
Doctoral Thesis in Engineering Mechanics

Long freight trains and long-term  
rail surface damage
VISAKH VENKATESH KRISHNA

Stockholm, Sweden 2022

kth royal institute 
of technology



Long freight trains and long-term  
rail surface damage
VISAKH VENKATESH KRISHNA

 
 
Doctoral Thesis in Engineering Mechanics
KTH Royal Institute of Technology
Stockholm, Sweden 2022

Academic Dissertation which, with due permission of the KTH Royal Institute of Technology,  
is submitted for public defence for the Degree of Doctor of Philosophy on Wednesday the 9th 
March 2022, at 10:00 a.m. in U1, Brinellvägen 26, Stockholm.



© Visakh Venkatesh Krishna
 
ISBN 978-91-8040-130-2
TRITA-SCI-FOU 2022:01 
 
Printed by: Universitetsservice US-AB, Sweden 2022



Abstract

Track damage due to progressively increasing tonnage, especially due to
longer and heavier freight trains, is one of the major problems faced in the
European rail sector. In this context, to stay competitive, optimal track
maintenance practices, track-friendly vehicles and safe operations of long
freight trains assume prominence.

This PhD thesis studies long freight train operations and the long-term
rail surface damage that they cause, to build a computer simulation-based
framework for maintenance planning and assessment of running safety.

The framework is formulated with four parts: long freight train opera-
tions, vehicle dynamics, rail surface damage and track maintenance. This
is followed by a literature survey on each of the subtopics and how they are
linked to each other. Safe operation of long freight trains in infrastructure
bottlenecks such as S-curves is studied using three-dimensional multi-body
simulations. Based on this, guidelines to build long freight trains and driv-
ing scenarios that can keep longitudinal in-train forces within acceptable
limits have been provided.

Multi-body simulation models of various freight bogies, including a novel
design, are built and their dynamic running behaviour studied according to
EN standards. The key focus is on track-loading and to this effect, method-
ologies for simulations-based assessment of ‘track-friendliness’ of various bo-
gie designs are studied. Various approaches to quantify rail surface damage
using multi-body simulations in the form of wear and Rolling Contact Fa-
tigue (RCF) are studied. Based on this, measures to ascertain similarities
and differences in results from different approaches have been put forward.

The impact of track maintenance, in the form of periodic rail reprofiling
activities in different networks, on the evolution of rail surface damage is
studied. It is found that optimal maintenance planning can be tailored
depending on the type of traffic on the network.

Finally, various parts of the framework have been brought together to
form a ‘train-track interaction’ approach to facilitate optimal maintenance
planning.



Sammanfattning

Sp̊arskador p̊a grund av ökande tonnage, särskilt som följd av längre och tyn-
gre godst̊ag, är ett stort problem inom den europeiska järnvägssektorn. För
att förbli konkurrenskraftig, är optimala sp̊arunderh̊allsmetoder, sp̊arvänliga
fordon och säker drift av l̊anga godst̊ag därför viktiga.

Denna doktorsavhandling studerar l̊anga godst̊ag och de l̊angsiktiga skador
p̊a rälsytan som de orsakar, för att bygga ett datorsimuleringsbaserat ramverk
för underh̊allsplanering och bedömning av driftsäkerhet.

Ramverket är formulerat i fyra delar: l̊anga godst̊ag, fordonsdynamik,
rälsskador och sp̊arunderh̊all. Därefter följer en litteraturöversikt kring vart
och ett av ämnena och hur de är kopplade till varandra. Säker drift av l̊anga
godst̊ag genom kritiska infrastrukturdelar som S-kurvor studeras med hjälp
av tredimensionella flerkroppssimuleringar. Utifr̊an detta har riktlinjer för
att bygga l̊anga godst̊ag och driftscenarier som kan h̊alla längsg̊aende krafter
mellan t̊agets fordon inom acceptabla gränser tagits fram.

Flerkroppsmodeller av olika godsvagnsboggier, inklusive en ny design,
byggs och deras dynamiska beteenden studeras enligt EN-standarder. Hu-
vudfokus ligger p̊a sp̊arbelastning och för detta syfte studeras metoder för
simuleringsbaserad bedömning av ‘sp̊arvänlighet’ för olika boggikonstruk-
tioner. Olika tillvägag̊angssätt för att kvantifiera rälsskador med hjälp av
flerkroppssimuleringar i form av nötning och rullkontaktutmattning stud-
eras. Utifr̊an detta har åtgärder för att fastställa likheter och skillnader i
resultat fr̊an olika metoder presenterats.

Inverkan av sp̊arunderh̊all, i form av periodisk rälsslipning för olika
järnvägsnät, p̊a utvecklingen av rälsskador studeras. Det konstateras att
optimal underh̊allsplanering kan utformas för att passa aktuell trafikering.

Slutligen har olika delar av ramverket sammanförts för att bilda en ‘t̊ag-
sp̊ar-interaktion’-metod för att underlätta optimal underh̊allsplanering.
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Thesis contributions

The main contributions of this thesis are:

� A new method to evaluate long-term rail surface damage in the form
of wear and rolling contact fatigue while also considering the influence
of intermediate maintenance actions.

� Rail reprofiling activities to prolong its life have been identified as
a major factor when defining a bogie design’s track-friendliness. To
this effect, preventive reprofiling actions based on a simulations-based
framework are proposed.

� The proposed framework can be used to optimize rail maintenance
planning depending on network and traffic characteristics.

� Longitudinal train dynamics has been included in the calculation of
rail surface damage resulting in a ‘train-track interaction’ approach.
This new approach was able to show the effect of driving strategies
and track gradients on evolution of rail surface damage.

� A small-train approach that considers a three-wagon train in a 3D
simulation environment was developed to evaluate running safety in
critical infrastructure bottlenecks such as tight S-curves.

� Track-friendliness of a novel bogie design was evaluated using multi-
body simulations. The simulation model was first verified and val-
idated for running behaviour with measurements provided by the
wagon manufacturer.

� Quantification methods that model surface crack initiation due to
rolling contact fatigue have been studied, including the equivalence
of results. Measures to indicate the degree of agreement between dif-
ferent models have been put forward.

vi
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Chapter 1

Introduction

1.1 Background

The rail transportation sector across the world in the 21st century is at a
unique juncture. It is being increasingly acknowledged for its active role
in decreasing emissions in the transportation sector. The European Com-
mission’s white paper ‘Roadmap to a Single European Transport Area’ [1]
for instance lays out goals for a competitive and resource-efficient transport
system for Europe in 2050. One of the goals envisions 30% of road freight
over 300 km to shift to rail or water-borne transportation modes by 2030
and more than 50% by 2050. For a competitive rail freight transportation
sector, its capacity and efficiency needs to be improved with longer trains
and higher axle loads while simultaneously reducing the damage caused to
the track. This can be facilitated with better track access pricing strate-
gies that benefit track-friendly bogie designs and maintenance practices.
This has been extensively studied in various Shift2Rail projects such as
DYNAFREIGHT, FR8RAIL and FR8RAIL2 [2].

1.2 Objective

In this context, the main goal of this PhD thesis was identified as:

“to systematically study long-term rail surface damage caused by longer and
heavier freight vehicles”

using a simulations-based framework. This helps evaluate track-friendliness,
running safety of a long freight train operation, and in the process facilitates
better maintenance planning.

1
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Figure 1.1: Long freight trains and long-term rail surface damage

1.3 Research framework

The overall framework of this thesis is summarized by Figure 1.1. It depicts
various elements and how they come together to model long-term rail surface
damage for long freight trains. For the purpose of clarity, they have been
categorized into the following four quadrants:

1. Long freight train operation deals with the study of typical composi-
tions and operations of freight trains in the EU, and various param-
eters that govern its running behaviour referred to here as ‘hetero-
geneities’. This part of the framework helped model the dynamics of
a typical long freight train operation – with the focus on modelling
inter-vehicle interactions.

2. Vehicle dynamics deals with the modelling of vehicle-track interaction
using multi-body simulations (MBS). The study of running behaviour
of bogies and evaluation of their track-friendliness using MBS are also

2



1.4. THESIS STRUCTURE

undertaken. By integrating long train simulations from the previous
quadrant, a ‘train-track’ interaction approach has also been put for-
ward. This part of the framework helped model the dynamic loading
on track – with the key focus on obtaining long-term wheel-rail contact
response.

3. Rail surface damage: Using the wheel-rail contact response from
simulations, various models have been developed to model wear and
RCF in the form of cracks on the rail surface (headchecks) specific to
railway applications. Their mutual interaction, and how it influences
long-term rail profile evolution have also been studied. As depicted in
the figure, the vehicle dynamics quadrant forms the bridge between
long freight train operation and rail surface damage. This part of
the framework helped model damage caused to rails from wheel-rail
contact response – with the key focus on modelling long-term rail
profile evolution.

4. Maintenance: An additional facet otherwise overlooked in most MBS-
based track-friendliness calculations is track-maintenance. Extensive
on-track observations undertaken by various scientists in the field have
resulted in rail reprofiling strategies that optimize costs and mitigate
the rate of rail surface damage in the long-term. Techniques such as
gauge corner relief on outer rails have been studied. It can be viewed
as an extension of the previous quadrant as the figure depicts. This
part of the framework helped model the effect of reprofiling activities
on damage evolution – with the key focus on preventive strategies.

The objective of this thesis has been achieved by linking these 4 quadrants
together to provide a systems-perspective. Key contributions of this thesis
include the integration of longitudinal train simulations in classical ‘vehicle-
track’ MBS formulations to form a more detailed ‘train-track’ approach,
modelling of standard preventive grinding strategies in simulations, and the
resulting system-wide framework to calculate long-term rail surface damage.
Integration of different sub-systems resulted in an emergent contribution to
the state of the art. Based on this, new methods to assess track-friendliness
of a bogie have also been put forward from the perspective of vehicle man-
ufacturers.

1.4 Thesis structure

The thesis is structured with separate chapters dedicated to each quadrant
in Figure 1.1. Each chapter concludes with a summary of key takeaways
that are relevant to the thesis and they feature prominently in the author’s

3



CHAPTER 1. INTRODUCTION

publications. Chapter 2 gives an overview of vehicle dynamics and the body
of work that uses multi-body simulations to model vehicle-track interaction.
Simulations-based certification of vehicle designs and its applications to as-
sess track-friendliness have also been studied. It is followed by Chapter 3
that discusses long freight train operations, affecting inter-vehicle interac-
tions and the various parameters that affect the same.

Chapter 4 discusses the principles in contact mechanics used to assess wheel-
rail contact response from the outputs of vehicle dynamics simulations. Fol-
lowing this, chapter 5 dives into the modelling of rail surface damage. On-
track observations from previous investigations, followed by an overview on
modelling procedures for wear and surface-initiated cracks due to rolling
contact fatigue are also discussed.

Chapter 6 introduces the impact of maintenance actions in the form of
rail reprofiling on long-term rail surface damage.

Building on these topics, Chapter 7 summarizes the work published in the
appended papers, followed by a list of conclusions and future research di-
rections in Chapter 8. The appendix contains information on bogie designs
used in this work and the publications.

4



Chapter 2

Freight wagon dynamics

Dynamic loading caused to the track by freight vehicles drives damage ac-
cumulation on both wheels and rails, while also affecting running safety.
The study of vehicle dynamic behaviour is therefore central to this thesis
work. General principles pertaining to the construction of a standard freight
bogie and vehicle-track interaction are discussed, followed by modelling pro-
cedures to study its dynamic behaviour under various operating conditions
using computer simulations. Also, Multi-Body Simulations-based (MBS)
methodologies that assess ‘track-friendliness’ of bogie designs are described.

2.1 General principles

A freight wagon generally consists of a running gear on which the carbody
is mounted. This running gear can either have a single level of suspension or
multiple levels depending on the design. Principles discussed in this section
have been mainly studied from Ref. [3].

2.1.1 Vehicle construction

The carbody can either be mounted directly on to the wheelset separated
by a (generally stiff) suspension or on an intermediate bogie frame which
is suspended on the wheelsets (See Figure 2.1). Most railway vehicles have
bogies that keep attack angles between wheels and rails in curves at reason-
ably low levels. This arrangement also allows two stages of suspension with
the primary suspension between wheelset and bogie, and secondary suspen-
sion between bogie and wagon body. The primary suspension can isolate
the bogie from short wavelength irregularities while the secondary suspen-
sion deals with longer wave-length, lower frequency excitation. A specific
challenge for designers of freight vehicle bogies is the large ratio between

5
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Bogie frame

Carbody

Secondary
suspension

Primary suspension
16-16-32 32 48

0
0

16
-16

-32
32

Wheelset

Sleeper

Rail

Figure 2.1: Wheel-rail interaction (left) and vehicle-track interaction (right)

Figure 2.2: Free wheelset on a curve (a) Radially-steered (b) Under-steered

laden and tare vehicle mass, which can be as high as 5. This paves way
for non-linear load-dependent stiffnesses and damping characteristics for
primary suspensions in freight bogie designs. A detailed review of various
bogie designs used in freight wagons can be found in Ref. [4, 5, 6].

2.1.2 Wheel-rail interaction

The forces and sliding motions generated at the wheel-rail contact cause
damage to rails as a result of dynamic vehicle-track interaction. The self-
steering nature of the wheelset due to its conical profile ensures that it
moves laterally while curving or due to dynamics. The wheel-rail interaction
depicted in Figure 2.1 maps the spread of corresponding contact points on

6



2.1. GENERAL PRINCIPLES

wheel and rail depending on their relative lateral displacement. As long as
the conicity is sufficient, a freely-moving wheelset should in principle be able
to align itself radially with the outer wheel having a larger rolling radius.
This would result in pure rolling and there wouldn’t be any forces generated
at the wheel-rail contact. This however seldom happens since wheel-rail
contact has a finite area within which sliding can occur as elaborated in
Chapter 4. When the contacting wheel moves relative to the rail, sliding
motions occur – known as creepages. They are defined as the quotient of
sliding velocity and vehicle speed, and can be divided into three components
– longitudinal, lateral and spin creepages.

υx =
vx
V

(2.1a)

υy =
vy
V

(2.1b)

φ =
ω

V
(2.1c)

The creepages generate corresponding creep forces opposite to their direc-
tion. At small values, creep forces can be assumed to be linearly propor-
tional to creepages. Longitudinal creepages υx mainly depend on lateral
shift of the wheelset, resulting in different rolling radii. Lateral creep de-
pends on the angle of attack (ψ), i.e. when the wheelset is not aligned
radially at the curved section. A freely-moving wheelset on a curve that is
radially-steered, and under-steered with an angle of attack ψ are depicted
in Figures 2.2a and 2.2b respectively. The generated longitudinal creep
forces on inner and outer wheels (FOξ & F Iξ ) in Figure 2.2a help maintain
equilibrium in yaw direction while trying to counter the angle of attack in
Figure 2.2b. Lateral creep forces (FOη & F Iη ) for the under-steered case
with attack angle ψ point outward – signifying that the wheelset hasn’t
just ‘steered’ enough, trying to increase the rolling radius of outer wheel
further. This however is not possible if flange contact is already achieved
or if the vehicle suspension resists further lateral motion. For a wheelset
to steer radially in a curve, the yaw moment caused by longitudinal creep
forces should be higher than the moment caused by forces from the primary
suspension – failing which it will face under-steering. Spin creepages are
generated when the contacting plane is not parallel to the rotational axis
of the wheelset, leading to a rotational component perpendicular to contact
plane. Additionally, yaw velocity too contributes to spin.

The design of bogies greatly influence wheel-rail forces since suspension
elements govern wheel-rail interaction as depicted in Figure 2.1. Studying
this is crucial to model rail surface damage.

7
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(c)

(a)

(d)

xy
z

(b)

Figure 2.3: Freight bogie modelling: (a) Non-linear primary suspension of Y25
bogie [8] (b) Modelling of friction damping in Y25 bogie [7] (c) FR8RAIL bogie
with cross links [Paper B] (d) Simulation model of FR8RAIL bogie

2.1.3 Modelling and simulations

With general construction of a freight wagon and wheel-rail interaction de-
scribed, the next step is to build simulation models that study vehicle-track
interaction. A detailed review of modelling suspension components for rail-
way vehicles in general can be found in Ref. [7].

Non-linear suspension elements

Freight bogies due to the associated loading ratio as mentioned earlier, are
characterized by their highly non-linear suspension elements. Figure 2.3a
shows the primary suspension of UIC-Y25 bogie, a commonly-used design
throughout the EU [8]. It is equipped with friction-based damping elements
since they are relatively easy to design and maintain, and at the same time
provide load-dependent characteristics. As an example, a friction surface
that damps the motion in vertical and lateral directions is highlighted by
the rectangle. This is modelled as a two-dimensional friction-block oscillator
as described in Figure 2.3b [7]. The loading on the friction surface via the
Lenoir link determines the amount of damping, which in turn is dependent
on the loading on the bogie frame. This approach can be used to model the

8



2.1. GENERAL PRINCIPLES

Table 2.1: Key multi-body simulation outputs to assess and validate vehicle
running behaviour w.r.t. on-track measurements [11]

Basic Quantity Notation Forms

Track loading

Guiding force Y Quasistatic and Maximum val-
ues

Vertical wheel-rail force Q Quasistatic and Maximum val-
ues

Energy dissipation F̄υῡ Energy dissipation values

Running safety

Sum of guiding forces of left and
right wheel

ΣY Maximum and RMS values

Derailment coefficient Y/Q Maximum value

Ride comfort

Lateral acceleration on bogie
frame*

ÿb Maximum and RMS values

Lateral acceleration on vehicle
body

ÿc Maximum and RMS values

Vertical acceleration on vehicle
body

z̈c Maximum value

*Also applies for running safety

centre plate of the bogie frame on which the carbody is mounted. These
techniques are also used to model suspension components for other bogie
types such as link suspension bogies [9] or 3-piece bogies [6].

Another example of a freight bogie is given in Figure 2.3c which depicts
the novel FR8RAIL bogie with a softer primary suspension compared to the
standard Y25 design. Additionally, it is also equipped with cross linkages
between axles, depicted by the red arms. They help the bogie to radially
align the wheelset as it approaches a curve, decreasing the track loading.
The cross linkages are modelled as a stiff element linking the diagonally-
opposite axle boxes. The MBS model of FR8RAIL bogie in the GENSYS
environment [10] is depicted by Figure 2.3d. Detailed descriptions on Y25
and FR8RAIL bogies can be found in appendix A.

Multi-body simulations & applications

The MBS models of rail vehicles have wide-ranging applications. They are
frequently used in the assessment of running behaviour of vehicle designs as
seen in Ref. [12, 13]. Work done by Evans [14] and Stichel [9] specifically
addressed the dynamics of freight wagons using MBS. With more computing
power available, they are now even used to certify vehicles for operation by

9



CHAPTER 2. FREIGHT WAGON DYNAMICS

performing simulations for a wide range of running conditions, otherwise
difficult to conduct on track. The European standard EN14363 [15] for
instance now has special provisions to allow simulation tests in the wagon
certification procedure. This followed after extensive measurements of a set
of vehicles running through four European countries, and comparing them
with vehicle simulation models built in different tools by several partners in
the DynoTRAIN project [13, 11].

From this, key outputs from MBS simulations for validating simulation
models with on-track tests were put forward. They are listed in Table 2.1,
classified by their applications to assess track loading, running safety &
ride comfort. For instance, a fair assessment of track loading caused by a
certain vehicle can be done using its simulation model if guiding (Yqst,max)
and vertical forces (Qqst,max) agree reasonably well with a given set of on-
track measurements. This makes the simulation model ‘dependable’.

A simulation model of the novel FR8RAIL bogie was built, verified and
validated as a part of activities carried out in this thesis. The results can
be found in appendix A.

2.2 Simulations for Track-friendliness

The previous section described basic principles behind modelling and sim-
ulation of a freight wagon. In this section, the application of MBS tools to
evaluate ‘track-friendliness’ of a bogie design is explored. Track-friendliness
[16] means that the vehicle produces low or moderate forces on the track
and/or produces low abrasive wear & rolling contact fatigue on the track.
Work done by Andersson [16] and Öberg [17] had used the simulation out-
puts described in Table 2.1 to build track access pricing models that can
levy charges according to damage caused to the track. The different dam-
age mechanisms considered are (damage mechanisms most relevant to the
thesis marked in bold):

� Settlement: Lateral and vertical displacement of track and track sup-
port.

� Component fatigue: Fatigue of track components due to repeated
loadings (axle passings). This pertains to damages on components
such as sleepers, rail pads, rail fastenings etc.

� Wear of rails and wheels: Wearing away of the wheel-rail surface.

� Rolling contact fatigue of rails and wheels: Formation of cracks
on/beneath the wheel/rail surface.

10
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Fitting 
function

Recorded Costs 
& Traffic data

Engineering outputs 
from Multi-Body 
Simulations

Deterioration
costs

k1

k2

Qtot
3 

[Qtot
2+Yqst

2]3/2 

Fυυ k34

Figure 2.4: Framework to evaluate track-friendliness with engineering outputs
from simulations and cost data

Prior investigations on the evolution of different damage mechanisms and
the influence of track loading had resulted in several empirical approaches
that evaluate track-friendliness of different vehicle designs. Approaches
range from the simple indicator of using the number of axles passing (n×Q0)
and more complex indicators involving the lateral component of vehicle-
track forces as well (Y ). Öberg’s thesis [18] on the topic gives an extensive
overview on this. With annual cost data for track maintenance, he arrived
at the following empirical expression to calculate deterioration costs per
gross ton-km for vehicle type (z ) as

eton−km =
k1

nz

nz∑
i=1

Q3
toti +

k2

nz

nz∑
i=1

(√
Q2
toti + Y 2

qsti

)3

+ k34 ·
∑nz

i=1 f(F̄υῡ)i
mz

,

(2.2)
where k1−4 are empirical coefficients, nz is number of axles, mz is axle load
and F̄υ.ῡ is average energy dissipated in the wheel-rail contact, given by the
product of creep forces and creepages

F̄ ῡ = Fxυx + Fyυy. (2.3)

As depicted in Figure 2.4, the first term reflects the engineering output
quantifying damage due to track settlement (Q3), the second due to track
component fatigue ((Qtoti

2+Yqsti
2)1.5) and the third due to rail surface

damage (F̄υ.ῡ). Rail surface damage itself is further comprised of two dam-
age modes namely wear and rolling contact fatigue, their effects combined
in the form of a function f. The calibrated coefficients form a linear relation
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Figure 2.5: Evaluation of track-friendliness– an example: Damage percent rel-
ative to standard Y25 design for two other variants. Evaluated using simulation
outputs from a variety of running conditions for different damage mechanisms

between marginal costs and the engineering outputs. This acts as a simple
fitting function as depicted in Figure 2.4. From the context of this the-
sis, the third term is of primary interest, which is centered around energy
dissipation in the wheel-rail contact. Damage function f and how energy
dissipation relates to wear and RCF are explained in sections 5.2.1 and 5.3.1
respectively.

Variations of this model given by equation 2.2 have been used in several
works to determine track-friendliness of a vehicle. For instance, Hiensch
et al. [19] used this approach to evaluate track-friendliness of different
bogie designs. Marschnig [20] applies a similar approach to put forward a
‘Wear-based approach’ for track access charging. Holzfeind et al. [21] puts
forth a similar track access charging strategy in Switzerland. Work done by
Smith et al. [22, 23] extended this approach further to include econometric
models in the cost-fitting step, giving rise to a hybrid approach consisting
of engineering and econometric models respectively. From an engineering
perspective however, relative comparison of different bogies using simulation
outputs gives qualitative indicators of track-friendliness for various vehicle
designs. An example of such a comparison for two variants of Y25 bogies
relative to the standard design is depicted in Figure 2.5. SUSTRAIL [24]
is a bogie based on the Y25 design with double Lenoir links. This reduces
the longitudinal stiffness of the primary suspension and therefore increases
the maximum longitudinal motion between the axle-box and bogie frame
when compared to the standard Y25 bogie. Among the designs, it can be
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surmised that the FR8RAIL bogie performs particularly better w.r.t wear
since (

F̄υῡ
)FR8

avg
= 0.53

(
F̄υῡ

)UIC
avg

, (2.4)

and also w.r.t RCF since

f
(
F̄υῡ

)FR8

avg
= 0.29 f

(
F̄υῡ

)UIC
avg

, (2.5)

while track settlement and component fatigue indicators only improve marginally.
While this does not give ‘tangible’ parameters that can influence decision-
making in terms of maintenance or renewal activities directly, (worn pro-
file, crack depths, etc) it is still a useful tool to assess the average ‘track-
friendliness’ of a vehicle on a given network.

Track-access charge calculators: Engineering models that use multi-
body simulations of freight vehicles have been used in track access charge
calculators in some networks. Network Rail in the UK for instance [25] dis-
tinguishes freight vehicles by their bogies, axle loads and other parameters
to calculate variable usage charges (VUC) per tonnage. The rates are fixed
based on damage caused to track using engineering model outputs such as
energy dissipation. The calculator can be found in Ref. [26]. Yet another
example of such a calculator is the Universal Cost Model (UCM) developed
as a result of the collaborative EU project ‘Roll2Rail’ which resulted in an
excel sheet-based calculator for Life Cycle Costs (LCC) incurred in the en-
tire railway operation. It contained a separate module on track damage as
described by Ref. [27].

A potential application of the work performed in this thesis is the imple-
mentation of an improved engineering model to improve the cost prediction
capability of track access charge calculators w.r.t damage caused to rails by
wear and RCF.

2.2.1 Vehicle vs Track-centric formulation

Most of the simulation-based approaches described above follow a ‘vehicle-
centric’ formulation, i.e., the engineering outputs are obtained for multiple
MBS of a given vehicle for varying track parameters such as curve radius,
speed, wheel/rail profile, etc. This gives a good overview of the spread in
engineering outputs which can consequently be weighted to reflect the net-
work, giving an average indicator of track-friendliness. The ‘vehicle-centric’
approaches therefore formulate track-friendliness as,

“How would a given vehicle(s) contribute to overall track deterioration on
a given network with its set of varying operational and track parameters?”
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A ‘track-centric’ approach on the other hand would formulate track-friendliness
as

“How would a given track section(s) deteriorate over a long period/ its life-
time due to the passage of a particular vehicle under different operating
parameters?”

The latter brings the focus back to track since it is concerned with evolu-
tion of track deterioration which can be very specific on a given track section
over a long period. A gap in literature on this regard was identified in this
thesis. Understanding damage evolution on rails gives the opportunity to
put forward more tangible performance indicators such as rail profiles, crack
depths, etc, and also allows for modelling intermediate maintenance activi-
ties. A key disadvantage however is that to obtain these, the computational
requirements increase significantly, since iterative simulations need to be
performed which is not the case in ‘vehicle-centric’ approaches.

The principles of rail surface damage and maintenance activities central
to the ‘track-centric’ approach are addressed in Chapters 5 and 6 respec-
tively.

2.3 Key takeaways

The key takeaways from the study presented in this chapter within the
context of this thesis work are as follows:

� Modelling of vehicle-track interaction: General principles on the con-
struction of a freight bogie, wheel-rail interaction and simulation mod-
els have been studied. Techniques for validation of simulation models
with measured data have been explored and applied on a new freight
bogie design (FR8RAIL). This can be seen in paper B of this thesis.

� Simulations to evaluate track-friendliness of vehicles: Building upon
the previous point, applications of MBS to evaluate track-friendliness
of running gears have been demonstrated for different bogie designs.
This can be seen in paper B of this thesis.

� Identifying the need for a track-centric approach: The vehicle-centric
nature of existing approaches towards track-friendliness was identified.
A track-centric approach that could better help in decision making
w.r.t renewal and maintenance activities has been demonstrated for
the same set of bogie designs in paper D.
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Chapter 3

Dynamics of long freight trains

Robust operation of heavier and longer freight trains is essential to move
towards increasing the competitiveness of rail transportation. From a Eu-
ropean perspective, this typically means running freight trains longer than
800-900 m. This chapter explores work done on simulation-based studies
of long freight trains. An overwhelming volume of work done in the field
has been on the evaluation of running safety. However frameworks built
to study Longitudinal Train Dynamics (LTD) are central towards realizing
‘train-track’ interaction models – needed to achieve the objective of this
thesis.

3.1 Overview of existing literature

An extensive review on Longitudinal Train Dynamics (LTD) is given in Ref.
[28, 29] regarding different modelling methods for wagon connection systems
and numerical solvers. LTD is non-linear and there exist several Longitudi-
nal Train Simulators (LTS) that essentially simulate the same. Cantone [30]
in his work introduces ‘TrainDy’, used to calculate inter-wagon interaction
in long trains, the braking systems modelled after the UIC pneumatic brake.
The model calculates braking pressure time histories along the train, forces
exchanged in longitudinal direction, and was validated for use by the UIC.
Similar software packages have been developed elsewhere such as ‘CRE-LTS’
(Australia) [29], ‘UM’ [31] (Russia), ‘TSDYN’ [32] (Italy), and ‘ATTIF’ [33]
(USA). Many of the simulation packages usually provide time histories of
longitudinal in-train forces that develop along a long freight train, subjected
to various attributes such as coupler models, gradients and operating sce-
narios such as braking, traction, etc. Recently, simplified incorporation of
lateral dynamics using vehicle geometries and empirical formulae for curving
resistance forces was seen in Ref. [34].
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CHAPTER 3. DYNAMICS OF LONG FREIGHT TRAINS

With increased computational capabilities, a combination of three di-
mensional and one-dimensional in-train force calculations of long trains for
analyzing derailment risks in sharp curves is being undertaken as seen in
Ref. [35, 32] and the MARATHON project [36]. More recently co-simulation
approaches that can simulate a whole train in 3D were seen in Ref. [37].

3.2 Longitudinal Train Simulations

Many simulation frameworks have been formulated to study longitudinal
train dynamics. They often follow a one-dimensional formulation where
the train is modelled as rigid bodies coupled together with force elements,
allowing the degree of freedom only along longitudinal direction. Such a sim-
plification is necessary since it is computationally very expensive to simulate
a whole train in a 3D simulation environment, even though it is possible.
Moreover, most of the prior work focussed on evaluation of running safety
using in-train forces as outputs from Longitudinal Train Simulations. The
trains varied between 500-1500 m in length and were equipped with pneu-
matic braking systems. The calculation procedure consists of two steps:

� Pneumatics simulations: Calculation of time histories of brake cylin-
der pressures at each wagon. Braking forces FB on wheels are calcu-
lated based on this.

� Multi-body simulations in longitudinal direction: Application of brak-
ing forces to a 1D multi-body simulation model of the freight train to
calculate in-train forces at inter-vehicle connection points along the
train.

The modelling of pneumatic braking systems is beyond the scope of this
thesis since we are interested only in the vehicle dynamics, and therefore
not explored in detail. It can however be found in Ref. [38] where they dis-
cuss the modelling of a UIC pneumatic brake and validate the same using
measurement results. This brake model developed at POLIMI describes the
dynamics of compressed air inside the main braking pipe using a lumped
parameter model. The main braking pipe that runs along the train is di-
vided into several sections, each one characterized by an equivalent electrical
scheme. According to this model, fluid internal friction is modelled anal-
ogous to resistance, fluid mass to inductance and fluid compressibility to
capacitance elements.

3.2.1 Multi-body dynamic simulations - 1D

Multi-body dynamics simulations are performed along with braking forces
from pneumatic calculations. The train model usually consists of three
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Locomotive Coupling Wagon

FBFT

FR
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FgFg

FR

xi

yi
xi
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Figure 3.1: Formulation of long freight train as a multi-body system linked
through force elements in 1D. FB comes from pneumatics modelling

different types of models each representing a locomotive, wagon, and a cou-
pling in between as depicted by Figure 3.1. The vehicles are modelled as
rigid bodies, each consisting of a mass m and corresponding force elements.
The modelling of force inputs form a major part in the formulation of a 1D
MBS train model, and are briefly described in this subsection and can be
explored further in Ref. [39]. As Figure 3.1 depicts, separate force compo-
nents are input for traction and braking FT (only at locomotive), friction
brake FB, and different types of resistances FR. The model does not include
any rotational components such as wheelsets or traction motors. However,
the kinetic energy of the rotational motion of such elements is added in the
longitudinal degree of freedom of the locomotive by adjusting the mass of
vehicle by multiplying a correction factor

ρc = 1 +

∑
i
Ji
r2

m
, (3.1)

where Ji are moments of inertia of rotating components and r is the wheel
radius.

Tractive / Braking forces (FT ): For a typical locomotive, the perfor-
mance characteristic with 8 notches is depicted in Figure 3.2a. The available
tractive effort is calculated based on available power Pmax [39] as

FT =

(
N

8

)
Temax − kfv ∀ FT v <

N2

64
Pmax (3.2a)

FT =

(
N2

64

)
× Pmax

v
, (3.2b)
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Figure 3.2: Modelling components in 1D MBS (a) Locomotive traction charac-
teristics [39] (b) Coupler characteristics

where N is the throttle setting in notches (0-8), Temax is the maximum
traction force given by the locomotive characteristics and kf is the torque
reduction factor w.r.t speed.

Resistance forces (FR): Different types of resistance forces exist that
apply opposite to the direction of train motion along the longitudinal direc-
tion. Most of these resistance forces have an empirical formulation based
on train kinematics as published previously in Ref. [39]. A modified version
of Davis equation is an example of the same, given as

FR = Ka

(
2.943 +

89

ma
+ 0.0305V + 1.718

(
kadV

2

man

))
, (3.3)

where Ka and kad are coefficients tuned for each wagon type and payload,
ma is the axle load and n refers to the number of axles in the wagon. In
cases of curved sections on the route simulated, an extra resistance force
can be added to the expression above. A common expression for curving
resistance per tonne of vehicle weight on a curve radius R is given as [39]

FcR =
6116

R
. (3.4)

Gravitational forces: Another important force component in LTD are
gravitational forces especially in demanding terrains which can build up to
a large magnitude for heavier and longer trains. The gravitational compo-
nents are simply added to the MBS models by resolving the weight vector
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3.3. THREE-DIMENSIONAL SIMULATIONS

parallel to vehicle chassis, given as

Fg = mgsinθ ≈ mgθ . (3.5)

Wagon connections: The complexity of modelling wagon connection
systems vary w.r.t. the application. While detailed non-linear models have
been devised using impact test studies as shown in Ref. [40], simpler ap-
proaches that make use of loading and unloading characteristics also exist.
Work done in Ref. [30] for instance uses a speed-dependent function to
model forces exchanged at the coupling at both buffers and screw-couplers in
TrainDy. The buffers and drawgears are modelled by their force-stroke char-
acteristics (See Figure 3.2b), while considering a friction model for damping.
When relative speed is in the interval between load velocity (vload) and un-
load velocity (vunload), the force exchanged is calculated as

Fcoupl(xrel, vrel) = c(vrel)Funload(xrel) + (1− c(vrel))Fload(xrel), (3.6)

where xrel and vrel are relative displacement and velocity between adjoining
vehicles respectively. The coefficient c(vrel) is computed by a third order
polynomial to connect loading and unloading curves, given in Ref. [30].
Additionally, bufferstops can be added as linear force elements with high
stiffness values that act once the buffer-stroke value is reached.

3.2.2 Key outputs

The modelling of longitudinal train dynamics for a given long freight train
operation using the simulation methodologies above results in calculation
of the following outputs for each vehicle along the train:

� Speeds and positions of each vehicle

� Inter-vehicle forces

– Longitudinal coupler forces

– Lateral coupler forces, calculated using wagon geometries and
track curvature

3.3 Three-dimensional simulations

When it comes to assessment of running safety, the associated lateral track
shift forces (S ) and derailment coefficients (Y/Q), a purely 1D formulation
prove insufficient. Within the context of this thesis, lateral creep forces
developed in curves are important to calculate rail surface damage. If we
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Figure 3.3: Small trains in 3D: (a) Three wagon-train model in 3D MBS environ-
ment. (b) Application of three-dimensional simulations to study running safety
of wagons due to longitudinal compressive forces at infrastructure bottlenecks (c)
Variation of buffer yaw angle difference on a S-curve with radii 150 m and 190m.

look further above the wheel-rail contact, mismatch in side-buffer forces and
lateral force components on tight curves also contribute to lateral vehicle
dynamics. Work done in Ref. [41] for instance specifically addressed this
problem. However, as mentioned earlier, simulation of long freight trains in
a 3D environment that allows for modelling lateral dynamics can be compu-
tationally expensive and an inter-mediate solution is required. Modelling of
overlapping attributes such as wagon connections and force elements in lon-
gitudinal direction stay the same in 3D approaches as seen for longitudinal
train simulations in section 3.2 and therefore will not be repeated here.

3.3.1 Small trains

Three-dimensional simulation strategies that string together a small number
of wagons (about 3-5) to form a small part of a train have been formulated
to study specific phenomena such as derailment of wagons on sharp curves.

Propelling tests: The basis of these studies is rooted in the procedure
followed for wagon certification. Standards such as UIC 530-2 [42] and
EN15839 [43] specify conditions to carry out propelling tests to determine
the running safety of a wagon when subjected to high longitudinal com-
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3.3. THREE-DIMENSIONAL SIMULATIONS

pressive forces. The tests are carried out on a tight flat S-curve at low
running speeds. The standard procedure consists of a small train with the
test wagon kept empty in the middle and surrounded by two ‘barrier’ wag-
ons. The locomotive propels the train from rear-end while wagons in front
brake simultaneously – artificially creating longitudinal compressive forces
while the test wagon is checked for uplift and the lateral track shift forces
they generate.

Three-wagon train approach:

Taking inspiration from the principle of barrier wagons in tests, simula-
tion environments have been devised that create three-wagon trains with
the wagon of interest placed in between, as depicted by Figure 3.3a. This
means that barrier wagons on both sides would be subjected to an artificial
force element on their outward-facing couplers, while the middle wagon ex-
periences both longitudinal and lateral coupler components while it passes
through a curve. This is depicted by the top view visualization of three wag-
ons while they negotiate an S-curve in Figure 3.3b. Using this approach,
quantities such as angles made by the centre line of each wagon at the re-
spective couplings (Ψ12 and Ψ23) can be calculated. The difference between
these angles

∆Ψ2 = Ψ12 −Ψ23, (3.7)

gives an indication of the yaw moment the middle wagon would experience
due to unbalanced coupler forces. The variation of ∆Ψ2 as the three-wagon
train passes through an exemplary S-curve w.r.t the centre wagon’s position
is provided in Figure 3.3c for reference.

Such a formulation makes the operating conditions more realistic when
seen from the middle wagon’s perspective since they reasonably account for
constraint effects in 3D simulations caused by adjacent wagons. This is
missed out in purely 1D formulations. This approach can also be expanded
to form a five-wagon train as Pogorelov [35] demonstrates. However, this
would of course increase the number of calculations to be performed. The
small 3D train formulation therefore presents a compromise between the 1D
train formulation and adding constant external forces to a single wagon.

3.3.2 Number of wagons in a small train

The minimum number of wagons required to reasonably account for con-
straint effects caused by adjacent wagons in 3D simulations of a train has
been addressed by Liu et al. [44]. Using simulation studies with the number
of vehicles N =1, 3, 5 and 7, they reported that a three wagon train was rea-
sonable to account for the constraint effects not accounted in single vehicle
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Figure 17. Dynamic performance of the focused vehicle with different number of 3-D wagon models:
(a) wheelset lateral force of axle1; (b) wheel–rail vertical force of outer wheel in axle1; (c) swing angle of
front coupler; (d) swing angle of rear coupler.

Figure 18. Dynamic model of a train composed by locomotives and freight wagons.

employed. The basic analysis method, curve parameters and the train running speed are
the same as that employed in Section 5.2. Figure 18 displays the dynamicmodel of themar-
shalling train used in this subsection. It is assumed that there are two HXD2 locomotives
locating in the middle of the train, and the simulated results are extracted from the second
locomotive which is viewed as the focused vehicle to demonstrate the effect of the number
of the 3-D wagons.

Figure 19 shows the calculated results of the dynamic responses of the focused locomo-
tive with different number of the 3-D wagons. It is indicated that the numberN has a slight
effect on the wheel–rail forces and the coupler dynamic behaviours. When the number N
varies between 1 and 3, the responses of a certain index vary with the same trend. Espe-
cially, when N equals to 1 and 2, the time histories of the same index almost overlap with
each other. It is indicated that a high calculation accuracy can be obtained when one or
more freight wagons connected to the locomotive are considered as the 3-D model.

Figure 3.4: Lateral force on the leading wheelset of middle wagon on a curve.
Different number of wagons on the small train (N ) [44]

simulations. Figure 3.4 depicts the lateral wheelset force experienced by a
small train with N number of wagons. It can be seen that between a single
wagon case (N = 1) and a three-wagon case (N = 3) there are major differ-
ences in the magnitude of lateral wheelset forces. However, beyond N = 3,
the curves are quite close to each other. Therefore, when dynamics of a
freight wagon in a train is studied, placing it in the middle of a three-wagon
train is sufficient to account for the constraint effects.

Approaches with 3D small train simulations can also be seen in Ref.
[45] where the small train is coupled with longer 1D trains. The actual
in-train forces from 1D simulations are applied to the 3D model. They
showed about 7% to 8% increase in wheel-rail lateral forces and derailment
coefficients when a three-wagon train was simulated along a circular curve
of radius 300 m compared to a single wagon. This was due to the presence
of additional lateral force from coupler compression and rotation.

The three-wagon train therefore presents a balanced compromise when
the lateral components of the coupler forces are not modelled in the 1D
formulation.

3.4 Heterogeneities

In the previous sub-sections different approaches to modelling longitudinal
train dynamics were studied. From the perspective of building simulation
cases however, a key feature making it difficult to study LTD is the complex
parameter space. Long freight trains can vastly differ from each other in
terms of their construction, and sometimes also be a combination of two
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Figure 3.5: Heterogeneities in a long freight train operation and simulation
approaches to model the same for simulation

dissimilar smaller trains. For example, an iron-ore train has a vastly dif-
ferent load distribution along the train (and hence the accompanying trac-
tion/braking requirements) as compared to a similarly long train composed
of long and flat intermodal freight wagons. Further, within a single train
there can be variations in wagon dimensions, brake systems & block ma-
terials, loading, buffer types, etc – each bringing their respective influence
on train dynamics. Further, depending on the route of operation, a long
freight train could also be subjected to different lateral/vertical forces.

Prior studies on the variation of parameters have been conducted for
freight train operations in the EU. Jobstfinke’s thesis work [46] exclusively
dealt with the subject where he incorporates sensitivity analyses of param-
eters to predict running safety for statistically significant operational cases.
Using global sensitivity analysis, he studied several thousand train configu-
rations to identify parameters that affect train dynamics. For instance, he
identified mass distributions along the train and braking systems to be par-
ticularly important. Cantone et al. [47, 48, 30] conducted a similar study.

Using the experience from such previous studies, work done in the DY-
NAFREIGHT project [49] had sought to study the effect of different pa-
rameters – referred to as heterogeneities on train dynamics to facilitate
semi-autonomous operations. Along with the identification of major het-
erogeneities influencing a long freight train operation, they were also classi-
fied into three broad categories as depicted in Figure 3.5. They pertain to
heterogeneities associated with

� Vehicle characteristics and payload
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CHAPTER 3. DYNAMICS OF LONG FREIGHT TRAINS

� Track routes

� Operational choices

This depicts the influence of various stakeholders on the train dynamics
of a long freight train operation. Train dynamics is influenced by the de-
cisions of infrastructure owners at bottlenecks such as tight S-curves, by
vehicle manufacturers when subjected to high inter-vehicle forces, and by
the train operator depending on train length. Each variation would intro-
duce a new train operation with a different dynamic behaviour. The studies
demonstrated that it was almost impossible to run train simulations for each
variation since it resulted in a very large number of combinations as Ref.
[46] reports.

Identifying a suitable approach

With a wide-array of heterogeneity combinations making up a train oper-
ation, sensitivity analysis of each heterogeneity requires the selection of a
suitable simulation approach. This is depicted in Figure 3.5. For instance,
the influence of locomotive positions on LTD is best studied in a 1D LTS
approach as described in section 3.2. The influence of track curvature how-
ever requires a 3D small train approach. There could be overlap between
simulation approaches as well. For instance, the influence of wagon loading
affects both the overall long train dynamics and individual vehicle dynam-
ics. Identifying suitable approaches to study heterogeneities helps reduce
the time required to simulate long train dynamics with reasonable attention
to detail.

3.5 Key takeaways

The key takeaways from the study presented in this chapter within the
context of this thesis work are as follows:

� Modelling of train-track interaction: From the overview on long freight
train dynamics, an integrated numerical framework that combines
both 1D and 3D multi-body simulations has been proposed.

� Identification of different classes of heterogeneities and devising a
method to study their influence on vehicle dynamics. This is covered
in Paper C and F

� Using a 3D small train approach to obtain permissible limits of in-train
forces in sharp curves to evaluate safety of a long train operation. This
is done by comparing the limits with in-train forces obtained from 1D
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LTS for different operational cases. This is described by the author
in Paper A and C of this thesis.

� Modelling train dynamics by including lateral coupler forces in 1D LTS
and applying the generated in-train forces on a single wagon in 3D
MBS. This can be done iteratively to simulate the evolving wheel-rail
contact while considering the influence of longitudinal train dynamics.
This can be implemented in parallel for multiple wagons situated at
different positions – making it a ‘train-track interaction’ approach.
This is described by the author in Paper F of this thesis.
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Chapter 4

Wheel-rail contact

Contact mechanics comprise a part of the larger solid mechanics field that
models deformations and stresses occurring due to contact between two
bodies. The mathematical modelling of the phenomenon is used in sev-
eral applications such as wheel-rail contact problems, bearing dynamics,
gears, etc. From the perspective of evaluating track-friendliness of vehi-
cle designs, stress and deformation distributions on the wheel-rail contact
area are required to evaluate rail surface damage arising out of wheel-rail
dynamic loading. An overview of the fundamental theories in contact me-
chanics used in the modelling of wheel-rail contact is given in this chapter.
Frequently used notations are described in Table 4.1.

Table 4.1: Frequently used notations and their descriptions for this chapter

Notation Description

x,y,z Longitudinal, lateral and vertical directions
ui Deformation along ‘i’ direction
p Normal pressure distribution
q Tangential pressure distribution
υx, υy & φ Longitudinal, lateral and spin creepages
a, b Semi-major and semi-minor axes of Hertzian contact area
E Young’s modulus of elasticity
G Shear modulus of elasticity
ν Poisson’s ratio
si slip in ‘i’ direction
V Rolling velocity along the running direction
µ Coulomb’s coefficient of friction
R Radius
C11...C33 Kalker’s coefficients from linear theory
Li Kalker’s flexibility parameter along ‘i’ direction
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xX-Y X-Y
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Body 1

Body 2

∞

∞

Figure 4.1: Visualizing the general contact problem

4.1 Simplifying assumptions

The wheel-rail contact problem forms a special subset in contact mechanics-
based formulations, allowing for some specific assumptions to be made. For
the theories and models described in this chapter taken mainly from Ref.
[50, 51], the following assumptions are held throughout unless explicitly
stated otherwise. They are visualized in Figure 4.1.

� Non-conformal contact : The contacting bodies do not have conform-
ing surfaces. When brought into contact without deformation, they
tend to either touch at a point (point contact) or along a line (line
contact). An outcome of this assumption is that the contact area will
typically be small w.r.t body dimensions and not influenced by the
shape of bodies at a distance from contact area.

� Elastic half space: The dimensions of contact patch are small as com-
pared to the dimensions of contacting bodies themselves. Also, the
materials are regarded to be linear-elastic within the range of strain
developed during contact.

� Quasi-identity : There exists elastic symmetry between contacting
bodies. For e.g., Steel on steel contact. This ensures that defor-
mations due to normal force along the contacting plane (X-Y plane in
Figure 4.1) are symmetrical for both bodies. This will mean that any
relative difference in deformations on this plane will strictly be only
due to the presence of a tangential force component. This also helps us
consider normal and tangential loading on the contact independently,
as will be done here-on.
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4.2. NORMAL CONTACT

� Smooth surface: Surfaces are regarded as smooth profiles to avoid
localized stress concentrations due to asperities or roughness.

� Coulomb’s friction variation: The friction on the surface is uniform
and based on Coloumb’s law.

� Material isotropy : The elastic properties of the material are uniform
in all directions.

The assumptions listed above don’t hold for all cases of wheel-rail inter-
action. In case of severe rolling contact fatigue for instance, the linear-
elastic assumption at the contacting surface will not hold anymore due to
severe plastic deformation. Also, real wheel-rail interaction will often see
the presence of third bodies in the form of asperities and lubrication (if
applied). This will mean that Couloumb’s law of friction might not hold
there. Therefore, it is important to keep in mind these assumptions while
modelling wheel-rail contact.

4.2 Normal contact

The quasi-identity assumption listed in the previous sub-section allows us
to study the normal contact problem independently. The first step is to esti-
mate the normal pressure distribution on contact area between two bodies.

4.2.1 Boundary conditions

Let us assume two bodies with their shapes defined by functions z1(x, y)
and z2(x, y) approaching each other as depicted in Figure 4.2. The centres
of bodies are assumed to press them against each other causing deforma-
tions, given by uz1 and uz2. δ denotes the penetration length, i.e, the total
length traversed by both body centres from the point of initial contact. The
distance between deformed surfaces h(x,y) can therefore be expressed as

h(x, y) = z(x, y)− δ + uz(x, y), (4.1)

where z = |z1|+ |z2| and uz = |uz1|+ |uz2|. Using the distance function in
equation 4.1, boundary condition for defining ‘contact’ is given as

h(x, y) = 0, p(x, y) > 0, (4.2)

and for defining ‘lack of contact’ as

h(x, y) > 0, p(x, y) = 0, (4.3)

with p(x, y) indicating normal pressure distribution.
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Figure 4.2: Normal contact with deformation on approach. [52]

4.2.2 Hertz theory

Profiles of a smooth surface on a macro scale can be modelled as continuous
up to the their second derivative in the contact region. After choosing a
suitable set of x & y axes, it can be described as a second order polynomial
with coefficients defining their curvature – A and B as

zi = Aix
2 +Biy

2; i = 1, 2. (4.4)

Considering the curvature of bodies 1 & 2 in equation 4.4 and calculating
the separation between bodies we get

z = Ax2 +By2, (4.5)

for

A =
1

2

(
1

R1y
+

1

R2y

)
, (4.6a)

B =
1

2

(
1

R1x
+

1

R2x

)
, (4.6b)

where Rij for i ∈ 1, 2 and j ∈ x, y denote radii of curvature of the con-
tacting bodies along the respective axes. Hertz [53] recognized that a semi-
ellipsoidal pressure distribution over an elliptical area with semi axes a and
b satisfied the boundary conditions given by equation 4.2 such that the
pressure distribution p takes the form

p(x, y) = p0

√
1−

(x
a

)2

−
(y
b

)2

, (4.7)

where the maximum pressure on the contact area p0 for normal load N is
given by

p0 =
3N

2πab
. (4.8)
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a and b, that define the shape of elliptical contact area dependent on geom-
etry and material properties of contacting bodies. Using an intermediate
parameter Θ to represent the geometry of bodies such that

Θ = cos−1

(
|A−B|
A+B

)
(4.9)

can be used in pre-calculated look up tables given in Ref. [54] to determine
Hertzian coefficients m, n and r to find a, b and deformation δ as

a = m

(
3

2
· N
E
· (1− ν2)

A+B

) 1
3

, (4.10a)

b = n

(
3

2
· N
E
· (1− ν2)

A+B

) 1
3

, (4.10b)

δ = r

((
3

2
· N(1− ν2)

E

)2

(A+B)

) 1
3

. (4.10c)

The equations above consider both bodies to be quasi-identical with E1 =
E2. It can be seen from equations 4.7, 4.8 and 4.10 that Hertz offers a
closed-form solution to the normal contact problem, given that values of m
and n are determined by interpolation from a look-up table. For a given
set of contacting body geometries and normal load, the contact area and
normal pressure distribution on it can now be determined.

4.3 Rolling contact problem

Before solving for tangential contact, it is essential to define the ‘rolling
contact’ scenario that influences tangential stress and deformation. Chapter
2 had described the fundamental concepts regarding creepages and creep
forces generated as a result of vehicle dynamics. The implications of the
same on the contact area formed between two bodies will be studied. Slip
is defined as the relative velocity of matching points on contacting bodies
(Figure 4.3(b)) upon their initial approach (Figure 4.3(a)). The general slip
equation is given as

s = c− ∂u

∂x
v +

∂u

∂t
, (4.11)

where the first, second and third terms represent the effect of relative veloc-
ity, surface deformations of bodies and transient deformations respectively.
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(c)

contact area slip stick

(a) (b)

Figure 4.3: Rolling contact: (a) Initially at rest (b) Micro-slip during rolling-
sliding motion (c) Stick and slip zones in a contact patch for various values of
longitudinal creepages [52]

If we assume steady state rolling, the third term becomes zero. Upon nor-
malizing with rolling velocity V and writing the expression above for x and
y degrees of freedom gives

sx
V

= υx − φy −
∂ux
∂x

, (4.12a)

sy
V

= υy + φx− ∂uy
∂x

, (4.12b)

where x corresponds to the direction of rolling.
When a wheel rolls on a rail, the points on wheel that enter the contact

area initially have zero traction on the leading edge as seen in Figure 4.3(b).
As they move along the area towards the trailing edge however, shear stress
builds up and causes elastic deformation. The deformation will counter-act
the relative motion between wheel and rail. In this region therefore, the
overall slip is zero and the corresponding points on wheel and rail stick to
each other to form the ‘stick’ zone. As the shear stress grows along the
x -direction, at one point the traction reaches the limit value due to friction
as given by Couloumb’s law. Beyond this point, the elastic deformation is
no longer capable of limiting the relative motion between wheel and rail,
causing the points to ‘slip’, forming the slip zone. The distribution between
stick and slip zones is determined by creepages. Figure 4.4 illustrates the
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Figure 4.4: A typical creep force-creepage relationship and the corresponding
variation of zones on wheel-rail contact patch

same for variation in longitudinal creepages. The stick zone is defined for

s = 0, |q| ≤ µp, (4.13)

and the slip zone is defined for

|s| > 0, |q| = − s

|s|
µp. (4.14)

Elastic deformation u is calculated for the stick zone by comparing equa-
tions 4.13 & 4.12. Using elastic theories, the corresponding tangential stress
distribution can be calculated from deformation. The tangential stress in
the slip region on the other hand is already known since it is limited by
Coulomb’s friction coefficient.

4.4 Tangential contact

With the rolling contact explained in the previous section, the next step is
to determine the shapes and distributions of stick and slip zones. Different
theories have been put forward in this regard.

4.4.1 Carter’s theory

One of the earliest theories was put forward by Carter [55] in his work of
modelling the relationship between creep forces and creepages. He had as-
sumed wheel and rail profiles to be two cylinders with parallel axes and
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the contact patch to be a uniform strip as depicted by Figure 4.5a. Ef-
fectively, he was able to reduce it to a 2D problem while assuming planar
strain. Carter assumed a counter-acting elliptic traction distribution from
the traction bound to form the tangential stress distribution on stick zone.
Therefore the tangential stress distribution becomes

q(x) = q′(x) + q′′(x), (4.15)

where q′(x) gives the tangential stress for full slip assuming a Hertzian
normal pressure distribution and Coulomb friction as

q′(x) =⇒ µp = µp0

√
1−

(x
a

)2

, (4.16)

and q′′(x) is the counter-acting smaller elliptical traction bound given by

q′′(x) = −d
a
µp0

√
1−

(
x+ (a− d)

a

)2

, (4.17)

where the half-length d of the smaller ‘stick area’ ellipse and the longitudinal
creepage υx are given by

d = a

√
1− Q

µN
, (4.18a)

υx =
µa

R

(
1−

√
1− Q

µN

)
, (4.18b)

where 1/R = 1/Rw + 1/Rr is the relative curvature of wheel and the rail
cylinders.

4.4.2 Kalker’s linear theory

Kalker’s linear theory for Hertzian contact [51] states that at vanishingly
small creepages, creep forces are linear to creepages. Therefore it is known as
the ‘no-slip’ theory. Although this rarely applies to wheel-rail interaction,
it is nevertheless important since the following Kalker’s simplified linear
theory is built on this. According to Kalker, for very small creepages that
satisfy the criterion

|υ|+ |φ/1000| . 0.002, (4.19)

creep forces and spin moment are given by

Fx = −C11Gc
2υx, (4.20a)
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(a) (b)

Figure 4.5: Depiction of tangential stress distribution (a) Carter’s theory for
cylinders in parallel axes (b) Strip theory [52]

Fy = −C22Gc
2υy − C23Gc

3φ, (4.20b)

Mz = −C23Gc
3υy − C33Gc

4φ, (4.20c)

where C11−33 are Kalker’s coefficients and G denotes shear modulus of
elasticity. In this theory, Kalker discarded the friction law and coefficient.
This meant that creep force begins from zero at the leading edge and grows
boundlessly till the trailing edge.

4.4.3 Strip theory

Carter’s theory was extended from its two-dimensional form to a three-
dimensional formulation with two spheres rotating about parallel axes in-
stead as depicted in Figure 4.5b by Ref. [56]. Analogous to the rectangular
strip of width a seen in Figure 4.5a for Carter’s formulation, the elliptical
contact patch is visualized as an array of rectangular strips with varying
widths a(y) given as

a(y) = a0

√
1−

(
y

b0

)2

− b0 ≤ y ≤ b0. (4.21)

Kalker [57] extended the strip theory by considering lateral creepage and
spin to give tangential stress distributions for a limited range of spin (< 1)
in the stick zone

qx(x, y) =
µp0

a0

(
κk
√
a2(y)− x2 − κ′k

√
(a(y)− d(y))2 − (x− d(y))2

)
,

(4.22a)
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qy(x, y) =
µp0

a0

(
λk
√
a2(y)− x2 − λ′k

√
(a(y)− d(y))2 − (x− d(y))2

)
,

(4.22b)
in strips for partial slip

qx(x, y) =
µp0

a0

ξ̄
(
−η̄ψ +

√
η̄2 + (1− ψ2)ξ̄2

)
η̄2 + ξ̄2

√
a(y)2 − x2, (4.23a)

qy(x, y) =
µp0

a0

(
ξ̄2ψ + η̄

√
η̄2 + (1− ψ2)ξ̄2

)
η̄2 + ξ̄2

√
a(y)2 − x2, (4.23b)

and in strips for full slip

qx(x, y) =
µp0

a0

ξ̄(
η̄

1−ν

)2

+ ξ̄2

√
a(y)2 − x2, (4.24a)

qy(x, y) =
µp0

a0

η
1−ν(

η
1−ν

)2

+ ξ2

√
a(y)2 − x2, (4.24b)

where κk, κ
′
k, λk, λ

′
k are dimensionless terms that depend on creepages while

ξ̄, η̄ and ψ are normalized creepages. Expansion of these terms can be found
in Ref. [58, 52].

4.4.4 Kalker’s simplified theory

Kalker’s simplified theory is built based on the Winkler elastic foundation
approach [51]. While he relies on the more complete solution for solving
normal contact as described in section 4.2.2, he uses the elastic bed approx-
imation to solve the tangential contact problem. Based on this, each mate-
rial point is assumed to deform independently of its neighbouring points. A
simple linear relationship between deformation and traction at each material
point is assumed such that

u = Lτ, (4.25)

where u = (ux, uy, uz) are deformation vectors, τ = (qx, qy, p) are surface
tractions and L is the flexibility parameter. This is analogous to the inverse
of stiffness in Hooke’s law. The main step in this theory is calculation of
the flexibility parameter. Unlike the elliptical Hertzian traction bound, this
gives rise to a parabolic traction (for tangential stress estimation) instead.
Using the coefficients from Kalker’s linear theory in the previous subsection
in equations 4.20, the flexibility parameters were calculated as

Lx =
8a

3GC11
, (4.26a)
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Figure 4.6: Traction distribution for pure longitudinal creepage in the simplified
theory

Ly =
8a

3GC22
, (4.26b)

Lφ =
πa2

4GcC23
. (4.26c)

Kalker also proposed a single flexibility parameter L based on the above,
weighted by creepages and given by

L =
Lx|υx|+ Ly|υy|+ Lφ|φ|

√
ab√

υ2
x + υ2

y + abφ2
. (4.27)

Analogous to the strip-wise evaluation of tangential stress distribution seen
in Strip theory, Kalker gave expressions for tangential stress distributions
for the stick area as

qx =
1

L
(υx(x− a(y))− φ(x− a(y))y) , (4.28a)

qy =
1

L

(
υy(x− a(y)) + φ

x2 − a(y)2

2
y

)
. (4.28b)

Meanwhile, upon entering the sliding area, the stresses are adjusted to be
within the parabolic traction bound to satisfy√

qx(x, y)2 + qy(x, y)2

p(x, y)
≤ µ. (4.29)

The parabolic traction bound combined with Coulomb’s friction µ and the
adjusted normal stress at the slip zone then becomes

g = µp′(x, y) = µ

(
2N

πab

)(
1−

(x
a

)2

−
(y
b

)2
)
. (4.30)
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Figure 4.7: Example of tangential stress distribution calculated by FASTSIM
for a combination of longitudinal, lateral and spin creepages

4.4.5 Algorithms for implementation with MBS

Some algorithms used to implement tangential contact models along with
multi-body simulations are described.

FASTSIM

Kalker’s simplified theory gives an analytical solution for cases with zero
spin (φ) as seen in equation 4.28. However in the presence of spin, FAST-
SIM [51] provides a numerical solution. The contact patch is divided into
strips along the rolling direction and further discretized into tiny rectangu-
lar elements. The shear stress for the nth element on each strip starting
from the leading edge is given as

qn+1
x = qnx −

(
υx
Lx
− φy

Lφ

)
dx, (4.31a)

qn+1
y = qny −

(
υy
Ly
− φx

Lφ

)
dx. (4.31b)

In case of slip where the total tangential stress qt given by

qt =
√
qx(x, y)2 + qy(x, y)2, (4.32)

exceeds the traction bound g given by equation 4.30, the tangential stresses
qx and qy are reduced as

qn+1
x = qn+1

x · g
qt
, (4.33a)
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qn+1
y = qn+1

y · g
qt
. (4.33b)

Figure 4.7 depicts the tangential stress distribution calculated using FAST-
SIM for a combination of creepages with the stick and slip regions marked
respectively.

FaStrip

More recently, to counter the precision loss occurring in FASTSIM due to
the assumption of parabolic traction bound as in equation 4.30, Sichani
[59] proposed a significantly improved novel algorithm that was just as fast
computationally. This was built using the properties of FASTSIM and Strip
theory and therefore named ‘FaStrip’. While it uses the FASTSIM algorithm
to estimate stress direction (

qx,y

qt
), it uses the Strip theory to calculate the

magnitude of stresses (qx, qy). This essentially combines the more accurate
elliptical traction bound of Strip theory with the spin-modelling capabilities
of FASTSIM. Details on the development of this algorithm can be found in
Sichani’s doctoral thesis [52].

4.5 Key takeaways

The key takeaways from the study presented in this chapter within the
context of this thesis work are as follows:

� Modelling of wheel-rail contact response: This chapter explained the
various theories that went behind modelling wheel-rail contact. For
the stated list of assumptions and use-cases, normal and tangential
stress distributions, deformations and relative motion at the contact
patch can be estimated. These will act as primary inputs to the
modelling of rail surface damage described in the following chapter.
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Chapter 5

Rail surface damage

Rail Surface Damage (RSD) is a central theme of this thesis work. There are
different forms of rail surface deterioration, mainly arising due to the pas-
sage of heavy vehicles over time. From the perspective of this thesis work,
two common mechanisms, rail lateral wear and surface-initiated cracks due
to rolling contact fatigue (RCF) have been given prominence. They change
the shape of rails and act as key drivers of maintenance actions over cumu-
lative tonnage passing. The study of rail surface damage requires a multi-
disciplinary approach. From a tribological standpoint, wheel-rail contact
and the surrounding environment is a complex problem with wear occur-
ring due to different loading, slip and lubrication conditions. From a solid
mechanics standpoint, cyclic loading of wheels on rails with the underlying
surface and sub-surface stresses present a compelling problem on fatigue
crack initiation and propagation. The modelling of these damage mecha-
nisms have been studied extensively in literature. The contact stress distri-
butions and the relative kinematics at the wheel-rail interface described in
the previous chapter are crucial inputs to the methodologies described to
quantify rail surface damage. This chapter gives an overview of the same.

5.1 On-track observations

Many on-track investigations have been conducted on rail surface damage
independently across several networks in the world [60, 61, 62, 63, 64, 65].
They help to identify different types of damage and document their oc-
currence, helping infrastructure managers to devise suitable maintenance
actions. Different forms of rail defects (including both surface and sub-
surface) have been well documented in the UIC standard [66]. Observations
regarding wear and RCF are presented here. Figure 5.1a depicts an example
of lateral wear commonly observed on rail surfaces [66]. Lateral wear espe-
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(a) (b)

Figure 5.1: Different forms of rail defects: (a) Lateral wear (b) Cracks on surface
due to rolling contact fatigue (Headchecks) [66]

cially noticed on high rails of curved sections results from stresses caused by
rolling stock. The progression of this defect largely depends on the quality
of rail lubrication. It can cause excessive gauge widening and likely cause
breakage through weakening of the profile if left unmitigated. They are usu-
ally diagnosed with visual observation and by measurement of wear depths.
Abnormal levels of lateral wear can result in the removal of rails.

Figure 5.1b depicts headchecks that develop on rails. They show up
generally at the gauge corner of high rails in curves. They look like small,
parallel fissures regularly spaced or not, along the track. The distance
between fissures varies according to local conditions and rail steel grades,
varying between 1 mm to several cms. They are detected using visual in-
spection and ultrasonic testing on rail surfaces. Documentation of affected
depths on the rail surface due to wear or RCF form an important feature
in most of the measurement exercises. An example of the same for differ-
ent rail materials on a selected curve section on the German rail network
[67] for over 105 Mega Gross Tonnage (MGT) passage is depicted in Figure
5.2. The different damage modes sometimes also interfere with each other,
contributing to the overall accumulation of rail surface damage. By evalu-
ating the severity of damage levels, activities that need to be undertaken for
prolonging track life are determined, which is explained further in Chapter
6.
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Figure 5.2: Rail surface damage measurements example from the German rail-
way network [67]

5.2 Modelling wear

This section describes wear on rails and the methods used to predict the
same. The wheel-rail contact position determines wear accumulation on
surfaces. It tends to be higher along curves especially on the outer (high)
rails where sliding contact occurs near the gauge corner while it is consid-
erably lower on straight tracks where rolling contact with very little sliding
occurs. Many mechanisms contribute to wear. Some of them include:

� Oxidative wear occurs for mild contact conditions where under the
influence of oxygen and water, oxides form on the surface which even-
tually break away in the wheel-rail contact.

� Adhesive wear occurs when high adhesion forces result in high shear
on the material. This can result in detachment of flakes from the
weak material’s surface. The surface often looks smooth in the case
of adhesive wear.

� Abrasive wear occurs when a hard surface cuts the material off a soft
surface. The surface typically looks rough when abrasive wear takes
place.
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� Fatigue wear occurs as a consequence of repeated loading and un-
loading. Cracks initiate either on the surface or below. They then
propagate at an angle to the surface plane as recorded by Ref. [64].
For very low angles, the cracks propagate almost parallel to the sur-
face, eventually reaching above again. Sometimes this is classified as
wear as in Ref. [68].

Commonly, field and laboratory measurements are performed to model
wear. They also help consider the presence of third-body particles such as
asperities and lubrication [69]. Typically two major approaches are found
in literature that model wear empirically. They either consider the energy
dissipated on the contact patch or the sliding distance (s) to model the rate
of material removal on the surface. Some of the models that have been used
in literature to model wear at wheel-rail contact are described briefly in this
section.

5.2.1 Energy dissipation-based models

The methods listed below consider the energy dissipated at the contact
patch to calculate material removal by wear. Energy dissipation-based
models combine longitudinal and lateral creep forces (Fx and Fy) with the
corresponding creepages (υx and υy) from MBS calculations as previously
described in section 2.2 to calculate the wear number given by

F̄ ῡ = Fxυx + Fyυy. (5.1)

Different models are then developed by the means of empirical fitting of
functions based on F̄ .ῡ. Pearce & Sherratt [70] had developed a method
that calculates the area worn (Aw) per rolled kilometer for wheels as a
function of energy dissipation given for different wear regimes by

F̄ ῡ < 100N =⇒ Aw =
F̄ ῡ

4D
(Mild regime), (5.2a)

100 ≤ F̄ ῡ < 200N =⇒ Aw =
25

D
(Transition regime), (5.2b)

F̄ ῡ ≥ 200N =⇒ Aw =
1.19F̄ ῡ − 150

D
(Severe regime), (5.2c)

where D is the wheel diameter. McEven & Harvey [71] proposed another
linear model with constants k and K by conducting tests on a full scale
wheel-on-rail rig that considered energy dissipated per unit area of the con-
tact patch, commonly referred to as the wear number. It is given by

W = k
Ē

A
+K, (5.3)
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where Ē is the energy dissipated per rolling distance. Kraus & Poll pos-
tulated that the volume of material removed is proportional to frictional
work, given by

∆V =
IWG

ρ
WR, (5.4a)

where ρ refers to material density while frictional work WR is described as

WR = ĒS, (5.4b)

where S is the sliding distance and Iw is the proportionality constant which
depends on environmental conditions such as humidity in addition to ma-
terial properties.

Other variations of the linear relation between wear and energy dissipa-
tion have also been reported as seen in Ref. [72].

5.2.2 Sliding-based models

Sliding-based models postulate that the volume of material removed due
to wear is proportional to normal force (N) and sliding distance (s), and
inversely proportional to hardness of the softer material (H). Assigning a
proportionality constant ki, ‘wear coefficient’, Archard’s wear model [73]
gives the expression

Vwear = ki
sN

H
. (5.5)

Work done in Ref. [74] expanded this model by discretizing the contact
area into multiple elements. By replacing normal force with the product
of pressure p and element area ∆x∆y, the wear depth ∆z instead of worn
volume Vwear can be written as

∆z = ki
sp

H
. (5.6)

An important implication of Archard’s wear model described above is that
wear does not exist in the adhesion zone since sliding distance s = 0. The
depth lost due to each wheel’s passage over the rails is calculated and added
along the longitudinal direction.

Wear coefficients

The wear coefficient ki for a given material in itself does not remain con-
stant in the nominal range of loading. The coefficients will change w.r.t the
regime of wear, impacting the rate of material removal. Extensive labora-
tory testing in Ref. [75] presented the ‘wear mechanisms map’, plotted as
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Figure 5.3: Wear mechanisms maps (a) General map for low carbon steel [75]
(b) Rail-specific map

a function of sliding velocity and nominal pressure. The wear map for low
carbon steel used in bearings obtained using pin on disk testing method is
depicted as an example in Figure 5.3a. In rail applications, the operating
region tends to be within lower sliding velocities, generally consisting of
three wear regimes– mild, severe and intermediate. Olofsson & Telliskivi
[76] investigated the rail profile evolution of commuter lines, resulting in a
simplified wear map specific to rail applications – depicted in Figure 5.3b.
This map is representative of dry conditions.

In addition to loading and the relative kinematic behaviour, wear coeffi-
cients and the resulting maps are highly sensitive to environmental variables
such as humidity, precipitation, etc. This also includes artificial means such
as lubrication, used for friction management. This means that they need
to be adjusted according to the network. For lubricated rail surfaces, in-
vestigations carried out in Ref. [74] suggest the need to reduce coefficients
obtained in Figure 5.3b by a factor of six. Also, significant deviations have
been observed for wear coefficients derived from varying forms of testing.
Work done in Ref. [77] showed that full-scale field-testing on rails resulted
in lower wear coefficients by a factor of 4, compared to dry conditions in
laboratory using pin-disc testing. This points out the effect of natural lubri-
cation. To summarize, wear coefficients are very sensitive to various aspects
and need to be chosen carefully while calculating rail surface damage.
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5.3 Modelling rolling contact fatigue

Rail surface damage caused by Rolling Contact Fatigue (RCF) is a major
problem faced by several railway networks across the world with increasing
operational requirements such as heavier axle loads, higher line capacities
and vehicle running speeds. Management of RCF has only been getting
more important to guarantee safety while being economically feasible. The
study of RCF has assumed even more importance in recent times since its
mitigation is driving a lot of track maintenance [60] and wheel-reprofiling
[78] activities. There are several studies that model the formation of sur-
face cracks on rails. Considering that the physics behind the development
of headchecks is complex and still very much a topic of research, various
models have been developed. They often employ multi-body simulations
of railway vehicles to obtain dynamic wheel-rail loads and kinematics mod-
elled as described in chapter 4 for various running conditions. However, the
treatment of results coming from MBS varies significantly amongst the ap-
proaches when it comes to quantifying RCF initiation in wheel-rail contact.
The modelling principles behind different approaches are elaborated in this
section.
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System vs Damage model complexity : A major factor to be con-
sidered when studying different approaches is feasibility w.r.t. the scale
of calculation. Damage quantification should be fast and preferably rely
on simple analytical solutions when done for a large number of load cy-
cles. With increasing wheel-rail system complexity in the form of various
factors to consider (such as vehicle suspensions, wheel profiles, curve radii,
friction levels, etc.), it becomes unfeasible to use very detailed models to
quantify RCF damage due to the associated long calculation times. At
the same time, the use of a simpler model for a relatively small parameter
space over-generalizes the wheel-rail contact problem by neglecting specific
phenomena at play (e.g., partial slip) and therefore might not be accurate
enough. This is particularly relevant when studying RCF models because of
the differing physical phenomena they are modelled on. Figure 5.4 depicts
system complexity and complexity of the damage model marked by X- and
Y- axes respectively, and the conflict arising due to calculation constraints –
depicted qualitatively by the dotted line. Some RCF modelling approaches
are also depicted on the plot. More complex methods involving Finite Ele-
ment Methods (FEM) and fracture mechanics can also be used but do not
fall under purview of this thesis since they do not have an analytical solu-
tion and the ensuing calculation times make them unsuitable to be used in
tandem with iterative MBS calculations.

T [J/m]

D
am

ag
e 

pe
r

cy
cl

e 
[1

/N
]

Damage function

0 100 200 300 400 500

(a) (b)

10-5

-3

-2

-1

0

1

Figure 5.5: Energy dissipation-based models (a) Global approach- Whole Life
Rail Model (WLRM) [79]; (b) Local approach- Energy Index (EI)
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5.3.1 Energy dissipation-based models

Analogous to the approaches seen for wear in section 5.2.1, energy dissipation-
based models exist to quantify RCF. The Whole Life Rail Model (WLRM)
proposed by Ref. [79] is an example of a simple ‘global’ approach where the
overall contact energy dissipation is determined directly from MBS results
(given by equation 5.1), and fit in a damage function as given in Figure
5.5a to determine damage increment (∆Di) per loading cycle for the whole
contact patch as

∆Di = f(F̄ ῡ). (5.7)

In addition to modelling damage increment due to RCF as seen in lower
F̄ ῡ values, this model also considers the effect of wear on RCF, denoted by
the function’s negative slope after 65 J/m. This implies that the damage
increment incurred by contact patches due to RCF for F̄ ῡ beyond 65 J/m
will start getting offset due to wear. In other words, at higher energy dissi-
pation values, damage due to wear starts removing the cracks due to RCF.
The effect is such that at much higher values (>175 J/m), wear completely
removes the cracks initiated due to RCF.

This function was originally developed for rails by calibration based on
track measurements. Later, similar energy dissipation-based functions were
also developed to predict RCF on wheels [80]. Overall, the ‘global’ energy
dissipation-based models give a simple way to quantify rail RCF by directly
giving the damage increment per loading cycle and are therefore used in
system-wide holistic frameworks such as the Universal Cost Model given by
Ref. [27] and the track access pricing calculator used by Network Rail [26]
as seen previously in section 2.2. One of the disadvantages, however, is that
it needs to be re-calibrated with each application. Normal pressures that
affect the formation of cracks have not been considered explicitly. Also, as
the expression 5.1 suggests, the spin creep is not accounted – which can
affect crack formation on the gauge region.

Energy Index (EImax): By going more detailed into the wheel-rail con-
tact patch, energy dissipation can be calculated for each element, making
it possible to consider spin creep as Ref. [61] shows. This results in a more
‘local’ approach where the forces in equation 5.1 are replaced by local shear
stresses (τzx and τzy) to give the following expression for Energy index EI
as

EI(x, y) = τzx(x, y)(γx − φy) + τzy(x, y)(γy + φx). (5.8)

The Energy Index on an exemplary contact patch is depicted in Figure
5.5. The threshold for EI is taken as 15 J/m, that depicts the minimum
wear number at which a positive damage increment ∆D was observed in the
‘global’ approach. While EI is locally calculated for each element, the global
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minimum value applies to all elements. The ‘local’ approach offsets some
disadvantages of the ‘global’ method even though the calculated threshold
doesn’t account for the effect of spin. The maximum value EImax is inserted
in an exponential law to model crack initiation, with coefficients (α′ and β′)
calibrated with track measurements reported in Ref. [61].

Variable amplitude loading across different loading cycles: Under
operational conditions, the load magnitude varies between wheel passages
because of different contact conditions (different wheel/rail shapes, speed
and friction). The Palmgren–Miner rule is therefore applied to account for
variable amplitude loading. The fatigue damage equation for N loading
cycles becomes

∆D =
N∑
i=1

1

α′(EImax)β′
(5.9)
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Figure 5.6: Stress-based models: (a) Global approach- Shakedown diagram used
in the surface fatigue index model [81] (b) Local approach- Stress Index used in
the KTH method [61]

5.3.2 Stress-based models

Models in this section are based on the Shakedown theory in rolling con-
tact put forward in Ref. [82]. Johnson’s theory is based on the ratcheting
phenomenon on the surface of a material. Ratcheting is a phenomenon
in which the material when subjected to cyclic loading undergoes a cyclic
‘creep’ deformation which is small, and with slow plastic deformation. It
does not always occur in conditions where the loading is above the yield
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limit of the material. After the first few cycles, the material gets hard-
ened and with the help of residual stresses the response of the material
becomes elastic. This behaviour of the material is called ‘Shakedown’ since
the material ‘shakes’ down to a lower state of deformation. According to
Johnson, assuming steady-state rolling, plane strain and under the pres-
ence of residual stresses, the material under cyclic loading ratchets if and
only if surface shear stresses exceed the material shear strength. Therefore,
they require the estimation of stresses on the contact surface to quantify
RCF. The Shakedown diagram (see figure 5.6a) is a common tool used to
detect RCF in railway applications [81]. It depicts the operating region for
materials subjected to cyclic loading for a specified load distribution.

The fundamental concepts associated with material response under cyclic
loading on rolling contacts, and shakedown diagrams are elaborated in Ref.
[82]. This subsection lists models from literature that apply this theory to
model surface-initiated cracks due to RCF.

Surface Fatigue index (FIsurf)

Ekberg et al. [83] put forward an engineering tool as a fast and reasonably
accurate way to identify load levels corresponding to ratcheting and Low
Cycle Fatigue (LCF) in rolling contact by using shakedown diagrams. It
identified a working point WP on the shakedown diagram for a given contact
load as depicted by Figure 5.6a and quantified RCF with ‘Surface fatigue
index’ (FI surf). It consists of two terms. The first quantity λ corresponds to
normalized vertical load w.r.t the material strength. It is calculated using
the vertical load Fz and contact dimensions (a, b) to evaluate maximum
Hertzian contact pressure which is then normalized by the yield stress in
shear, k as

λ =
p0

k
=⇒ 3Fz

2πabk
, (5.10a)

and the second term corresponds to the utilized friction coefficient µ. For
full-slip assumptions, this is given by the quotient between lateral and ver-
tical loads as

µ =
Flat
Fz

=

√
F 2
x + F 2

y

Fz
. (5.10b)

Using the normalized vertical load λ and utilized friction coefficient µ, a
measure of surface fatigue impact is taken as the shortest distance between
the boundary curve, BC in Figure 5.6a and the current work point, WP.
This distance is defined as positive if the work point is to the right of
the boundary curve – implying that surface flow will occur. Due to the
difference in scale of x and y axes, the distance between work point and
boundary curve is approximately equal to the horizontal projection. The
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region in which the assumption is doubtful is for very high µ and low λ.
However, here wear is more likely to dictate the material response at the
surface. With these simplifications, FI surf can be expressed as

FIsurf = µ− 1

λ
=⇒

√
F 2
x + F 2

y

Fz
− 2πabk

3Fz
. (5.11)

Surface fatigue is expected to occur for FI surf> 0. It should however be
noted that a shakedown map does not predict a limited fatigue life, but in-
dicates that surface flow will occur, in which case surface fatigue is also likely
to occur. To predict the fatigue life N (equal to the number of wheel revo-
lutions, or wheel passages, to cracking) a power law is commonly adopted
in plain fatigue as Kabo et al. [84] explain

D = ασa
β ∀ σa < σfl, (5.12)

where D ≡ (1/N), σa is the stress amplitude, σfl is the fatigue limit, and
α and β are material parameters. Curve-fitting of test results from three
bench tests (twin-disc, wheel on rail, and linear test rig) in Ref. [84] resulted
in the estimation of material parameters to get

Di =
FIsurf

4

10
∀ FIsurf > 0. (5.13)

The assumption of full slip and the use of the lateral forces on surface instead
of stresses makes this a ‘global’ approach and a feasible model to be used
in series with MBS calculations. To this effect, time-histories of FI surf from
MBS simulations are also available in some commercial packages such as
GENSYS.

KTH models

Moving further in stress-based models, considerable work has been done in
expanding the Shakedown-based principles in ‘local’ approaches at KTH.
There is an additional step of tangential shear stress calculation in the con-
tact patch using methods described in section 4.4.5. They improve upon the
full-slip assumption seen in the global approach by also considering regions
that experience partial slip, as opposed to the single average formulation
seen for tangential loading in equation 5.10b.

Stress Index (SImax): In addition to the Energy Index EI seen in sec-
tion 5.3.1, Dirks [61] put forward the ‘Stress Index’ approach. Analogous
to FI surf, a similar quantity can be calculated for each contact area element
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rather than averaging for the entire area. The precision could therefore be
enhanced. This is denoted as Stress index (SI ) and is given as

SI(x, y) =
√
τzx(x, y)2 + τzy(x, y)2 − k. (5.14)

It is not difficult to notice that equation 5.14 is similar in structure to the
fatigue index expression in equation 5.11. If the expression above is divided
by p0, the second term ( kp0 ) matches exactly in both equations 5.11 and
5.14. However the first term is locally formulated in SI equation 5.14. This

implies that compared to the averaged (

√
F 2

x+F 2
y

Fz
), the formulation in the SI

method
√
τzx(x, y)2 + τzy(x, y)2 checks whether the elastic-perfectly plastic

shakedown limit at each element is exceeded instead of considering full-slip
in the entire contact patch. The SI max is therefore able to account for
partial slip as well. The distribution of SI on an exemplary contact patch
is depicted in Figure 5.6b.

Similar to the FI surf approach in equation in 5.13 and the Energy index
in 5.9, a power-law relationship between SI and depth of RCF cracks is
assumed. Thus the fatigue damage equation for N loading cycles becomes

∆D =
N∑
i=1

1

α′(SImax)β′
. (5.15)

Material parameters in the model were calibrated with crack measurements
on a curve in the Netherlands over a period of 5 years. An exponential
power law was empirically created that linked crack depth with the SI.
Two different rail types were installed on the curve: 260 Mn-grade rail and
a harder MHH-grade rail. The crack measurements were carried out by
measuring the surface crack length visually and ultrasonically by measuring
the crack depth at twelve different positions on the curve.

RCF number (N r): Moving further, Hossein-Nia’s work [86, 87] modi-
fied the above approach, studying the evolution of RCF on wheels in Malm-
banan. It too quantifies SI but diverges in its formulation of fatigue. It
postulates that since it is possible to find the locations of ratcheting points
on the wheel/rail profile using shakedown theorems, counting the number
of cycles with RCF risk gives a better indication of long-term RCF devel-
opment. This quantity is referred to as the RCF number Nr in his works.
The preliminary N ′r is first calculated for each contact patch element such
that

N ′r(x, y) = 1 ∀ SI(x, y) > 0,

N ′r(x, y) = 0 ∀ SI(x, y) ≤ 0.
(5.16)
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Figure 5.7: RCF number Nr (a) RCF correction factor; Applications – (b) RCF
number accumulated on wheels [85] (c) RCF number accumulated on rails (Paper
D)

Furthermore, this method also consider the effect of wear using an energy
dissipation-based approach where the turning points on the function (E1−2

in Figure 5.7a) were calculated based on wheel material properties [88] as

Ei =
υiA

2
√

3
(σy + σU ) ∈ i = 1, 2, (5.17)

where υ1−2 are corresponding creepages – 0.3% and 1%, A is the contact
area, σy is yield strength and σU is the ultimate tensile strength of the
material. This is implemented in the form of a correction factor cfr such
that the corrected RCF number Nr becomes

Nr(x, y) = cfr(E) N ′r(x, y). (5.18)

As depicted in Figure 5.7a, if the calculated energy values are less than
E1, it is assumed that RCF is not affected by wear, giving a correction
factor, cfr as 1. However for energy values between E1 and E2, wear starts
to dominate, decreasing cfr proportionally (0 ≤ cfr < 1). Finally, when
E2 is exceeded, it is assumed that wear is completely removing the cracks
(cfr = 0).
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Using this methodology, Hossein-Nia [87] accumulates Nr in their sim-
ulations and fits an empirical parabolic function (coefficients k1 ,k2 & k3)
w.r.t running distance simulated (Lsim) such that

Lsim = k1N
2
r−99.85% + k2Nr−99.85% + k3. (5.19)

Further, by replacing Nr−99.85% with Nf obtained from laboratory/field
measurements (equation 5.13 for instance) in the function above, a running
distance-based damage function to failure is put forward. Examples of Nr
accumulation on wheels for a given running distance [85] and on rails for
a given tonnage passing (Paper D) are depicted by Figures 5.7b and c
respectively. This approach has been able to count the ‘ratcheting’ load
cycles more efficiently as means to predict long-term wheel-rail life.

5.3.3 Shear strain-based models

The third type of models presented in this section are based on the calcu-
lation of critical strain. This helps determine sub-surface damage (within
<0.2 mm) caused due to RCF. Two models that use this approach are
described in this section.

Brick model

The fundamental principle governing the ‘Brick model’ put forward in Ref.
[89, 90] is that material cannot accumulate strain indefinitely. Ratcheting
failure will occur when the accumulated shear strain reaches a critical value
[82], at which point the ductility of material is exhausted and it ‘fails’. In
this method, a cross-section of the rail is modelled as a mesh of elements –
known as ‘bricks’ depicted in Figure 5.8. Each brick comes with material
properties such as critical shear strain for failure and initial yield stress.

Figure 5.8: Brick model [90]
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Also, the bricks are independent of each other – distinguishing it from a
standard FEM formulation. For a Hertzian normal and tangential load
distribution, shear stress fields (τ ′(x, z) and τXZ(x, z) ) can be calculated.
This is done for each loading cycle and for the yield limit of each element
given by keff , the incremental strain caused due to ratcheting is calculated
as

∆γ(x, z) = C

[(
max(τXZ(z))

keff (x, z)

)
− 1

]
, (5.20)

and accumulated with each load cycle as

γ(x, z) = γ(x, z) + ∆γ(x, z). (5.21)

When the accumulated shear strain of a ‘brick’ passes the critical threshold
(γC), it is deemed ‘weak’. Based on the condition of its adjacent bricks, it
either remains or detaches from the surface. The elemental formulation in
this approach allows to model both wear and crack propagation together,
unlike the stress-based approaches seen in the previous section which is
often complemented with an independent wear model from section 5.2. The
schematics of detaching of ‘bricks’ is beyond the scope of this thesis and can
be found in Ref. [89].

Wedge model

Wedge model [91, 68, 92] is another shear strain-based ‘sub-surface’ ap-
proach that has been developed at Virtual Vehicle Research GmBH while
considering the influence of severe plastic shear deformation at the surfaces
of wheels and rails. They observed that severe plastic shear deformation
leads to the alignment of microstructural feature with the shear plane. Fa-
tigue crack growth experiments in plastically shear-deformed rail steel sam-
ples showed that crack growth rates were highest parallel to the plane of
plastic shear deformation [91]. The driving principle behind this model is
that if favourable crack-initiation planes are oriented at an oblique angle to
the surface, microscopic cracks may remain in the material and eventually
form fatigue instead of generating a wear particle that is removed from the
surface.

The model uses a so-called ‘2.5-D’ approach to determine sub-surface
stress fields due to loading. It has to be noted that even though it models
‘plastic deformation’ on the surface, this formulation results in a linear-
elastic stress field which is claimed to approximate the real field sufficiently
well. Analogous to equation 5.20 seen for the brick model, the plastic shear
strain profile (γp(z)) for the rails along the depths z is obtained as

γp(z) =
√

3

(
σm(z)

K

(
(A− 1)e−z/B + 1

))1/n

, (5.22)
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where A and B are material constants that describe stress amplification
near the surface due to surface roughness, σm is the Von-mises stress, K is
yield strength and n is a material constant found from twin disc testing.
To identify favourable conditions for crack initiation in the Wedge model,
calculated plastic shear strain in a near-surface layer (upto 0.13 mm) is
compared to reference distributions by the means of a similarity parameter
fa. The similarity parameter fa in combination with a traction parameter
fT and maximum principal stress σ′ determines an ‘effective stress’ σA as

σA = max(σ′)fafT , (5.23)

which is used subsequently to calculate damage increments by means of a
power law as

NA =

(
σA
σf

) 1
b

, (5.24)

where σf and b are material-dependent constants. Unlike the Brick model,
fatigue here is formulated in the classical way as also seen earlier in equa-
tions 5.15, 5.13 and 5.9. Absolute quantification of RCF results in the form
of number of load cycles to crack initiation has not yet been reported in lit-
erature for the Wedge model as of writing this thesis. They mostly describe
normalized results.

5.4 Key takeaways

The key takeaways from the study presented in this chapter within the
context of this thesis work are as follows:

� Modelling of rail profile evolution due to vehicles: Evolution of rail
profiles due to long-term passage of vehicles was calculated from the
principles described in this chapter. Using a sliding-based wear model
in tandem with vehicle dynamic simulations (Chapter 2), and wheel-
rail contact models (Chapter 4), material lost on the rail surface can
be calculated. Meanwhile, the RCF risk (N r) accumulated on the rail
surface is also calculated. This resulted in the modelling of vehicle-
induced damage caused to rails. This is demonstrated in Papers D
and F.

� Comparison of different models and studying similarities and differ-
ences: When comparing the use of models, two similar steps stand
out across all models:
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– Primary quantification step: Barring the WLRM approach all
models record the exceedance of a quantity beyond an accept-
able threshold which can be regarded as the primary quantifica-
tion step. Since the models are based on different principles and
assumptions, the exceedance criteria are often different quantities
and therefore not comparable here.

– Fatigue modelling and method for calibration: The models how-
ever converge at a common point of fatigue modelling to deter-
mine the number of load cycles for crack initiation (or damage
increment per loading cycle) from values obtained at the primary
quantification step. Here, all approaches converge to give similar
physical quantities and are therefore more comparable.

These have been listed for four exemplary models studied in this thesis in
Table 5.1 [Paper E].
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Chapter 6

Impact of track maintenance

Track maintenance activities have increasingly been adapting to higher axle
loads and economic considerations. They are largely becoming more fre-
quent and are significantly influencing rail service life. A lot of existing
literature overlooks the effect of track maintenance activities when evaluat-
ing the track-friendliness of a vehicle as reported in section 2.2. This was
identified as a key gap in literature and studied in this thesis. Previous
experience in wheel-rail interface management in the form of rail reprofiling
activities is explored, followed by the description of standards inspired from
the same. Also, the inclusion of periodic rail reprofiling in vehicle dynamic
simulations is motivated. This makes the evaluation of track-friendliness
more track-centric as described in section 2.2.1.

6.1 Managing the wheel-rail interface

Networks all over the world have increasingly adopted various track grinding
strategies that reprofile rails to economically maintain the wheel-rail inter-
face. A good overview of various practices can be seen in Ref. [93]. The
maintenance activities especially seen from the context of long and heavy
freight train operations come with significant economic considerations, and
have been a topic of interest, within the broader objective of increasing
the competitiveness of railway freight transport. Larsson-Kraik [93] for in-
stance estimates that 42.5% of total infrastructure maintenance costs can
be attributed to wheel-rail interface management. Coupled with the fact
that the Swedish Transport Administration spent about 2.4 billion SEK on
track maintenance in 2016 [94], there lies a significant incentive to optimize
rail reprofiling practices.
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CHAPTER 6. IMPACT OF TRACK MAINTENANCE

6.1.1 Drivers of grinding strategies

Main drivers of grinding actions on freight networks have been reported as
cracks due to rolling contact fatigue (headchecks), corrugation and wear
by multiple investigations, with RCF reported more frequently in freight
networks. This has skewed the decision-making regarding grinding intervals
and depths heavily to the rate of RCF growth. Ref. [60] reports that 80% of
grinding shifts happen for eliminating headchecks on the German network.
Ref. [63] claims that the majority of rail spot renewals are due to contact
fatigue, with very few being in response to wear. Ref. [62] too observes that
RCF affects higher depths on rails than wear. However exceptions to this
too exist since some grinding strategies are driven by corrugation, especially
in metro rail networks as seen in Ref. [95, 96]. A general literature survey on
the topic reveals that grinding strategies to mitigate RCF and corrugation
are quite different, with the latter requiring much lesser amounts of rail
material removal. Corrugation seems to be more of an important issue in
metro rail networks in contrast to freight networks where grinding is driven
predominantly by the presence of headchecks. Therefore, grinding strategies
that focus on the mitigation of headchecks are focussed on this thesis.

Two major factors that determine rail reprofiling activities are

� Rail geometry

– Target rail profile

– Permitted grind depths and regions

� Grinding intervals

The approach put forward in this thesis is driven by the experience recorded
in several rail networks.

6.1.2 Anti-HeadCheck (AHC) rail profiles

The effect of rail geometry on wheel-rail kinematic coupling, and therefore
also on initiation of cracks on rails is studied. Within this context, rail
reprofiling strategies that are devised to limit crack initiation on the gauge
region are seen.

Gauge corner relief

A key concept concerning rail reprofiling strategies is ‘gauge corner relief’
where the rail shoulder and gauge upper corner are relieved from contact so
that the more RCF-prone area can be free from the resulting surface shear
stress. The concept of gauge corner relief and its use in creating optimal
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6.1. MANAGING THE WHEEL-RAIL INTERFACE

rail profiles have been explored in detail in Ref. [97]. By checking the
loading conditions of headcheck initiation, Dollevoet observed that cracks
initiated and grew from the gauge corner. This was mainly because of
very high surface shear stresses at the region which in turn was due to large
geometrical spin due to the profile shape. While this could also apply to the
‘gauge face’ region which lies beyond the corner, wear seemed to dominate
there – leaving lesser chances for the cracks to initiate. As a result of this
investigation, he had concluded that ‘relieving’ the gauge corner by shifting
the contact position on outer rails towards the centre was a better strategy
to control crack initiation. For this, they devised ‘Anti-HeadCheck’ rail
profiles (AHC) that were modified profiles based on the principle of gauge
corner relief.

Wheel-rail kinematic coupling

Rail profiles and the locus of corresponding contact points of a new ENS1002
wheel profile are depicted for nominal UIC60i30 and the ‘AHC’ MB1i30 pro-
files, used on the Swedish Iron-ore line [98] in Figure 6.1a and b respectively.
Also, a magnified image of the gauge region for both profiles is depicted by
Figure 6.1c for comparison. While the nominal profile had a sharper gauge
corner, the corresponding region has a smoother transition for the AHC pro-
file. However they coincide at extreme ends – at the gauge face and head
regions. The resulting wheel-rail kinematic coupling due to this difference
is however starkly different. The AHC profile experiences very limited con-
tact on the gauge region, only at extreme lateral displacements (occurring
only at high curvatures), near the gauge face region. This, however, is not
the case for the nominal UIC60i30 profile for which the contact points are
spread throughout the gauge region. The long-term wheel-rail interaction
would therefore exhibit more cracks on the gauge regions of UIC60i30 rails
when compared to the AHC profile. The impact of gauge corner relief is
also felt on the head region even though they are similar for both rails. Lack
of contact on the gauge corner by the wheel flange tends to concentrate the
tread contact towards the field side as seen in Figure 6.1b. However, this
doesn’t seem to be the case for nominal profiles where the tread contact is
more towards the gauge side as seen in Figure 6.1a.

Grind profiles for Gauge corner relief

Typically, gauge corner relief is provided to a nominal profile by grinding
maximum depths on the gauge corner and slowly tapering off the normal
depths as it approaches the head region to make sure that the continuity
in rail profile is maintained. This is depicted in Figure 6.1c by the normal
distance between UIC and AHC profiles (right Y axis). The maximum
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Figure 6.1: UIC60i30 and ‘AHC’ MB1i30 rail profiles; Contact mapping on
wheels and rails for varying relative lateral displacements for (a) UIC60i30 (b)
MB1i30 (c) Comparison of profiles at the Gauge corner [98]

grinding depth is reserved for what constitutes the centre of gauge corner
– decreasing the sharpness of rail shoulder. The grinding depths on either
side are such that gauge face and centre of the rail head remain largely
untouched.

Inner rails

The grind profiles described so far applied for outer rails on a curve which
experiences contact at the gauge region. However for inner rails, RCF on
the gauge corner isn’t an issue since contact doesn’t occur here. Therefore,
inner rails can be nominal UIC60i30 profiles while keeping AHC profiles for
outer rails. This however doesn’t mean that reprofiling isn’t performed on
the inner rails. Cracks still initiate on the head region of inner rails, albeit
at a much lesser rate as experienced on the gauge corner in outer rails.
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Therefore a minimum depth is ground off the head region where contact
occurs.

6.1.3 Maintenance practices

The previous subsection gave an overview of principles behind choosing ap-
propriate rail profiles. This subsection describes the operational aspects
of implementing rail reprofiling, chiefly concerning the selection of an ap-
propriate grinding interval as recorded in several networks and literature.
Different strategies have been reported in literature, a general categorization
is given by Ref. [99] as:

� Corrective grinding: This pertains to fault-based removal of rail mate-
rial through grinding. Therefore, this does not follow a fixed schedule.
The decision is made by infrastructure managers mainly via visual
inspection of sections. It usually requires multiple passes of grind-
ing/milling and higher removal of material.

� Cyclical grinding: This pertains to removal of rail material via grind-
ing/milling along fixed tonnage intervals/period. The intervals can be
fixed for different sections depending on curvature as done in Sweden
for instance. Since it is done in fixed intervals, an economic strategy
can be devised that ensures the removal of headchecks and minimal
amount of rail material. For e.g., Heyder & Brehmer [60] recommends
a depth between 0.2 to 0.6 mm for every 30-40 MGT.

� Preventive grinding: This is quite similar to the cyclical strategy ex-
cept that grinding can also be performed when the defects are not
yet visible – pre-empting from previous experiences. Naturally, this
has the smallest interval and lowest grind depths, and is usually per-
formed also on newly installed rails. As an example, Schoech et al.
[99] recommend grind depths below 0.2 mm.

The grinding strategy adopted in a typical freight rail network is usually
a combination of two or more of the above strategies. However, multiple
investigations done in the past couple of decades [60, 63] vouch for a combi-
nation of cyclical and preventive grinding actions to be more economically
viable. Many networks in the EU over the past decade have now moved to
more frequent and regular grinding schedules as a result.

Crack depths : A key contribution to the development above has been
experimental and on-track investigations into crack propagation rates for
various grades of rail steel as summarized in Ref. [67]. Ref.[60] had ob-
served that the majority of crack depths on the German rail network grew
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Figure 6.2: Grinding history for a 15 km long section on the Swedish iron-ore
line for two periods: 2001-06 (Blue) & 2013-18 (Red) along with the curvature
(Grey regions: R ≤ 600 m). Tonnage: 34 MGT/ year

within the range of 0.8-2 mm/100 MGT for R260 steel. The rates had
nearly halved for the head-hardened HT350 steel. Ref.[62] in their inves-
tigation found out that the so-called ‘magic wear rate’ which is sufficient
to remove cracks due to RCF for rails could approximately be taken as
0.015 mm/MGT. A similar quantity was reported in Ref. [100] as 0.025
mm/MGT. This wear could either be due to vehicles’ passage, cyclically
introduced using grinding or a combination of both.

Swedish heavy haul experience

Figure 6.2 shows the grinding history for two 6-year periods along a 15
km track section on the Swedish Iron-ore line, with an annual tonnage of
34 Million Gross Tonnes (MGT). The corresponding curvatures are plotted
below (black line), with the grey regions indicating a curve radius below 600
m or its transitions. The blue lines depict the older cyclical grinding strategy
where the entire section was ground once a year regardless of its curvature.
On the other hand, the red lines depict the more frequent cyclical/preventive
grinding strategy where the grey regions are ground frequently (15-17 MGT
on an average) while the straight track sections and larger curves are ground
less frequently. This is in line with the European standards concerning the
reprofiling of rails described in section 6.2.
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Figure 6.3: Grinding practices from different networks across the world mainly
due to RCF for tight to mild curves; * implies corrugation-driven

Overview of other networks

After studying other networks across the world, the observations have been
summarized in Table 6.1 with the corresponding source literature. Most
observations in the table applied to R260 rails. The overall experience from
different networks is condensed and visualized in Figure 6.3 for preventive
grinding strategies on curved sections. Although there are other parameters
influencing reprofiling strategies such as rail materials, curve radii, etc, and
the non-linear rate of crack propagation, it still serves as a helpful overview
of current practices.

The X-axis indicates the recommended range of grinding intervals cur-
rently practised for curved sections and the Y axis indicates the correspond-
ing range of permissible grind depths. The range of crack growth rates re-
ported by Heyder et al. [60] have been visualised. Additionally, magic wear
rates reported by Magel et al. [100] and Zhou et al. [62] have also been
plotted. Guided by experience and as reported in literature, the location on
this plot gives the grind depths expected to be ground for a chosen grinding
interval and vice-versa. Therefore top-right and bottom-left corners indi-
cate unfavourable outcomes in the form of high crack depths and excess loss
of rail material due to frequent grinding respectively.
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Table 6.1: Rail reprofiling activities reported in literature

Source Reported experience

Paper D
(Sweden)

Since 2013, cyclic grinding actions twice a year
(every 15-17 MGT) for curves with R≤600 m with
minimum depths of 0.2 mm.

Heyder & Brehmer [60]
(Germany)

Initial grinding followed by cyclically controlled
actions. As an average figure 0.3 to 0.4 mm cycli-
cal metal removal corresponding to 30 to 40 MGT
for rail grade R260

Zoeteman &Dollevoet
[63]
(Netherlands)

Since 2013, frequency of grinding is every 15 MGT
for all main tracks for curves with a radius less
than 3000 m. This also help mitigate squats.

Popovic et al. [101]
(Serbia)

Preventive strategy with typical grinding cycle of
40-70 MGT. Depths corresponding to about 0.5
mm each cycle.

EN13231 [102, 103] (Eu-
ropean Standards)
(EU)

Preventive grinding cycle of 15 MGT on curves
and 45 MGT on straight track. Depths corre-
sponding to between 0.15 mm and 0.6 mm at each
cycle.

Marich [104]
(Australia)

Preventive/cyclic grinding in intervals ranging 5-
15 MGT and depths between 0.2 to 0.3 mm for
freight networks depending on track curvature
and traffic.

Magel et al. [100]
(Canada/USA)

Preventive grinding in intervals ranging 25-30
MGT and depths of 0.2-0.3 mm. Magic wear rate:
0.025 mm/MGT

Santa et al. [105]
(Colombia)

It is recommended to remove at least 0.6 mm
by reprofiling to ensure the complete removal of
cracks caused by RCF.

Ishida et al. [95]
(Japan)

Grinding interval of 50 MGT with depths < 0.1
mm. This strategy on a metro line is corrugation-
driven.
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Figure 6.4: Grinding regions and the recommended normal depths for rail re-
profiling according to EN 13231-5 [103] (Not set to scale)

Summarizing the reprofiling experience : High concentration of ob-
servations in the 10-30 MGT grind interval and 0.2-0.6 mm grind depths
were observed – providing a reasonable estimate for an economically-viable
and effective wheel-rail interface management. The European standards
for rail reprofiling too fall within this region and will form the basis for
preventive grinding strategies implemented in this thesis.

6.2 European Norms for rail reprofiling

Based on the investigations presented in the previous section, the European
Committee for Standardization put forward some guidelines regarding the
maintenance work done on track.

6.2.1 Depths and intervals

The standards recommend grinding procedures in the form of intervals &
depths in EN 13231-5 [103], and acceptance criteria (tolerances) in EN
13231-3 [102]. They recommend

“a moderate gauge corner relief to be provided to rail profiles at fixed grind-
ing intervals depending on the track and traffic.”

Defining a reference line as depicted in Figure 6.4 such that it is normal to
the track’s longitudinal axis and tangential to heads of both rails, the grind-
ing region is defined along with corresponding maximum normal depths. It
is the area on the rail head between the point at which the tangent to the
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Simulating grind profiles
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Figure 6.5: Implementation of RCF-driven preventive grinding profiles in sim-
ulations within EN13231 limits on a curved track section (R=600 m). (a) Outer
rails (b) Inner rails; RCF calculated from vehicle dynamic simulations as described
in Chapters 2 and 5.

rail lies at an angle of 70◦ to the reference line (gauge side), and the point
at which the tangent to the rail lies at an angle of 5◦ to the reference line
(field side). A rail reprofiling strategy requires metal removal rates of up to
a maximum of 0.6 mm at the critical gauge area and 0.2 mm at the centre
of the rail head.

Once the grinding is done, the rail profile is compared against a reference
rail profile. This is generally an AHC rail profile defined by the infrastruc-
ture manager in addition to its tolerance range. As an example Ref. [102]
gives a tolerance range of 1 mm. 85% of the rail measurements on the
ground section are expected to be within these limits.

For standard R260 rails, grinding intervals of 15 MGT for curves and
45 MGT for tangent track are recommended. For harder heat-treated rails
such as R350HT, the intervals could be doubled depending on track charac-
teristics. A short grinding interval is preferred since the RCF is mitigated
at a much earlier stage, requiring lesser rail volumes to be removed. This
is in contrast to the grinding requirements at an advanced RCF stage when
the crack depths can be much higher, calling for larger volumes of mate-
rial removal. Eventually, the grinding intervals can only be decided by the
infrastructure managers depending on machine availability, personnel, etc,
and might even deviate slightly from the EN standards. Nevertheless, it
provides a good reference. As seen in Sweden for instance (Figure 6.2), the
newer preventive grinding strategies are in line with the EN standards.
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6.2.2 Implementation in vehicle dynamic simulations

While the principles described in Chapter 5 were about modelling rail profile
evolution caused by the vehicle due to wear while accumulating RCF, the
principles described in this chapter complete rail profile evolution modelling
by implementing periodic RCF-driven rail reprofiling measures. Each line
depicted in the grinding history plot in Figure 6.2 alters the wheel/rail con-
tact significantly. Therefore for a more accurate track-centric assessment of
long-term rail profile evolution, this periodic change needs to be considered
in the methodology. To this effect, optimal grinding practices recommended
by EN 13231 can be used to model preventive grinding passages between
iterative vehicle dynamic simulations that calculate long-term rail profile
evolution. Doing this has extended the ‘train-track interaction’ approach
even further by also including the impact of track maintenance on rail sur-
face damage. The implementation in a MBS-based framework is taken up
with the following values for grinding that fall in the range of values speci-
fied by EN.

A moderate gauge corner relief strategy corresponding to the removal of
rail material

� up to a normal depth of 0.3 mm at the gauge corner region

� up to a normal depth of 0.15 mm at the head region

� a minimum depth of 0.1 mm at the head region

� for grinding intervals corresponding to 15 MGT on curved sections
(R<1000 m) and 45 MGT elsewhere.

is specified to ensure that the cracks are preventively ground off in the
simulations performed in this thesis. The specification for curves is depicted
by the yellow star in Figure 6.3 which can be seen placed comfortably amidst
a high density of current practices.

An example of how this is implemented for a curved track section on
both outer and inner rails is depicted in Figure 6.5. RCF is accumulated
using the approach described in section 5.3.2 and visualized in Figure 5.7.
This is done iteratively where each simulation adds up to the required ton-
nage, accumulates RCF and simultaneously updates rail profiles due to wear
caused by vehicles. When the simulated tonnage reaches 15 MGT, RCF-
affected regions on both rails can be visualized as in Figure 6.5. Depending
on the location of RCF, rail reprofiling is performed following the EN guide-
lines (and gauge corner relief) as depicted by the cyan-coloured area. The
maximum depths on both rails correspond to the location of maximum RCF
(N r), making it RCF-driven.
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Based on on-track experience from literature and EN standards, the
impact of track maintenance has hence been modelled into the MBS-based
framework to calculate long-term rail profile evolution due to rail surface
damage.

6.3 Key takeaways

The key takeaways from the study presented in this chapter within the
context of this thesis work are as follows:

� Studying rail reprofiling measures such as gauge corner relief to pro-
long rails’ operational life from literature: Developments in the past
two decades towards efficient maintenance practices were studied, re-
flecting the changing scenarios on the track side in ‘train-track’ inter-
action. Experiences from several networks showed RCF as a major
driver of track maintenance activities especially in freight rail net-
works.

� An EN-compliant preventive rail reprofiling strategy based on tonnage
passage for use in simulations: Several works pointed towards the
effectiveness of cyclical/preventive grinding strategies in controlling
headchecks on rails. Therefore a rail reprofiling strategy following the
EN standard was formulated.

� Implementing rail reprofiling procedure in MBS simulations: Based
on the previous two outcomes an algorithm that performs periodic &
RCF-driven rail reprofiling has been developed to be added to vehi-
cle dynamic simulations that calculate long-term rail surface damage.
This has been demonstrated in Papers D and F.

� Studying the emergent long-term behaviour arising in the train-track
system: The system-wide framework comprising of train, track, main-
tenance and operational variables helps study the interaction between
otherwise-unrelated subsystems. For example: Train driving strate-
gies and its impact on track maintenance. This has been demonstrated
in Paper F.
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Chapter 7

Summary of appended papers

The appended papers have been mapped based on the research framework
described in section 1.3 in Figure 7.1.

Paper A

Tolerable longitudinal forces for freight trains in tight S-curves using three-
dimensional multi-body simulations

A three-dimensional multi-body simulation procedure was set up to cal-
culate tolerable Longitudinal Compressive Force (LCF) using a small train
approach subjected to various heterogeneities. Running safety was evalu-
ated on the basis of wagon dynamics when it passed through a tight S-
shaped curve. The effect of longitudinal train dynamics due to the presence
of adjacent wagons was studied on the running behaviour of the vehicle. No-
table effects on vehicle-track interaction due to lateral coupling forces were
observed, especially w.r.t derailment safety. The simulation approach mim-
icked UIC 530 standard’s procedure to evaluate running safety of freight
wagons and was therefore carried out for low running speeds and static
application of compressive forces.

Paper B

FR8RAIL Y25 running gear for high tonnage and speed

A numerical simulation model of a new variation of the Y25 bogie design,
equipped with softer primary suspension and cross-bracing was presented.
Its running behaviour was extensively studied and compared to the standard
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CHAPTER 7. SUMMARY OF APPENDED PAPERS

Long Freight
train operation

Vehicle dynamics
Rail surface

damage

Maintenance

Paper E

Paper D

Paper B

Paper A

Paper C

Paper F

Figure 7.1: Summary of appended papers

design. It was found suitable for up to an axle load of 30 tons and a speed
of 130 km/h. The design addressed the required balance for a freight bogie
between curving behaviour, track damage and stability at higher running
speeds. The assessment quantities for a wide range of running conditions
were found satisfactory and within the EN14363-specified limits. Relative
assessment of track-friendliness was performed by calculating energy dis-
sipation at wheel-rail contact and dynamic loading. The FR8RAIL bogie
showed very good improvement w.r.t wear and rolling contact fatigue when
compared to the standard design.

Paper C

An integrated numerical framework to investigate the running safety of over-
long freight trains

Building on Paper A, a framework to effectively study the complex het-
erogeneity space in the operation of long freight trains was put forward.
Continuing the small train approach, the effect of longitudinal train dy-
namics was also included with a parallel 1D train simulation approach that
allowed to study dynamic in-train forces. Operational parameters such
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as traction/braking strategies and train length heavily influenced in-train
forces generated along the train, and therefore affected wagons’ running be-
haviour. An in-train force summary was provided that examined the safety
of a long freight train operation for different lengths, locomotive positions,
braking manoeuvres and loading. Work done on this article helped realize
the trade-offs between using 3D small train and 1D long train approaches,
especially for iterative simulation-based studies.

Paper D

Long-term rail surface damage considering maintenance interventions

Building on the vehicle dynamic simulations from Paper B, Paper D was
conceived and written. In this paper, a new methodology to estimate costs
for wear and rolling contact fatigue on rails is presented, while also con-
sidering the interventions caused by maintenance activities. The key per-
formance indicators were normal wear depths and rail cross-sectional area
lost after 100 MGT of vehicle passage. It was demonstrated for UIC-Y25
and FR8RAIL bogies based on conditions on the Swedish iron-ore line. The
rail profile evolution was highly sensitive to wear rates and grinding strate-
gies. The benefits of cross-bracing and a softer primary suspension in the
FR8RAIL bogie were noticed particularly for curve radii > 600 m where a
potential for extending the grinding interval was also demonstrated. The
new method also enables to propose better grinding intervals tailored to the
type of traffic on track. The paper followed a ‘vehicle-track’ formulation.

Paper E

RCF Damage quantification: How does comparison work for diverse mod-
els?

Building on the rail rolling contact fatigue portions in Paper B, and D,
a study into different RCF damage quantification models was carried out to
compare and quantify prediction results for a set of wheel-rail contact cases.
The methodology was demonstrated on models that followed energy dissipa-
tion, shear stress and shear strain-based approaches. Different approaches
were classified based on their usability w.r.t scale of calculations and predic-
tion quality of results. While different damage models might qualitatively
agree on whether a particular wheel-rail contact case was ‘damaging’, they
would not necessarily correlate quantitatively with their damage increment
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values. Therefore, measures to study similarity and correlation in results
were also put forward.

Paper F

Long freight trains & Long-term rail surface damage – A systems perspective

This paper brings together the work done in previous papers presented
in this thesis. Mainly building on the principles from Paper D and C, a
two-stage ‘train-track interaction’ model of a long freight train operation
to predict long-term rail surface damage was presented. The influence of
longitudinal train dynamics in the form of traction, braking and gradients
was also included in this method to reflect its effect on damage evolution.
With calculation limitations as a major bottleneck, simulation of long freight
trains in 1D-MBS to capture the governing LTD and transferring them on
to 3D-MBS of individual vehicles along the train was found to be a reason-
able compromise. Driving strategies had a considerable effect on rail surface
damage. Liberal use of pneumatic braking and the resulting high tractive
effort to maintain speed damaged the rails more.
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Chapter 8

Conclusions & future work

The main objective of this thesis was to study long-term rail surface dam-
age caused by longer and heavier freight vehicles using a simulations-based
framework. This should enable infrastructure managers to better plan track
maintenance and assess damage caused by different vehicle designs. Activ-
ities undertaken during this thesis during literature survey, analysis and
the resulting publications have helped extend the work done so far in this
regard. To this effect, the following conclusions are obtained.

� It is necessary to judge track-friendliness of a bogie design by consid-
ering track damage it causes over cumulative tonnage and the associ-
ated maintenance interventions. This systems approach can effectively
address the emergent nature of rail surface damage evolution encom-
passing vehicle, track and maintenance regimes.

� For freight rail networks, experience from several networks across the
world suggested that cracks due to rolling contact fatigue are the ma-
jor driver of rail maintenance and renewal activities. Changing the
wheel-rail contact position on curves by artificially removing material
at the gauge corner on outer rails seems to reduce crack initiation.
Therefore, simulation frameworks that predict RCF evolution over
large tonnage passing can help to identify RCF-prone regions in ad-
vance and devise an effective RCF-driven preventive rail reprofiling
strategy.

� On studying several existing analytical approaches that calculate sur-
face - initiated cracks due to RCF, it was found that the results did
not always agree among the methods. Calculating local surface shear
stress distributions in the contact patch indicates more contact cases
as damaging as compared to global approaches that considered an
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average stress value. This is the case especially at lower energy dissi-
pation values.

� While comparing the FR8RAIL with the UIC-Y25 bogie, key advan-
tages of having a softer primary suspension and cross-bracing w.r.t
damage caused due to RCF were mainly seen for larger curve radii (R
'600 m). This is counter-intuitive since superior curving behaviour
usually translates to greater benefits on tighter curves. But as the
study in Paper D showed, at larger curves the benefits increased two-
fold. Not only were the worn cross-sectional areas lower (also seen in
lower curve radii), the fall in RCF risk accumulation (N r) was also
significant enough to prolong maintenance intervals for the FR8RAIL
bogie.

The ‘vehicle-track interaction’ approach was further expanded to form a
‘train-track interaction’ approach, especially within the context of long
freight trains. The impact of long train dynamics was hence studied on
individual vehicles’ dynamic running behaviour.

� Operation of long freight trains involves a complex heterogeneity space
consisting of varying parameters relating to vehicles, track and oper-
ations. Some of these parameters can affect the vehicles’ running be-
haviour and their influences need be studied separately using suitable
tools since conventional 3D train simulations are computationally ex-
pensive. Two approaches – 1D Longitudinal Train Simulations (LTS)
and 3D small train simulations have been identified.

� Longitudinal train forces and the associated lateral coupler forces af-
fect the vehicle dynamics of individual vehicles especially in infras-
tructure bottlenecks such as tight curves. Therefore they should not
be neglected especially when assessing running safety.

� The train-track interaction approach is more complete and therefore
better suited to study long-term rail surface damage (RSD) since it
also includes the influence of train dynamics on wheel-rail interac-
tion. It was found that driving strategies had a considerable effect
on the evolution of RSD. Liberal use of pneumatic braking and the
resulting high tractive effort required to maintain speed damaged the
rails more, underlining the importance of an optimal driving strat-
egy. Similar track sections located at different gradients experienced
significantly different RSD evolution, mainly due to the associated
traction/braking requirements.

Thus, various aspects of a long freight train operation, methods used to
model vehicle dynamics, and to calculate long-term rail surface damage
have been systematically studied using a simulations-based framework.
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Future research directions

‘Preventive’ to ‘Predictive’ rail reprofiling:

It was mentioned in section 6.1.1 that rail reprofiling measures are mainly
defined w.r.t. target rail geometry and intervals. In the simulation frame-
work developed in the current work, regions of crack concentrations are pre-
dicted and a preventive strategy using conservative depths obtained from
EN standards is implemented to remove material at the affected region (See
Figure 6.5). A natural next step would be to come up with the actual crack
depths in addition to regions of crack concentrations from this simulation
framework that can also predict depths of rail material to be removed. A
reliable method that achieves this can give total control over the intervals
to maintain and the profiles to achieve. Going beyond the existing crack
initiation approaches, crack propagation methods based on the principles
of fracture mechanics need to be studied. Also, it is important to come
up with a relatively fast numerical solution since this needs to be done on
an iterative basis. A good starting point for research in this regard is the
X-FEM based framework developed in Ref. [106].

‘Track-centric’ track access charge calculators:

Track access charge calculators as explained in section 2.2 and exemplified
by Ref. [25] can be improved further to account for rail profile evolution
over the tonnage passing period. With increasing use of vehicle dynamic
simulations as means to certify wagons (see Ref. [15]), an extra calculation
module using the developed simulation framework that can also forecast rail
profile evolution can help to incentivise track-friendly vehicle designs. Such
a calculator would be more track-centric since the access charge would be
calculated after accounting for the rails’ evolution over its life time.

Probabilistic modelling of train simulations:

Work done in Paper F had put forward the notion of ‘joint variability’
among the various parameters in a long freight train operation. Various at-
tributes in the operation of a long freight train are inter-linked. The article
had divided them amongst four classes – train, track, maintenance and driv-
ing strategies. With increased availability of data pertaining to all aspects
of the already tightly-controlled railway system, it is possible to improve ve-
hicle dynamic simulations with probabilistic modelling of attributes using
methods such as Bayesian linear regression for instance.
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Appendix A

Y25 & FR8RAIL bogies

An overview of the distinguishing features of the bogie designs and their
running behaviour is presented here. The standard UIC-Y25 is a widely-
used freight bogie design used across the EU with a maximum axle load of
22.5 tons and speed up to 100 km/h. The FR8RAIL bogie is a modified
variant of the standard design adapted for higher speeds and axle loads.
A detailed discussion concerning the running gears’ construction and their
running behaviour w.r.t the criteria set by EN14363 standards [15] was
reported in Paper B. The important characteristics of the running gears’
construction and their modelling principles are briefly described.

1

2

3

Standard Y25 FR8RAIL

Figure A.1: Comparison of running gears: Left- Standard Y25; Right- FR8RAIL
(Sidebearers not visible); 1- Cross-bracing, 2- Lenoir links, 3- Sidebearer positions

Construction

The Y25 bogie is characterized by a relatively stiff primary suspension with
high non-linear characteristics. It consists of inner and outer helical springs
with three-dimensional linear stiffnesses, connecting the axle box with the
bogie frame. The inner springs are engaged only when the wagon is loaded,
due to a clearance between the bogie frame and the spring end. Progressive
damping with vertical load is achieved using Lenoir links that transfer a part
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of the vertical load through an inclined link and a pusher onto a vertical
friction surface (Refer Figure A.1). Each wheel has one such link in its
primary suspension towards the inner side. The dynamics in the XZ plane
(X-longitudinal and Z-vertical) is modelled using the Lenoir link’s angle α
as: [

Fx
Fz

]
=

[
kztan

2α kztanα
kztanα kz

] [
∆x
∆z

]
(A.1)

where Fx and Fz refer to the forces in the longitudinal and vertical direc-
tions respectively. kz refers to the stiffness of the outer coil spring, ∆x and
∆z refer to the relative displacements in the corresponding directions re-
spectively. The longitudinal clearance in the primary suspension (∆xmax)
determines the steering ability of the running gear since a lesser clearance
limits its capability to yaw (rotation about the Z axis). On the other hand,
it also improves its lateral stability at higher speeds, critical from a safety
perspective. The longitudinal clearance in the primary suspension in the
standard UIC-Y25 design is 4 mm for each link beyond which a metallic
stop, modelled in the form of a high stiffness element, is encountered.

The bogie frame consists of a spherical centre-pivot on which the car-
body is mounted and locked with the help of a safety hook. The centre
pivot also has friction characteristics, being load-dependent that provide
additional damping to the carbody in the horizontal plane. In addition to
the centre-pivot, the carbody is also supported by two sidebearers. The side-
bearers consist of a pair of parallel springs and a frictional surface on which
the carbody is mounted. The loading percentage on the sidebearer is load
dependent with a higher proportion borne when the wagon is empty, the
balance shifting to the centre pivot with increasing loading. The sidebear-
ers are also provided with a clearance in the X-direction of 1 mm in either
direction, further allowing the wagon to yaw. The wheels are provided with
tread braking made of cast iron blocks.

The designing principle of the FR8RAIL bogie revolves around the much
needed balance between lateral stability at higher speeds and steering capa-
bility in tight curves. From a track-friendliness standpoint, better curving
performance translates to lower track damage in curves while better lat-
eral stability pushes the operating envelope of the freight wagons to higher
speeds without causing damage to the track. The key features in the sus-
pension that distinguish the running gears from each other are labelled in
Figure A.1.

1. The bogie design comes with the presence of cross-bracing linkages.
This helps with radial steering along curved track sections, decreasing
the wheel-rail forces by reducing the angle of attack. The linkages
weigh 35 kg each, slightly increasing the unsprung mass that also
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Figure A.2: Improvement of the running behaviour of the FR8RAIL bogie. The
numbers in italics indicate the average relative improvement in different assess-
ment quantities w.r.t the standard Y25 design for the axle load case of 22.5 tons.

influence the dynamic loading on the track. Such linkages have been
implemented before in three-piece designs.

2. The FR8RAIL bogie has a softer primary suspension owing to the
presence of an extra Lenoir link per wheel, doubling the longitudinal
clearance to 8 mm. This increases the capability of the vehicle to yaw
substantially.

3. The longitudinal sidebearer clearance in the running gear is not given
in this design. Unlike the previous features, this stiffens the secondary
suspension allowing for lesser relative movement between the carbody
and the bogie-frame. However, this is beneficial when it comes to
lateral stability at high running speeds.

In addition to the suspension features, the FR8RAIL bogie is lighter as com-
pared to the standard design by about 100 kg due to variations in design and
materials. It is also equipped with disc-braking while the standard design
is equipped with the more conventional tread block braking as indicated in
the figure.
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Running behaviour

The assessment quantities given in EN14363 standards were checked for the
FR8RAIL running gear and compared alongside the standard Y25 design
to evaluate its running behaviour. Overall, a matrix of running conditions
was considered for discrete simulations including 6 radii: (300 m,500 m,800
m,1000 m,1500 m & Straight track), friction levels, speed levels and loading.
A statistical assessment of quantities such as the sum of lateral forces on
the wheelset (ΣYmax and ΣYrms), derailment coefficients (Y/Q), quasistatic
lateral force (Yqst) and vertical wheel-rail forces (Qmax and Qqst) was per-
formed. These quantities were then compared against the prescribed EN
limits for both the bogie designs and reported in Paper B. They signify
the impact of the bogie designs on the running safety and track loading
characteristics of the wagon. The improvement achieved w.r.t different as-
sessment quantities by the FR8RAIL bogie over the standard design for
an axle load case of 22.5 tons is presented in Figure A.2 for the leading
wheelset. The FR8RAIL bogie stays majorly within the safe region (<100
%) w.r.t the EN criteria as indicated by the maximum values (blue stars)
while there are some outliers due to high running speed (120 km/h) for the
standard case (red squares). The relative improvement on an average for
each assessment criterion is indicated by the grey boxes. It can be inferred
that the FR8RAIL bogie design significantly improves the lateral stability
and the curving behaviour of the vehicle while decreasing the track loading
marginally.
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