviation in the late ral and vertical irregularities had an impact on
crack fo rmation. The number of defects substantially increased in ballasted track and the

old track infrastructure where the standard deviations in 100 m are relatively high
compared to other sections demonstrated in Figure 3.18. This outcome also supported the
previous finding stating that the squats were often related to rail top surface irregularities

particularly the short wave irregularities which may su ggest the impact of stiffness
characteristics of the track such as rail, rail pad and etc (Li, Zhao, Esveld, Dollevoet, &
Molodova, 2008)

In the study, t he MiniProf wheel and rail profile measurements were also examined and

noticed that the flattening was occurred similar to the findings of previous LU L study
(Scott, 2009) . This is particularly evident on BH rails wh ich might be caused by the over -
canted tracks on Bakerloo line, variations in track stiffness and worn wheels which moved

the contact positions towards the field side of the low rail.

3.4 Conclusions and discussions

This chapter presented detailed information about the study network and provided an
overview of previous studies conducted for underground -metro systems and London
Underground.

The operating and track characteristics of selected lines, Bakerloo and Jubilee were
compared and the main differences are as follows:
X The Bakerloo line has relatively more curvaceous track geometry with a minimum curve
radius of 85 m. Check rails are ins talled on curves which have radii smaller than 200
m. The line is operated under manual mode with an average (maximum)  running speed
of 50 km/h.
X The Jubilee Line consists of larger curve radii as the minimum curve radius is 250 m
and hence check rails are not required. In comparison, it is operated under ATO mode
and the running speed reaches to 90 km/h at several locations.
From the review of previous studies into RCF cracking on underground -metro systems, it
was noted that the track tonnage levels in the se lines were close to mainline routes and
the higher number of defects were reported in the curved track sections particularly before
stations (braking zones). Also, the previous studies in LUL highlighted the significant
impact of the introductionofan ewrolling stock (  or upgrades to existing rolling stock, e.g.
change in traction package) or a change in driving operation mode (from manual to

automated systems) on RCF cracks. In a separate study, reported squats were analysed
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in detail and it was found that some of them were initiated by the limited wh eelslip in poor

adhesion areas. Hence, they gave a new name ; studs .

The acquisition and critical analysis of significant volumes of field data was also presented

to understand the dominant damage mechanism s and to identify the influential factors.

This included a detailed review of track, operational characteristics and maintenance

actions that have a crucial impact on growth rate of the cracks. The specific observations

from this analysis includes:

X Althou gh defect data sheet s contained certain problems stemming from ultrasonically
untestable rails and misinformation in the visual defect forms, it was apparent that
shelling and squat were the most common defects on both of the lines.

X The main difference s between the Bakerloo and Jubilee lines were noticed in the squat
defects. Similar to the findings in the stud -squat study; these were mostly observed in
shallower curves and 0 verground sections on the Jubilee line. However, sharper curves
(R<200 m) on the Ba  kerloo Line were also prone to these defects and potentially had
a higher risk of propagation, as 25% of total squats were recorded as transverse defects
from RCF.

X Even though issues regarding the aligning of the data from consecutive MRX -RSCM
measurement sw as encountered, this data was useful for observing the severity of RCF
cracking on the entire lines. For instance, whereas the defect data sheets showed high
rails were more vulnerable to rail damage in Bakerloo line, the MRX -RSCM data
demonstrated the  severity of cracks both in low rails and tangent tracks. On the Jubilee
line, the larger number of reported defects provided a better correlation with the MRX -
RSCM data. Gauge corner shelling was primarily observed on the high rail, whereas
shelling on the top of running surface was observed patrticularly on the low rails.

X A higher number of defects were recorded in the traction areas and lubricated/over -
ground sections which potentially supported the finding of the previous RCF modelling
studies. The tracti on direction which stated to be leading fluid pressurization and
entrapment mechanism s gave an increase in  crack growth rates.

It should be also noted that the interpretation of the field data is very significant. In this

section of the research, rail maintenance history data such as grinding and replacements

were also taken into account in order to correctly understand the reason s in the crack

depth reductions between the consecutive measurements and to clearly address the

differences between the sites having measured/reported defects and not.
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BB \/chicle Dynamics Route Simulations

This chapter provides a brief review of wheel -rail contact modelling and the method
adopted in the VAMPIRE vehicle dynamics simulation software. The influence of different

models and the selected method on damage prediction is also investigated. The
preparation of the vehicle dynamic route simulations is also described in the chapter . The
significant volume of data provided by LUL was again helpful in developing the detailed

models of the two lines. The data such as the actual track geometry , Wheel -rail profile
measurements, vehicle sp eed and track lubricator positions were considered in the
preparation of route  simulations which  helped to calculate the contact and the selected

model input parameters that were used inthe further steps of the research.

4.1 Wheel -rail contact modelling

The forces acting between wheel and rail generated by the contact are strongly affected
by the motion of the wheelset with respect to the track. In reality, railway alignment
consists of curves, gradient, cant and track irregularities which result in variatio ns in

wheel -rail contact characteristics and make their calculation more complex.

In reality , the wheel -rail contact problem changes frequently along the track which can be

very computationally intensive to capture in vehicle dynamic simulations. To simpl ify this,
a number of assumptions can be made to accelerate the simulation process. However,

these simplifications can reduce the accuracy of the results and hence, they give rise to a

trade - off between accuracy and computation speed. Ther e are various com puter packages
which have been developed by research institutes and railway administrations around the

world to calculate the dynamic behaviour of railway vehicles and the forces at the wheel -
rail interface such as GENSYS, SIMPACK, NUCARS and VAMPIRE.

In t his research, the VAMPIRE vehicle dynamics simulation software is used due to its

computational efficiency, which allows the evaluation of a large number of parameters in

a short timeframe and its success in calculating damage during previous studies. VAMP IRE
has also been extensively validated against a series of full -scale experiments using load
measuring wheels on locomotives, passenger and freight vehicles (Evans & Iwnicki, 2002)

The wheel -rail contact calculations in VAMPIRE vehicle dynamics simulation software is
described by the aforementioned four sub -problems in Chapter 2.1 and illustrated in the

Figure 4.1.
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Figure 4.1: The calculation steps of wheel -rail contact problem in Vampire
4.1.1 Geometrical -normal problem

Geometric analysis is undertaken using the Contact Data Generation Module in VAMPIRE
which takes into account the shape of the wheel and rail profiles and their relative positions

without considering the vehicle motion and track geometry condition. The module
calculates the wheel -rail contact data for a pair of wheel -rail profiles, with a specified track

gauge, rail inclination, axle load and wheel diameter.

After the determination of the location, si ze and area of the contact, the contact pressure
distribution within this area is calculated in the normal problem. Vampire calculates the
geometrical and normal problem based on Hertz theory which was previously introduced
in the Shakedown Map model (Chap ter 2.5) . This theory is widely used in the calculation
of the contact due to its closed form solution and efficiency, which makes it attractive to

the wheel -rail contact problem in vehicle dynamic simulations and has been implemented

in previous RCF studi  es.

However, as previously mentioned in Chapter 2.1, the assumptions in the Hertzian theory
are often violated in the real case profiles. For example, the assumptions of half -space
and the elliptical contact area can lead to inaccurate results. Even though they may be
valid in the wheel tread  -rail head contacts, the wheel flange -rail gauge corner contacts

might change the radii of curvatures dramatically and especially, the worn wheel and rail
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profiles which might generate conformal contacts may cause these assumptions to lose
their existence. A study which evaluated these assumptions found that the Hertz solution
was only valid when the plastic flow did not occur and/or the contact zone did not move

to regions where the curvature values become inconstant (Yan & Fischer, 2000 ).

Researchers have further evaluated these limitations and developed non - Hertzian contact

models. In one of the earlier models, the contact patch was divided into strips and the

contact pressure distribution in each strip was assumed to be elliptical i n order to reduce
computational costs  (Knothe & Le The, 1984) . In order to simplify the contact patch
determination, the other researchers generally utili sed virtual penetration concept in which

the surface deformations were neglected and it was assumed that the bodies could rigidly

penetrate into each other. For instance, Stripes theory defined the scaling factor as a
function of relative radii of curvature s and hence an ellipse with different semi -axes ratio
rather than a Hertzian ellipse could be obtained which makes this model more accurate

than the previous model s (Sichani, Enblom, & Berg, 2014)

When the wheelsets are di  splaced laterally, it is observed that multiple contact points are
generated from the sudden jumps. This condition and the conformal contacts which lead

to wider contact areas were studied by a Multi -Hertzian approach. The Multi  -Hertzian
models were built by using semi -elliptic orbell -shaped functions to ascertain the secondary

contact points  (Sichani, 2013) . These models are also declared as slow compared to

Hertzian case. In a more rapid approach, Pascal and Sauvage generated a single an
equivalent ellipse to replace two -single contacts which computes the sum of the creep
forces on each separate ellipse to fi nd the total creep force. This approach may not be

efficient in damage analysis as it did not show the real values in each affected contact

and/or it may lead to larger contact patch area (lwnicki, Bjérklund, & Enblom, 2009)

Despite those limitations given for Hertz theory, the rigid contact i s still one of the most
commonly used approaches in commercial vehicle dynamics simulations as it can be easily

integrated into different codes. The occurrence of multiple contact in rigid contact can also

be identified from the sudden jumps in the contact positions such as in VAMPIRE vehicle
dynamics simulation ~ (Shackleton, 2009) . When the wheelsets are displaced laterally, the
contact position may be seen to move across the rail crown. This condition can be
remarkably noticed when they move close to flange contact positions. The Contact Data
*HQHUDWLRQ PRGXOH SODFHV p/1 DQG pu59 PDUNHUV LQ WwhENn RXW S XW
two - point or flange contact occurs on both the left and right rails. The program starts to
detect the flange contact point when the contact angle is greater than 30 degrees (used

as a default setting) and calculates the contact parameters of the two points based on
Hertz theory. It is assumed that the applied load on the wheel tread contact shifts to flange

contact and it is apportioned when there are two contacts. In some cases, the point contact
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can occur at lower or higher contact angles depending on the radii of the flange root and
flange face of the wheel. Therefore, each pre -calculated contact file should be checked

before it is used as an input in the subsequent modelling stages.

4.1.2 Kinematical -tangential problem

The calculation process of the other contact parameters for the given velocities and
displacements of the wheelset are performed in two stages. As aforementioned in Chapter
2.1, the creepages and the related creep forces are calculated in the kinematical and

tangential problems, respectively.

Similar to Geometrical -Normal contact problem, many studies have also been conducted

in this Tangential problem to propose more accurate solutions. One of the well -known
model which is often named as the exact/comp lete theory in the literature is the CONTACT
code developed by Kalker. It contains of two algorithms: NORM and TANG which were
used to solve the normal and tangential pro blems, respectively. This theory was also
depended on the half -space assumption and es timated that the bodies are homogeneous
and linear elastic , but the contact geometry was not restricted to elliptical patch area. The
contacting surfaces were discretized into rectangular elements and whether each element

was in the adhesion (stick) and sl ip was determined in the code. Since this code requires

a high computational effort, it is not suitable for commercial vehicle dynamics simulation

tools (Zaazaa & Schwab, 2009)

In order to reduce the calculation times, Kalker developed a simplified theory and
implemented it in a faster algorithm called FASTSIM. A flexibility parameter was introduced

between the tangential pre ssure x and elastic displacement —which is a function of the
global creepage vector L.the ellipse semi axes f . andthe combined shear modulus and
3RLVVRQTV RUTheVduRRace was described by a grid separating parallel strips in the

rolling dire ction which is shownin  Figure 4.2. Eac h grid point on the surface was assumed
to deform independently of its neighbouring points. This deformation wa s caused by
applied traction at that point and then the flexibility parameters were introduced for the

three creepage directions

Figure 4.2: The contact patch discretisation in the FASTSIM algorithm ( Zaazaa & Schwab, 2009)
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To evaluate the computational efficiency between FASTSIM and CONTACT code, he also
conducted comparison studies which demonstrated that while FASTSIM results were
satisfactory especially for the pure creepage, it provided less accura te results in other
combination of creepages. He claimed that FASTSIM was approximately 400 times faster

than CONTACT code but, this rapid calculation method gave errors up to 25% in the

tangential forces (Kalker, 2013) . The FASTSIM was also further improved and
implemented onnon  -Hertzian Contacts which were mainly done by introducing non -elliptic

flexibility parameter or local ellipse for each grid (Ayasse & Chollet, 20 06) .

Each of the given sub -problems in the above can be solved with different methodologies

in the literature, many alternative methods have been proposed to increase computational

efficiency. They are not independent from each other and they should be evaluated
simultaneously. Therefore, they require highly comprehensive methods which take several

time to complete the computation for even one wheel - rail pair.

In order to speed up the simulation process and to run the long distance routes in short

time s, researchers proposed to use again interpolation methods in the Tangential problem

which in general can be defined either by tables or specific formulas. The interpolation

method was often preferred in Vehicle Dynamics simulations due to its computationa I

efficiency and accuracy  (Bosso, Spir yagin, Gugliotta, & Soma, 2013)

The creep force icreepage relationship in the Non -linear creep law of Vampire was defined
in a pre -calculated multi -dimensional look -up table. This table was prepared based on the
contact theory of J.J Kalker and was cre ated using the CONTACT Program developed by
Vortech Computing in the Netherlands (DeltaRail, 2014)

4.1.3 Impact of contact models on rail damage modelling

In rail damage modelling, it is very important to make realistic assumptions in the

wheel -rail contact parameters in order to understand the effect of contact conditions on

the resulting forces and rail d amages suchas RCF and wear . Therefore, the main purpo se
of contact modelling is to determine the magnitude of stresses and deformations that are
generated when the two bodies are brought into contact. One of the best approaches which

provides the possibility for detailed modelling of deformations is finite element (FE)
analysis . This technique enables the description of complicated geometric shapes including

surface roughness and non  -linear material properties in the wheel -rail contact modelling.

However, as aforementioned, it requires excessive computation t imes.

The key requirement in the application of different methods is to be integrated with the
railway vehicle dynamics simulation tools. Since the contact problem should be calculated
at every time step of long -distance simulations, the detailed methods a re often not

desirable. Recently, studies have been conducted to develop faster and more accurate

92



solutions for the determination of contact dimensions and the surface tangential
distribution rather than global creep forces in the contact patch which are e ssential in the

calculation of wear and RCF damage.

To assess the accuracy of different simplified contact theories used in vehicle dynamics

simulations, a study was performed which compared the results of FASTSIM,

Shen #Hendrick Elkins, Polach, Vermeulen  +Johnson, linear theory with saturation and

86(7$% ZKLFK LV WKH DIRUHPHQWLRQHG .DONHUTV ORRN XS WDEOHYV
the Hertzian based contact geometry and surface normal pressure, it was found that

USETAB and FASTSIM gave errors in the longitu dinal and lateral creep force calculations

intherange of 5 -10%, while the other methods differ 15 -60% from CONTACT (Vollebregt,

Iwnicki, Xie, & Shackleton, 2012)

In t he Manchester Benchmark study, the position and dimension of the contact for each
wheelset lateral displacement were compared using a number contact methods which were
employed in the vehicle dynamics simulations. Since each simulation tool used a various
technique, the study offered a valuable comparison. For instance, while the Nucars and
OCREC integrated multi -Hertzian codes in their model framework, Kalker based
approaches were utili sed in LAGER and CONTACTPC92 models. It was stated that
multi/non -Hertz ian contact models calculated wider contact patch areas than those
predicted by their Hertzian counterparts as it was found by Vampire (Shackleton & Iwnicki,
2008) . On the contrary t o the Hertzian theory which gave better results with smooth
profiles (less plastic flow/wear both in the wheel and rail), non - Hertzian models were more
successful in the un -smooth profiles and irregular rail geometry conditions which was

particularly the ¢ ase in switch es and crossings.

A more recent study was performed in order to investigate the performance of the

non -Hertzian contact models in the online vehicle simulations in which the computations

were carried out in each time -step. The study used the advanced numerical approaches
Kik #Piotrowski, Linder and Stripes in geometrical -normal contact problem and FASTSIM in
the tangential problem. It was found that these models calculated lower creepages (12%

lower) and creep forces (3% lower) than the Hertzi an-based FASTSIM model. Another
finding in the study was that that the difference in the dynamic behaviour of the vehicle

between the non -elliptical methods and FASTSIM was rather small for small contact
angles, however it increased dramatically for larger contact angles particularly in curved
tracks. The researchers also noted that the implementation of these models will be slow

and not efficient for the simulation of vehicle dynamics on extended pieces of track

(Burgelman et al., 2015)

Another study calculated the Archard wear volume in wheels based on Hertzian/Elliptic

with FASTSIM and Stripes theories. It was concluded that the Stripes the ory redistributed
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the stresses and consequently the wear with increasing curvature and it calculated

relatively higher results in the flange/gauge contact wear (Enblom & Berg, 2008)

In order to show the differences between global (vehicle dynamics simulation output) and

local ( distributions over contact patch such as FASTSIM) computations, some of the
important damage prediction parameters have been compared in several studies. A study

which examined the changes in FI suf values found that the calculations for each cell
element in the contac  t patch locally instead of globally led to higher results both at flange

and low rail contacts. The difference increased as the curve radius decreased (Dirks &
Enblom, 2011) . In contrast to this finding, Pombo et al., (2011) investigated the wear
GHSWK FDOFXODWLRQV XVLQJ WKH 7A $ DSSURDFK DQG VWDWHG WKD)
between two outputs. A maximum of 4% difference in global case caused by the changes

in input parameters. However, the study also mentioned that the local approach required

about twice the computational time than the global case due to post -processing of input

parame ters in the FASTSIM code.

Accurate determination of wheel -rail contact dimensions and computation of tangential
distribution over the contact patch has gained significance in the rail damage modelling.

But, these detailed models require a rigorous treatmen t and they are not suitable for long
distance simulations where the wheel -rail pairs are frequently changing along the track.
Although the VAMPIRE has relatively lower accuracy and produce global (cumulative )
forces in the contact patch, it has certain adv antages in the real -case simulations. For
instance, numerous track irregularity levels and various contact conditions resulting from

different wear patterns can be described. In addition, the friction can be altered between
different contacts  which can be helpful when defining the effective lubrication distance for

the track -mounted lubricators.  Furthermore, it was also mainly used in the previous WLRM
studies . Th us, the selected breaking points in the damage model were calibrated to the
global outputs. For  this reason, VAMPIRE was selected in thisresearch. But, FASTSIM was
also used in conjunction with VAMPIRE in order to show the changes in Chapter 9. The
Hertzian model was used in both of the programs since, it was previously stated that non -

Hertizan mod els were not suitable to use in longer track conditions.

4.2 Preparation of route simulations

VAMPIRE vehicle dynamics route simulations require three main inputs; these include a

vehicle model, track characteristics (such as track geometry, speed, friction | evels) and
wheel -rail contact files. These inputs are referenced in a Run file which also defines the

type of analysis which will be conducted throughout the simulation and the output

parameters that are to be computed and store d in the output file.
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In th is study, the transient analysis was used which calculates the response of a vehicle

to the track alignment and general external forces in each time step . Figure 4.3 illustrates
the steps of the transient modelling stage in VAMPIRE. A forcing file was also included in

this study to apply an additional torque to the wheelsets to model the influence of trac tion

and braking on the resulting creep forces.

Vampire Wheel-Rail Contact Model Inputs

VEHICLE MODEL CONTACT MODEL TRACK MODEL
- .veh File * Track Contact File * Track Design File
* Track Irregularity File

* Track Parameter File
FORCING FILE
* Forcing History File

TRANSIENT
ANALYSIS

SIMULATION OUTPUTS

Figure 4.3: Steps of the transient modelling stage in Vampire

4.2.1 Vehicle model

Arail vehicleisa Multi  -Body System (MBS) which includes a series of interconnec ted rigid
or flexible bodies. Each body in the system, such as carbody or wheelset, is described by

its properties including mass, moment of inertia, dimension and position in the system

and connected using a combination of force elements and jo ints. When the system isr an
over the defined track model, the force elements and joints generate applied forces and

torques due to the relative motion of the bodies. Springs and dampers which are typical
examples of force elements are combined via primary and secondary suspension
components (Shevtsov, 2008) . Figure 4.4 exhibits the VAMPIRE vehicle model assembly.

In this research a model of 1972 and 1996 Stock vehicles were utilised for the Bakerloo

and Jubilee lines respectively. These vehicle models were supplied by LUL for use in the

research and have been previously used in a large number of wheel -rail interface studies.
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Figure 4.4: VAMPIRE vehicle model assembly

The 1972 Stock fleet was introduced in Bakerloo line as a replacement of 1938 and 1959
Stocks. The manufacturer of the rolling stock was the Metro -Cammell and it was developed
EDVHG RQ WKH 9LFWRULD /LQHTYV 7XEH 6 WRFN W FRQVdcafWV RI FD

unit (Driving Motor (DM) xTrailer (T) - Trailer -Driving Motor)anda  3-car unit (Uncoupling
Non - Driving Motor -Trailer (UNDM) - Driving Motor).  Each coach/car has two bogies and

each bogie has two axles.

The 1996 Stock entered service in 1997 following the opening of Jubilee line Extension. It
was built by Alstom and design ed for automatic train operations. Although the first fleet
was composed of six -car units, a special trailer unit (ST) was included to the trains in
2005. The fin al configuration is as follows: DM-T-UNDM+UNDM -ST-T-DM

In the research; the three cars were t aken into account on both of the lines: the front and

rear motor cars with the third trailing car.

422 Wheel -rail contact model

As introduced in the Section 4.1.1; the Contact Data Generation Module of VAMPIRE
creates output (.con) files for each rail -wheel p air. This file contains all necessary
parameters describing the position and properties of the contact patch with respect to the

wheelset lateral shift.

In rail damage predictions, itis very important to consider different combinations of wheel -
rail prof iles in order to accurately replicate real on -site conditions. In the research
described here, four different scenarios were modelled to describe the wear state of both

Bakerloo and Jubilee lines as detailed below:

1) New Rail - New Wheel (NN)
2) New Rail - Worn Wheels
a. New Rail - Worn Wheel 1 (NW1): Lightly worn wheel
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b. New Rail - Worn Wheel 2 (NW2): Moderately worn wheel
c. New Rail - Worn Wheel 3 (NW3): Severely worn wheel

3) Worn Rail - New Wheel (WN)

4) Worn Rail - Worn Wheels
a. Worn Rail - Worn Wheel 1 (WW1): Lightly wo rn wheel
b. Worn Rail - Worn Wheel 2 (WW2): Moderately worn wheel
c. Worn Rail - Worn Wheel 3 (WW3): Severely worn wheel

Rail cross sectional profiles were measured by LUL at a number of locations and time
intervals using a MiniProf device. These profiles were r eceived in the data collection stage
of the study and reviewed to determine the actual contact conditions and level of rail wear.

A number of rail profiles were selected and used as a worn rail case in the analysis. In the

new rail case, the situation is ¢ omplicated by the fact that the rail type changes along each

of the lines. This includes a mixture of bullhead (BS 95lb) and

flat - bottom (CEN 56EL1) rail types.

LUL utilise two different wheel profiles, known as LT3 and LT5. Although LT3 was the

original w heel profile for LUL rolling stock, the LT5 wheel profile was designed to eliminate

flange contact occurrence on bullhead rails and to provide a relatively lower conicity when

combined with a CEN 56E1 rail. The new and worn variants of the LT3 and LT5 whee
profiles were used for Bakerloo and Jubilee lines respectively. The wheel profile
measurements which were again submi tted by LUL were post -processed to select

representative worn  cases for use in the simulations.

The level of flange height and thickness of wheels in operation on the Bakerloo and Jubilee

lines is plotted in  Figure 4.5 and 4. 6 below. The red points show the prov ided MiniProf
wheel profile files. As it can be seen on the Figures, there is almost a linear relationship

between flange height and thickness. This showed that although there was not a significant

flange wear, the larger wear and flattening were predomina ntly observed on the tread
which resulting in an increase in flange thickness as the datum moved down the flange.

While the lubrication seemed to cause a reduction in flange wear, the low adhesion
conditions may potentially increase the risk of sliding and give rise to flattening on wheels.

In addition, hollow worn wheel profiles were observed on the Jubilee line which might be

also stem from the excessive lubrication on the lines.
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Figure 4.5: Flange thickness vs. flange height on Bakerloo line
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Figure 4.6: Flange thickness vs. flange height on Jubilee line
In order to identify the distribution/frequency of wheel wear, the flange height and
thickness dat a are also presented as histogram plots in the Figure 4.7 and 4. 8 for each
line. Considering these distributions, the profiles listed in Table 4.1 were selected as

representative of lightly, moderately and severely worn wheel cases for use in the

simulations. Figures 4. 9 and 4.1 O illustrate the worn profile shape for each of the sel ected
ZKHHO SURILOHV FRPSDUHG WR D QHZ /7 DQG /7 SUR2ME60M07 YRU H[DP S(
00109 ZKOY DRQ6e03l6 - ZKOY ZHUH VHOHFWHG DV UHSUHVHQWDWLYH R/
condition as they correspond to approximately 40% and 50% of the profiles in operation

on the Bakerloo and Jubilee lines respectively.
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Figure 4.7: Flange thickness and height distribution on Bakerloo line
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Table 4.1: Selected worn wheel profiles

35 36

and thickness distribution on Jubilee line

\Wheel Profile Name Tr':ilc?l?r?eess Elgg?]f Distribution | Severity Condition
§ 2016040700109.whl 27.96 30.6 40% Lightly Worn
% 2016031602001.whl 29.19 32.59 40% Moderately Worn
m 2016022800126.whl 32.32 35.66 20% Severely Worn
8 20160316011401.whl 26.15 30.15 50% Lightly Worn
§ 20160404013901.whl 27.37 31.23 30% Moderately Worn
" 20160321006201.whl 29.22 32.91 20% Severely Worn
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Figuré 4.9: Selected worn wheel profiles‘ comparéd to new LT5 profille condition
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Figure 4.10: Selected worn

20160228-00126

wheel profiles compared to new LT3 profile condition

+ Bakerloo line

A VAMPIRE Track Contact File was prepared for each wear state defined in Table 4.1. This

files defines how the wheel

-rail contact data varies along the route due to changes in rail

shape. The V AMPIRE transient analysis program linearly interpolates the contact data for

each wheelset as it progresses along the track. The following

Figure 4.11 shows

example of the contact conditions developed from different wheel and rail profile

combinations along the route.
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Figure 4.11: Example of the different wheel
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423 Track model

In Vampire, track design and irregularity files can be used to represent the actual track

geometry of the simulated route. Other track characteristics, such as variations in friction

levels along the tracks can also be modelled. These features are very beneficial in rail
damage modelling as they allow the effect of the influential factors to be studied as

previously explained in this report. In this study, 4 different type of track files were

prepared in order to represent the real characteristics of the tracks, inclu ding:

1) Track Design File
2) Track Irregularity File
3) Track Parameter File

4) Forcing History File

Track recording vehicles (TRVs) on LUL survey the railway lines at specified frequencies to

show the actual condition of the track geometry. They collect informatio n such as short
wavelength lateral and vertical irregularities, curvature, cross -level (cant), twist, gauge
and gradient. These measurements were acquired for both of Bakerloo and Jubilee lines

and track irregularity files were prepared which contained the following information:

curvature, lateral and vertical irregularities, cant and gauge variations.

In addition, a track design file was prepared which consisted of the vehicle speed data
extracted from the Speed -Distance diagrams for each line. The charac teristics of the
Bakerloo line me an that check rails are present, therefore for the location of the check

rails were also defined in the design file by specifying an appropriate flangeway clearances.

A track parameter file can be used in V AMPIRE to vary certain parameters with distance
along a route, such as variations in track stiffness, friction levels or contact conditions.

This research used a track parameter file to vary the friction levels which were changed
according to the position on the railhead (e.g. wheel tread, flange and flangeback for check

rails) and distance along the route.

Friction coefficient changes due to surface (material)  conditions , contaminants and
environment.  Surface roughness, water, oil/grease, leaves, temperature an d humidity can
all influence the friction in various ways (E. Magel, 2017)

In this research, the friction coefficients in the track parameter file was mainly defined

FRQVLGHULQJ WKH SUHYLRXVY VWXGLHVY ILQGLQJV DQGTablkeH.DXEULFDW!|
shows the friction coefficients measured by hand -pushed tribometer. As it was expected,

the dry rail had relatively larger values compared to contaminated conditions. Similarly,

another stud y done by Swedish National Rail Administration stated that the friction

coefficients were varied from 0.4 for dry rail to 0.1 with a blackish leaf layered rail

(Olofsson, 2009)
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Table 4.2: Friction coefficients measured with a salient system tribometer (Olofsson, 2009)

Sunshine dry rail, 19 0.60.7
Recent rain, 5 0.20.3

With a lot of grease on rail, & 0.050.1
Damp leaf film on rail, & 0.050.1

Lubrication implementation on LUL generally GHSHQGV RQ WKH 3JRRG SUDFWLFH" F
PDLQWHQDQFH WHDP DQG OXEULFDWRUTV VXEFRWUilBE Vel UHFRPPHQ
and track mounted lubricators in order to mainly reduce wear and noise. Their position

and type of lubricator used on each route w ere obtained and this mainly include the use

of normal plunger operated track -mounted lubricators located on the high -rail and check -

rail (Bakerloo line only) in curves. In addition, timer -based lubrication systems were

installed from Green Park to Stratfo rd and friction modifiers have been recently introduced

at certain locations between Green Park and Canning Town.

In the lights of the above findings and lubrication implementation, a 1 of 0.36 was selected

in the tunnel sections, which is lower than the r eported 0.4 range due to the success of
on-board stick lubes system. Also, a lower value of p of 0.25 was selected for the over -
ground sections to take into account the environmental conditions. In areas where flange

lubrication is present, the value of p was reduced to 0.15. This also agreed with  values
from similar systems an  d previous simulation studies (Olofsson, 2009; Sinclair, 2004;

Tunna, Sinclair, Perez, & Transit, 2007)

To predict the distance at which the lubrication is effective was difficult, since it depended

on a number factors  (Wilson, 2006)

X Application method: Normal pl unged, timer based and etc.

x Type of lubricant; Additive chemicals (e.g. thickening agents, temperature
control or quick drying additives).

x Frequency of Application

X Rate of Application (dose)

X Lubricator components: pump container, nozzle and hose system

X Grease consumption: depends on contact patch position, axle load and etc.

Although there are a number of studies which have been undertaken to determine this
effective carry -over distance, it is still generally optimised through trial and error. In one
of the oldest studies, it was stated that the ideal position for track -mounted lubricators

should be at the onset of wear on the gauge face and the effective distance continued until

102



the gauge wear values decreased to normal limits (Frank, 1981) . This finding was further
analysed in a more detail during a recent study where it was concluded that this principle
was more applicable for curves in t he 400 *600 mradiusrange (Marich, Kerr, & Fogarty,

2001) . Another study pos tulated that the effectiveness of lubrication decayed

exponentially starting from the application point (Thelen & Lovette, 1996)
Several simulations were conducted with varying friction levels to understand the influence
of the lubrication. Generally, LUL positioned the high -rail lubricators at the onset of curves

and the effective distance was selected starting from the application point to the point
where flange contact ceased throughout the curve considering the relatively shorter
FXUYHVY OHQJWKYV LQ VWXG\ QHWZRUN DQG WKH XQFHUWDLQW\ LQ UDW

lubrication point.

VAMPIRE uses the pre -defined friction coefficients table to calculate creep forces based on
WKH .DONHUTfV UHO DWi RFRgW& L4121 LHOWever, subsequent measurements
showed a reduced initial slope (stemming mainly from contamination and surface
roughness) and a falling friction (¢ aused mainly by temperature and speed) from this
curve . This may influence both wheel/rail contact parameters and vehicle dynamics
behaviour (Vollebregt, 2014) . Recently, more advanced friction models have been

develop ed for use in vehicle dynamics simulations.

Figure 4.12: Theoretical and measured creepage -traction coefficient (creep force) relationship
(Vollebregt, 2014)

4.2.4  Forcing history file

In order to investigate the effect of traction/braking forces on rail damage, which can be
a significant factor in a metro #underground system, a forcing file was used to apply an

external force to the wheelset during the simulation.
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This file describes the applied torque at the wheelset due to traction/braking and was
calculated from the total tractive effort required f or the lead vehicle to
accelerate/decelerate along the tracks and also consider s the resistance forces acting in
an opposite direction to the train motion. The total resistance is generally composed of the

following resistance forces (Profillidis, 2000)

(eL (i E(as (AL (easE(£aA (4.1-2)
where
(g = Total running resistance
(i = Train resistance
(a L Line Resistance
(g a5z Curve resistance
(g A = Gradient resistance
4.2.4.1 Train resistance
The running resistance of the trains is often described with the help of the 'DYLVY (TXDWLRQ
which is as follows:

(f L#E$BE%S8 (4.3)

The A, B and C are the train resistanc e coefficients and V is the vehicle speed (m/s).
Firstly, the term E represents the mechanical resistance in which the coefficient A is
related to the vehicle mass and the coefficient B is related to mec hanical characteristics

dependent on the rotatio n of axles, mechanical transmission and braking, etc. Finally, the

third term 6 demonstrates the aerodynamic drag.

Generally, the empirical formulas which were developed by rolling stock manufacturers

and railway administrations are used to solve this p roblem. | n this research, one of the
well -known formula s that was developed by Sauthoff for the suburban - passenger trains
was applied. The coefficients in the formula were determined from the mass of the

vehicles, a factor relevant with the number of axles , humber of vehicles and a value stands

for the cross -sectional area of the vehicles weighted with their aerodynamic behaviour

(Briinger & Dahlhaus, 2008) . The Sauthoff formula is given as:

(j L:rasUl 4 UG E:

E % U:uk UR Eé ravys Uds Etd; U#y:uiR;®; (4.4

where R=speed (m/s)
R =relative speed between vehicle and air (m/s)
| ¢= mass of the vehicle (kg)
C=gravitational acceleration (9.81 m/s 2)
== the coefficient is taken as ==1.9

7% = factor for number of axles in vehicles ( %= 0.0025 for 4 axles)
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Jsz = number of vehicles in the train

#, L cross sectional area of vehicles (m 2)

3 = mass (tonnes)
Although t he t unnel resistance was not considered individually, the p revious research
stated that for speed values lower than 100 km/h , this resistance force is highly dependent
ontrain mass and it  was one of the reasons for reducing the weight of metro rolling stock

and suburban trains (Nielsen, 2016).

424.2 Line resistance

The line resistance was composed of curve and gradient resistances in this research. When
a train passes through a curve, an addition al force is applied against the running direction.
This resistance is called as curve resistance and it becomes crucial in the narrower curves

(Nawaz, 2015)

(eask ras0=’ (4.5)

where 4= curve radius (m).

Through the flat regions, the train confronts no external force regarding the elevation
differences. However, the gradient resistance appears when the train is running upwards
or downwards. Whilst it becomes positive in the uphill gradient direction, it is taken as

negative in the downhill gradient (Nan, 2011)
(eask cOl UOEJU (4.6)

where m=mass of train (tonnes)
g= gravitational acceleration
. = degree of gradient
When the train motion is taken into account, the tractive effort is calculated from the below

equation:

~AX @

(e F(eLBUI U (4.7)

where (jg=Total tractive effort at wheel rim (N)

B = rotating mass factor, the rotating part of the train will also consume some effort
depending on the different car units:

BL:BiUiERpUl gp; I i Elgp; (4.8)

where B = rotating mass factor for traction units

| ; = weight of traction units

B p = rotating mass factor for trailing units

I i = weight of trailing units

Then the applied torque ( ) on wheelset is found by,
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6L (ie Udetpon (4.9)
where 44 gy g NOMinal radius of wheel.

4.2.43  Comparison of total tractive effort in the studied lines

In order to compare the total tractive effort on the studied lines, the total r unning
resistances were firstly computed for both Bakerloo and Jubilee N B lines as demonstrated
in Figure 4.13.
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Figure 4.13: Comparison of total running resistance in Bakerloo and Jubilee N B lines
The total running resistance primarily depend ed on the gradient such that the resistance
force bec ame higher in the upward direction, whilst in the do wnward direction the
resistance was negative. For instance, the instantaneous drop around Ch.1+600 km
(around Waterloo Station) in Bakerloo line were caused from the tunnel elevation changes
before passing underneath the Thames River. In addition, the high er running speeds and

heavier vehicle massha d a significantimpact on train resistance especially the larger train
resistance as well as the increased gradient resistance in JLE section (between Ch.5+000 -
14+000 km) resulted in a larger total running resis tance for the Jubilee line. Nonetheless,

the small curve radii values in Bakerloo line increased the curving resistance to a greater

extent and played a key role in the total resistance.

The traction forces presented in Figure 4.14 were largely influenced by
acceleration/deceleration of the train movements. The highest levels (positive values) can

be seen after the station platforms due to traction in these zones, the braking forces before
station regions lower these values dramatically, resulting in a negative tractive effort.
However, in contradiction to the expectations, which is higher running speeds and ATO

mode will lead to greater traction forces , the short distance between stations affected the
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acceleration and decelerations levels significantly on the Bakerloo line. The peak traction

force values on the Bakerloo line became higher than the Jubilee line.
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Figure 4.14: Comparison of total tractive effort in Bakerloo and Jubilee N B lines

4.3 Conclusions and discussions

This chapter explains the modelling which was used in the research to calculate the
creepages, creep forces and other contac t param eters used in the subsequent chapters.
Firstly, the existing different wheel @il contact models  were reviewed , highlighting their
assumptions and impact on rail damage modelling. Based on this review, the Vampire

vehicle dynamic software was select ed for this research due to its utilisation and success

in previous WLRM studies. During these studies, the breaking points contained within the

damage function were calibrated based on the global wheel -rail contact outputs, which are
output from V. AMPIRE. However, in order to investigate the effect of the local wheel - rail
contact calculation, FASTSIM comparison was also provided in Chapter 9. However, it
should be noted that the Hertzian model was used in both programs, as the previous study

which appliedr elatively quickernon  -Hertzian model s stated that it may be difficult to apply

on longer distance s of track.

The second section of this chapter presented the preparation of the detailed route

simulations for Bakerloo and Jubilee lines. The large of volume of track data was very
beneficial and used as an input in the modelling. Variations in contact conditions were
captured by considering both new and worn wheel -rail profiles. Worn rail profiles were
measured at certain distance intervals along the lines by LUL, whereas worn wheel profiles

were selected based on the distribution of flange height and thickness to represent lightly,

moderate and severe worn conditions.

A Vampire track model was prepared for each route which describes the di fferent route

characteristics. This included: realistic vehicle speed profiles, actual short and long
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wavelength track geometry, variations in coefficient of friction along the track to account
for variations in lubrication/environmental conditions and the influence of traction/braking

forces.

With respect to friction, it should be noted that even though it is influenced by factors such

DV VXUIDFH URXJKQHVY VSHHG HWF WKH ILQGLQJY LQ SUHYLRXV VW
implementation were mainly cons idered in the development of a track parameter file.

VAMPIRE computed the creep forces based on the single value of coefficient of friction and

WKH JLYHQ .DONHU Y-V¥reep UforeeS Deldtdonship . However, the previous

measurements demonstrated that the r elationship was affected by several factors.

In order to include the effect of additional traction/braking forces to simulations, which

was stated to be major factor influencing rail damage on metro tracks, forcing history file

was prepared from the total tractive efforts calculated for each vehicle on the studied lines.
It was found that although the higher running speeds and ATO mode was expected to

result in larger tractive efforts to Jubilee line, the short distances between the station
significantly affected the results on Bakerloo line and made the peak values relatively

higher.
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B Review of Influential Factors and

Route RCF Damage Predictions

The WLRM was developed to predict the location of RCF cracks at a number of sites on the

GB mainline railway network. Although the model has successfully predicted the location
and severity of damage at a number of sites during previous studies, it has not been
validated on routes with different operating conditions . When the different traffic and track

characteristics of LUL are taken into account, the model may require certain modifications.

In this chapter, the influence of a number of factors on the uV L J QH¥Rvere investigated

to evaluate the effectiveness of the model for use on LUL. Additionally, the uVLJQHG
result s produced on each line are compared with the reported defects and MRX-RSCM
measurements

51 5HYLHZ RI LQIOXHQWLDO IDFWRUV RQ 7A

The Vampire route simulations have been used to evaluate the influence of additional
traction/braking forces, curve radius, friction coefficient (lubrication) as well as different
track irregularity levels and wheel -rail profile shapes RQ 7A

511 (IIHFW RI DGGLWLRQDO WUDFWLRQ DQG EUDNLQJ IRUFI

Previous RCF damage studies conducted on metro -underground systems and from
discu ssions held with LUL demonstrated that a higher number of defects were reported on

track sections with high traction/braking forces. In order to understand the influence of
traction/braking forces and the effect of ATO mode operation on rail damage, routes were
selected with ATO (Jubilee line) and Manual (Bakerloo line) mode operation. The forcing

history files, as described in Chapter 4.2.4, were included in the route simulations to allow

the inclusion of the additional torque at the wheel -rail interface  associated with

traction/braking.

To assess the effects of the WUDFWLRQ EUDNLQJ WRUTXHV RQ WKH FUHHS
comparison was made between simulations with and without the additional traction forces .

The cumulative distribution of the longitudinal ¢ reep forces at the tread and flange contacts

that were primarily influenced by the torque on the wheelset are displayed in Figures 5.1

and 5.2. Although the additional torques tended to raise the longitudinal creep forces at

tread contacts by approx. 6% an d 4% on Bakerloo and Jubilee lines, respectively; it had

relatively less influence on flange contacts. The traction/braking forces (traction

coefficient) are limited by the friction coefficient which is pre -defined in the VAMPIRE

simulations. The results show that while most of tread contacts did not reach the critical
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limits, the lubrication on the majority of flange contacts caused a reduction in this limit

and lead to slip (saturated) condition. However, it should be noted that

these additional torques affect stick and slip conditions, local wheel/rail contact models

such as FASTSIM, which calculate the distribution of

patch should be used.

The positive (wheel) longitudina | creep forces in
negative direction on the rail
within the current

the Bakerloo and 49% of the Jubilee lines were predicted

tangential

to understand how

forces within the contact

Figure 5.1, which correspond s to a
, help to demonstrate the total distribution of affected regions
WLRM calculation (e.g. VLIQHG 7A DVVXPSWLRQ

,Q WKLV UHVSHTF

to be susceptible to rail RCF

dam age with the remaining areas not under rail damage risk. The predicted risk became

greater atflange contacts since  over 60% of contacts

positive direction , as presentedin Figure 5.2.
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A FRPSDULVRQ RI 7A YDOXHV DW ERWK WUHDG DQG IODQJH FRQWDFWYV |
and 5.4. Despite the higher tractive forces on the Bakerloo line, the additional torque had

a greater impact at tread co ntacts o n the Jubilee line since they raised the results by

approx. 12% in the region of peak RCF damage DW D 7A5RI However, it was also
noticed that while traction increased the tread contact energy on low rails (in ner side of
curved tracks ), a slight decrease was observed on high rails (outer side of curved tracks).

On sharper curves located o n the Bakerloo line , the flange contacts  were generally

saturated contacts (full slip condition) therefore , result ed inonlya smallincrease in energy

levels. In addition, Figure 5.3 shows that approx. 70% of contacts on both lines produce d

energy levels that were higher than the fatigue threshold limit of 15 N. But, it should be

QRWHG WKDW WKH SUHVHQWHG HQHUJ\ LV WKH puUDZ 7AY DQG KHQFH \
than FRPSDUHG WR pVLJQH G previdusl D Mentidst. Although 65 N limit was

exceeded at 50% of  tread and 35% of flange contacts on Bakerloo line, 25% and 8% of

contacts on the Jubilee line had higher energy levels.

1
0.9 = -1
0.8 - -1
0.7 -

=

R o 49% of Ty > 65 N i

52% of Ty > 65 N
0.5 = -
175 N
""" BNB W/O Traction
65 N N B

0.2 - 15 N —BNB With Traction|+
""" JNB W/O Traction

o1 JNB With Traction |7

o M M
o 50 100 150 200 250 300 350

Ty at Tread Contact (M)

Figure 5.3 &XPXODWLYH GLVWULEXWLRQ R lo7Bakeio wnt HiDl& F RIB WidsF W V

— T
8% of Ty =65 N

4% of Ty > 175 N

35% of Ty =65 N

175 N

----- BNB W/O Traction

LE] e &8N —BNB With Traction| -
- JNB W/O Traction

o1 I —JNB With Traction

1] 50 100 150 200 250 300 350

Ty at Flange Contact (N)

Figure 5.4 &XPXODWLYH GLVWULEXWLRQ R on/Bakenod and Judilde F RNB \WWhBsE W V

111



512 (IIHFW RI FXUYH UDGLXV RQ 7A

Curve radius is one of the significant factors having an influence on the performance of

WKH YHKLFOH DQG KHQFH WKH 7A &RPSDUHG WR PDLQOLQH QHWZRUN)
curve radii in the range of 300 -500 m, metro systems generally consist of smaller r adii

curves down to 100 m. As the WLRM was validated on mainline curves of larger radii, the

effect of the smaller curve radius seen RQ WKHVH URXWHV RQ 7A ZFiule@®YSHVWLJIDW H

shows the distribution of curve radius on the studied lines. The Bakerloo line consists of a
large proportion of sharper curves between 100 -150 m. Both lines also include a high
percentage of curves in the 300 -400 m radius range. Compared to  the Bakerloo line, the

distribution of shallower curves is relatively higher in Jubilee line.
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Figure 5.5: Curve distribution along the lines

7KH PHDQ puVLIQWMBONXHY LQ HD F Kcufve QhifRdgravrKwére calculated and are

presented in Figures 5.6 and 5.7 . 7KH IRUPHU VKRZV WKH PHDQ pVLJQHG 7AY DW
the latter gives tread contacts on the high rail (outer rail in curves) and low rail tread

(inner rail in curves) contact s for each line. Regarding flange contacts, both of the lines

generated similar energy values and wear risk at around a curve radius of 300 m, but the

Bakerloo line produce d higher RCF risk as the curve radius is increased. The LT5 wheel

SURILOH LQ -XELOHH OLQH JHQHUDWHG OHVVHU QXPEHU RI IODQJH FRQ
relatively smaller  on this line and the number of flange contacts dramatically decreased

DIWHU P UDGLXV ZLWK WKH H[FHSWLRQ RI PHDQ1350 nkt@¥G 7Af RI 1

The check rail contact in the Bakerloo line restricted the level of wheel flange contact on

the high rail. In addition, the high traction forces especially in the station areas influences

the direction of the creep force and result in positiv e forces for both low rail and tread

contacts. Therefore, while flange contacts had lower energy in these curves (R<200 m),

WUHDG DQG ORZ UDLO FRQWDFWY KDG JUHDWHU 7A YDOXHV UHVXOWL

wear than RCF damage .

In previous WLRM mainline studies, it was noted that the longitudinal creep force was

often positive on highrails and negative on low rails . Therefore, while the model was often
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able to demonstrate damage predictions on high rails, it usually showed no damage on

low rails of mainline routes. On LUL, the infrastructure characteristics play a key role at

the wheel -UDLO LQWHUIDFH DQG LQIOXHQFH WKH 3VLIJQHG 7A° 7KHUHIRUH
rail contacts on unchecked curves o nthe %DNHUORR OLQH SURGXFHG OIlDed.JHU pVLIQ
It can be seeninthe se Figures that all the contacts on the curves R<1000 m radius were

under RCF risk.

The reduction at the number of the flange contacts in the Jubilee line gave rise to greater
energy at the tread contacts. However, the longitudi nal creep forces were mainly negative
on the low rails and therefore , WKH pVLIQHG 7AY YDOXHV ZHUH VLPLODU WR PDLC

Furthermore, Figures 5.6 and 5.7 revealed that the wear was the most dominant
mechanism especially on the sharper curves, while , the RCF risk became crucial for
shallower curves on both lines. This might result in inaccurate prediction s of rail damage
since, the analysis of the field data analysis showed a higher number of squats and
transverse defects were observed on the sharper curves located on the Bakerloo line.
Similarly, the lower predict ed damage risk on the low rail might lead to underestimation

of shelling type defects observed o ntheserails , particularly on the Jubilee line.
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5.1.3 Effect of friction coefficient RQ 7A

The friction at the wheel -rail interface is critical in the management of wear and RCF
damage , since high friction conditions lead to excessiv e wheel -rail wear, whereas
excessive lubrication may increase the risk of crack growth. The actual friction conditions

in the VAMPIRE models were described using a Track Parameter file as described in the
Chapter 4 , which descr ibes how the coefficient of f riction and its effective  ness vary along

the route.

The original WLRM damage function was developed by selecting a high coefficient of

friction as 0.45. This was primarily due to the uncertainty in the actual friction conditions

on track and to incorporat e the worst case scenario into the model. To demonstrate the

LQIOXHQFH RI GLIIHUHQW IULFWLRQ OHYHOV RQ 7A WKH -XEe®HH OLQH
using different friction coefficients. Figure S DQG GHPRQVWUDWH WKH PHDQ pVLJ
values for flange and low rail tread contacts, respectively. When usinga W = 045, the

highest energy levels at both flange and tread contacts are predicted . Reducing the friction
FRHIILFLHQW GHFUHDVHG WKH PHD Qoyekll J@iage Tigk] HOW@\@r, W K ke

reduction in wear risk due to lubrication on the tighter curves of the Jubilee line gave rise

to RCF risk. This means that the lower wear rate may raise the crack growth rate and

make high rails more susceptible to RCF damage risk which was also observe d in the field

crack data analysis.
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Figure 5.8: Effect of different friction conditions on mean 'signed T Aat flange contact s
High rail flange lubrication was shown to have an adverse effect on the low rail. When

there is two -point contact on the high rail, the steering forces were distributed between
tread and flange contacts. However, as the lubrication reduced longitudinal creep force

(steering force) from flange contacts, the energy levels incre ased at the low rail contact.
This might be also resulting from the change in creep force direction at this contact. For

H[DPSOH WKH PHDQ puVLJQHG 7AT YDOXH RI JHUR RQ WKH P UDGLXV F
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Figure 5.9: Effect of different friction conditions on mean 'si JQHG 7A DW WUHDG ddrfag@sORZ UDLO
It should be noted that VAMPIRE calculates the creep forces (accordingly T A EDVHG RQ WKH

JLYHQ .DONHUYV UHODWLRQV Kkng SreP-Redine® frietRIQ boL Geffitients in the
simulations. But , in reality it is affected by changes in material properties (at interfacial
layer ) and surface conditions such as contamination, roughness, speed and etc. Therefore,

in order to obtain more accurate results, more advanced models should be used in vehicle

dynamics simulations

514 (IIHFW Rl WUDFN LUUHJXODULW\ RQ 7A

The installation errors during track constructio n and deviations caused by deterioration
following high number of vehicle passages lead to track irregularities in the railway lines.

Measured track irregularities were obtained from LUL from a Track Recording Vehicle
(TRV) . Thisdataincludes outputssuch as curvature, vertical and lateral track irregularities,

cant and gauge variations

7KH LQIOXHQFH RI WUDFN LUUHJXODULWLHV RQ WhH tleadd HDWrajlVLIQHG 7A
contacts of Jubilee line are compared in Figures 5.10 and 5.11, respectively. R emoving

(No IRR) and scaling (Sc IRR) the track irregularities had little effect onthe magnitude of

7A Y DO X Httie RIgbilee line, but it was noted that they had a major impact on the

distribution of the contact position on the railhead. For example, there was no flange

contact generated with zero and scaled irregularities at shallower curve radii whereas, with

irregular LWLHY IODQJH FRQWDFW RFFXUUHG RQ P UDGLXV FXUYH ZLWi
85 N. Additionally, the energy and RCF risk substantially increased at the low rail contact

of 1350 m radius curv  e.

115



200 T Py T T T T T T T T

WEAR ONLY,
L A

180 \ —

“-Mean 'Signed Ty" at Flange Contact (Actual IRR)|
--Mean 'Signed Ty" at Flange Contact (SC IRR)
“-Mean 'Signed Ty at Flange Contact (NO IRR) |

‘Signed Ty' (N)
g
|

@
=]

'RCF & WEAR
60 -

40~

\B\
P

20 -RCF ONLY

o 1 L |H_R_,/A\.L /‘{1 \4\..\ A A

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Radius (m)

Figure 5.10 (IIHFW Rl WUDFN LUUHJXODULW\ RQ PHDQ uVLJQHG 7AY DW IOD
(Note: Actual IRR = measured TRV data, No IRR = No irregularities and Sc IRR = Scaled irregularities)
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(Note: Actual IRR = measured TRV data, No IRR = No irregularities and Sc IRR = Sc aled irregularities)
5.1.5 Effect of different profile shapes RQ 7A
In the rail damage modelling, itis important to take into account different wheel -rail profile
combinations as the wheel and rail geometry play akey roleinthe determination of contact

condit ions and forces . The results provided in the previous figures were prepared
considering new rail and wheel profile pairs. However, the shape of rail profile frequently
change s along the route due to wear, grinding and/or renewals. Similarly, the wheel

profiles also wear overtime and are re-profiled at various intervals.

A comparison of W KH dsfig new (NN) and worn rails with lightly (WW1), moderately

(WW2) and severely (WW3) worn wheel profiles  are given in Figure 5.12, 5.13 and 5.14

for flange, high rail tread and low rail tread contacts , respectively. The determination of
severity of worn wheel profiles and their distribution ~ on the Bakerloo and Jubilee lines were

explained in detail in Chapter 4.2.2.
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Generally, wheel and rail profiles wear to shapes that give rise to conformal contacts at
the wheel -rail interface, resulting in an increase in conicity. However, due to lubrication
and changes in rail -wheel material propertie s, the distribution of conformal contact

conditions was varied through out the routes.

As it can be seen in Figures 5.12 and 5.13, the lightly worn profile (WW1) generated a
lower conicity whichcaused DQ LQFUHDVH LQ W #aHge7dbnaal/ \AhK Aredu ction at
the tread contacts , with the exception of 300  -400 m curve radius range. The hollow worn

wheel profiles (WW2 and WW3) had no significant influence at the tread contact , however,

they led to higher levelsof 7A DW WKH IODQJH FRQWD F Vgulty Xautiefodtslk RUH UH
tread contact, presented in |Figure 5.14| show s that the worn cases changed the creep

IRUFH GLUHFWLRQ LQ D YHU\ VPDOO VHFWLRQ RI WKH -XELOHH OLQH

values is dramatically increased fora small number o flow rail contacts.

Figure 5.12 (IIHFW Rl ZRUQ FDVH RQ PHDQ puVLJQHG 7AY DW IODQJH FRQWDFW
(Note: NN=New rail and wheel profile, WW1=Worn rail and lightly worn wheel profile (1),
WW2=Worn rail and moder  ately worn wheel profile (2), WW3=Worn rail and severely worn wheel profile (3))

Figure 5.13: (IIHFW RI ZRUQ FDVH RQ PHDQ puVLJQHG 7A7 DW WUHDG FRQWDFW
(Note: NN=New rail and wheel profile, WW1=Worn rail and lightly worn wheel profile (1),
WW2=Worn rail and moderately worn wheel profile (2), WW3=Worn rail and severely worn wheel profile (3))
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Figure 5.14: (IIHFW RI ZRUQ FDVH RQ PHDQ uVLJhat 7AT DW ORZ UDLO
(Note: NN=New rail and wheel profile, WW1=Worn rail and lightly worn wheel profile (1),
WW?2=Worn rail and moderately worn wheel profile (2), WW3=Worn rail and severely worn wheel profile (3))

The comparisons presented above demonstrated the infl uence of different profile shapes
on the prediction of rail damage . Since the vehicles have variety of worn profiles in real

traffic operations, each passage of wheel will contribute to either wear /RCF or no damage
risk. Therefore, the total damage predict ions generated by each wheel/axle pass should

be accumulated to account the interaction of wear and RCF for the life of a rail.

It should be noted that although the effect of friction, track irregularities and different
profile shapes RQ uVLJQHG 7pkdberteldfdd only the Jubilee line, similar results were

also obtained for the Bakerloo line and hence they are not presented in the thesis

5.2 Route RCF damage predictions

In this section, predictions of MVLJIQHG ward Jcompared with  observations and

measurements of damage from site . Instead of using the Damage Index output from the

WLRM WKH pVLIQHG 7AY YDOXHV FDOFXODWHG IURP WKH GLIIHUHQW VLI
damage prediction. Due to uncertainties in the breaking points associated withthe ~ WLRM

damage function, such as the fatigue threshold and Wear -RCF balance , for use on metro

systems, the computed values were compared with the field observation data in order to

examine the efficiency in predicting the defect location along the route (long itudinally) and

to evaluate its effectiveness in differentiating between damaged and undamaged areas.

However, it should be noted that although the cracks reported as RCF related damage in

the def ect data sheet and MRX -RSCM was assumed to measure the RCF related cracking,

thermal damage associated cracking (e.g: wheel burn and stud defects ) could be recorded
as fatigue -induced cracking due to similarity in their superficial appearance . In addition,
while many factors are influencing the RCF develo pments, the reported defects highly

depended on rail age (recent replacements) and grinding activities. In the research, rail

maintenance history d ata was also considered in the correlation of damage predictions.
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5.2.1 Bakerloo (NB) line

Since the purpose of thi s part of the research  is to evaluate the accuracy of the  damage

predictions (longitudinally) along the route  WKH pVLJQuesGecompgred on both of the

rails. In case of two  -point (tread and flange) contacts which was particularly evident on

theouter ( KLJK UDLOV RI FXUYHG WUDFNV WKH 7A YDOXHV ZHUH VXPPHG

energy produced at that distance on the lines. Figure 5.15|was developed which  provides

a colour contour showing the level of the summed 7A Y DQ WhI¥the x -axis displays the
distance along the route , the track cantvalues (20 mm corresponds to straight sections)
is plotted on the y -axis. A summary of the  other operation and track character istics on

this line are provided in the Chapter 3.1.1.

Figure 5.15: pigned 7 Mfesults on the left and right  -hand rails of Bakerloo  NB line

7KH 3VLJQHG 7A° DVVXPSWLR QhighHeRIG VoK Wbthvhige and low rail RCF
damages especially in the checked curve sections of Bakerloo (NB) line . Although flange
contacts had relatively less number of occurrences and produced slightly smaller results

in these sections, the higher energy at tread contacts helped to demonstrate the severity

on some of the high rails. As expected from the results of the previous study, the low rails

had also large values. Additionally, the station names are presented in Figure 5.15{ as it

was noticed that the damage predictions were influenced by the high traction/braking in

these zone s and the check rail and the track lubricator positions are displayed in Figure

5.16 [below in order to demonstrate their impact on WKH pVL7& H® O XhéVarge cant

values and the lubrication implementation in the check rail sections had a significant

LPSDFW RQ WKH 7A YDOXHV SDUWLFXODUO\ RQ WKH KL-&Kstgide. O YRU H[D
of lubrication in the proximity of Waterloo station resulted LQ D 7A RI 1 RQ WKH KLJK
UDLO WKLV ZDV UHGXFHG WR 1LQ WKHS5HIJHQWYY 3DUN 30ODWIRUP Zk
at the beginning of the curve. Additionally, the influence of traction/braking forces were

analysed which showed that both traction and braking regions were heavily affected.

However, in the straight platforms, such as Charing Cross Platform, the energy became

larger especially in the traction regions.
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Figure 5.16: Check rail and track lubricator positions in the Bakerloo NB line

The damage susceptibility predictions were compared with the defect information and

measurements obtained from the MRX -RSCM. The upper plotin |Figure 5.17 |included the

defects measured on the right rail of the Bakerloo line whereas, the bottom plot shows the

7A YDOXHV $V LQGLFDWHG E\ WKH EOXH DUURZV VHYHUIxle® RFDWLRQ"
with locations of  reported crack s. The damage particularly on the high rails of the curve
section (radius>200 m) at Ch.8+000 km and the low rails of the check rail sections at

Ch.3+000 km showed good agreement with the predictions. But, the damaged regions
which are indicated by orange arrows could not be predicted using the IV LJQHQFoiA
instance, the cracks on the low rails around Ch.1+000 km and the tangent tracks at

Ch.5+500 km . Nevertheless, the 15 N limit in the current WLRM might be appropriate to
predict this damage. Another important observation is that although the two curves at

Ch.10+000 km had similar curvature ranges, the transverse defects were only reported in

the second curve owing to traction effect after Kilburn Park Stati on. Although, the energy

values were high on the first curve, no defects were reported as indicted by black arrow.

Figure 5.17: VLJQHG 7Af SUHGLFWLRQV DQG UHSRUWHG GHIHFWWRIge WKH ULJKW
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Using the MRX -RSCM crack depth data in the validation process will be more beneficial as

the measurements  were provided for the entire line and the crack depth is an essential

parameter in the  assessment of crack severity and maintenance decisions . However,

discrepancies in  the distance of these measurements made the validation difficult , as

detailed in Chapter 3.3.3 .[Figure 5.18][illustrates the MRX -RSCM measurements in 2014

and 2015 on the right rail of the %DNHUORR OLQH DQG WKHLU FRPSDULVRQ ZLW

Some of the blue and orange arrows were highlighted to d emonstrate the matched

locations with the defect data. For example, the MRX -RSCM inspection device also detected

transverse defects at around Ch.8+000 km and the reported horizontal cracking at

Ch.5+ 500 km +RZHYHU WKH ORZ 7A JHQHUDWH ®n capnaV predicOtBisVWHU VHFEFW!

damage.

Figure 5.18: VLJQHG 7A9f SUHGLFWRRIMndagu@mers on the right rail of the Bakerloo NB line

The observed defects on the left rail of the Bakerloo line provide d relatively better
FRUUHODWLRQV ZLWKasMlKistraied GnHRgd® V5.19 [below . However, the black
arrows again demonstrated the uncorrelated regions ZKHUH WKH LQFUHDVHG upVLJQH

values produced on the high rails. [Figure 5.20 [illustrates the MRX -RSCM measurements

on the left rail and show s a good match with high er OHYHOV RI 7A DW VHYHUDO ORF

identified by the increase in the number of blue highlighted arrows . Contrary to the
observed defect data, the MRX -RSCM measurements demonstrate damage on low rail s of
the checked curved track sections which in turn provided a better correlation with the level

of 7TA VXFK DV DW &km and 7+000 km. In addition, HYHQ WKRXJK WKH pVLIQHG
successfully predicted the damage on most of the high rails of checked curves due to

higher values generated at tread contact, it pr oduced zero damage at Ch.4+500 k m.

Nonetheless, this  provided a good correlation , as there were no cracks detected by the

inspection tool.
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Figure 5.19: VLJQHG 7A ficBsJaddxepened defects on the left rail of the Bakerloo  NB line

Figure 5.20: VLJQHG 7A9f SUHGLFWRRIMndagu®@mers on the right rail of the Bakerloo NB line

In summary; the track characteristics and high levels of acceleration and braking

associated with stations ~ flocations were shown to have a significantinfluence on the energy

level s of the Bakerloo line 7KH pVLIQHG 7AY¢YI®4atieh6 suBdsptie to  damage on

both high and low rails of checked curves due to greater energy generated attread (high

rail) and low rail contacts . In addition, it was also noted in some of the high  rail checked

curves that VLJQLQJ WKH 7A EDVHG RQ WKH OR QRdpaixedife@rdiatr ~UHHS IRUFH
between damaged and undamaged areas , since lower energy levels wereindicated at sites

where no RCF cracks were reported. However WKH pVLJQ@pp@adhA Hrovided several

poor predictionson  shallower unchecked curves (R>200). While the damage susceptibility

on certain high rails was overestimated , it underestimated the number of locations on low

rails and tangent track sections. The inclusion of the additional forces associated with
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traction and braking  and the speed variations stemming from th e stop -start nature of the
operation influence d the direction of creep force s and in some cases produced ODUJHU 7A

values in tangent platform sections compared to other tangent tracks on the line

5.2.2 Jubilee (NB) line

The Jubilee (NB) line also has curvaceou s track geometry but the minimum curve radius

is 250 m and hence, no checks rail were required for this line. Figure 5.21 [demonstrates

the pVLJQMwalues generated on both left and right rails of the line. In addition, the
WXQQHO HQWUDQFH DQG H[LW DQG VRPH RI WKH VWDWLRQVNeORFDWLR(

other line characteristics are provided in the Chapter 3.1.2.

Figure 5.21: pVLJQH @stlsfon the left and right rails of the Jubilee NB Line

Owing to larger curve radii and the increased number of tangent platforms, the maximum
energy level was relatively smaller than seen in the Bakerloo line 7KH KL JK H&auesA
can be seen on the high rail of the curve sections and particularly inside the tunnel due to

higher friction coefficient compared to outside regions. In order to demonstrate the effect

of lubrication, the track lubrication points are also presented in|Figure 5.22

Figure 5.22: The track lubricator point positions in the Jubilee NB line
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As it was expected, due to thei r proximity to traction zones, higher energy levels were

RFFXUUHG DW FXUYHG SODWIRUPV ORFDWHG DW 6W -RKQTV :RRG DQG

and tangent platform in the Neasden station. Although Canada Water was not located on

curved tracks, it was not LFHG WKDW WKH 7A OHYHOV ZHUH VXEVWDQWLDOO\ L
on the curves which were located just after these stations due to the larger traction forces.

However, this situation became more critical when there was no lubrication applied in

tracks suc h as London Bridge platform. In addition to the traction effect, the large cant

KDG D VLIJQLILFDQW LQIOXHQFH RQ 7A OHY HO VxrFahighightedkiti JUHDWHU |
JLIXUHV UHVXOWHG LQ D ORZHU FDQW GHILFLHQF\ DQG LQFUHDVHG 7A

The reported defects on the left rail and the associated damage susceptibility predictions
are presented in [Figure 5.23| It GHPRQVW U D W s$ighed K B W Z3Dagain successful in

predicting the locations with observed high rail shelling type of defects especially between

Ch.15+000 -23+000 km. However, the locati on of low rail shelling and the squats which

were largely reported in the Ch.23+000 -35+000 km (outside section) could not be

predicted . However, it was declared by LUL staff that some of the reported squats in these

long tangent track sections could be stu d type defects , which are associated with thermal

damage rather than fatigue and therefore , it cannot be expected that 7 Awould predict

these defects. Even though no  defects were reported in the JLE section between

Ch.5+000 -14+000 km,this result ed in poor agreementwiththehigh er OHYHOV RI 7A RQ WKH

high rail of curves  in this section . Smaller crack depths can also be seen in the MRX -RSCM

measurements in  [Figure 5.24 |which might stem from aforementioned reasons in Chapter

3.3.4 . The decrease in the successive crack depth measurements presented in Figure 5.24

were caused by grindingand  /or rail replacement activitie such as the crack depth reduction

at around Ch. 16+000 km in the year 2015 caused by the rail replacement in 2014.

Figure 5.23: VLJQHG 7Af SUHGLFWLRQV DQG UHSRUWHG GHIHFNBWN®RQ WKH OHIW UDLO
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Figure 5.24: VLJQHG 7AT SUHGLFWRRY\Md2ag@meris on the left rail of the Jubilee NB line

The right rail damage predictions given in Figures 5.25 and 5.26 show better correlation

with the field data. With the help of additional traction forces, the energy values were
increased and enabled to predict the defects after th e ta ngential platforms between
Ch.25+000 -28+0000 km.

Figure 5.25: VLJQHG 7Af SU&hGleponddRedts on the right rail of the Jubilee NB line

,Q VXPPDU\ WKH pVLYFRBHHGHG WR SUHGLFW WKH ORFDWLRQV VXVFH!
several locations on the high rail and particularly traction areas following tangent

platforms. However, although no defects were reported on high rails of JLE section, the

model predicted a hig  her susceptibility to RCF damage in these areas. However , the model

estimated a low susceptibility to damage on the remaining tangent tracks and low rails

where defects were recorded.
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Figure 5.26: 'signed 7AT SUHGLFWLR QRSCMXMeaduBements onthe  right rail of the Jubilee  NB line
5.3 Conclusions and discussions

7KH HIIHFWV Rl YDULRXV URXWH FKDUDFWHULVWLFV RQ uVLIJQHG 7Af
applicability of the WLRM  for predicting the damage suscep tibility of the studied LUL lines.
,Q JHQHUDO WKH pVLIQHG & &A% iBlieRde Qf\awilhib&Y |f key factors as

summarised below:

x Traction/braking forces ; the inclusion of the additional forces associated with traction
and braking result ed in an increase L Q a#tread (high and low rails) contact whereas
at the flange contacts onlyasmal LQFUHDVH RQ ERWK ORQJLWXGLQDO FUHHS
was apparent , as the majority  of the flange contact was in the slip condition. However,
in order to better un  derstand their influence on stick and slip conditions, local wheel -
rail contact models ( which calculate the  distribution of the tangential forces ) such as
FASTSIM should be used.
X Curve radius; As the curve radius decreases RQ DOO WKH OLQHV WKH PHDQ puVLJQHC
increased at all the contacts.
o Onthe Bakerlooline , the presenceof checkrails as well as the other infrastructure
characteristcs LQIOXHQFHG WKH Orkbylth@ inRthe Akad and low rail
contacts bei ng more susceptible to damage . By contrast, the 7A OHY HitageD W
contact s were considerably high er on unchecked curves  (curve radius > 200m)
0 On the Jubilee line , the LT5 profile tended to produce lesser number of flange
contacts and hence , the energy at the tread contact s were higher .
o In contrast to previous WLRM studies , the metro -system tracks produced
relatively larger values on high tread and low rail contacts which may be caused

by the start -stop nature traffic ~ with high traction/braking forces.
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x Wheel -rail friction coefficient ; Reducing the friction coefficient from p=0.45 and
lubrication implementation JHQHUDOO\ GHFUHDVHG WieHo Gw¢liNteraatighl 7 A
of wear and RCF in the current WLRM damage function, this reduced the risk of wear,
but increased the RCF damagerisk. It should be also noted that the friction coefficients
and the presumed creepage  -creep force relationship in VAMPIRE can be influenced by
surface conditions. Therefore, in order to generate more accurate results,  the calibrated
models or more advanced models should be used to better represent actual conditions.
X Track irregularities; Even though the track irregularities did not significantly affect the
7A UHVXOWV WKH\ LQIOXHQFHG WKH ORFDWLR® dertaif BaQesd/ DFWV RQ W
creep force directions  were changed , causing DQ LQFUHDVH LQ pVLIQHG 7AY DQG

risk accordingly.

x Different wheel -rail profile shapes ; The selected worn wheel and rail profiles had a key
impacton PVLJQHG 7AY OHYHOV ZKHi@ reR&aSeODUHG WR
o LLJKWO\ ZRUQ ZKHHO :: SURILOHYVY JHQHUDWHG D ORZHU FRQLFL

tread contacts but, increasing the levels at flange contacts.

o Conversely, the moderately and severely worn profiles particularly the hollow
worn wheels led to higher conicity. Thus, the energy at tread contacts did not
show a significant difference but, the values at flange contact were raised
considerably. Also, the  worn cases influenced the creep force direction at low rail
FRQWDFWY DQG LQ WXUQ UDLVHG WKH puVLIQHG 7Afq

As a result of the observations above , it can be concluded that whereas the track
characteristics, suchas  curve radius and friction coefficient, hada key LPSDFW ReQelz A
the effect of both  variations in  track irregularities and worn wheel -rail profile shapes can
significantly influence the contact conditions and therefore wheel -rail forces and damag e
locations on the railhead . This suggest ed that to accur ately predict susceptibility of a rail
to damage , all of these factors need to be taken into account. For example , whilst some
combinations might give rise to wear and/or RCF risk, the others might have no impact on

the current condition. In order to increase the accuracy of damage predictions and to

reflect these variations in the model, the total number of passages should be accumulated

considering the range of duty conditions observed by the rail. Different wheel and rail

profiles, applied lubrication, track irregularities and traction/braking forces should be

included and the predicted damage should be accumulated .

Due to uncertainties of the breaking points of the WLRM for use on metro system, t he

location of high values of UV LJQHGvag Au§ed as an indicator of high susceptibility to

damage and compared with the field defect locations (longitudinally) . Even though the

method of signingT A HOLPLQDWHG VXEVWDQWLDO QbeRditeSinRIBBIRQWDFW YV LQ
WKH pVLIJQHG 7Af ZDV IRXQG WR VXFFHVVIXOO\ SUHGLFW WKH ORFDWL
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reported in the defect data sheet and MRX -RSCM data. This is particularly evident on
checked cur ves where the magnitude of forces at high and low rail tread contacts
corresponding to locations of observed damage. However, similar to previous WLRM

results (Evansetal.,,2008) , WKH XVH RI pV wassH®@ntddyerestimate the number

of locations withob  served damage on the high rails as indicated by black arrows in Figures ,
but underestimate the number of locations on the low rails of the relatively shallower
curves ( R >200m). However, it should be noted that although the defects were recorded

as RCF re lated, some of them may be initiated by other factors such as studs (thermal
damages) especially on the Jubilee line. Since, the WLRM was developed based on plastic
deformation accumulations, it cannot estimate these type of damages. In addition, some

oft he inaccurate predictions can also be associated with differences in rail ages throughout

the lines and grinding activities. Most importantly , the high values can give rise to

increased wear rate which in turn may remove the initiated cracks.

In summary; the results presented in this chapter illustrated that although WKH VLJQHG 7A
successfully showed the effect of different route characteristics, it was sometimes unable

to predict all locations which were observed to be susceptible to damage al ong the entire

metro lines. When planning maintenance , both over - and under - estimations of damage

can be very critical, whereas the underestimation may lead to unplanned maintenance,
renewals and hence , increased maintenance costs, the overestimation migh t cause to

premature rail replacements and lack of confidence in the modelling.

In order to develop a more accurate model, the key areas which contribute to inaccurate

predictions were identified in the research. Figure 5.27 |highlights these key areas (in red)

which are described in more detail below.

Figure 5.27: Key areas leading to over - and under -estimations ofra il damage in WLRM

Interaction between Wear and RCF Damage

Even though wear is caused by several different mechanisms which were explained in

Chapter 2. 2.1, it has been also mentioned that the accumulation of plastic deformation in
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rails lead to both wear and RCF damage. However, there are still uncertainties as to when
wear or RCF dominates and how these two phenomena interact with each other. Since the
WLRM damage function was developed empirically from the comparisons between
predictions and site observ  ations (including wear and RCF), the influence of a mild wear
regime was incorporated into the model when the energy at the wheel -rail contact reaches
WKH SHDN GDPDJH pVLIJQHG 7A¢Y 1 OLPLW $IWHU WKLV OLPLW ZHDU
but it is not  sufficient to remove the initiated cracks. The model assumes that the wear
rate (severe -catastrophic regime) dominates the crack growth after the wear -RCF balance
MVLIQHG 7AfT 1 OLPLW LV H[FHHGHG +RZHYHddn l&dKte\aH DVV XPSW|
overestimat ion of RCF on the high rails of metro lines, the poor correlation of larger
predictions with no reported defects might be resulting from an exceedance of the wear

rate over the crack propagation rate.

In order to investigate this problem and to better unde rstand the interaction between wear

and RCF, it was proposed that the observed worn area should be compared to the crack

area/depth for selected sites. Due to successes in previous studies, the BRR wear function

was suggested to be considered in rail wear rates Y S UH G L FOud & @& advantage of

WKH %55 PRGHO LV WKDW ZHDU FDQ WD N Hand "pplixab@ terdl CoXtacys R1 uuUDZ 7A¢
E\ VKRZLQJ WKH FKDQJLQJ ZHDU UHJLPHV ZKLOH WKH :/50 FRQVLGHUH

regions and the wear was generally described by its interaction with RCF damage.

BLIQHG 7AT $VVXPSWLRQ

Similar to the finding of the previous WLRM studies , this study also confirmed that although
it gave relatively good validation of locations susceptible  to classic high rail RCF,itre  sulted
in an over -or under -estimation of the damage locations in certain circumstances. The

previous studies suggested that different creep force angles may generate different types

of damage and the subsequent studies have proposed a relationship between the resultant

creep force angle and damage risk (Evans et al. 2008; Bevan, 2011). For this reason, the

uubz 7AY DQG WKH FUHHS IRUFH DQJOH ZHUH SURSRVHG WR WDNH LQW

improve the accuracy of damage predictions.

Consideration of ot _her damage prediction parameters

Although some inaccurate prediction s can be associated with  the assumed method of

signing 7A WKHUH PLJKW EH RWKHU UHDVRQV FDXWIK®H WRHE SRRWD QB OL(
different creep force angles will certainly provide an improvement in the damage

estimations compared to current WLRM but , it was also apparent that the creepages and

creep forces might not be sufficient to describe the overall changes at the wheel -rail

contact. For instance, the contact load, which is one of the crucial parameter showing the

severity level of the resulting wheel -rail contact, was not taken into account in the model
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inputs. In order to identify changes between the sections experiencing high susceptibility
to defects or having no reported def ects, it was proposed that comparison of different

damage prediction parameters should be evaluated in the research.

As introduced in the literature review; the Shakedown Map is another method for
estimating rail damage susceptibility based on vehicle dyn amics simulation outputs and
has provided relatively good predictions in several previous studies. In addition, the
consideration of the load factor and traction coefficient will give an opportunity to take into

account the changes in aforementioned contac t parameters.
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Interaction of Damage Prediction

Parameters

7KH SUHYLRXV FKDSWHU GHPRQVWUDWHG WKRW XNOW KIRX MWKWKH5QVL
succeeded in showing the influence of key vehicle -track characteristics on rail damage
susceptibility, it provided certain inaccurate damage predictions when its results were

compared with field defect locations (longitudinally) along the studied lines.

,Q RUGHU WR LQFUHDVH WKH DFFXUDF\ RI WKH SUHGLFWHG GDPDJH W
and different creep force angles were some of the approaches that were investigated in

the previous studies to scale the damage. Although these studies demonstrated the

relationship between the resultant creep force angle and damage risk in several sites, this

research argued that the creepages and creep forces might not be sufficient to describe

the changes at the contact conditions and hence , it proposed to also use the Shakedown

Map due its successes in previous studies and the potential for integration with vehicle

dynamics simulations.

To understand the interaction between a range of different damage prediction parameters,

L QF O X G L Qahd faétor and traction coefficient and creep force angle , the outputs from
the vehicle dynamic route simulations were compared in the first section of this chapter.

In addition, the parameters were also compared to the location and severity of damage at

selected sites, which includes sites with and without reported RCF defects. As a result of
this study, a combinato Q Rl ERWK WKH 6KDNHGRZ@ad popd3€iGo fielp to
increase the accuracy in the prediction of the susceptibility of the rail to wear and RCF

damage . The subsequent sections explain the proposed models developed in this research.

6.1 Relationship between damage prediction parameters

The relationship between the raw T A H J -Xignhed), creep force angle and the
Shakedown Map parameters of load factor (LF) and traction coefficient (T/N) were

examined. As detailed in Section 2. 6, LF and T/N are define d as follows;

(L 24%" 67(;6(313 (6.1) T/NL ¥lsos (Béé%((; (6.2)

where 4 is the maximum contact stress (N/mm 2), e« is the shear yield strength of the

material (N/mm  2), j _rs the lateral creep force (N), jm1ds the longitudinal creep force

(N), Risthe normalload (N) and a, b are the semi -axes of the wheel -rail contact patch

Since this chapter concentrates on the changes of the wheel -rail contact parameters and
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k limit is related with the material properties, the maximum contact stress was used

instead of load factor in this part of the study.

TR REWDLQ WKAAWNWLOQWE&H :/50 LQ WKH SUHYLRX¥v&KDSWGIXHV WHWBIH
filtered by the creep force angle 0° -90° and 270° -360° (positive longitudinal creep force

in the wheel) that corresponds to traction (negative) direction on the rail. The creep force

angle is the resultant creep force angle "a"between longitudinal  and lateral creep forces
aL fr.. = (6.3)
¢xUuo
For the eas e of demonstration in the following section, the creep force angles aare shown
according to their regions. The angle acould be located in one of the 4 quadrants/regions

whichis shownin [Figure 6.1} According to this demonstration, the regions | and IV display

the traction direction while , the regions Il and 11l show the braking direction.

Figure 6.1: Creep force angles shown in the 4 regions between 0 °and 360 °
Due to several number of route simulations containing a significant volum e of data, the
most dominant type of wheel -rail profile combination (given in Section 4.2.2) was
selected: worn rail profiles with the lightly worn wheel profiles (WW1) to show the
differences between the damage parameters. As it can be expected from the ¢ omparison
of wheel -rail profile shapesin  Chapter 5.1.5, the results might alter when different profiles
are taken into account in the simulations but, this case gives certainly the most common

condition occurred on the studied lines.

6.1.1 7A D Qu@Action coefficient (T/N)

The relationship between T A DQG WUDFWLRQ FRHIILFLHQW 7 1 KDV EHHQ F
variations in creep force angle and curve radius. Figures 6.2 and 6.3 show the T A DQG 7 1

at the right tread contacts of the Bakerloo and Jubilee Northboun d (NB) lines respectively,

where each point represents a single contact point through the route simulation. As it can

be seen there was generally a linear relationship between both of the parameters at low

levels of T/N. However, as T/N increased (after ap proximately 0.31 level), the contacts

saturatedand TA YDOXHV VXEVWDQWLDOO\ UDLVHG 5HJDUGLQJ WKH -XELOH
observed at both of 0.25 and 0.31 T/N levels due to different friction coefficients used in

the (dry) tread regions for over -and -underground sections. While p=0.25 was taken as at

overground section, it was selected as 0.36 for underground (as detailed in Section 4.2.3).
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But, these limits were noted in the research as the previous studies pointed out that they
are the transfer r egion from subsurface to surface damage in the Shakedown Map
(Johnson, 2000) . While 0.25 was demonstrated as the starting point of surface damage in

the line contact, the 0.30 -0. 32 was given for the Shakedown map for point contacts.

Figure 6.2: T/N against T  Aat the right tread contacts of Bakerloo NB line under different creep
force angle regions

9DULDWLRQV LQ 7A DQ @erwith 2 Qe&pHorde angles which is influenced by
the start -stop nature of traffic and the position of the tread contacts, e.g. whether it is
located on the high/outer side or low/inner side of the curved tracks. On the Bakerloo line,

the presence of the check rail also influenced the direction of the creep force and therefore,

the resulting creep force angle. The results suggested that contacts in the braking regions

(11:90° -180° and I11:180° #270°) also had high susceptibility to generate rail damage.
Similarly, the braking region (111:180° ¥270°) in the Jubilee line had high energy values in
both of u=0.25 (overground) and u=0.36 (underground) regions.

Figure 6.3 7 1 DJD L Q ¥t\wheZight tread contacts of Jubilee NB line under different creep force
angle regions
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As it is expected, the right flange contact results presented in Figures 6.4 and 6.5 display

that they were mainly in traction direction with considerably high T Aand T/N values
compared to tread contacts. But, their severity on the Jubilee line was lower than the
Bakerloo line due to LT5 wheel profile. It can be seen that the majority of them were

saturated (T/N >0.15 ), as the minimum coefficient of friction was take n as 0.15.

Figure 6.4 7 1 DJDLQVW 7A YDOXHV DW WKH ULJKW IODQJH FRQWDFWYV RI %DNHU
creep force angle regions

Figure 6.5 7 1 DJDLQVW 7A DW WKH ULJKW IODQJH FRQWDFWYV RI -XELOHH 1% OL
force angle regions

The relationship between T/Nand T A DQG YDULDWLRQ LQ FXUYH UDGLXV RQ WKH ¢

illustrated in  |Figure 6.6] The results showed that as the curve radius decreased, both the

TNandT A LQFUHDVHG DQG WKH ODUJHVW YDOXHV ZHUH REVHUYHG RQ K

R<200 m) and low rails (right hand curve R<200 m) of checked curves. When they were
compared with creep force angles, it can be seen that while the angles on the high side

were often in braking (Il :90° -180°), they were usually in traction (IV:270° -360°) region
on the low side. Thisw  as mainly resulting from the presence of check rail contact on these

curves. On the contrary to checked curves, low rails seemed to have larger energy values

compared to tread contacts on high side even with similar T/N values. It should be noted
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that the most of the high rail contacts are in two -point tread and flange contacts and
hence, the total energy of high rail may have been potentially shared between the tread

and flange contacts.

Figure 6.6 7 1 DJDLQVW 7A DW WKH ULJKW WUHDG FRQWDFWV RI %DNHUORR 1% O
ranges

Figure 6.7| provides the relationship on the Jubilee line and shows that low rails had

UHODWLYHO\ ODUJHU 7 1 YDOXHV ZKHQ FRPSDUHG WR KLJK UDLOV EXW
it was also revealed that although some of the contacts having similar track conditions

exceeded the 0.25 limit, the others were be low this limit due to the different friction

coefficient used for the dry conditions (over -and -underground) in the simulations. When

the results were compared with creep force angles, it was apparent that the dominant

angle region was braking (111:180° -270 °) on low rails and traction (1:0° -90°) on high rails.

This was also noticed for the similar curvature ranges on the Bakerloo line.

Figure 6.7 7 1 DJDLQVW 7A DW WKH ULJKW WUHDG F BrQandifferenvcurR/aturs ELOHH 1% O L Q
ranges
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The flange contact results are given in Figure 6.8]and 6.9 . Regarding the Bakerloo line,

the T/N values were similar for most of the flange contacts whereas the energy levels on

tight curves were generally higher than the shallower curves. Therefore, the TA zZzDV DJDLQ

found to be successful in showing the effect of curve radius and vehicle curving

performance on damage s  usceptibility. It can be also seen, the worn wheel -rail profile

combination (WW1) produced limited number of flange contacts on checked curves, as the

check rail acts to restricts the movement of the wheelset towards the high rail. Similar to

the Bakerloo line, the narrower curves of the Jubilee line in Figure 6.9 generated higher

TA UHVXOWYV ZLWK WKH H[FHSWLRQ RI OHVVHU QXPEHU RI IODQJH FRQW
the 200 m < Left Hand Curve < 500 m range

Figure 6.8 7 1 DJDLQVW 7A DW WKH ULJKW IODQJH FRQWDFWV Rl %DNHUOTF
curvature ranges

Figure 6.9 7 1 DJD L Q ¥twhetidht flange contacts of Jubilee NB line under different curvature
ranges

6.1.2 7A D QoBntact stress (P 0)

The relationship between TA DQG PD[LPXP FRQWD FoVw¥dNddHparéd far the

Bakerloo and Jubilee lines. Figure 6.10 |below displays the values at the right tread contact
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under different creep force angle regions. The P o ranges between 1000 + 3000 N/mm 2

regardless of the levelof TA +RZH Y Hds also noticed that the contacts on the traction

regions particularly, the region (I:0° - f SURGXFHG VLJQLILFDQWO\ ORZHU YDO
compared to those generated in the braking regions (11:90° -180° and I11:1180°  -270°).

Figure 6.10:Po DJDLQVW 7A DW WKH ULJKW WUHDG FRQWDFWV Rl %DNHUORR 1% O
force angle regions

Figure 6.11 |presents the P o on the Jubilee line. Although the axle loads are higher on this

line, the lesser number of flange contacts might give rise to larger single - point tread
contact patch areas on the high rail and hence , alower P o values. When the creep force
angle regions are compared, a greater proportion of values are in the traction region (1:0° -
90°) had larger 7 Athan the braking region (111:180° -270°).

Figure 6.11: P, DJD L Q Vavthe Aght tread contacts of Jubilee NB line under different creep force
angle regions

Flange contact results for both of the lines are provided in Figures 6.12 and 6.13. As it can
be seen, the Po values were considerably larger on the Bakerloo line due to wheel -rail

profile combination and the higher proportion of narrower curves. While the maximum
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values reached 6000 N/'mm 2 levels, the highest results were 2500 N/mm 2 on the Jubilee
line. Additionally, they display that there was a relatively good correl ation between Po and
TA ZKLFK PLJKW EH UHVXOWLQJ IURP WKH ODUJHU HQHUJ\ OHYHOV SURC

higher contact stress values than the shallower curves on the lines.

Figure 6.12: P, D JD L Q Vavthe Aight flange contacts of Bakerloo NB line under different creep
force angle regions

Figure 6.13:Po DJDLQVW 7A DW WKH ULJKW IODQJH FRQWDFWV RI -XELOHH 1% OLQH
angle regio ns

Under different curvature ranges, Figure 6.14 |demonstrated that the contact stresses were

larger on high side of checked curves than their low side. By contrast, unchecked curves

led to different results as the contacts on low rails had relatively greater values than high

rails. When there is a two  -point contact, the total normal load is mainly apportioned
between tread and flange contacts on high rails and this may give rise to one of the
contact. Additionally, the larger contact patch area which is usually generated at single

tread contacts mightre  duce P o values at these contacts. The low rails particularly the BH
profiles also produced two - point contacts on low rails. This may be also responsible for the

changes at contact pressures on these rails.
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Figure 6.14:Po DJDLQVW 7A DW WKH ULJKW WUHDG FRQWDFWYV RI %DNHUORR 1% OL
ranges

In contrast to Bakerloo line, tread contacts had larger stresses on high rails than low rails
Again, owing to limited number of flange

of Jubilee line which are illustrated in Figure 6.15
contacts, the load is mainly carried by the single tread contacts on high rails. However,

the shallower cur ves produced similar results on both of the rails.

Figure 6.15:Po DJDLQVW 7A DW WKH ULJKW WUHDG FRQWDFWYV RI -XELOHH 1% OLQ}
ranges

As it was previously mentioned in this section, TA D Q &h&d a better correlation at flange
contacts which are also demonstrated in Figures 6.16 and 6.17. Both of the values showed

an increment when the curve radius was reduced on the lines.
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Figure 6.16:Po DJDLQVW 7A DW WKH ULJKW IODQJH FRQWDFWV Rl %DNHUORR 1% OL!

ranges

Figure 6.17:P, D JD L Q Vamhe dght flange contacts of Jubilee line under different curvature ranges

6.1.3 Summary of the section results and discussions

The results presented in the previous sections illustrate the relationship between a range

of damage prediction parameters at the different wheel -rail contacts. The aim was to
understand the changes in the wheel -rail contact conditions along the lines, which can
influence the selected parameters under different creep force angle s and curvature ranges.

The main observations include:

X Since the TI/N levels are limited by the selected friction coefficients, the linear

relationship between

TA DQG 7 1 ZDV PRGLILHG FORVH WR WKHVH YDOXHV $I

saturated condition, the contacts show substantial increases in TA ZKLOH WKHeE 1 YDO

become constant. As the friction coefficients for the dry tread region were chosen as

p=0.25 (overground) and p=0.36 (underground), the deviations were observed in this

region. Therefore, whereas some of the tread contacts with similar track conditions and

TA OHYHOV H[FHHGHG WKH DQG OLPLWY -XELOHH DQG %DNHU
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others were lower than these limits. It should be also noted that since these limits were
indicative of the transfer poin ts from subsurface to surface damage regions in the
Shakedown Map, it was suggested to be further investigated during this research.

X It was observed that the most of the flange contacts were saturated, min. T/N > 0.15
levels equal to min. coefficient of f riction.

x The TA DQ @values at flange contacts provided better correlation than tread contacts.
The two -point contact conditions, especially on the high rail affected the contact patch
area and stress levels at the tread contacts accordingly.

x Although the T/N values were slightly influenced by the different curvature ranges due
to the above reason, the TA YDOXHV ZHUH DJDLQ IRXQG WR EH PRUH VXFFHVV
the effect of changes in curve radius.

X Moreover, Figures helped to find the dominant creep force angle regions in each

curvature range. Although the angle regions were provided for the right rails, it was

noticed that the left rails produced the oppo site regions which are given in

x Table 6.1{ The similar curvature ranges resulted in similar angle regions on both of the

lines. This showed that the creep force directions at the contacts were primarily
dependent on the position of the rails on the lines. Whereas both flange and tread

contacts on h igh/outer side of the curved tracks generated traction direction (region

[:0° -90° and IV:270° -360°), the braking directions (region 11:90° -180° and 111:180° -
270°) were occurred on the low/inner side of the curved tracks. The influence of check

rails can be seen, which modified the force directions on the Bakerloo line resulting in

the low rails being in traction direction and high rails in braking direction.

Table 6.1: The dominant creep force angle regions on the selected curvature ranges of studied lines

6.2 Comparison of damage prediction parame ters between

reported and no reported RCF sites

To find the optimum solution between over - and under -estimations in modelling results, it

is very significant to observ e the changes at contact parameters between the reported and
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no reported RCF sites. In this study, the critical sites which were reported in the defect
data sheets given in the Chapter 3 were compared with the sites having no recorded
defects in this data. In order to cover the changes on the sections with different

characteristics, the selected sites were divided into three main categories:

1) Curved tracks (R> 200 m; BAK and JUB lines)
2) Checked curved tracks (R<200 m; BAK)
3) Tangent tracks (BAK and JUB lines)

Each site was 50 m long and the WW1 profile simulation cases was again considered in

this analysis to demonstrate the dominant contact conditions on the lines.

6.2.1 Selected sites on the curved tracks

Since check rails were excluded in this section, the comparison was made on both of the
lines. Figures 6.18 and 6.19 illustrate the selected sites on Bakerloo and Jubilee NB lines,
respectively. In order to compare the changes in damage parameters between
underground (tunnel) and overground (surface) sections, the red circled regions in Jubilee

line were selected in the study.

Figure 6.18: The selected reported and no reported sites on the right rails of Ba kerloo NB line

Figure 6.19: The selected reported and no reported sites on the lefts rails of Jubilee NB line
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The track characteristics of the selected sites are presented in Table 6.2] The chainages,

rail position and profile, curve radius, applied cant, cant deficiency and section type were
provided for all sites. While the orange highlighted rows show the information for Bakerloo

line, the grey rows for Jubilee line including the overground sections written in red colour.

As it was mentioned in the Chapter 3.1 the cant deficiency values were significantly small

and cant excess sometimes was occurred on the Bakerloo line. Since the selected sites
were located in the old tunnel section of Jubilee lines, the cant deficiency values also low
compared to other section s on this line. Similarly, the overground sections had small cant
deficiency with the zero applied cant in Canning Town station (Site D). To identify the
changes on different track positions, both high and low rail sections were selected in the
study. In a ddition, to show the effect of unlubricated curved track, transition and different

rail profiles (BH and FB) on rail damage prediction parameters, the analysis included the

specific sites which were given in Table 6.2

Table 6.2: The track characteristics of the selected sites for the curved tracks
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Figure 6.20 |displays the comparison of TA DQG 7 1 UHVXOWY RQ WKH VHOHFWHG \

curved tracks. Whilst the green and magenta colour show the reported RCF sites, the blue

and red colour indicate the no reported RCF sites on the Bakerloo and Jubilee lines,
respectively. Additionally, each marker represents different contacts on the rails. As

shown, most of the contacts on the reported and no reported RCEF sites were clustered in
two different areas  as indicated by grey dashed colour boundaries. When the values were
below this limit, the contacts might seem to have less effect on damage risk. Similar to

the results of the previous section, the traction coefficients were limited by the selected

friction coefficients.  Forinstance, the T/N values in the reported sites of overground section

cannot exceed the p=0.25 limit. But, it is apparent that they had greater energy values

thanthe noreported sites. Also,t he 0.31 -0.32 T/N played a crucial role in the underground
section. In spite of the low TA YDOXHV LQ WKLV UHJLRQ WKH 5&) GDPDJH ZDV RE
contacts which had larger T/ N values than 0.31 -0.32 levels. When the contacts were
particularly analysed, it was noticed that the highest results were produced on the
unlubricated curve due to larger friction coefficients. Additionally, even though no cracks

were recorded on the BH type of low rails, the contacts showed excessive values which

mainly resulting from the higher conicity in this rail -wheel profile combinat  ion. Moreover,
some reported RCF sites on the Jubilee line (magenta colour) were below the limit. This

was mainly caused by the changing track geometry on the selected transition sites.

Although some contacts of this site had high values, the smaller resul ts could not pass this
limit. Furthermore, when the results were compared with different defect types such as

(shelling and squat), no clear response was obtained in this analysis.

Figure 6.20: The comparison of T Aand T/N on the selected sites of curved tracks

Figure 6.21 [illustrates the comparison of the creep force angle regions with reported and

no report ed RCF damage on the Jubilee line. As expected, the majority of high (left) rail

and low rail tread contacts were on the traction region (IV:270 -360) and braking regions
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(11:90° -180° and 111:180°  -270°), respectively. This again confirmed that the creep for ce

direction did not seem to have an influence on damage risk since, the values primarily

depended on the position of rails and route characteristics

Figure 6.21: The comparison of different creep force angle regions on the selected sites of Jubilee

In the case of the Bakerloo line given in

NB line

Figure 6.22] the majority of flange and high rail

tre ad contacts were in the traction direction (I:0° -90°) and the low rails were in the

braking direction (111:180° -270°). Due to difference in rails (left or right) between the

selected sites, the traction region (I) generated on the right rail of the Bakerlo o line, and

region (IV) was generated on the left rail of the Jubilee line.

Figure 6.22: The comparison of different creep force angle regions on the selected sites of Bakerloo NB line

However, in contrast  to creep force angles

, the maximum contact stress results which are

presented in [Figure 6.23|potentially provide the opportunity to predict different damage
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mechanism s. The high values which were particularly occurred on the no reported RCF
sections suggested that the high wear rate on these sites might remove the initiated
cracks. Hence, no RCF defects were observed on these sites. For example, it was noticed
that alt hough the BH type of low rails exceeded the critical T/N limit, the contact stresses

on this site were also high. Thus, this might give rise to wear rather than RCF damage on

this site. But, the contacts both on the over -and -underground sections led to RCF cracking
when they were mainly located between the two boundaries shown in Figure 6.23| The
lower limit was found to be 600 N/mm 2 and upper limit was 2100 N/mm 2. In addition, the

larger T Avalues inside these upper and lower limits were seen to be more prone to RCF
cracking. Whenthe T A OHYHOV DUH OHVV WKDQ WKH VSHFLILHG UHJLRQ WHK

susceptible to damage.

Figure 6.23: 7KH FRPSDULVRQ Rd on#eB€e6ted sites of curved tracks
6.2.2 Selected sites on the checked curved tracks

The high and low rails of checked curved sites were selected on the Bakerloo Southbound

(SB) line. Figures 6.24 and 6.25 presented the selected sites on the lines respectively and

Table 6.3|provides the track characteristics. Both the high and low rail sites we re located

on the relatively low cant deficiency regions
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Figure 6.24: The selected reported and no reported  sites on the lefts rails of Bakerloo SB Line

Figure 6.25: The selected reported and no reported sites on the right rails of Bakerloo SB Line

Table 6.3: The track characteristics of the selected sites for the checked curved tracks

Figure 6.26 |displays the comparison of TA DQG 7 1 UHVXOWV RQ WKH VHOHFWHG FKH

tracks. As the selected sites were located on the underground section, the T/N of 0.31 was
again indicated as the boundary limit between no reported and reported defect sites. All
the high and low rail contacts (green colour) occurred above this limit. However, due to

the selection length/distance of the sites (50 m) VRPH RI WKH FRQWDFWVfioUHVXOWYV

reported RCF sites exceeded the specified limit.
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Figure 6.26 7KH FRPSDULVRQ RI 7A DQG 7 1 RQ WKH VHOHFWHG VLWHV RI FKHF

Regarding the creep force angles presented in  [Figure 6.27| they again did not show a

major difference between the reported and no reported sites. While the contacts on the
low rails occurred in the traction direction (IV:270° -360°), the high rails were in the
braking direction (111:180° -270°).

Figure 6.27: The comparison of different creep fo rce angle regions on the selected sites of

Bakerloo SB line

The Po values which are demonstrated in Figure 6.28|again put forward the possibility of

interaction of wea r on RCF damage. Several contacts particularly on the low rails of no
reported sites potentially suggested the exceedance of wear rate over crack growth rate.

However, due to larger areas on single tread contacts generated on both high and low

rails, the Po mainly decreased at checked curve sites and they clustered between the
specified limits. Nevertheless, it was apparent that the energy levels on the majority of

contacts of the reported sites were considerably higher than the no reported  sites.
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Figure 6.28: 7KH FRPSDULVRQ Rd oftheB€)sted sites of checked curved tracks

6.2.3 Selected sites on tangent tracks

The tangent track sites were selected from both Bakerloo and Jubilee lines.

Table 6.4

the reported defect and rail profile types. As the sites were located on a mixture of different

directions and rails of the lines, the line plots were not prepared i n this section.

Table 6.4: The track characteristics of the selected sites for the tangent tracks

2Q WKH FRQWUDU\ WR FXUYHG W driAMN \ibes XiOthe \seledtad Hangdnt

tracks which are illustrated in Figure 6.29|did not produce high values. Only some of the

contacts on BH type of rails were gre ater than the 0.31 limit. The unsaturated contacts
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both on the over -and -underground sections could not exceed the 0.25 limit. However, the
PDMRULW\ RI WKH UHSRUWHG VLWHYV JUHHQ DQG PDJHQWD FRORXU
compared to no reported sites. When the results were compared between shelling and

squat areas on the Jubilee line, it was observed that both of their values were similar.

Figure 6.29: 7KH FRPSDULVRQ RI 7A DQG 7 1 RQ W kKahgewtHr&cksF WHG VLWHYV

Owing to effect of different rails (left or right) and the changing route characteristics of

both of the lines, the creep force angle directions varied as shown in Figure 6.30| While

some of the sites generat ed forces in the traction direction, the others occurred in the
braking direction. However, the BH type of rails led to similar direction region (I:0° -90°)

on both of the reported sites.

Figure 6.30: The com parison of different creep force angle regions on the selected tangent sites

Figure 6.31|VKRZV WKH FRPSDULV R§reRultsiohA tiieQ@aBcd sites of the tangen t

tracks. As it can be noticed on the contact stress values, the upper limit which was
proposed in the curve track site analysis was not reached by these contacts. The highest

OHYHOV ZHUH REVHUYHG RQ VRPH RI WKH %+ W\SH RI| UDdu@\o +RZHYHU
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be effective at predicting the site which are more susceptible to RCF cracking. Moreover,
it was also noticed that a higher contact stress was on sites with reported squat damage

than shelling damage.

Figure 6.31: 7KH FRPSDULVRQ Rd o fheB€eBted sites of tangent tracks
6.2.4 Summary of the section results and discussions

In this study, a range of damage prediction parameters were compared for sites with
reported and no reported defects to identify which of them better describe the
susceptibility of these sites to damage. In order to observe the changes in various
conditions, the sites were selected from three main groups: curved track sections (R>200

m), checked curves track sec tions (R<200 m) and tangent track sections. The study

concluded the following results regarding the 4 key parameters considered in the analysis:

Traction Coefficient (T/N):

X The shakedown theory stated that T/N values in the range 0.25 and 0.30 were the
critical limits for rail surface damage for line and point contacts, respectively. The
contacts generate plastic flow beneath the surface of the rail which can lead to
subsurface damage when the T/N is below 0.30 limit whereas , plastic flow occurs on
the runn ing surface if this limit is exceeded. It should be noted that although several
studies identified the limit as T/N=0.30, there were studies indicating that a limit of
TIN=0.32 (Beagley, 1976) . But, it is clear in the Shakedown Map that the limit is
definitely higher than 0.30.

x Although the maximum friction coefficients had a significant impact on trac tion
coefficients (u=0.25 and p=0.36 on over -and -underground sections), a T/N of 0.31
seemed to be the critical limit particularly for underground sections. Wheel -rail contacts
which exceeded this limit were typically more prone to RCF cracking regardless of the

7A YDOXHV 7KLV ZDV REVHUYHG RQ ERWK KLJK DQG ORZ UDLOV RI

unchecked curved (R>200 m) sites.
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x Where the T/N limit was not exceeded especially in overground curved and tangent
WUDFN VLWHVY WKH OHYHO RI 7A EghEv&luesEdinsiBddDvith $Xas WithK H K L
reported RCF damage.

Creep Force Angle

X The creep force angles did not generally vary between reported and no reported RCF

sites.

Maximum Contact Stress (P o)

x Similar to T/N results, the maximum contact stress values differed between the selected
sites. Higher stresses were particularly evident on the no reported sites. Thus, this
potentially suggested that the wear rate on these sites might exceed the crack growth
rate and hence, the initiated cracks are removed by we ar.
X The reported sites mostly occurred between the defined upper and lower limits.
However, it was also noticed that the RCF susceptibility between these limits was raised
E\ WKH LQFUHDVH LQ 7A OHYHOV :KLOH WKH VPDOOHU HQEdJJ\ YDOXH'

defects, the higher values showed observed damage.

(QHUJ\ 3SADUDPHWHU 7A

X (YHQ WKRXJK WKH 7A YDOXHV VHHPHG WR EH QRW DV GLVWLQFW
parameters of T/N and P o in differentiating the sites susceptible to damage, it was
certain that higher 7A YDOXHV ZHUH LQ VLWH ZLWK UHSRUWHG 5&)

As a result, the importance of both P o and T/N levels on observed damage put forward the

use of Shakedown Map in the research. Therefore, |Figure 6.32|was plotted to show the

specified critical limits for all contacts on the selected sites. The majority of the contacts

on the reported sites were located between the upper and lower limit of contact stress
values. However, these indicated limits do not correspond to the boundaries in the
Shakedown Map. The contact stresses should be divided by the shear yield limit to obtain

load factors in they  -axis of the Shakedown Map. It was noticed particularly on the high
rail sites that al though the tread contacts were inside the limits, the flange contacts had
higher Po values which showed that while the tread contact may lead to RCF damage on

rails, the flange contacts may result in wear damage.

It should be noted that the sites which we re reported in the defect data sheets as
presented in the Chapter 3 were taken into account in this part of the research. Even
though this data consisted of both ultrasonic and visual inspection results, it may contain

some detection errors. For instance, the thermal damages (e.g:studs) could be reported
as squat or shelling defects. In addition, due to rail age (recent rail replacements and/or

grinding activities), no RCF could be detected on these no reported sites. In order not to
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mislead the research, s everal sites with different characteristics and 50 m reported
distance were taken into account. However, as it can be seen, this selection distance
caused some of the contacts to occur inside the limits while, the others were outside the

limits. Althought he total affected distances were recorded in the defect data sheets, there

were sometimes misinformation in which it was not clear whether the cracking was

observed continuous or intermittently at these sites.

Figure 6.32: The comparison of reported and no reported RCF sites on the Shakedown Map

Furthermore, even though the study potentially provided opportunity to predict different
damage mechanisms such as wear and RCF, they failed to identify different defect types.
Nevertheless, it was noticed that the reported squat defects on the tangent track site

produced greater contact stresses than the shelling sites on the Jubilee line.

6.3 7KH XVH RI 7A ZLWK 6KDNHGRZQ PDS LQ UDLO GDPDJH S

To observe thec KDQJHV LQ 7A OHYHOV RQ WKH 6KDNHGRZQ 0DS )LJXUH
:KHUHDV WKH FRORXU RI WKH SRLQWY UHSUHVHQWYV WKH GLIIHUHQW
ranges), the shape of the marker indicates different contacts on the selected reported and

no reported sites. As it can be seen, while the predicted risk levels were raised by the

increase in T/N values, the P o did not show a good correlation as the values varied for

different contacts. For instance, the flange contacts which had significantly high contact

stresses produced lower energy results. Even though the comparison study suggested that

these contacts might give rise to larger wear rates in rails, it was noticed that they had

UHODWLYHO\ VPDOO HQHUJ\ YDOXHV VXFK DV 1 7A " 7A1 5&) 2Q0\ D
N (RCF and Wear). Nonetheless, this finding supported the argument that the lower energy
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values might also contribute to wear. In order to take into account these lower values, it
was proposed to use the BRR model function in the research. The t otal worn area/depth
predicted by this model was accounted for the crack depth estimations to find the dominant

damage in rails.

Figure 6.33: The comparison of WLRM different risk levels between the reporte dand no reported
RCF sites on the Shakedown Map

In the RCF damage prediction, the results from the reported sites were considered and it
was found that the all three parameters played a key role in observed damage. Whereas

the contacts were mainly generat ed between the specified upper and lower limits on the
6KDNHGRZQ 0DS 7A ZDWtdy@e/rReYoHREBF risk.

As a consequence, the simulation results and the comparisons presented in the previous

sections demonstrated that improvements in the modellin g of rail damage susceptibility
can be achieved with a combination of wheel -rail contact energy and parameters

associated with shakedown theory. The previous stud vy stated that the Shakedown Map
was less satisfactory for predicting the cumulative plastic de formation which took place

with repeated rolling cycles (Zhao, 2012) . Thereby, it was only used to differentiate the
GDPDJH W\SH ZHDU DQG 5&) ,QVW H Ds&d toNiaritify heZevsritX a/dachl
damage type and several calibrations based on measured crack depths were applied to

the new RCF crack depth prediction model

To define the wear and RCF associated regions in the Shakedown Ma p, the iterative

process displayed in  |Figure 6.34 |was implemented. In relation to wear predictions, various

(upper) P o/k and T/N values were assigned. If the contact parameters were inside this
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selected region, the BRR function was applied and the results compared with MiniProf

measurements. Subsequentl vy, the outside region were assigned for the RCF predictions.

The significance of a T/N = 0.31 as well as the lower and upper limits; 0.25 < T/N < 0.36

LQ WKH SUHYLRXV FRPSDULVRQ SORWY SOD\HG D NH\ UROH 7KH FRUL
taken to define the  new breaking points of the model. After filtering the contacts with the

UHODWHG 5&) UHJLRQ LQ WKH 6KDNHGRZQ 0DS WKH QHZ EUHDNLQJ 74
withthe MRX -RSCM crack depth measurements. When the differences between predictions

and measurement s in terms of both RCF and wear were acceptable meaning that the

optimum solutions were obtained considering the changes in site measurements on sites

with various track characteristics, then the iterative process was ended. The next section

explains the r easons for the selected regions in the model in more detailed and included

the support from literature review.

Figure 6.34: Iterative process in the development of new rail damage prediction method

6.3.1 Wear damage prediction

The damage propensity levels of the contacts were first evaluated by using the Shakedown

Map and then the BRR function was implemented accordingly. Whilst several different
mechanismslead towear inrails such as adhesion, abrasion and o xidation , the high plastic
flow accumulation also causes wear and RCF cracking. It was often stated in previous

literature that the ratchetting process in which the material accumulated net unidirectional

strain during each cycle led to either removal of m aterial from the surface or initiate d RCF
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cracks (Hyde, 2011) . To find t he dominant failure mechanism under the test conditions,

several experiments were conducted with rolling direction reversals. It was revealed that

while there was high wear rate in unidirectional strain accumulation, the wear rate reduced
afterthereversa |. But, although RCF cracks were also initiated under unidirectional rolling -
sliding, their propagation did not cease upon reversal. Therefore, it was concluded that

while wear was mainly driven by ratchetting, this process as well as other failure

mechani sms such as HCF and/or LCF contributed to crack propagation (Franklin, Chung,
& Kapoor, 2003) . Additionally, as it was aforementioned in Chapter 2.6, while the crack

initiation was experienced for the highe r Fl sur values (associated with ratchetting limit),

the occurrence of wear in the subsequent cycles removed the initiated cracks (Ekberg et
al.,, 2014) . Similarly,the FI st YDOXHV KDG KLIJKHVW YDOXHV ZKHQ WKH 'DPDJH
175 N) was negative  (Stichel et al., 2008)

Even though the ratchetting was stated to be responsible for both of damage types, there

were still uncertainties which factors or loading give rise to wear or RCF initiation. One of

the previous studies found that while n ormal loads which mainly result ed from axle loads
gave rise to thicker plastically def ormed layers, shear loads causing from traction and
braking forces led to thinner deformations in the material (Schilke, 2013) . Similarly,
another study w hich carried out experiments to understand the damage mechanisms in

heavy -haul and high speed lines found that the plastic deformation was relatively thicker

under heavy axle loads and wear was mainly observed in these conditions. However , the
higher speed s caused deformations with thin layers and the cracks were often experienced

in these cases (Zhong et al., 2011) . This result was also declared in an earlier study by
mentioning that the wear deg ree of material could be represented by the thickness of flow

layer. The thicker the flow layers, the severe wear will be observed in rails (Qiu, Pei, & Jin,
1996) .

Moreover, the previous wear prediction studies which were mentioned in the Chapter 2.4.2

also highlighted the importance of using contact pressure in the wear damage predictions.

For instance, the earlier study stated that the mild wear regime was observed to be mainly

dependent on the applied contact stress but independent of creepage (Boltonetal., 1982) .

/ILNHZLVH WKH VXEVHTXHQW VWXGLHVY VWDWHG WKDW ZKLOH XVLQJ 7A
wear regime transitions, it did not demonstrate how other parameters such as contact

pressure and slip velocity individually affected wear rate (Lewis & Olofsson, 2004)

Similar to the findings in the literature review, the larger contact stresses of the no
reported RCF sites in this study potentially suggested the higher wear rate over crack
growth rates.  As aresult, to consider the high contact stress values in the wear predictions,
the wear risk was associated with ratchetting mechanism on the Shakedown Map.

Additionally, the LCF failure which is the plastic shakedown was also considered in the
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research. Since the LCF would initiate damage in the sub -surface, it was suggested that

this might also contribute to thicker plastic deformations.

As the ratchetting limit was calculated based on the non -linear kinematic hardening law
that was applied to elastic - perfectly plastic material on the Shakedown limit, the following

formula was used WR FDOFXODWH VKHDUBULSHH® & aD,12BAa8YW u NThe tensile
strength value of the R260 steel was obtained from the standard EN 13674 -1. Previous
experiments found that a  Ithough work  hardening increase d the shear yield limit on the
surface due to wheel passages, it reduced linearly and became constant after reaching

certain depth  (Jones, Tyfour, Beynon, & Kapoor, 1997) . However, this was also affected
from the surface friction conditions, whereas the maximum levels occurred at a 0.45a
depth, increased the shakedown limits under p=0.1, the maximum generated at the

surface, with a lower effect in shakedown limit under u=0.5 (dry case). Since the research

considered the route simulations with changing contact conditions, a constant value of
400MPa was selected.

AODRI EAA 94%<<4
| o8t —="Lvrr
G 677 697 f

(6.4)

Figure 6.35 [shows the proposed wear risk on the Shakedown Map. When the parameters:

load factor (P o/k) and traction coefficient (T/N) of the contact lay inside the specified
regions, it was suggested tha t these contacts led to wear damage. In order to understand
LWV VHYHULW\ WKH HQHUJ\ 7A RI WKH FRQWDFWYV ZDV FRQVLGHUHG L

the successive wheel passes was calculated by using the BRR function. The recent wear
curves with third bo dy layers was not applied since, their wear coefficients were related
with weight loss per area (ug/m/mm 2) (Hardwick et al., 2014)

Figure 6.35: The proposed wear ris  k (region) on the Shakedown Map
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6.3.2 RCF damage prediction

Since the previous studies highlighted the importance of large shear stresses in RCF

damage, it was initially suggested to use 0.31 T/N limit , as it was also indicated as the
surface damage limit in the Shakedown Map for point con tacts. However, while 0.31 T/N
limit was exceeded by the contacts on reported track sites in the tunnel section, it could

not be exceed ed by the m on the overground and tangent track sites. To predict the

damage in these areas and develop a model which is a pplicable to track with various

conditions, the 0.25 limit was also taken into account in the research. In addition, this

limit was also declared as the critical between surface and subsurface damage for line

contacts . Therefore, the T/N of 0.25, 0.31 and 0.35 were selected to define the new

breaking points of the model. To accumulate the damage predictions, the corresponding

7A YDOXHV ZHUH IRXQG IRU KLJK DQG ORZ UDLOV ZKLFK LV SUHVHQWHCG

Table 6.5: 7KH SURSRVHG 7A EUHDNLQJ SRLQWV Rl WKH QHZ PRG

As it can be seen on the last column of Table 6.5] the selected breaking points in this

research were identical to the WLRM. The thresholds adopted in the WLRM were proposed

based on the large number of field observations and experimental re sults. Even though
the studied metro lines consist of different vehicle -track characteristics which result in
different trends in the energy levels at the wheel -rail interface, these selected values cover
a significant range of contact on both the high and low rails. For instance, while the smaller

FXUYH UDGLXV LQFUHDVHG WKH 7A VXEVWDQWLDOO\ WKH XVH RI ORZ
lubrication application decreased the energy values compared to using a relatively high
friction coefficient of u=0.45in the original WLRM. Therefore, the magnitude of the energy

remained similar in this model.

+RZHYHU LQ FRQWUDVW WR WKH RULJLQDO :/50 WKH HQHUJ\ YDOXHYV
7Af RXWSXWV DQG WKHUHIRUH WKH\ DUH QRW VFDO foGesEBUW KH GLUHF)

damage is only calculated for contacts where their shakedown parameters lay inside the

given region defined in Figure 6.36| As the previous comparison stu dy potentially

suggested the 0.25 T/N limit to be the lowest risk levels between reported and no reported
sites, the results higher than this limit were only considered in this method. Additionally ,
ZKLOH WKH :/50 SUHGLFWHG ZHDU ULVN HarU176AN, Y @evHNod&EIL JKHU W

suggested to cause an increased RCF risk as displayed in Figure 6.37 under the defined
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contact stresses and traction coefficients . This also supported the previous wear study
stating thatthe IXUWKHU LQFUHDVH LQ 7A tife deDe@pntéht cDROE cvedks on
the worn surfaces  (Lewis et al.,, 2010) . Even though all the failure mechanisms in the
Shakedown Map may contribute to RCF damage, the contacts which were in the ratchetting

region were suggested to be primarily responsible in this r esearch. Since one of the
objectives of this research is to investigate the interaction between wear in RCF, the
ratchetting failure mechanism was only considered and due to this certain reduction in the

total number of wheel passes were made which is furt her explained in Chapt er7. Itshould
be also noted that site observations demonstrated that the HCF produced less visible

damage (Ringsberg, 2001)

Figure 6.36: The pro posed RCF damage risk onthe Shakedown Map

Figure 6.37: The proposed new RCF prediction model

In the previous studies, it was stated that both WLRM and Shakedown Map demonstrated
good correlation with plastic flow accumulation which was mainly occurred in the first crack

propagation phases (Phase 1). However, the increase in further crack depth was mainly
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dependent on other factors such as fluid mechanism, thermal and residual stresses as

aforementioned in Chapter 2. In this research, the new RCF crack depth prediction model

was developed/validated using the consecutive MRX -RSCM measurements conduct ed
during the initialtwo -\HDU SHULRG DIWHU UDLOV ZHUH LQVWDOOHG 7KHUHIRL
became applicable to predict the damage in these initial measurements. Nonetheless, the

research argued its uses in further crack propagation phases since, the parameter can be

used to accumulate damage predictions and hence, to estimate the rate of crack

development between successive monitoring inspections

6.4 Conclusions and discussions

As a result of the relationship between the selected damage prediction paramet ers and
their comparison between the reported and no reported RCF sites, a combination of both
WKH 6KDNHGRZQ 0DS DQG 7A ZDV SURSRVHG WR KHOS WKH LQFUHD\
prediction of susceptibility of the rail to wear and RCF damage. Due to a limitati on of the
Shakedown Map in damage accumulation predictions, it was only used to classify the
dominant rail damage mechanism in relation to wear and RCF. But WKH 7A ZDV XVHG LQ
summing the damage predictions. While the BRR function was usedin the wear pre diction,
a new RCF crack depth prediction model was developed from the critical T/N limits (0.25,

DQG QRWHG GXULQJ WKH LQYHVWLJIJDWLRQ 7KHLU FRUUHVSRQG
to MRX -RSCM measured crack depths as a consequence of large number of iterations

conducted in the research.

As it was aforementioned in the Chapter 2. 7, the previous studies highlighted that although

the Shakedown Map underestimated the RCF damage owing to limitation of T/N by friction

coefficient, the WLRM overestimated i t, as the high creepages (>5%) demonstrated that

it did not lead to increased crack propagation . In the research, these constraints were also

taken into account and hence, the Shakedown Map was suggested to only be used in

damage classification. But, due t o lower creepages in the simulation results than the

VSHFLILHG OLPLW WKH UDLVH LQ 7A ZDV DJDLQ VXJJHVWHG WR UHVXO"

It was previously observed in the experiments that both LCF, HCF and ratchetting failure

mechanisms in the Shakedown Map were responsible for RCF cracking. However, the

results of the comparison study demonstrated that the T/N of 0.25 and 0.31 in the reported

RCF sites are very significant and made the ratchetting failure essential in the RCF crack

initiation. According  to previous studies on the literature, the wear was observed when

only the ratchetting limit was exceeded during the experiments. It should be also noted

that the Shakedown Map was developed based on certain assumptions. Whereas the effect

of partial slip  which was particularly observed at tread contacts may decrease the

UDWFKHWWLQJ OLPLW WKH FRQWDFWYV ZLWK VPDOOHU ODWHUDO ZLGW
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still uncertain how both of the parameters affect the shakedown limit at the same time,

the e xisting diagram was continued to be used in the research.

JIXUWKHUPRUH WKH SUHYLRXV VWXGLHY VWDWHG WKDW HYHQ WKRXJK
showed good correlation with plastic flow accumulation in the initial phase of crack

development, further phases w ere highly dependent on other factors such as fluid

mechanism, thermal and residual stresses . For this reason, the crack depth measurements
conducted during the first two -year s of rail life were used both in the development and
validation of the new model. Nevertheless, the research argued that the applicability of

WKH PRGHO LQ IXUWKHU FUDFN SURSDJDWLRQ SKDVHV DV WKH 7A SDU
to accumulate damage predictions in order to find estimate the rate of crack development

between successive  monitoring inspections
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Prediction of Wear Damage

In this chapter, the proposed new wear prediction methodology was applied to the selected
critical sites provided by LUL. Whilst the first section describes these sites, the second
section explains the determination of number of simulation cases taken into account to
describe the duty cond itions experienced by the rails at these sites. In the last section of
the chapter, the predicted rail wear in terms of worn area loss is compared with worn area

loss from measured rail profiles under various track conditions.

7.1 Site selection

On LUL, a number of sites recently re -railed due to severe RCF cracking were selected for

GHWDLOHG PRQLWRULQJ XQGHU WKH p5&) ORQLWRULQJ 6LWHVY VWXG\
to observe the crack development (e.g. initiation and propagation) at criti cal sites where

RCF was frequently reported in the past. As it was aforementioned in the Bottom -Up

approach used in the field crack data analysis (Chapter 3.3), this provide s a useful

opportunity to better understand the factors causing damage  in the criti cal sites and help

to develop more efficient maintenance strategies. During this study, the rail condition at

these sites was monitored at certain intervals using several measurement techniques,

including MRX -RSCM and MiniProf measurements to detect the se verity of any defects and

level of rail wear, respectively.

Table 7.1|lists the selected sites on the Bakerloo and Jubilee lines that were further studied

LQ WKLV UHVHDUFK W SURYLGHV WKH VLWHVYT /&6 QXPEHUV ORFDW
chainages in each LCS  section. Additionally, it illustrates when the rails were re -railed and
the MiniProf and MRX -RSCM measurement dates.

Table 7.1: The properties of the selected RCF Monitoring sites
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7.2 Scaling of number of si mulations

7KH FKDQJHV LQ WKH 7A OHYHOV G X-#adk Bha@attetisticsHa3 \detailétKn. F O H
Chapter 5.1) highlight the importance of representative damage accumulation in prediction

studies. It was concluded that to increase the accuracy of damag e predictions, the duty
conditions that are observed by the rail and the variation in contact conditions resulting

from successive wheel passes should be taken into account in the modelling.

Therefore, the total tonnage and the number of axle passes for d ifferent inspection
intervals was calculated considering the number of train passes in each day (as provided

by LUL). To demonstrate the influence of variety of wheel profiles, different wheel -rail

profile combinations were used as detailed in Chapter 4.2.2 | In the wear damage

predictions, different combinations were selected considering the duration of time between
the rail -installation and MiniProf  inspection dates. The wheel profiles were varied based on

the computed wear distributions given in the similar section.

Figure 7.1|demonstratesthe time duration (no. of days) which took place between the ralil

installation and different rail inspection activities. Considering the given number of train

passes in each day, the total number of axle passes were computed.

Figure 7.1| shows the values only for RCF -BAK-3 site. In this site, the MiniProf

measurements were carried out between two consecutive MRX -RSCM inspections.

However, this condition was different for other monitoring sites.

Figure 7.1: Time difference between rail installation and different rail inspection activities for RCF -
BAK- 3 site and their corresponding tonnage/no. of total axle pa sses

It was noted that when the proposed wear prediction methodology was applied to all

simulated wheel -rail contacts, the calculated total worn areas were significantly higher

than the field measurements. As it can be expected that from the differences in wear
curves with third body layers, the (dry) BRR function resulted in greater predictions on

real -track conditions. In addition to this, various type s of shakedown responses take place

163



under repetitive wheel passages ; W hile some passages will exceed the shakedown limit
and cause plastic deformation to accumulate, the other passages as well as the surface
displacement resulting from this previous exceedance might affect the shakedown limit

and hence, lead material to a reversion to a shakedown state or con tinue to increase
ratchetting . Previously, it was observed in the experiments that when the material was
removed from the surface by wear, a new layer with different accumulated strain history

was subjected to contact forces. This condition may either redu ce the ratchetting per cycle
or postpone it when the subsequent loads were below the shakedown limit. Therefore, the

wear rate may drop in the subsequent cycles (Franklin et al., 2003) . Although the new
method only consi dered the associated wear risk region on the Shakedown Map to
decrease the overestimations of the previous models, a further scaling factor had to be

applied to the total no. of axle passes. This also showed that most of the energy produced

atthe wheel -raLO FRQWDFW LQFOXGLQJ WKH ODUJH 7A OHYHOV ZHUH QRW
RCF damage.

As a result of the number of iterations, a scaling factor of 1% was implemented for the
WRQQDJH OHYHOV” efaivéyQ@m@aller fdctor of 0.5 % was used afterth  istonnage

limit due to drop in wear rates after certain time. Figure 7.2|displaysthe usage of a scaling
factor and differentrail  -wheel profile combinations in damag e prediction accumulations for
each inspection. Since the MiniProf measurements were generally conducted at

approximately at 17 MGT, new rail profile combinations initially were used up to 15 MGT.
After this limit, the worn rail profile combinations were u tilised in the analysis. In each of
the new and worn rail cases, different wheel profiles were also used with new, light,
moderate and severely worn cases selected to match the wheel wear distribution for the
specific fleet as previously mentioned in Chapt er 4.2.2. The formulas which help to
calculate the number of simulations considered in the predictions on both Bakerloo and

Jubilee lines are given in the Appendix A.

Figure 7.2: Usage of scaling factor and different rail -wheel profile combinations in damage
prediction accumulations for each inspection
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7.3 Wear damage prediction results

Based on the tonnage when the MiniProf measurements were conducted in each site,
different wheel -rail profile combinations were selected and related scaling factor were
applied to the total number of simulations. The contacts which were more prone to

generate wear risk were filtered using the associated wear risk region on the Shakedown

Map. Then, the BRR function was applied to p redict the total worn area in rails. Figure 7.3

displays the steps in the proposed wear prediction methodology.

Figure 7.3: Steps in rail wear prediction methodology

In this study, the predicted loss in worn area in each selected rail profile were compared
to the values determined from rail profiles measured during the monitoring study. The

MiniProf software was used to determine the wear magnitude of each worn profile, defined

as the loss of profile area (mm 2) when compared to a reference (new) profile. Figure 7.4

shows an example of worn (hatched) area between the reference and measured CEN 56E1

profiles.

Figure 7.4: Calculation of worn area between reference and measured CEN56E1 profiles in MiniProf
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However, it should be noted that some of the measured rail wear values might contain

some discrepancies stemming from several factors. Firstly, the MiniProf software used to

determine the change in profile shape by employing a reference (design) profile as a
datum. It was assumed that although the rails were recently installed 7 the rails are
manufactured to the same profile shape, by neglecting the manufacturing tolerances.

When the manufacturing tolerances in the standard EN 13674 -1 are considered, thisco  uld
be either positive (more material) or negative (less material) on the railhead. Secondly,

inspection errors which were often caused from contaminants on the rail surface might

result in spurious spikes in the measurements. Thirdly, the failures generat ed when
aligning the measured profiles with the reference profile in the software could give rise to

total discrepancies and make the perceived worn area differ from the actual conditions.

In order to test the new wear damage prediction method in various t rack characteristics,
the given rail profiles in the RCF monitoring sites were grouped into five different track

categories as follows:

1) High rails (outer side) on un -checked curved track with a radius R>200 m
2) Low rails (inner side) on un -checked curved t rack with a radius R>200 m
3) High rails (outer side) on checked -curved track with a radius R<200 m

4) Low rails (inner side) on checked - curved track with a radius R<200 m

5) Rails on tangent tracks

7.3.1 High rails on R>200 m curved tracks

The characteristics of the sel ected high rail profiles (outer side) of R>200 m curved tracks

are provided in [Table 7.2{ As it can be seen, the rails were located in different lines with

various ra dii. While some of them were positioned in transitions, the majority of them
placed in the curved sections. Instead of the exacttime, the time (duration days) between
the rail installation dates were shown for each 50 -day range. For this reason, the MGT
levels changed for the similar time ranges. Moreover, in order to compare the wear
predictions in lubricated and unlubricated curves, the case 9 was included which was an

unlubricated curve.

Table 7.2: The characteristics of the selected high rail profiles on R>200 m curved tracks

*unlubricated curve
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Table 7.3: C omparison of predicted and measured worn areas on high rail profiles of R>200 m curved tracks
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Table 7.3|provides the comparison of predicted and measured worn areas on high rail

profiles of curved track with a radius R>200 m. In the study, the maximum (peak) results

in these plots were compared with the measured values. When there was more than one

peak, th e values were summ ed to find the total worn area. T hese plots also illustrate the
relationship between predictions and measurements in terms of both magnitude and

location. As it can be seen, there was a good agreement between the predicted and
measured ra il wear especially in newer rails; with the worn area and the location (lateral)

of worn region on railhead were predicted with a reasonable level of accuracy using the

new method. This showed that the higher contact stresses which were mainly produced at
flange contacts in new rail profile combinations were responsible for the wear in rails.

However, the over -estimation was observed on relatively older rails. Although the worn

rail profile combinations helped to demonstrate the spread of wear over railhead such as

cases 6 and 7, the values became considerably higher than the field measurements. There

might be several reasons causing these problems. Due to differences in the plastic flow
accumulation history in the deeper layers and the changes in the ratche tting rates, the
wear rate can reduce after certain time (>300 days) and reach steady -state regime.  But,

it was still uncertain when the s teady state wear was generated in reality whereas the
cases 7 and 8 were located on the similar curve radii, there was a large difference in the
actual worn areas. Therefore, the rail profiles should be measured more frequently to

define these changes in wear rates and mo re worn wheel profiles should also be considered

to describe the changes in contact conditions. The (d ry) BRR function inevitably provided

a better agreement with the unlubricated case 9  presented in|Table 7.4

Table 7.4: Comparison of predicted and measured worn areas on high rail profiles of R>200 m
curved tracks (unlubricated case)
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7.3.2 Low rails of R>200 m curved tracks

The low rail profiles (inner side) of R>200 m curved tracks that were selected in the

research are listed in Table 7.5

Table 7.5: The characteristics of the given low rail profiles of R>200 m curved tracks

The proposed rail wear prediction methodology was found to be reasonably successful on

low rails on curved tracks with a radius R>200 m which are displayed in Table 7.6{ For

example; while the cases 3 and 4 were located on the similar curve radii, the worn areas

were considerably different and the new method succeeded to demonstrate this change in

its results. In addition, contrary to high rails, it provided relatively g ood predictions on
older rails particularly, low rail profile on RCF -JUB-2 site (case 8). However, although the
predicted total worn area was seem to be acceptable for a curve radius of 315 m on RCF -
JUB-3 site (case 9), the smaller actual worn area caused an inaccurate prediction in this

case.

It was also noted in the low rail results that there was a large step change in the predicted

locations. Similar to modification on the running band in these rails, the wear region was

moved from gauge corner to the crown of the rail. But, while this was particularly evident

on curved tracks, such as cases 3 and 6, the wear was predicted close to the gauge corner

on transitions and BH type rails. In certain conditions, this led to an underestimation of

damage particul arly in BH rail cases 1 and 5. Even though sharp gauge corner radius in

WKHVH UDLOV SURGXFHG KLJKHU FRQLFLWHYVY DQG UHVXOWHG LQ
predictions occurring close to the gauge region and in turn decreased the severity as the

wear w as spread over the railhead in the actual condition. However, it should be also noted

that although BH and FB type of rails have similar hardnesses and manufactured under

similar processes, the amount of removed material was considerably greater in BH rail S.
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Table 7.6: C omparison of predicted and measured worn areas on low rail profiles of R>200 m curved tracks
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Table 7.7: Comparison of predicted and measured w orn areas on low rail profiles of R>200 m curved tracks (cont'd)

7.3.3  High rails on R<200 m checked -curved tracks

In order to predict the wear damage on checked curved tracks, additional effort was
required to ensure the actual track conditions were modelled. The check rail position was
shifted laterally to account for a change in flangeway clearances over time as mig ht be
expected in practice. Therefore, a large number of simulations cases were considered to
reflect this alteration on the field. Although some simulations considered the check rail

contact occurrence, certain simulations were set -up to neglect check rai | contact and

hence , severe flange contact was predicted in these cases. Table 7.8|shows the properties

of the high rails (outer side) in the selected cases

Table 7.8: The characteristics of the given high rail profiles of R<200 m checked -curved tracks

When the MiniProf files for the high rails were examined, it was noted that the wear was
generated mostly on the gauge corner rather than on the crown of railhead. This showed
that the check rail contact in these regions (and/or during this time period) had a lesser
occurr ence or the greater contact stresses at flange contact increased the worn area on

the gauge corner.

As check rail contacts caused a single contact on the high rails and therefore, the larger

contact patch areas lowered the contact stresses and in turn wea r risk on the top of rail

head was reduced. As it can be seen on Table 7.9] the location of the worn area over the

railhead was effectively predicted but, the proposed new method produced significantly
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greater values due to the higher time period on RCF -BAK-2 site (case 1 and 2). When the
measured areas were considered particularly on the RCF -BAK-3 site (case 3 and 4), it can
be also seen that the check  ed curves resulted in larger wear than the unchecked curves
(R>200 m) for similar tonnage levels. Nevertheless, the values were still smaller than the
unlubricated curve in the case 9 presented in Table 7.4.

Table 7.9: C omparison of predicted and measured worn areas on high rail profiles of
R<200 m checked -curved tracks

7.3.4 Low rails on R<200 m checked -curved tracks

In the low rails (inner side) of checked -curved tracks, the given RCF  -BAK-10 site was

located in the Waterloo Station. The MiniProf measurements were conducted on the three

different points along this site and the characteristics of these cases are provide din |Table
7.10
Table 7.10: The characteristics of the given low rail profiles of R<200 m checked -curved tracks
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Due to high level of traction and braking forces at the station locations, high rates of wear

were expected in this site. Table 7.11|demonstrates these hi  gh predictions generated on

these cases. Even though the predicted total worn area had a good correlation on the case

2 (where the curve radius is the smallest), the high values on the cases 1 and 3 (curve
transitions) provide a poor agreement with the fie ld measurements. The worn areas on
the transitions were significantly lower compared to curved section. The differences in the
flangeway clearances particularly, the temporary changes in the lateral shifts along the
platform gave rise to either check -rail contact or flange contact occurrence on these tracks.

Table 7.11: C omparison of predicted and measured worn areas in low rail profiles of
R<200 m checked -curved tracks

7.3.5 Railson tangent tracks

The rail profiles on tangent tracks were gathered from different sites which are

demonstrated in  |[Table 7.12

Table 7.12: The characteristics of the given rail profiles on tangent tracks
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The proposed new wear method succeeded to predict wear on tangent tracks. But, the

predicted areas were smaller than the actual measurements owing to smaller shakedown

SDUDPHWHU Vval@ss ag ghown in [Table 7.13| The largest prediction of 3.1 mm 2 that

occurred on BH type of rails could not match with the considerably high value of 23.2 mm
obtai ned from the measured rail profiles. Similarly, the relatively lower worn area on FB
type of rails again could not show a good correlation with the predictions since the results

were significantly small.

Table 7.13: The comparison of predicted and measured worn areas in rail profiles on tangent tracks

7.4 Conversion of worn areato depth

In order to consider the interaction of wear in the RCF crack depth predictio ns in Chapter
8. The predicted wear depth from t he worn area was required to decrease the estimated
total crack depth for a similar time interval and the final output was then compared with

the MRX -RSCM crack depth measurements.

As previously mentioned, the MiniProf software was used to measure the wea r depth in
actual rails from the differences to the reference profile. Due to the different shape of worn
high and low rail profiles, the wear (loss of area and vertical wear depth) was measured

in the rail gauge corner and rail crown (top/head) regions.
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The calculated area loss and vertical wear depths are plotted in Figures 7.5 and 7.6 for

high and low rail profiles, respectively. Trend lines were overlaid for both rail gauge and

crown data to allow conversion from area loss to depth. Even though the che ck rail tracks
were included in both high and low rail cases, the linear trend line gave an acceptable fit
distribution through the data. The coefficient of determination (R 2) which guantifies the
goodness of fit of the trend line to the dataset was found be higher than 0.70 and reached

0.82 for the rail crown depth conversion on low rails.

The equations for the lines provided in the figures was then used to convert the predicte
worn area loss to wear depth in each case. These values were utilised in Chapter 8 to
predict the net crack depth due to the interaction of wear by removing the predicted wear
depth.

Figure 7.5: Worn are a/depth conversion for high rail cases

Figure 7.6: Worn area/depth conversion for low rail cases
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7.5 Conclusions and discussions

The proposed new wear damage prediction method was validated on the selected RCF
sites monitored by LUL. As the site data included detailed information on the rail
installation dates and any subsequent maintenance activities, it provided the opportunity

to accurately accumulate the damage predictions.

The initial results led to wear predictions that were significantly higher than the actual

levels of wear seen on -track. As it can be expected from the differences in wear curves

with third body layers, the u se of dry BRR wear function resulted in greater predictions.

But, these recent curves were not implemented in the research as the wear coefficients

related with mass loss per are a (ug/m/mm 2). Additionally , it was demonstrated th  at the
wear rate reached  steady istate regime after certain time and based on the iterative
process, scaling factors : 1% for each tonnage level up to 30 MGT and 0.5% after this

limit were defined. This clearly showed that the most of the energy produced at the wheel

rail contact d id not transform to any RCF and wear damage.

In order to evaluate the efficiency of this new method on sites with various track

characteristics, the measured MiniProf rail profiles were grouped into five different track

categories, as illustrated in the legend of |Figure 7.7

Figure 7.7: The comparison of predicted and measured worn areas for all cases

Figure 7.7 [shows the comparison between the predicted and measured area loss for all

cases including a linear trend line (with values closer to the trend line indicating a more

accurate prediction of the measured wear). Even though there could be certain
measurement s errors stemming from the reasons previously explained in Chapter 7.3, the
majority of the cases showed a good match and the predictions were found to be

acceptable especially on high and low rails of R>200 m (unchecked) curved tracks. Even
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though the dry  condition BRR function was used on lubricated high rail cases, the

estimations provided better agreement than the lubricated wear coefficients.

In addition, the lateral location s of the wear across the rail head were also successfully
predicted in  several locations which agrees with previous research which concluded that

the propagation of wear was confined within the plastically deformed layer, whereas the

RCF cracks were observed to grow beyond this layer (Tyfour, 1995) . However, the new
method produced under -and over -estimations in certain cases that are discussed further

below:

Under -estimation : Although th e wear predictions were relatively larger on BH type of rails

due to a higher initial conicity, the results were still insufficient to reach the actual
measurements, as the sharp gauge corner radius limited the predicted wear on the gauge

region.

Addition ally, the method showed considerably lower results on the tangent tracks owing

WR VPDOOHU VKDNHGRZQ SDUDPHWHUYVY DQG 7A YDOXHV 7KHUH PLJKW
these inaccuracies. In reality, track geometry changes over time, altering track

irregulari ties and affect ing the dynamic behaviour of vehicles. This may sometimes lead

to higher material removal in rails. Moreover, the worn areas might also be influenced by

the changes in wheel profile shapes. Although the research considered the effect of trac k

irregularities and three representative worn wheel profiles (light, moderate, severe) and

their effect on contact energy under different curvature ranges as previously demonstrat ed

in Chapter 5.1.3 and 5.1.5, they may have higher influences on contact co nditions

particularly on the tangent tracks.

Over -estimation : The uncertainty in flangeway clearance between the check and running
UubLOV LQIRUPDWLRQ JDYH ULVH WR JUHDWHU UHVXOWY $OWKRXJK ER

simulations were considered in the simulations, the change in the lateral shifts along the
similar sites resulted in poor agreement on some cases. Nevertheless, the actual worn
areas were successfully predicted in certain cases such as cases 3 and 4 on high rails and

case 2 on low rails

Furthermore, the method caused higher predictions for older rails. For example, whereas

the total worn area was predicted as 33.2 mm 2 on case 9 (low rails on R>200 m curved
tracks), the measured area was 21 mm 2. Even though a further scaling factor of 0 .05%
was used after 30 MGT in the damage accumulation in order to reflect the steady - state
wear regime and decrease in ratchetting rate , the predictions became high er compared to
measured values and there are still uncertain ties when rails reach steady state wear
regime as while, the cases 7 and 8 were located on the similar curve radii, there was a

large difference in the actual worn areas.
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Furthermore, the changes in rail profile measurements should be monitored by conducting
MiniProf measurements in cert  ain intervals (every ~10 -15 MGT). With respect to this,
changes in wear rate over time can be better observed and in turn , it may provide an

opportunity to decrease the overestimation in relatively older rails.

It should be finally noted that more detailed contact modelling is also required to further

increase the accuracy in predictions. As the wear generates in the slip region of the
contact, the adhesion and slip areas as well th e distributions of the contact stress and
creep force s should be given. This will certainly help to understand the changing conditions

over the contact patch and to obtain better correlations with the measurements in terms

of both magnitude and location
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Prediction  of RCF Damage

This chapter presents the results of the proposed new RCF crack depth prediction method.

This method has been applied to selected RCF monitoring sites on LUL with different track

characteristics. The damage predictions were compared to the surface damage map and

crack depth data obtained from measurements using the MRX -RSCM. Additionally, a

further study was conducted using different worn and new with higher hardness and

GLIITIHUHQW UDLO SURILOH VKDSHVY WR SURYLGH 3tkateyDQFH RQ /8/1V PDL

8.1 Site selection and MRX -RSCM crack measurements

A number of sites were selected from the LUL RCF Monitoring sites. As previously
mentioned in Chapter 7.1, field data collated during this monitoring programme provided

valuable information to suppo rt the definition of the model inputs and validation of the
predictions. This included rail profile shape, measured using a MiniProf rail device and

surface crack and damage depth data, measured using the MRX -RSCM. The sites were
monitored following rail r eplacement, with two MRX-RSCM consecutive inspections were
carried out on the Bakerloo line sites, but only one measurement was conducted on the

Jubilee line sites. The list showing the location of all these sites and the rail inspection

dates are given in|Table 7.1{ In addition, further details of each of the selected sites in

this study are provided in Table 8.1 -8.5.

The MRX-RSCM has been mainly used on LUL in order to support rail maintenance
decisions. Although it provides valuable information in rail inspections, some discrepancies

were noted when the outputs were analysed in detail in Chapter 3.3.3. Therefore, in 0 rder
to increase the reliability of its outputs for use in the model validations, the data was

further post -processed in this step of the research.

Previous validation studies demonstrated differences between the measured and actual

crack depths, resulti ng in an over -estimation of the crack depth as aforementioned in
Chapter 2.2 .1. Following discussions with MRX, it was stated that the overestimation may

be caused by the differences between the length of the rail samples and the MRX -RSCM
measurement inter val. Since the detector outputs the maximum crack depths in 1 -m
intervals, the crack depths in relatively shorter rail samples might become smaller than

the measurements. Therefore, the output interval was reduced to 250 mm by further post -
processing the m easurements i n order to increase the accuracy for each reported crack

on the surface damage map

Due to changes in railhead profile shape and slippage in the distance measurement wheel,

the MRX -RSCM system produced different distance outputs for the same LCS section. To
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solve this data aligning problem, especially in consecutive measurements, the weld
locations of these recently re -railed sites were carefully identified and when the distances
between two welds were close to 18 m (rail length manufactured i n plain track), these

sites were selected for furt ~ her analysis in the research.

8.2 RCF damage prediction results

During the development of RCF cracks (both initiation and propagation), wear is also

present, removing material from surface of the rail. Wherea s this can sometimes result in
the complete removal of the initiated cracks, it may shorten the depths of deeper cracks.

Therefore, the measured crack depths become the net values which are also reduced by

wear. Based on the tonnage elapsed following each MRX-RSCM inspection, the number of
total simulations were firstly determined by applying the related scaling factor and the
distribution of different rail -wheel profile combinations were defined as aforementioned in
Chapter 7.2.  Since the crack growth rate changes during the different phases as previously
presented in Figure 2.10 , itbecame inevitable to apply  different scaling factors overtime .
When the contact parameters lay inside the specified RCF region on the Shakedown Map,

it was suggested that the  se contacts were more susceptible to RCF cracking. To estimate

(total) crack depths, the new RCF prediction model was used . To consider the interaction
of wear in the RCF predictions, the wear was also estimated using the proposed wear
methodology for the same duration/tonnage with MRX -RSCM. The predicted total worn
areas were converted to depths in the rail g auge corner and rail crown (top/ head) regions

using the Equations defined in Chapter 7.4. To find the net RCF crack depth, the predicted

wear depths were subtracted from the total RCF crack depths. Figure 8.1[shows the steps

which were undertaken in the RCF crack depth predictions.

The following sections present the comparisons of the measured and predicted net crack
depths in the selected sites. Additionally, the figures provided in Appendix B were prepared
to demonstrate the correlations in terms of crack location and severity. In the first plot,

the measured surface damage maps were overlaid with the model predictions over railhead

and second plot provides a comparison of the predicted and me asured crack depths.  The
colour scales presented in the crack location comparison plots (sub -plot 1) demonstrate
the predicted net crack depth values, with the white areas (grey in the MRX -RSCM surface
damage map) indicating regions where the estimated RCF damage was zero which means
that the damage was either removed through wear or no damaging contacts were

predicted in this region. Similar to the MRX -RSCM data, a dark blue colour represents a
relatively small estimated crack depth, whereas ared colour i ndicates a much larger depth.

On these figures, certain regions are highlighted to indicate the correlations between the

simulation and measurement results, with black rectangles highlighting the predictions
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that correlate well with the measured damage and red circles show the uncorrelated

regions.

Figure 8.1: Steps in RCF crack depth prediction methodology

8.2.1 High rails on R>200 m curved tracks

The RCF crack depths were firstly predicted on the selected high r ail sections of the RCF
monitoring sites. Considering the weld locations and the 18 m rail lengths, the location of

the site within the MRX  -RSCM measurement data was determined. Table 8.1[shows these
selected distances and the other characteristics of these sections. RCF -BAK-6 site was

located in an unlubricated curve and therefore, cases 8 and 9 were included in order to

provide a comparison with the lubricated cases.

Table 8.1: Characteristics of the high rails on selected R>200 m curved tracks

*. Cases 8 and 9 were located on an unlubricated curve.

Some of t he comparison of RCF  crack depth predictions with MRX -RSCM measurements

for the selected high rail cases are provided in Figures 8.2 and 8.3 . As it can be seen, the
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new model produced reasonable predictions particularly at first inspections as the majority

of values are lower than 0.5 mm. However, there are certain differences occurred in the
second inspections such as the relatively higher predictions can be noted in case 7.
Although the aforementioned reasons in Chapter 7 such as the decay in ratchetting rates

had an influence, the RCF m  echanism is highly complex and many factors play a key role
in further propagation as clarified in Chapter 2. The research conducted several
calibrations to predict the changes in consecutive measurements but, the effects of all

above factors made it harde r to predict the further pos ition and orientation of crack

Nonetheless, Figures 1 -4 in Appendix B helped to visualize comparisons over railhead and

to identify the contact conditions that were more responsible for RCF. For instance, while

the lightlyworn wheels with new rail profile (NW1) generated larger flange contact stresses

and hence, increased wear in this region, the moderately -severely worn wheels (NW2 and

NW3) generated single tread contacts which in turn gave rise to RCF risk on these regions

which can be observed in the cases 1 and 3 (RCF -BAK-1 and RCF -BAK-4). But, when the

MRX- 2 inspections (cases 2 and 4) were considered at these sites, it was noticed that while

the some of the cracks on the crown of railhead seemed to be removed by wear, the other

cracks continued to propagate and new cracks initiated close to gauge corner. The higher

conicities particularly generated by moderately -severely worn wheels in worn rail profile

cases (WW2 and WW3) gave rise to wear risk but, the dominant lightly wo rn wheel (WW1)

was primarily responsible for RCF cracking on both tread and flange contacts . The

estimations were also conducted for the unlubricated curve track site: RCF -BAK-6 (cases
DQG 'XH WR KLJKHU IULFWLRQ FRHIILFLHQWWMtedWKridre@sBdUJHU 7A YD

depth predictions.  But, the measured crack depths were relatively smaller and hence it

provided a poor agreement with the predictions. To increase the prediction accuracy on

these sites, it was suggested to raise the computed wear depth conversion factor since, it

might be insufficient to reflect the real case in unlubricated curves as it was also observed

in the MiniProf files. Furthermore , site visits were conducted to inspect the surface

condition of the rails at the selected sites. It was revealed that this condition provided a

better correlation with the estimations since, there w ere no severe defects observed on

the sites , especially in the field side region of the rail. For instance, the shelling at Ch.

8+030 -8+035 km on case 2 migh t be resulted from the accumulated damage close to

gauge corner. After a certain time, the crack might turn upwards and form a shelling type

of defect. In addition, the head checks which were recorded at around Ch.2+973 -2+978

km on case 4 may be caused by the predicted damage close to again gauge corner.

Similarly, the predicted accumulated damage around Ch.1+915 km on case 6 might be

responsibl e for the gauge lipping. However, it should be also noted that the MRX -RSCM

can also detect the sub  -surface defect s. Thus, whereas no major defects were observed
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during site visits, there could be damage initiated under the rail surface. Also, the grinding

which took place after MRX  -RSCM inspections can also remove the measured cracks.

Figure 8.2: Comparison of RCF predictions with MRX -RSCM measurements on high rail case of
RCF-BAK-1 site (Cases 1 and 2)

Figure 8.3: Comparison of RCF predictions with MRX -RSCM measurem ents on high rail case of
RCF-BAK-4 site (Cases 3 and 4)
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8.2.2 Low rails in R>200 m curved tracks

The selected low rail cases are given in|Table 8.2|and the RCF-BAK-9 site was BH rail.

Table 8.2: The characteristics of the low rails on R>200 m curved tracks

Some of the results of low rail cases on R>200 m curved tracks are presented in Figures

8.4 and 8.5. Compared to high rail cases, it seemed that the new model produced better

agreement and the differences between measurements were relatively small in both of the

insp ections (cases 1 -5). Also, the larger wear rates in BH rails caused a reduction in crack

depths which again showed better correlation than the wear predictions. However, major

differences were observed and the predictions were substantially smaller in case 6 but,
the site observations demonstrated that there were no defects on this site. The surface

damage map correlations in Appendix B (Figures 6 -9) suggested that the single tread
contacts with lower stress levels mostly resulted in higher RCF predictions than wear risk.
While the cracks were first occurred on the top of railhead in the first inspections, the

increase in tonnage (rail age) gave rise to severe field cracking.

Figure 8.4: Comparison of RCF predictions with MRX -RSCM measurements on low rail cases of
RCF-BAK-5 site (Cases 1 and 2)
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Figure 8.5: Comparison of RCF predictions with MRX -RSCM measurements on low rail
cases of RCF -BAK-9 site (cases3a nd4)

8.2.3 High rails on R<200 m checked curved tracks

The new RCF damage prediction method was also tested on the checked curved tracks.

Table 8.3|shows the properties of these selected high rail sections in this study.

Table 8.3: The characteristics of the high rails on R<200 m checked -curved tracks

Due to a lack of information on the distribution of actual flangeway clearances with MGT
(or time), both simulations with and without check rails were considered in this analysis.

However, this condition led to overestimation which was particularly noticed in cases 2

and 4 illustrated in the Figures 8.6 and 8. 7. As it can be also seen in Figures 10 -11 in
Appendix B, the two damage bands were predicted between 20 and 40 mm of railhead
owing to consideration of check and uncheck contact simulations. But, the MRX -RSCM

detected isolated cracks in these sites.
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Nevertheless, head checks close to gauge corner and cracking on the crown of railhead
were observed during site visits which again provided a better correlation with the

predictionst han the NDT measurements.

Figure 8.6: C omparison of RCF predictions with MRX -RSCM measurements on high rail cases of
RCFBAK-2 (Cases 1 and 2)

Figure 8.7: Comparison of RCF predictions with MRX -RSCM measurements on high rail cases of
RCF-BAK-3 (Cases 3 and 4)

186



8.2.4 Low rails on R<200 m checked curved tracks

Regarding the low rails on checked curved tracks, the cracks which were measured on the

Waterloo station again were estimated in the study. The properties of these cases are

givenin |Table 8.4

Table 8.4: The characteristics of the low rails on R<200 m checked -curved tracks

Asitcan be seenin Figure 8. 8, the low tonnage resulted in smaller crack depth predictions.
Although the consideration of check and unchecked simulations enabled to increase the
RCF damage predictions , the estimated depths were considerably lower than the
measurements. Again,  the Figure 12 in Appendix B and the site visit revealed that that
there was no major cracking particularly on the field side of the rails. However, this

condition might be resulting from the larger wear rates occurred between t he second

inspection and site  visit.

Figure 8.8: Comparison of RCF predictions with MRX -RSCM measurements on low rail cases of
RCF-BAK-10 (Cases land 2)

8.2.5 Rails on tangent tracks

The cases in tangent tracks were again gathered from diff erent sites which are listed in

Figure 8.5.
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Table 8.5: The characteristics of the rails on tangent tracks

The tangent track comparisons are displayed in Figures 8.14 to 8.16. Similar to wear
estimations, the  RCF predictions were considerably lower than the sites in other track
categories. For example, the maximum estimated depth of 0.2 mm was calculated where

the tonnage was approximately 44 MGT in case 2. Although some sites had higher crack

depth measuremen ts, the predictions again provided more reasonable results, as no
defects were observed during the site visits as can be seen on Figures 13 -15 in Appendix
B. When the longitudinal crack correlations were considered in case 4, it can be clearly

seen that th e proposed m ethod provided good agreement.

Figure 8.9: Comparison of RCF predictions with MRX -RSCM measurements on rail cases of RCF -
BAK-8 (Cases 1 and 2)

Figure 8.10: Comparison of RCF predictions with MRX -RSCM measurements on rail cases of RCF -
JUB-2 (Case 3)
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Figure 8.11: Comparison of RCF predictions with MRX -RSCM measurements on rail cases
of RCF-JUB-3 (Ca se 4)

8.3 Recommendations on rail m aintenance

$V WKH UHVHDUFK LV DOVR DLPHG WR SURYLGH JXLGDQFH RQ /8/YV PDL
crack depth and wear prediction methods were further appli ed on the certain sites. To

mitigate these RCF cracks, the maintenance particularly the grinding in railways is

generally carried out as a preventive maintenance regime which divided into fixed -interval

maintenance (cyclic) and condition -based maintenance (Kumar, Espling, & Kumar, 2008)

Due to aforementio  ned limitations, LUL often conducts fixed -interval maintenance based

RQ WKH pWUDFN ORDGLQJ IDFWRUY FDOFXODWHG IURP WKH WRQQDJH D

line sections as aforementioned in Chapter 3.1. However, one of the previous studies noted
the n egative consequences of frequent grinding by stating that while one -third of the
removed material was related to wear, grinding removed the two -thirds of the material in

rails (Chattopadhyay, Reddy, & Larsson #raik, 2005) . Thereby, the optimum solution is to
apply a condition based regime which should be based on the result of the accurate RCF

and wear (including their interaction) predictions.

In this research, it was suggested that the proposed methods can also provide opportunity

to predict the condition of rails prior to next inspection and conduct the necessary grinding

effectively. Future RCF and wear severity levels might then be estimated by reviewing
previous inspection results and define how the rails should be maintained in the next

activity. The estimated net RCF crack depths which are reduced by the predicted wear

depths will help to find the necessary depth of material that need to b e removed by
grinding. As it was noted particularly in the RCF damage prediction study that the majority

of the estimated and measured cracks from the first inspection using the
MRX-RSCM system were disappeared and new cracks were starting to initiate in the second
inspection. However, this condition may alter in the following time periods due to changes

in railhead profile shape and the impact on the contact conditions with variation in worn
wheel profile shapes. T 0 demonstrate the effect of changing rail head profile shapes on
damage predictions  (meaning that the variations in estimations throughout the rail life) .

the wear and RCF crack depths were estimated for new and two different worn rail profiles
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measured from the similar locations. The damages were accumulated on both high rail

(RCF-BAK-8) and low rail (RCF -BAK-7) for the similar 10 MGT.

Figures 8.1 2 and 8.1 3 display high and low rail results, respectively . While t he new high
rail profiles generated the maximum level of wear depth , the severe ly wor n rail profile
caused higher predictions with considerably larger RCF dam age region. On the low rail
site, the RCF damage seem ed to be more critical than wear . But, as the rail wears over
time (severe worn profile), the wear predictions increased which led to reduction in RCF
predictions. It should be also noted that the higher RCF estimations may also give rise to

lipping and/or rail flattening observed in the field observations/measurements
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Figure 8.12: Changes in predicted RCF and wear depths under the new and different worn high rail
profile shapes on RCF -BAK-8
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Figure 8.13: Changes in predicted RCF and wear depths under the new and different worn low rail
profile shapes on RCF -BAK-7
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Since the new prediction method used the Shakedown Map to classify the dominant
damage type in rails, the maint enance recommendations can be also given considering
this theory. In order to move contacts from the ratchetting failure region, the following

suggestions can be given:

X Using harder steel which will increase shear yield limit (k) of the material can cause
a reduction in the load factor
X Using different wheel -rail profiles may influence the contact dimensions and result

in larger patch areas. This will help to decrea se the maximum contact pressures

In order to understand their influence s on predicted damage, the R3 50HT steel (k=535
MPa) and CEN 60E2 (k=400 MPa for R260) anti -head check rail profiles were used as an
example in this analysis. Figures 8.1 4 and 8. 15 provide their accumulated depth
estimations. In contrast to new rail profile with R260 steel in Figure 8.17, the wear depth

predictions are slightly lower (including the affected regions over railh ead) inthe R3 50HT
and CEN 60E2 high rails. However, whereas the f  ormer produced relatively higher RCF
predictions than R260 steel, the latter condition generated considerably smaller RCF
predictions. On the low rail site, it can be clearly seen that the both rails produced lower

crack and wear depth predictions than the R260 rail. But,the R3 50 HT steel seemed to be

more advantageous than CEN 60E2 profile.
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Figure 8.14: Effect of using harder steels and anti -head check profile on the RCF and wear depths'
predictions of hi gh rail (RCF -BAK-8)
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Figure 8.15: Effect of using harder steels and anti -head check profile on the RCF and wear depths'
predictions of low rail (RCF  -BAK-7)

8.4 Conclusions and discussions

Based on the findingsi  n the previous studies and results in this research, it was proposed

that the contacts  having higher shear forces with moderate contact stresses were more
prone to RCF cracking. Depending on the different wheel -rail profile combinations, contacts
with varying impact levels are generated over railhead. Although wear was assumed as

the dominant damag e mechanism under certain conditions, considering the above
assumption, RCF damage was suggested to be prevalent when the contact parameters
appear inside the specified region of the Shakedown Map. During the crack growth (as
well as initiation), wear remo ved material from the surface of the railhead and shortens

the depth of cracks. At the same time, the resulting wear changes the rail profile shape

and in turn, alters the contact conditions and forces.
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In this research, the interaction of wear was taken into account by subtracting the
predicted wear depth from the predicted total RCF damage susceptibility to estimate the

net crack depth. The predicted worn area was converted to depth on both rail gauge corner

and crown of the railhead by using the equatio ns presented in Chapter 7.4. In addition,
measured worn rail profiles were utilised to consider the variation in profile shape over

time and their impact on the resulting wheel -rail forces. In order to represent the duty
condition s experienced by rail eac h site in RCF predictions , the similar procedure as
aforementioned in Chapter 7.2 was applied. T he total number of simulations with different
wheel -rail profile combinations used in the prediction accumulations were determined by

considering the related sc  aling factor.

In order to validate the RCF predictions, the net crack depth results were correlated with

the outputs from the MRX  -RSCM device, this included the surface damage map and depth
measurements. While the location comparison plots provided in App endix B the
opportunity to observe the relationship between predicted and measured cracks, the depth

comparison plots presented the differences in terms of crack severity.

When the results in all track categories were considered, it was noted that the mo del
produced reasonable predictions , as the results were relatively small under lower MGT
OHYHOV ILUVW LQVSHFWLRQS§ 0*7 DQG VHFRQG LQV&de KeeneédQ § 0*7
to be agreed with the previous research mentioned that homogeneous traffic ¢ ould cause
early initiation and relatively rapid crack growth compared to mixed traffic lines . The initial
crack formation (Phase 1) was occurred between 5 -10 MGT and the crack growth was
given as 3.33 mm/100 MGT in the rapid transit system (Heyder & Bre hmer, 2014) . In
addition, it helped to identify which contact conditions were more responsible for the

changes. For instance, while higher wear rates  occurred on the gauge corner of the rail
which made the tread contacts more susceptible to RCF damage in the first inspections,
the worn rails generated more conformal contacts resulted in a decrease in contact

pressures and hence cracks started to develop on the gauge corner of the rail and some

of the cracks continue to propagate on the mid of the railhe ad.

As a result, it was suggested that the new RCF prediction method provided certain

improvements to the accuracy of RCF damage predictions. For instance, both depth and

longitudinal and lateral location of crack can be predicted and correlated using the NDT
measurements. 2Q0Q WKH FRQWUDU\ WR SUHYLRXVhePRR3E H@dkiig UasX OWYV W
predicted in various type of track characteristics with different tonnage levels. The sites

with major and minor cracking could be distinguished by using the new methodolo ay.

However, the difference between the measured and predicted crack depths were high in

certain cases and there were sometimes large gaps that occurred particularly in the lateral
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crack location predictions over railhead. The reasons for these deficiencie s may be

summarised as follows:

x Different material responses under successive wheel passages and decay in the
ratchetting rate as well as the contribution of other factors such as fluid mechanism,
thermal and residual stresses can affect the crack develop ment and made it more
difficult to predict the further position and orientation of RCF cr acks. Although the
research conducted several calibrations to predict the changes in crack depth
measurements and used track irregularity information and worn rail -whe el profiles to

increase the accuracy of RCF predictions in terms of both severity and locations, certain

discrepancies between the measurements were generated. To further improve the
accuracy, the research suggested the use of FASTSIM , asitcan presentth e changesin
contact stress distributions and local stresses peak values. Nonetheless, the other non-

Hertzian models and more comprehensive tangential models were mentioned to be still
not applicable in extended track distances (Burgelman et al., 2015)

x Although the research applied similar scaling factors in both RCF and wear predictions
(as both ratchetting failure region is considered), the further approximation of scaling
factors is required to represent the changes crack growth rate in different phases.

X The grinding which can also be seen on the site photos might have an effect on the
reduction of crack severities (depths) and change in ¢ rack positions. This influence
should be considered in damage predictions by including the post -grinding profile in the
simulations , as it also modified the profile shape and the decreasing further amount of
removed material from the predicted net crack de pths.

X The uncertainty int he actual flangeway clearances lead to poor agreements between
the predictions and measurements. This information should be obtained from field.

X As it was given in the computed wear depth conversion equations, the R 2 levels were
approximately  70-80%. Whilst it was found as acceptable for most of the cases, they

shou Id be revised in certain cases such as unlubricated curve track  s.

Furthermore, D IXUWKHU VWXG\ LV FRQGXFWHG WR SURYLGH JXLGDQFH R
strat egy. To demonstrate the changes in the predictions for similar time/MGT under

different profile shapes , the model was applied to certain high and low rail sites. It was

found that RCF and wear depth predictions changed as the rail profile shapes alter over

time. Additionally, the recommendations for the use of higher steel grade rails R 3 50HT

and anti -head check profile CEN 60E2 were given.  While the harder steel produced higher

RCF predictions, the anti  -head check profile generated considerably lesser pred ictions on

the high rail site . But, the use of harder steel seemed to be more advantageous on the

low rail site.
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Conclusions and Recommendations

This chapter provides the main conclusions of this research. In respect to these outputs,

recommendations fo  r future research are provided in the subsequent section.

9.1 Conclusions

The research motivation was to understand and predict the susceptibility of rails to damage

on underground -metro systems. Previous studies have mainly focused on predicting
damage on mai nline tracks and the damage models, such as the WLRM, were developed

and validated considering the characteristics of these routes. However, due to high traffic

demand and limited maintenance periods, rail damage management is a crucial concern

forthe met ro systems and in recent years, LUL have increased efforts to improve their rail
inspection and optimise maintenance strategy . They are currently using several NDT
techniques during rail inspection to detect emerging defects and monitor the growth of

these and previously recorded defects. This includes the use of the MRX -RSCM system
which uses magnetic flux leakage based sensors to measure the crack depth s on the rail
surface. This is a key parameter in the severity assessment and future maintenance

plannin g (e.g. grinding interval)

In this research, the rail inspection data acquired from various NDT techniques was
analysed in detail to understand the damaging mechanisms and to identify the critical

sites. The successive NDT measurements allow ed to quantify the severity and loc ation of
the damage on the rail and also provide d the unique opportunity to develop and further
validate the proposed damage models . With the use of crack depth in validations, the
accuracy of predictions was improved and t he new methods were able to successfully show
the damage susceptibility of tracks with various characteristics such as high and low rails

of curves (both checked and un -checked) and tangent tracks.

The following section presents a summary of main conclusio ns and key findings drawn

from each objective:

The current RCF damage prediction models were evaluated whether they can be applied

to LUL tracks including their assumptions and gaps. The WLRM and the Shakedown Map
were selected due to their integration wit h vehicle dynamics simulations and successes in
real track conditions. Nevertheless, both of the models also contain several assumptions

and produced certain deficiencies in the previous studies that were clarified in Chapter 2.

During the research, a sign ificant volume of data consist ed of different rail inspection
outputs, defect data sheet (UT and visual inspection) and MRX -RSCM measurements as

well as , rail and wheel profiles , track geometry data (from TRV output), speed profile,

198



track tonnage data and maintenance history including track lubricator positions and re -
railing dates were provided by LUL. This information was very beneficial and it was used
to accomplish each objective. Additionally, it helped to prepare detailed Vampire vehicle

dynamics rout e simulations which made this research different from the other studies.

In the Objective 1, the analysis of the field defect data was conducted to understand the
dominant damage mechanisms on the studied lines and identify the key factors that

promote RC F crack growth. The Bakerloo and Jubilee lines were particularly studied in

which both of them have curvaceous track geometry but, check rails were installed when
the curve radius less than 200 m on the Bakerloo line. Different vehicle types operated on
both of the lines and the Jubilee line is operated under ATO mode with running speeds up

to 90 km/h whereas, the Bakerloo line uses manual mode operation with relatively lower

speeds. The following objectives were found from this analysis provided in Chapt er 3:

X Shelling and squat type of defects were the most prevalent in both of the lines . While
squats mostly observed on shallower curves and tangent tracks of the over -ground
section in Jubilee line, they mainly occurred on sharp er curves in the tunnel sec  tion of

the Bakerloo line. Gauge corner shelling was primarily observed on the high ralil,
whereas shelling on the top of running surface of the low rail was observed particularly
on the Jubilee line.

X Although the MRX-RSCM data showed certain distance discr  epancy, it provided useful

information for observing the severity of RCF cracking on the entire lines.
X A higher number of defects were recorded in traction areas and lubricated/over -ground
sections which potentially supported the finding of the previous R CF modelling studies

stated that the traction direction which drives the fluid entrapment mechanisms, gave
an increase in crack growth rates.
In the Objective 2; the applicability of the WLRM to LUL was assessed in Chapter 5 to
Evaluate the effectiveness of current rail damage prediction model under the influence of
significant factors particularly observed on metro lines and the comparison of its
predictions with the field data.
In the first part of the Objective 2 WKH FKDQJHV LQANJHNHBWVY ZHUH GHPRQVWU

under the factors such as additional traction/braking forces, curve radius, different friction

coefficient, track irregularity levels and wheel -rail profile shapes.
X In comparison to previous WLRM results, the changing infrastr ucture characteristics
and the additional traction forces resulting from the start - stop nature of traffic in metro

lines gave rise to higher risk levels at all contacts. The sharper curves including the
check -curved tracks, the reduction of friction coeffi cient due to lubrication as well as
GLIIHUHQW SURILOH VK D&kl shoistahfallyHTGeréflre, the study suggested

that all of these factors need to be taken into account to increase the accuracy of
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damage predictions. The total number of passag es should be accumulated considering

the range of duty conditions observed by the rail in reality.

To address the second part of Objective 2, the damage predictions were also compared
ZLWK ILHOG FUDFN REVHUYDWLRQV PHDVXUHPHQWY 7KH ORFDWLRQV Z
were used to indicate locations with a high susceptibility to damage and were compared

with the field defects at these locations

X $OWKRXJK WKH KLJK pVLIQHG 7AY YDOXHV SURYLGHG JRRG FRUUHOD)
crack locations, it sometimes overestimated the damage rates at locations where no
damage was observed particularly on high rails . In addition, the sig  ning of 7 Aunder
traction direction led to underestimation especially on low rails. Therefore, it was
concluded that the use of this paramet er led to both over - and under -estimations in
predicting RCF damage locations . In order to overcome these problems and to increase
accuracy, it was proposed to investigate further the following key areas:
0 Interaction between RCF and wear; 7KH SRRU FRUUHODWLRAG RDOMHIQHG 7
no reported defects might be resulting from an exceedance of the wear rate over the

crack propagation rate.

0 M6LIJQHG 7AqT DV VTOR®WII BiQerestimations WKH puDz 7A fdiffe@®® WKH
creep force angle s were proposed to take into account
o Consideration of other damage prediction parameters; As the energy term might not
be suffici ent to individually describe the overall changes at the wheel -rail contact ,
the Shakedown Map parameters were suggested to be used in further investigations
In the objective 3, the proposed methodology was conducted in Chapter 6 to Investigate

the variat ions in the key contact parameter s between the sites with and without reported
RCF defects in order to identify the conditions that are contributing to the observed

damage and propose improvements to rail damage prediction models

X The relationship between the selected damage SUHGLFWLRQ SDUDPHWHUV upuUDZ 7A
IRUFH DQJOH C UHJLRQ FRQANDFadfiorV teffidishy (T/N) and their
comparisons between the sites with reported and no reported RCF defects showed that
whi le contacts on reported sites had moderate ¢ ontact stresses with relatively higher
T/Nand 7A O H YtHeDowcurrence of higher contact stresses with various 7A OHYH OV
no reported RCF sites  suggested that increased wear rates on these sites may contribut e
to the removal of the initiated cracks through wear. As both of the model parameters
helped to differentiate these sites, a FRPELQHG 6KDNHGRZQ 0DS DQG 7A DSSURD

developed ; while the Shakedown Map was utilised as a qualitative analysis to classify
which contacts are more susceptible to wear or RCF damage, the energy ( 7A YDOXHV

was used to quantify the damage predictions with successive wheel passages.
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o0 Wear damage prediction method: Based on the research results and previous
study findings which stated that the higher normal loads resulted in thick
plastically deformed layers g ave rise to wear in the experiments, the upper
ratchetting and the LCF failure region on the Shakedown Map was selected .
Subsequently, the BRR wear function was suggestedtouse tofindthe worn area.
0 RCF crack depth prediction method: Similar to research findings, the previous
studies mentioned that the shear forces caus ed from high traction /braking were
driving factor s for RCF damage. Thus, the ratchetting failure with higher traction
levels (and with moderate contact stresses) was associated with RCF
susceptibility. Subsequently, a new RCF crack depth prediction model was used.
0 Both the indicated regions in the Shakedown Map and the new RCF crack depth
prediction model were developed based on the iterative process by linking the
predictions with MiniProf wear measurements and consecutive crack depth

measurements reported by the M RX-RSCM system.

In the Objective 4, the new wear and RCF depth prediction methods were applied to the

selected RCF monitoring sites to Validat e the proposed model predictions using NDT
measurements
In the wear predictions provided in Chapter 7, when the contacts lay inside the specified

wear risk region on the Shakedown Map, the BRR function was applied to predict the total

worn area . These compared with field  measurement from MiniProf . The initial prediction
results showed significantly higher predictio ns than the actual measurements . As it may
be expected from the wear curves with third body layers, the use of (dry) BRR function

resulted in larger values. In addition, the decay in ratchetting rates as well as the changes

in the wear rates over time with the steady state wearregime  were also responsible. Based
on the iterative process, scaling factors had to be applied but,t his clearly showed thatthe

most of the energy produced did not transform to any RCF or wear damage inrails .

The new wear predicti  on method was applied  to rails under five different  track categories
(i-ii); high and low rails on R>200 m curved tracks, (iii -iv); high and low rails on R<200

m checked -curved tracks and (v) tangent tracks. The majority of cases demonstrated good

correlat ions between predicted and measured areas. The results can be summarised as

follows:

x Differences between the predictions and measurements were relatively small on both
high and low rails of R> 200 m curved tracks.

x Damage locations were also successfully predicted; whereas the large gauge corner
wear was estimated on high rails, the top/head wear on the crown of low rails was

estimated which produced by the relocation of running band in these rails.
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However, the new method produced certain over -and under -estimations in the following

locations:

Under -estimation : The non -conformal shape (sharp gauge corner radius) of the BH rails

possibly limited the predictions on the gauge region higher and resulted in lower
predictions. T he predictions were also  smaller in tangent tracks due to smaller shakedown
SDUDPHWHUY DQG 7A YDOXHYV

Over -estimation : The predictions in certain high and low rails of checked curved tracks

were considerably higher than the field measurements. As the changes in flangeway

clearances in rea lity between the check and running rails were unknown and can vary
considerably, the  simulations with and without check rail contact were considered which
gave rise to larger results. The results were also higher on older rails. Although a further

scaling factor was used after 30 MGT to reflect the decrease in ratchetting rate and steady -

state wear regime, the predictions became higher compared to measured values.

In the RCF crack depth predictions provided in Chapter 8, when the contacts lay inside the
specified RCF risk region of the Shakedown Map, the new RCF crack depth prediction model

was applied. The predictions were correlated with the two outputs from the MRX -RSCM
system: surface damage map and depth measurements. Since the wear is removing
material form the surface of the rails and shortens the depth of the cracks, its interaction

was considered by subtracting the predicted wear depth from the predicted total RCF

damage susceptibility to estimate the net crack dept h. These net crack depth correlations

with the field crack depth measurements were again presented in five different track

categories. The results can be summarised as follows:

X The new method provided reasonable predictions in the lower tonnage levels and the
UHVXOWY ZHUH UHODWLYHO\ VPDOOHU XQGHU ORZHU 0*7 OHYHOV
VHFRQG LQVSHFWLRQBere @ag generally a good agreement between the
regions of intense damage predictions and severe measured cracking in all the track
categories. Conversely, the less severe damage predictions correlated with the sites
with no observed damage, which was particularly evident on tangent tracks.

x Changesin RC F crack severity over time/MGT and the interaction of wear were able to
shown by us ing the proposed method. While the higher flange contact stresses removed
the initiated cracking on the gauge region of higher rails, the milder tread contact
stresses gave rise to RCF on  the crown of the rail in the first set of comparisons.

X The second set comparisons showed mixed results. For instance, whereas some cracks
started to initiate on the gauge region of high rails, some cracks on the crown of the
railhead were either removed or could continue to propagate towards field side.

x Regarding the low rails, the moderate contact stresses generated on the crown of the

railhead g ave rise to RCF cracking as seenin the both comparison results.
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X Site visits were also conducted to verify the predictions and measurements. Although
the predictions affected wid er regions over railhead, good correlation s were also noted
with field observations such as cracks were predicted close to regions where head

checks were recorded on RCF  -BAK-4 site and gauge side lipping on RCF -BAK-8.

Nevertheless, certain deficiencies and gaps occurred particularly in the second prediction
of the lateral crack locations over railhead. The reasons for these deficiencies can be

summarised as follows:

x Due to decay in the ratchetting rates stemming from the changes in the plastic
deformati on history in the deeper layers and the effect of other factors such as fluid
mechanism, thermal and residual stresses in crack growth, it became harder to predict
the further position and orientation of cracks.

X Again, the uncertainty in check rail positi ons and the use of both with and without

simulation cases r esulted in higher predictions.

Furthermore, an additional study was conducted to answer the second part of the
Objective 4 : provide guidance on future /8/V PDLQWHQDQFHAY WeJrbsaarth \
helped to show the changes in RCF and wear predictions over successive inspection cycles,

it was suggested that the proposed methods can allow to predict the condition of rails prior

to next inspection and hence, they can advise the amount of material which should be
removed by grinding. To show the influence of changing profile shapes (in order to reflect
variations throughout the rail life ), the estimations were conducted for similar MGT levels

on the selected new -light -severe worn high an d low rail profiles . Additionally , the us e of
higher steel grade rails R 350HT and anti -head check profile CEN 60E2 were evalua ted.
While the anti -head check profile generated lesser damage on the high rail, the harder rail

seemed to be more advantageous on the low rail site.

With respect to the proposed RCF and wear damage prediction methods and the ir
validation using successive 1'7 PHDVXUHPHQWYV FHUWDLQ FRQWULEXWLRQV
knowledge were made . For instance, some of the assumption s especially in the WLRM
were improved and the previous inaccurate predictions with the Shakedown Map in the
literature were addressed . Firstly, the new model was developed and validated considering

the contact conditions on different operating  environment s; underground -metro system s.
6HFRQGO\ pPWKH7VDYYKBSWLRQ ZDV UHP RiXdHa@ opti@@n ¥oRtion
between un der- and over -estimations, the selected damage prediction parameters were
compared on site s with and without reported RCF defects. Thirdly, t he interaction of wear
with RCF was re-defined by using other contact parameters: contact stress and traction
FRHIILFLHQW UDW KhiW inttheDr@defliAg . With the help of iterative process, a
combined Shakedown Map and 7 Aapproach was develope d and validated using site

measurements in the selected RCF monitoring sites. The crack depths were predicted in
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consecutive NDT measurements which is a key parameter used in the crack severity
assessment . Additionally, a nother detection output: surface damage maps allowed to

observe and validate the changes in RCF damage propagation and its interaction with wear

over railhead.  Since these predictions and validations conducted on the several sites with
various track characteristics , it is suggested that the accuracy in rail damage predictions
were improved which will also help to optimise future  maintenance planning  and to move

towards condition -based maintenance

9.2 Recommendations on future work

Although t he development of the new combined ShakedownMapand 7A DSSURDFK LQ WKH
damage predictions provides opportunity to improve several assumptions in the current
models, there were still certain deficiencies in both RCF and wear damage estimations.

This require potential further investigations as listed in the following:

x While t he consideration of only ratchetting region helped to neglect a large number of
contacts with various energy levels which were produced from successive wheel
passages , the defined scaling factors had to be applied to both the RCF and wear
predictions. But,to consider the decay inratchetting rates and to represent the changes
in wear and crack growth rates in different phases, the rails should be  continued to

LQVSHFW LQ FHUWDLQ LQWHUYDOV LQ WKHVH 35&) ORQLWRULQJ 6LWH
validations should be conducted throughout the rail life. This may help to improve the
approximation of scaling factors and hence, to make more accurate pr  edictions.

X The future research should us e the new wear curves for third body layers. But, it should
be noted that they were also developed using twin disc testing therefore, certain
variations can be generated in the field conditions.

X The previous studies and validation results demonstrated that the creep forces as well
as the contact stress distributions in the modelling should be considered to improve the
accuracy. In order to compare global and local contact outputs, FASTSIM was used in
conjuncti on withV AMPIRE 7DEOHYV DQG SUHVHQW WKH 7A GLVWULEXWL
adhesion and slip regions) and their cumulative sum for the breaking points 15, 65 and
175 N at both tread and flange contacts. As it can be seen, the values in each grid
element were considerably smaller than their cumulative results. While the 175 N tread
contact case and all the flange contacts were in full slip condition, the 15 N and 65 N
contact cases were in partial slip. However, although there were not large differences
observed between cumulative local and global outputs, the FASTSIM calculat ion
approximately 15 % lower at 175 N tread contact. The flexibility parameters caused a
reduction in the creepages and hence , creep forces were differed in this code. But, the

new bre aking points should be determined using these local values and their correlation
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with the field measurements should be conducted. It should be also noted that this will
definitely increase the post  -processing times compared to Vampire .

x Besides the tangent ial problem, the relatively quicker non -Hertizan (non -elliptical)
contact models should be used to accurately predict both contact position and
dimensions which will also help to better predict the lateral location of damage over

railhead.

Table 9.1: 7A YDOXHV DW WUHDG FRQWDFWV ZLWK JOREDO DQG ORFDC

Table 9.2 7A YDOXHV DW IODQJH FRQWDFWV ZLWK JOREDO DQG OR

X The new methods should be also tested on different routes such as main and freight
lines including under different steels and the predictions should be compared with the

field measurements.

In addition to the above recommendations, the certain following su ggestions are required

to improve modelling inputs:

X The changes in dynamic behaviour of vehicles (e.g: degraded vehicle suspension) and
greater distribution of wheel -rail pro files shapes should be taken in to account .

X In respect to grinding, the post -ground profiles should be considered andt he depth of
removed material should be included in the wear depth predictions

x Although the research spent a large amount of time analys ing excessive volume s of
(historical) NDT data and to increase its reliabili ty to use in model validations, more
rapid methods are needed to quickly examine the rail inspection results from various
NDT techniques in large railway networks. Recently, the use of machine learning and/or
artificial intelligence has been suggested to reduce  this post -processing time . With
respect to these advances , the damage prediction  models can be applied to the online

data and necessary maintenance actions can be determined more rapidly
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APPENDIX A

Scalin g factor calculation for total number of simulations

Based on the tonnage of each inspection, scaling factors were defined as a result of
iterative process and applied to the total number of (simulation) passages with different
wheel -rail profiles combinat ions. The following formulas show the usage of total number

simulations for different MGT levels based on the Figure 7.2.
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APPENDIX B

Crack depth and location comparisons with MRX -RSCM measurements

The following figures present the crack depth and location comparisons with the MRX
RSCM measurements. The information given in the top provides the name of the site, its
distance, track chara cteristics, inspection details such time and tonnage of the first and
second measurements.  In the first plot, the measured surface damage maps were overlaid
with the model predictions over railhead and second plot provides a comparison of the
predicted and measured crack depths. The colour scales presented in the crack location
comparison plots (sub  -plot 1) demonstrate the predicted net crack depth values, with the
white areas (grey in the MRX  -RSCM surface damage map) indicating regions where the
estimated RCF damage was zero which means that the damage was either removed
through wear or no damaging contacts were predicted in this region. Similar to the MRX
RSCM data, a dark blue colour represents a relatively small estimated crack depth,
whereas a red colou rindicates a much larger depth. On these figures, certain regions are
highlighted to indicate the correlations between the simulation and measurement results,
with black rectangles highlighting the predictions that correlate well with the measured

damage and red circles show the uncorrelated regions.
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Figure Appendix B 1: Comparison of RCF predictions with MRX -RSCM measurements on high rail
case of RCF -BAK-1 site
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Figure Appendix B 2: Comparison of RCF predictions with MRX -RSCM measurements on high rail
case of RCF -BAK-4 site
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Figure Appendix B 3: Comparison of RCF predictions with MRX -RSCM measurements on high rail
case of RCF -BAK-8 site
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Figure Appendix B 4: Comparison of RCF predictions with MRX -RSCM measurements on high rail
case of RCF -JUB-1 site
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Figure Appendix B 5: Comparison of RCF predictions with MRX-RSCM measurements on
high rail cases of RCF -BAK-6 site
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Figure Appendix B 6: Comparison of RCF predictions with MRX -RSCM measurements on low rail
cases of RCF -BAK-5 site
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Figure Appendix B 7: Comparison of RCF predictions with MRX -RSCM measurements on low rail
cases of RCF -BAK-9 site
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Figure Appendix B 8: Comparison of RCF predictions with MRX -RSCM measurements on low rail
cases of RCF -BAK-7 site
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Figure Appendix B 9: Comparison of RCF predictions with MRX -RSCM measurements on low rail
cases of RCF -JUB-2 site
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Figure Appendix B 10: Comparison of RCF predictions with MRX -RSCM measurements on high rail
cases of RCF -BAK-2
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Figure Appendix B 11: Comparison of RCF predictions with MRX -RSCM measurements on high rail
cases of RCF -BAK-3
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Figure Appendix B 12: Comparison of RCF predictions with MRX -RSCM measurements on low rail
cases of RCF -BAK-10
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Figure Appendix B 13: Comparison of RCF predictions with MRX -RSCM measurements on rail cases
of RCF-BAK-8
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Figure Appendix B 14: Comparison of RCF predictions with MRX -RSCM measurements on rail cases
of RCF-JUB-2
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Figure Appendix B 15: Comparison of RCF predictions with MRX -RSCM measurem ents on rail cases
of RCF-JUB-3
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