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Abstract

Due to the increase in demand on freight transportation it becomes necessary
to avoid delays to ensure that the goods reach its destination on time. The
main factors causing disturbances in the traffic on the mainline is the break
down of vehicles mainly due to damaged wheels. The damaged wheels are
identified through the wheel-rail impact force measurements provided by the
Wheel impact load detectors (WILD). This calls for the optimal schedule of
maintenance of wheelsets and wagons in general. During the maintenance, the
officials manually check for defective wheels and the exchange of wheelsets is
performed based on the type of damage. The classification of wheel damages
plays a vital role in providing ease of damage identification and insights to de-
duce a strategy for wheelset exchange. In this study, an attempt to classify the
damaged wheelsets is done by analysing the wheel-rail impact force data from
the wayside detectors. The data from the detectors are acquired from Predge
AB, a Luled based startup pioneering in providing decision support on optimal
maintenance schedules and predictive maintenance of rail wheels. Through
their detection and prediction solutions it was observed that of all the wheels
marked as damaged by the detectors 10% were undamaged. The source of the
deviation in the impact force readings could help Predge make better estima-
tions in damage detection and prediction. In this study, the sources contribut-
ing to the deviation is studied using multi-body simulations in GENSYS. A
new method for modelling wheel damage is developed to overcome the short-
comings of the software. The findings of this study can then be used appro-
priately to make classifications of wheel damages.

Keywords: Multi-body simulations, wheel damages, rail damage, damage
thresholds, wheel-rail impact forces, classification



Sammanfattning

P4 grund av den Okade efterfrigan pd godstransporter dr det nodvindigt att
undvika forseningar for att sékerstélla att varorna nér sin destination i tid. De
viktigaste faktorerna som orsakar storningar i trafiken pa huvudlinjen &r stopp i
spar av fordon, framst pd grund av skadade hjul. De skadade hjulen identifieras
med hjdlp av métningar av slagkraft mellan hjul och spéar som tillhandahalls
av hjulbelastningsdetektorer (WILD). Detta kriver ett optimerat schema for
underhéll av hjulsatser och vagnar i allminhet. Under underhallet kontrollerar
tjidnstemédnnen manuellt for defekta hjul och utbytet av hjulsatser utfors base-
rat pa typen av skada. Klassificeringen av hjulskador spelar en viktig roll nér
det giller att underlitta identifiering av skador och ge insikt for att bedoma en
strategi for hjulbyte. I den hér studien gors ett forsok att klassificera de ska-
dade hjulsatserna genom att analysera data fran slagkraften mellan spar och
hjul frin detektorer. Uppgifterna frin detektorerna hiimtas frin PredgeAB, en
Lulea-baserad uppstartsbolag som &r pionjérer for att ge beslutsstod om opti-
mala underhéllsscheman och prediktivt underhall av jarnvégshjul. Genom sina
detekterings- och prediktiva I6sningar observerades att 10% av alla hjul méarkta
som skadade av detektorerna var oskadade. Killan till avvikelsen i slagkraf-
tavldsningarna kan hjéilpa Predge att gora bittre uppskattningar nir det giller
upptéickning och forutsdgelse av skador. I den hir studien studeras de kéllor
som bidrar till avvikelsen med simuleringar av flera kroppar i GENSYS. En ny
metod for modellering av hjulskador har utvecklats for att overvinna program-
varans brister. Resultaten av denna studie skulle kunna anvéndas pé lampligt
satt for att gora klassificeringar av hjulskador.

Nyckelord: Flerkroppssimulering, hjulskador, rdlskador, skadetrosklar, hjulslag-
kraft, rilslagkraft, klassificering
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Chapter 1

Introduction

One of the most eco-friendly modes of transportation are railways. This mode
of transportation is one of the safest and most eco-friendly modes of trans-
portation at the expense of higher initial investments and maintenance costs
than other modes. The maintenance costs contribute to more than 60% [1]
of the operational costs in railways which includes the periodic check for de-
graded tracks and wheels and the cost for re-profiling it. With increasing de-
mand for mass transportation of people and freight it becomes necessary to
schedule regular maintenance checks on wheels and rails to reduce the risk
of delays and derailments. The wheel and rail re-profiling is carried out by
the maintenance workshops after thorough inspection through traditional tech-
niques such as drive by inspection where all the wheels of the train are sub-
jected to visual inspection for damaged components. These methods are not
accurate and reliable as many damaged wheels are not found, while many op-
erational wheels are removed when they could remain in service. Therefore,
more rigorous and quantitative inspection methods should be employed.

The digitalisation effort in the railway freight traffic is important to remain
competitive with the road traffic in terms of sustainability, cost and time. To
ensure this, a data driven approach could be employed to aid the maintenance
by accurately identifying the damaged wheels and possibly classify them into
various types. This classification of the type of damage will help the work-
shops to understand the root cause of the damage and further decide the ser-
vice of the wheelset based on the severity and type of damage. Moreover,
the classification will aid operators in dispatching the appropriate wheelset
to the fleet, since certain types of damages may be allowed in service until
they become severe, but other types of damaged wheelsets should be removed
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promptly, even if the severity is minimal. The classification also facilitates
in changing the operating conditions by allowing for improved speed fluctu-
ations, proper braking and acceleration, and an examination of the axle load,
among other things. Furthermore, the classification could also be beneficial in
planning maintenance for ideal re-profiling intervals and appropriate wheelset
exchanges, reducing both delays in goods delivery and traffic congestion on
the mainline due to vehicle breakdown. In order to make appropriate classi-
fication, the sources of wheel-rail impact forces have to be studied in detail
which is performed in this thesis. The findings of this study could be used to
develop a feature to be incorporated within a classification algorithm to make
the classifications.

1.1 About the thesis

The iron ores mined in Kiruna are rolled into steel plates (as shown in Figure
1.1) of a specific composition in Luled by SSAB and then transported to Bor-
lange where it gets rolled into specific dimensions as per the requirements of
various customers. This line has several sensors to measure the axle tempera-
ture and impact load along with 8 WILDs placed along its 1200 km distance.
The corridor investigated in this study is shown in Figure 1.2 along with the
detector stations. The vertical impact force data which was measured along
this railway line was obtained from Predge. From the data studied, it was ob-
served that the wheels identified as damaged were over 2400 wheels of which
1024 wheels were repaired only during winter [2]. Hence, the data during the
winter months from November to March in 2018-2019 were used in this thesis.

The classification of the wheel damages is particularly important for Predge
because it could add another dimension to the company by offering not just
the decision support but also educating the operators on revising the driving
or loading practices. This classification could also be beneficial for the infras-
tructure owners to take measures to safeguard their infrastructure since every
damage type has a different root cause and this root cause could deteriorate
the track in different ways. The trains carrying the iron ores in this line are
mostly equipped with the wagon type SGMMN which has the Y25 bogies.
The SGMMNs wagons along with the Y25 bogies are modelled in this study
and the parameters influencing the impact forces were studied. The wagon
is first modelled as close to reality by getting the dimensions of the wagons
from the manufacturers followed by modelling the bogie. The sources which
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I8 Detector station
= Railroad

Figure 1.1: Rolled steel plates carried

by the wagons Figure 1.2: Detector stations along

the corridor [2]

influence the impact forces were investigated through MBS and a relationship
between the parameter of interest and the impact force was developed in an
attempt to make the classifications.

1.2 Background

There are several types of wheel damages a rail wheel is subjected to but most
of them depend on the wheel-rail interface. The wheel-rail interface is the
contact between the wheel and rail and its size and shape. To understand the
theory behind the wheel-rail interaction, one should be aware of the contact
mechanics between the rail and wheel.

The wheel produces a contact force at the wheel-rail interface which is trans-
ferred to the track and vehicle. A defective wheel could cause an abnormal
contact force and stress on the rails. Therefore, the wheel condition can be
indirectly estimated by measuring the wheel and rail responses such as strain,
vibration, and acoustic. Installing sensors on every wheel is challenging due
to the expense, implementation, and maintenance. For this reason, track-side
measurement has been given more attention to measure the rail responses as
the wheel passes the sensor section of the track. A very common sensor used
in Sweden for this type of measurements are the Wheel Impact load Detec-
tors (WILD). The analysis of the data from WILDs could be helpful to detect,
predict and prevent a potential failure of the railway wheel. The WILDs work
on a simple strain-gauge based mechanism by recording the strain of the rails
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when the wheel is passing. This strain is then translated to its corresponding
force using the equation 1.1 [3].

Foutt) = | (Gl — ) - s 0] V] P
where,

F,.+(t), output force

€n(t), dynamic output strain

GF, gage factor

V, input excitation voltage

CF, calibration factor

The force data from the detectors is then analysed to offer decision support to

the infrastructure owners about the operation of the defective wheels which

could potentially damage the track. The analysis process involves the follow-

ing steps.

1. Data collection

¢ Time series data from WILD

* Gives peak and mean forces in the vertical direction
2. Data processing

* Clean up to remove faulty data

 Validate the updated data to remove additional or strange values
3. Data analysis

* Detect and predict damaged wheels

The data obtained from the WILDs could only be used to detect the damaged
wheel with 90% accuracy because of various factors influencing the contact
forces. The classification of wheel damages could be performed purely using
the data-driven approach but the other factors affecting the quality of the de-
tection will be unknown. Also, the data-driven approach follows a stringent
pattern which restricts the developed model to go beyond the specific condi-
tions due to the accessibility of the data. This is where the simulations hold
the advantage in expanding its limits.

The factors (other than the wheel damage) influencing the contact forces are
studied in this thesis through multi-body simulations MBS in GENSYS and
the results from these simulations can be used to make the classification of the
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wheel damages. Several studies were made in analysing the influence of speed
and dimension of the damage (for wheel flats) on the wheel-rail impact forces
for different bogie designs. This study focuses on applying these factors to the
bogie design used in this study and also to study the effect of rolling contact fa-
tigue combined with these factors using MBS which was never studied before.
The results of this study can be used to make the classification by devising a
feature that can be incorporated within the classification algorithm.

1.3 Wagon and bogie design

The dynamic behaviour of a freight wagon mainly depends on the interac-
tion between vehicle and track respectively vehicle and the transported goods.
Main requirements for the technology used in freight transport systems are
safety and cost efficiency. Due to the increase in demand for freight traffic
introduction of new types of running gear or enhancement in operational con-
ditions, i.e. increased axle load and speed, has been a major concern. More-
over, increasing the axle load will lead to deterioration of the track quicker
than before which leads to frequent maintenance. Therefore, it is important to
choose a running gear design which is track friendly and allows an increased
load carrying capacity. The running gear on freight wagons used in European
traffic as shown in Figure 1.3, are

* Y25
 Link suspension G-type

* Two-axle wagon with UIC double link suspension

Y25 bogie

Figure 1.3: Suspension types [4]
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The SGMMNs wagons modelled in this study use the Y25 bogies. The Y25
bogies have a special suspension design called the Lenior spring suspension
that was developed in the 1960s by the French railways. The Y25 bogie was a
lightweight version of the standard bogies used then. This requirement led to
the development of Lenoir link suspension design which used coil spring and
frictional dampers instead of the standard leaf springs making the bogie body
shorter and lighter. The Y25 bogie had an axle distance of 1800 mm and used
wheels with a diameter of 920 mm [4], [5] as shown in Figure 1.4.

a) Lenoir link. b) Damping.

Spring holder

Lenoir link
Outer spring

Inner spring

c) Sideview.

Figure 1.4: Y25 bogie design [5]

The primary suspension of the Y25s comprises of outer coil springs, inner
coil springs and Lenior links. The vertical load that is carried by the outer coil
springs located towards the bogie centre, is transmitted through the inclined
Lenoir links connecting the bogie frame with the spring holders. The resulting
longitudinal force on the spring holders depends on the vertical axle box load
and is transmitted to the axle boxes by pushers. Thus friction forces, approx-
imately proportional to the vertical load, are created in the friction surfaces
between the axle boxes and the bogie frame via the pushers. As a result lateral
and vertical motions are damped [4].

The Y25s have almost half the lateral play between the bogie and the car-
body frame than the link suspension bogie making it slightly wider [4]. The
SGMMNs have the Y25 bogie design which is modelled in this study. The
dimensions are shown in Figure 1.5. These type of wagons are primarily in-
tended to transport special containers for sheet metal rolls and steel plates since
they are open on all sides making it easy to load and unload. The SGMMNs
weigh around 17.5t and are designed to carry axles loads up to 22.5t.
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Figure 1.5: Dimensions of SGMMNS wagons [6]

1.4 Research question

The main aim of this thesis is to study the factors affecting the impact force
readings. This was performed by identifying the obvious factors such as wheel
and rail damages followed by auxiliary factors such as speed, vehicle faults,
etc. The contribution of these factors to the deviation is then documented
which could further be used to make wheel damage classifications using ma-
chine learning techniques.

1.5 Scope of the thesis

The scope of this thesis is to study the behaviour of the most frequent occurring
wheel damages in the studied corridor during the winter months of 2018-2019
and also to study the effects of other sources which contribute to the deviation
in impact force readings. This is a preliminary work which will identify the
useful parameters to be incorporated within the classification algorithm. The
effect of the damages on the infrastructure is out of the scope of this thesis. The
modelling and the results of this thesis can be used only to the studied corridor
since the initial conditions and wagon model are specific to this corridor of
study.
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1.6 Limitations

The findings of this thesis are limited to only several damage types when con-
sidered individually and the coexistence of several damages around the cir-
cumference of the wheel is not studied. However, the developed model could
be used to study this in the future. The modelling strategy is only limited to the
Y25 bogie model and the loading conditions of the SGMMNs. The generali-
sation of the results could be a part of the future work. Moreover, the findings
of this study could be a gateway to opening new potential of the predictive
maintenance field.

1.7 Structure of the thesis

This thesis is structured in a narrative manner starting from the understanding
of contact mechanics of wheel and rail in Chapter 2, followed by Chapter 3
which discusses characteristics of commonly occurring wheel damages and
their causes from the findings of various studies performed earlier. Chapter
4 gives a gist of the safety regulations for the damages mentioned, Chapter 5
discusses about their estimations in reality and through simulations. Chapter
6 focuses on the methodology inspired by the insights obtained from previous
chapters and finally Chapter 7 with the results and discussions followed by the
conclusion and future work in Chapter 8 and Chapter 9 to summarise the find-
ings of the study and the areas which have potential improvement respectively.



Chapter 2

Contact mechanics

The aim of this thesis is to identify the sources of impact force deviation. The
primary source is the wheel damage. To study the effects of the damage one
has to understand the initiation of the damage. The initiation starts from the
wheel-rail contact area. In solid mechanics, the term ‘“contact mechanics”
is the knowledge of mathematically modelling the deformation and stresses
arising where surfaces of two solid bodies are brought into contact. A contact
stress is evolved when a wheel and rail comes in contact while rolling. The
contact problem is to find the tangential and the normal pressure distribution
and size and shape of the contact area for either for known deformations or
known loads or a combination of these when two bodies of arbitrary surface
come into contact at interface. The contact area is determined by using various
theories but in this study, the widely used, Hertzian contact theory is used.
Analytical solutions are easy to use if the problems satisfy the assumptions in
Hertz contact theory [7]. The assumptions are as follows:

* displacements and strains are small
* the bodies in contact are homogeneous, isotropic, and linearly elastic

* the contact patch is small compared to the typical dimensions of the
contact partners

* the surfaces are smooth and surface roughness is neglected i.e. friction-
less contact

* Half plane assumption (the half-space assumption is doubtful where
wheel and rail have a conformal contact, which can occur in the flange
root but also due to wheel profile wear.)
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* the surfaces in thew vicinity of the contact area are described by constant
curvature to be able to calculate the shape and magnitude of the contact
area.

* the bodies are geometrically and elastically identical to calculate the nor-
mal and tangential contact problem

* Linear elasticity (is not valid for high loads)

Figure 2.1: Contact stress distribution

Hertz assumed an elliptical pressure distribution over an elliptic contact area
with semi-axes a and b as in Figure 2.1. The pressure distribution is given by
the equation 2.1

p(x,y) zpo\/l_ <§>2_ (%)2 @.1)

3N
2mab
where N is the normal force applied on the patch, a and b are the semi axis

given by equation 2.2
2
W d, [3NA =)
2E(A+ B)
(2.2)
b= 3 3N(1—v?)
2E(A+ B)
where A and B are geometric functions related to the relative longitudinal and
lateral curvatures of the bodies in contact.

1 1 1
A=— (— — —) (2.3)
2 T T

where, py =
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B = 1 (L + l) 2.4)
2 Té‘R 7“5
A—-B
© = arccos <A+—B) (2.5

A,B and © could be used to calculate the constants m and n using the table in

[7].

However, some practical problems cannot meet the required assumptions in the
Hertz contact theory. For example, this theory assumes that the contact area is
small compared to body dimension and surface curvature. For the wheel/rail
contact problem, when the contact area is near the wheel flange, the surface
curvature is comparable with the contact area and thus the Hertz contact theory
is not applicable [8]. This happens while running on a curve which is not a
scenario studied in this thesis. The insights of this chapter can then be used to
understand how the wheel-rail forces are estimated and how the angle of the
contact patch plays a role in deviating the impact forces.



Chapter 3

Types of wheel damages and its
mechanism

Rail wheels are subjected to several types of damages based on various factors
like the axle load, speed, locked brakes, faulty bearings, poor adhesion, etc.
Plastic deformation might be seen when the wheel-rail contact forces are high
especially when there is a flange contact. Rail wheel damages could further
be classified into types based on the initiation of the damages like the surface,
subsurface and deep surface. On the tread surface, there are usually two types
of cracks. One is caused by the repeated mechanical contact stress. The other
is initiated by thermal stresses arising from on-tread friction braking. The most
common wheel damages a rail wheel is subjected to are the Rolling Contact
Fatigue (RCF), wheel flats and the tread wear which are discussed in this chap-
ter along with the briefing of other types of damages. A summary of how each
type of damage influences the impact forces is also given for completeness.

3.1 Wheel flats

One of the most common tread defects are the wheel flat which is developed
due to unintentional sliding (without rolling) of the wheel along the rail as
shown in Figure 3.1. The reason for the sliding may be that the brakes are
poorly adjusted, frozen or defective, or that the braking force is too high in
relation to the available wheel/rail friction. Contamination on the rail surface,
such as leaves, grease, frost and snow, also make the problem worse. As a
result, a part of the wheel tread is worn off and locally the wheel temperature is
raised significantly due to the dissipated friction energy [9]. This sliding often
creates a flat on the circumference of the wheel which on repeated impact gets

12
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rounded off.

Figure 3.1: Wheel flats

3.2 Wear

The gradual removal of material from the wheel tread due to friction between
the interacting surfaces is called wear. The wear at the wheel/rail interface
plays a vital role in determining the reliability and safety of railway transporta-
tion. The wheel and rail materials are becoming more vulnerable to wear with
an increase in speed and axle loads. This results in a significant decrease of
wheel/rail system service life. The performance of the wheel and rail is af-
fected in at least three ways:

* the shape of the wheel and rail profiles could lead to derailment

 the wheel and rail profile affects the overall dynamics of the vehicle
which affects the ride comfort and the life of critical components

* poor dynamics and deteriorated wheel/rail profiles would require the
need for maintenance

Wheel wear could be classified into three types depending on the part of the
wheel worn, namely:
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* Flange wear: increased flange inclination, ¢z, and reduced flange height,
Sh

* Wheel tread wear: increased flange height, S}, and thickness, Sy

* Out-of-round wheels: rolling radius, H, is not uniform through the cir-
cumference

/ s

Ry

Figure 3.2: Wheel flange nomenclature

Flange wear

Regular contact between the wheel flange and the rail gauge corner due to
poor steering or (lateral) track geometry irregularities may lead to severe wear
of the wheel flange. The flange thickness and the flange inclination measure-
ments are used to judge the continued service of the wheel. The wear of the
flange is influenced by the curve radius, friction and the running gear design.
The smaller the curve radius the larger is the angle of attack between rail and
wheel. This gives rise to large creep forces and creepages hence, more wear.
Consequently, a higher friction coefficient also gives rise to larger creep forces
leading to more wear. The design of the running gear has an important role to
play when the wear of the wheel is studied. Stiffer and longer bogies tend to
wear more as the angle of attack between wheel and rail is larger giving rise
to larger creep forces which increase the wear.
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Figure 3.3: Wheel tread wear

Wheel tread wear

The reduction in rolling radius of the wheel characterises the wheel tread wear
(Figure 3.3). Wheel tread wear is generally caused by the normal forces be-
tween the wheel tread and the top surface of the rail in combination with or-
dinary and large creepages and creep forces. In addition to the normal forces,
tread braking also influences the wear of the wheel tread when the brake shoe
is pressed against the wheel tread. The wheel tread will increase the flange
height leading to problems in turnouts and crossings. Another feature that is
affected by worn wheel tread is the steering capability of the vehicle. The
wheelset steering depends on the difference in the rolling radius between two
wheels in the wheelset. The effective rolling radius increases relative to the
low-rail as the wheelset is shifted towards the high-rail. Worn tread wheels
will destroy the natural steering capabilities of the wheelset by reducing the
rolling radius difference [10]. Normally, wheel tread wear is less severe than
the flange wear.

3.3 Out-of-round wheels

An out-of-round (OOR) wheel is a wheel that has some form of deformation on
its surface, this deformation can have a large number of shapes and different
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root causes. Non-uniform wear might develop on the tread surface due to
traction and braking. The wear of a damaged tread due to spalling could also
lead to a non polygon wheel. The rounding of wheel flats also contribute to the
out-of-round wheels. This wheel defect leads to increased dynamic forces that
can cause damage to the rolling stock and the track [11]. This type of defect
induces a fluctuating contact force on the wheel tread which causes fatigue
crack growth. The dynamic wheelset oscillations are caused by the resonance
in OOR wheel rail interaction reduces the ride comfort and affects the life
of critical components. The OOR damage also leads to noise while rolling
incurring in addition maintenance cost if the noise legislation are not met.

3.4 Rolling contact fatigue (RCF)

Fatigue occurs due to the repeated rolling contact between the wheels and rails
combined with extreme loads in a very small contact patch on the material in
both rail components. This loading causes large stresses within the compo-
nents, which lead to severe plastic deformation of the topmost layer of the
material when the cyclic yield limit in shear is repeatedly exceeded for thou-
sands of cycles [23]-[26] (thermal crack propagation). If material hardening
and residual stresses are not sufficient to prevent further accumulation of plas-
tic strains, cracks will eventually form when the fracture strain is exceeded
[12].

The wheel fatigue failure modes can be divided into three different failure
types corresponding to their initiation locations, namely, surface initiated, sub-
surface initiated and deep surface initiated fatigue failures. On the other hand,
there are usually two types of cracks on the tread surface. One is caused by
the repeated mechanical contact stress and the other by thermal stresses aris-
ing from on-tread friction braking. The thermal cracks appear as short cracks
oriented axially on the wheel tread [8]. The most common types of RCFs are
mentioned below and their mechanisms and characteristics are explained.

Spalling

When the wheel is cooled down from high temperatures, the material phase
transition occurs from Austenite to Martensite making the affected zone brit-
tle and upon impact the newly formed Martensite breaks leading to material
fallout on the surface of wheel. This process is called spalling (Figure 3.4).
Cracks from spalling form perpendicular and parallel to the wheel tread sur-
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face [13]. The severity of this defect is characterised by the depth of each spall
and the distribution of the spalls over the circumference.

Figure 3.4: Spalling

Wheel shelling

Shelling and spalling appear to be similar but their root cause and mechanism
is different. Shelling is the term normally used for all types of subsurface
induced cracks. It is characterised by loss of material from the wheel tread.
The primary cause of this type of damage is the excessive vertical wheel-rail
contact force. The mechanical over-stressing of wheels gradually reduces load
carrying capacity due to increased risk of RCF which leads to failure of wheels.

Surface initiated cracks initially grow into the material at an acute angle which
soon deviates into an almost radial direction. In railway wheels, the cracks
then normally deviates (or branches) again and continues to propagate in a
circumferential direction at depths of some 0.5-5 mm [14]. Final fracture
occurs as a branching of the crack towards the surface or when the surface
level cracks meet, breaking off a piece of the surface material.

3.5 Thermal cracks

Vehicles equipped with tread brakes are prone to thermal cracks since the ther-
mal overload while braking can overheat the wheel tread and initiate thermal
cracks (Figure 3.5). The formation of thin martensite layer on cooling is re-
ferred to as white etching layer (WEL). Crack initiation related to WELSs is
a common problem in the railway industry that is observed in both rails and
wheel. One hypothesis is that cracks nucleating in or close to WELSs can de-
velop into so-called squats or studs in the rail, and to RCF clusters in wheels
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[15]. Thermal loading may induce cyclic and residual tensile stresses near the
running surface of the wheel which will promote both the initiation and the
early growth of a surface crack [16]. These cracks are a safety issue, as they
can grow radially through the wheel rim and the wheel web causing wheel
fractures.

Figure 3.5: Thermal cracks

Shattered rims

This is one type of subsurface defect that could be found on railway wheels
(Figure 3.6). For cases of moderate surface friction (a utilized coefficient of
friction below approximately u< 0.3), fatigue cracks tend to initiate below the
surface [12]. The point of initiation of subsurface cracks in railway wheels
may be from 4 mm to 20 mm from the rolling surface [17]. There are several
reasons for why such defects occur and they are mentioned below.

* Material hardening is more pronounced at the surface[14].

* Residual compressive stresses at the surface due to manufacturing and
operational loading may tend to suppress shallow fatigue crack initiation
[12].

* Material defects may cause very high localized stresses even at consid-
erable depths [18].

Residual stress in wheel rims is one of the important factors that can signif-
icantly affect the crack growth rate, and thereby affect the wheel failure life.
Residual stress can also be developed in wheel rims during on-tread braking
under service conditions [19].



CHAPTER 3. TYPES OF WHEEL DAMAGES AND ITS MECHANISM
19

Figure 3.6: Shattered rims

Damage Type Effect on Impact force
Wheel flats High effect
Wheel wear-Flange | Moderate effect (lateral impact)
Wheel wear- Tread No effect
RCF-Spalling Moderate effect
RCF-Shelling Moderate effect
Out-of-roundness High effect
Thermal cracks No effect

Table 3.1: Damage types and its effect on impact force

3.6 Other sources that affect the impact forces

The impact force data acquired from the WILDs are often influenced by var-
ious parameters which either gives an impractical data or faulty data. The
impractical data could however, be removed by using statistical tools before
feeding the data to the classification algorithm but the real issue lies in dealing
with the faulty data which affects the accuracy of the algorithm by giving false
negatives. These factors were identified in previous studies as listed below

3.6.1 Speed and damage dimension

The speed of the vehicle has a negative impact on the wheel-rail forces until
a certain speed and positive impact from there on. This was observed with
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wheels having wheel flats as discussed in [20]. The author also discusses the
effect the length of the damage has on the wheel-rail forces. Therefore, these
parameters where considered to study the impact forces of the wagons mod-
elled in this study. The speed of the train also plays a vital role since there is a
huge possibility that the loss of contact between the wheel and rail at the point
of the defect will not induce any momentum on the rails to alter the loading
as the speed is too much. This is very common when the wheel flats are small
[21]. However, these effects were no studied for wheels which have RCFs.

3.6.2 Primary suspension faults

The stiff and ice build up on the suspensions could effect the vertical wheel-rail
force readings since the stiff suspension changes the dynamics of the vehicle.
These factors generally increase the impact forces more than normal hence
creating an illusion of wheel damage leading to false positives. Moreover,
running with a stiff suspension system for longer periods could increase the
risk of RCFs as the forces on the wheels are quite high [22].

From the findings of the previous studies it was observed that some other fac-
tors mentioned below affect the impact forces.

* Rail damage on the detector placement section
* Load imbalance

* Lateral contact point of wheel damage

* Sleeper and rail stiffness

Therefore, these factors were used in the simulation cases to estimate the de-
viation of impact forces for the bogie model studied.
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Wheel damage regulations

Defective wheels trigger a deviation of the dynamic wheel-rail interaction
forces which depends on the axle load, the speed and the geometry of the
irregularity. The time history of these contact forces can be used to classify
the type of damage since every damage type has a unique characteristic. For
instance, a wheel flat generally triggers an impulse when the wheel and rail
are in contact while the RCFs have several peaks for one wheel rotation de-
pending on the number of cracks present. The limits on the vertical impact
forces are set by Trafikverket to safeguard their infrastructure. The threshold
for the dynamic force is 170 kN for the level 1 warning and 240 kN along
speed restriction for level 2 warning [3]. A direct consequence of exceeding
any of the track limits are delays, perhaps even to have to leave the wagon
behind. Additionally, if continuing to run, the damaged wheel could break
the track or derail, which is extremely costly and could even lead to fatalities.
Therefore, it is important to find and rectify damages in time. The workshops
follow stricter regulations called TSO (Technical Specification Operation), to
prevent vehicles from getting out on the track with the risk of developing big
damages[3].

4.1 Wheel flats

A wheel damage is condemned if its size is above certain limits. Each infras-
tructure manager sets their own limits of allowed wheel damages on their track.
In Sweden, there are two different track owners present where the three con-
cerned customer wagon fleets might run on: Trafikverket and Inlandsbanan
AB. On the tracks that Trafikverket owns [23], the following rules apply

* If the wheel flat or other damage is or is suspected to be longer than
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60 millimeters or consists of a build-up on the wheel tread that is or
is suspected to be higher than 1 millimeter, the vehicle is to be run at
maximum 10 km/h. In agreement with the signaler/traffic management
the vehicle may continue to the closest suitable operation site where it
can be switched out and left put.

* Wheel flats with a distribution of between 40-60 mm can continue to the
destination but cannot have new cargo until the wheel is examined and
rectified.

4.2 Wheel wear

The railway standards define minimum and maximum values for flange thick-
ness and flange inclinations [24]. Limiting the flange wear is particularly im-
portant because of the geometric constraints of the turnouts and the material
strength.

* The height of the flange cannot exceed 35mm measured from the tread

* The flange inclination should not be less than 5°measured from the ver-
tical.

¢ The tread cannot be lower than 3mm under the horizontal line drawn
from the highest point on the wheel tread.

If the flange inclination becomes too high then there would be a contact be-
tween the top of the flange and the switch blade which would increase the risk
of derailment. If any of the limit values are reached then the wheel has to be
re-profiled.

4.3 Out-of-round wheels

The measured wheel profile should not show a variation above 0.3mm. A
value above 0.3mm in variation triggers the WILDs. If the limit is exceeded
then the wheels must be lathed. The vehicle identified with such wheel should
run with a maximum speed of 40km/hr [24].
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4.4 Rolling contact fatigue

Spalling

Spalling defects can range in size depending on the age and depth of the defect.
The frequency of the defect could be spanning over the circumference of the
tread. The continued operation of the wheel is determined by the size and
frequency of the defect. The standards [24] are as follows:

* Spalled regions with cavities greater than 25mm diameter and no deeper
than 3mm with a maximum coverage of 50% should be removed from
service within 14 days

* Spallings over 3mm in depth and over 50% coverage should be removed
immediately from service

4.5 Thermal cracks and shattered rims

Any thermal crack greater than 10 mm long adjacent to the rim face, or any
visible thermal crack on the flange or a thermal crack greater than 40 mm long
anywhere on the wheel tread shall be allowed to operate. The identified vehi-
cle must be sent to the depot for further inspection [24].

The findings of this chapter could be used as inputs to the model used in the fol-
lowing chapters to study the influence of each parameter on the impact forces.
However, the WILDs analyse the force values from all the sensors and give
only the peak force and mean force which makes it impossible to observe the
time history and make the classifications. Therefore, it is necessary to under-
stand how the estimation of the damages using simulations are done and also
how the findings from previous studies were made. Chapter 5 discusses about
the damage estimation in reality and simulations.



Chapter 5

Damage estimation in reality and
in simulation

The damage estimation could be done by directly measuring various parame-
ters of the wheel to classify it as ’"damaged’ or "'undamaged’ while the damaged
wheel could either be simulated to measure the impact forces or the prediction
of damage could be performed by using mathematical relationships. One of
the majors differences in using simulations over measurements to estimate the
damages is the control of background variables. In the simulation environ-
ment, the background variables are well-controlled while in reality these vari-
ables have no control and are present in the final measurements as noises. On
the other hand, the simulated results can also never be the same as the mea-
sured but can be close to it by defining the background variables as close to
reality as possible.

—

- Background
- variables

Ideal
— Model 5 y=y

Reality
Train ¥ = ¥y + noise
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Figure 5.1: Difference between simulation and measurement
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This issue can be detailed by taking the example of a suspension system during
cold winters. The uncontrolled background variables in this case are the tem-
perature, humidity and air pressure to name a few while the parameters which
get affected by these variables are the suspension stiffness, damping coefficient
and the coefficient of friction. The vehicle parameters could be brought close
to reality by defining the parameters as a function of temperature, humidity
and air pressure but the results would never be close to reality. This is the
limitations of using a simulation model. However, the advantages of using a
simulation model is to understand the behaviour of the system when the vehi-
cle parameters are changed and the extent to which these can be changed can
go beyond reality which is only limited by the capacity of the software used
for the simulations.

5.1 Wheel flats

Measurement

Two of the most common devices to detect wheel flats are to use strain gauges
and accelerometers. Wheel flats can be identified by using the data from the
WILDs. WILDs were initially used by infrastructure owners to identify ve-
hicles which damage the tracks. However, it is currently used to predict and
prevent fracture of wheels by analysing the impact force data the WILDs gen-
erate. The load detector comprises of several strain gauges in shear gauge cir-
cuit configuration which record the strain in the rails when a wheel is passed.
The strain gauges are equally spaced along the web of the rails to measure the
impact load for one complete rotation of the wheel. The strain is then trans-
lated to force data. The recorded force data gives the mean and peak values
of vertical forces of each wheel through passage on the strain gauges. Using
the data from the WILD, one can evaluate the deterioration rate of the wheels.
According to the current Swedish criteria for removing a railway wheel is not
based on the length of the wheel flat since there are other factors influencing
large impact forces recorded by the WILD detectors. For instance, wheel flat
depth could be more important than the flat length [25].

Simulations

The effects of wheel flat could be analysed using simulation model but not the
formation of flats. The reason behind this is obvious when the mechanism is
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known. The flats are formed due to locked up brakes and this scenario is unpre-
dictable to be simulated. Hence, the effects on impact forces due to flats and
how factors like speed, geometry of the flat and axle load could be simulated.
Finite element analysis could be used to understand the effect of wheel flats on
impact forces on the rail. The effect of the size of the wheel flats was studied
and presented in [26]. The study was performed on wheel flats varying from
30mm to 60mm and concluded that the impact forces on the rails increased
as the size of the flats increased. The relationship between impact force and
wheel flat length was found to be non-linear which concludes that the predic-
tion of wheel flat length using the impact force data could not be performed
using linear functions. On the other hand, the effect of rounded wheel flat and
a freshly formed wheel flat was analysed in [20] and [21] and have contradict-
ing conclusions. [20] concludes that the freshly formed wheel flats have more
impact force on the rail while [21] concludes otherwise. This case has to be
studied further for different conditions to have a consistent conclusion on the
effect of the age of the wheel flat on impact forces.

The results of these simulations could also be used to predict the formation of
spalling and other RCFs since wheel flats when not rectified in a good time
could lead to RCFs and polygonised wheels.

5.2 Wheel wear

Measurement

The wheel wear can be measured by using special equipment such as MiniProf,
shown in Figure 5.2. A MiniProf measurement is based on the important full
contact measuring principle where a magnetic knife-shaped measuring wheel
provides constant and direct contact to the actual profile surface during the
complete measuring process. This measuring device is attached to the inside
of the wheel surface with a magnet. Measured profile data are stored in a tape
recorder which is then transferred to a personal computer for evaluation. Data
from several measurements can then be evaluated together.

Simulations

Wear can be numerically estimated by using two principle modelling methods
such as frictional or energy model where the wear rate is related to the work
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Figure 5.2: MiniProf equipment

done in the wheel-rail contact and the sliding models (Archard’s Model) wear
rate is related to the sliding distance, normal force and hardness of the material.
The Archard’s wear model is commonly used to estimate the maximum normal
force required to obtain a certain amount of wear. The Archard’s wear model
[27] is given by v
S -
Vwear - kl J7i

where V.. is the wear volume (m?), k; is the wear coefficient (determined
through experiments), s is the sliding distance (m), N is the normal force (N)
and N is the hardness of the material (N/m?).

5.1

The normal force N in equation 5.1 could be replaced by the product of pres-
sure p (N/m?) and area of the element AzAy to calculate the wear depth Az
(m) as

S'p
N A 2
§ H (5-2)

One important feature of Archard’s wear model is that there will be no wear
in the adhesion zone of the contact since the sliding distance is zero (zero
slip velocity). The wear coeflicient for different conditions can be determined
by laboratory measurements and expressed in a wear map depending on the
sliding velocity and contact pressure as shown in Figure 5.3. In Archard’s
wear model, the wear distribution is calculated for each wheel revolution (dz
(m)) by adding the wear depth along the longitudinal direction for each cell
element [27].

Wear can be investigated by used Finite Element Method (FEM) to estimate
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Figure 5.3: Wear map for wear coefficient k;

the optimal running distance before the wheel is worn above the acceptable
limit. The effect of wheel wear on impact forces is the feature of interest in
this study. Such models were studied and notably conclusions were presented
in [28]. It was noted that the worn wheel has 40% more impact on the vertical
wheel rail forces compared to the nominal profile.

5.3 Polygonised wheels

Measurement

The WILD could be used to identify this wheel defect but only when it is se-
vere. The impact force limits set by the infrastructure owners are very high
compared to the impact forces generated by the out-of-round wheels. It is
also challenging to identify the defect during a visual inspection hence, spe-
cial devices are used for measurement. The Miiller-BBM wheel roughness
measurement device is one such device (Figure 5.4). The wheelset are jacked
clear off the rail by a distance of about 5—10mm before the measurements. The
wheelset is allowed to freely rotate by releasing the brakes. The wheel tread
must be cleaned to avoid noisy data caused by contaminants on the wheel tread.
The probe in the mechanical contact with the wheel tread measures the devi-
ation from the mean radius. This probe can be moved laterally to where the
measurement should take place. The probe is normally positioned at the nom-
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Figure 5.4: Measurement device

inal rolling circle, which is 70mm from the wheel’s flange side. The wheel
is then slowly hand-rotated during the measurements to ensure that the mea-
surement is not affected by vibration or slip due to high rotational speed. The
wheel roughness measurement device has a 1 mm fixed sampling interval. The
measurement scanner resolution is 0.1 pm [29].

Simulations

This type of wheel defect could be identified in simulations by estimating the
variation of impact forces for similar running conditions. The polygonised
wheels generate higher impact forces than normal and the deviation from the
normal values tells that the wheel is out-of round.

5.4 Rolling contact fatigue

Measurement

The WILDs could be used to some extent to identify some types of RCFs like,
shelling and spalling. The RCF defects usually generates an irregular pattern
of vertical contact forces depending on the size and shape of the defect. A
study suggests that the peak forces generated by a wheel with severe RCF de-
fect is proportional to train speeds up to 100km/hr [1]. In the case of shelling,
the detection should be made at a very early stage because the wear will take
over due to high axle load [30]. However, RCF damage types like surface
cracks do not influence the impact forces as the contact geometry does not
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Figure 5.5: Shakedown diagram

change and can only be identified through visual inspection and the standards
are mentioned in the previous chapter.

Simulations

There are two main methods for predicting RCF numerically on wheels and
rails. These methods are Shakedown theory and frictional energy based model.
The Shakedown theory correlates the critical shear stress of material (k), nor-
mal contact stress (pg), and traction coefficient (u) at the contact patch, as
shown in Figure 5.5. This method states that RCF can be expected if the con-
tact lies above the shakedown limit. Shakedown theory has been applied to
study the establishment and development of RCF; however, this method does
not account for the competing effect of the wear. This can however, be over-
come by introduction of a correction factor obtained through Burstow fatigue
index diagram. More information could be found in [31].
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Methodology

The simulation environment is never the same as the actual environment as
some of the background variables are either unknown or unpredictable. The
data collected through the wayside equipment along with the results from the
simulation models could be used to classify the type of damage a wheel has
picked up. The data driven approach follows the technique of validating the
ground truth information with the data from the wayside equipment. The
ground truth information is obtained from the workshops after a wheel has
breached the thresholds. The workshops then evaluate the condition of the
wheels and identify the type of damage it has picked up. The running condi-
tions are then identified for that particular wheel and can be given as inputs
to the classification model. (The classification model used in this study is the
regression tree where a set of conditions are validated at every stage and the
classification is made according to the decision made at every stage.)

The parameter selected while creating the decision tree plays a crucial role
in making correct decisions. Therefore, the simulations helps in identifying
these parameters which could then be incorporated in the algorithm to produce
correct classifications. The ground truth information obtained from the work-
shops are then used to train the decision tree to classify the type of damage the
wheel has picked. Furthermore, a relationship between the parameter and the
impact forces for the corresponding damage type is also deduced to improve
the accuracy of the decision tree. This process is briefed in the flowchart (Fig-
ure 6.1) where the damaged wheel and rail profiles are given as inputs to the
simulation model which gives the impact forces as the output. The input pa-
rameters like speed, dimensions of the damage and track irregularities are then
changed to see how the impact forces are affected. The feature is developed by
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Figure 6.1: Methodology flowchart

analysing the influence of the input parameters which is also simultaneously
evaluated for feasibility with the wayside information. This newly developed
feature is then incorporated within the classification algorithm along with pa-
rameters like air temperature, humidity,etc to make the classifications.

The cases mentioned in section 3.6 were simulated using GENSYS [32], a
MBS software, to analyse the effects of these parameters on the vertical wheel-
rail forces. Making all the parameters as variables could incur a lot of sim-
ulation cases and it is a time extensive process, therefore, one of the obvi-
ous parameters (like speed, damage dimension,etc) that influence the vertical
wheel-rail forces are kept constant while the influence of other (eg. suspension
stiffness, damage type) was studied. These influential parameters can then be
accommodated within the classification algorithm to make classifications.

The usage of FEM was overlooked due to the inability to perform dynamic
simulations considering the wheel damages along with other vehicle parame-
ters like suspension stiffness. FEM could be used when only the effect of the
wheel damage on the impact forces are studied but it is challenging to study
the effect of wheel damages coupled with the vehicle parameters using FEM.
This can however, be performed if not for the time constraints. Furthermore,
the results of the previous studies were used to validate the model which only
restricts to explaining some of the behaviours for some factors studied. This is
because that the previous studies have used a different vehicle model and run
on different conditions which can not be the same as the model of the studied
corridor. The data from the WILDs are used to validate the magnitude of the
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force results thus obtained.

The wagons in this study are assumed to travel at a constant speed (no speed
profile was used) on a level tangent track since these are the requirements for a
WILD placement [3], hence this scenario was considered for the study. From
the data sets, it was observed that most of the wagons were travelling at a speed
between 90km/h and 100km/h. Therefore, most of the conclusions were drawn
for the speed of 100km/h. The track irregularity data of one such detector
section (Figure 6.2) was obtained from Trafikverket which was measured every
25cm along the track is used in this study. The nominal wheel profile, the
S1002t32.5 and the nominal rail profile EN13674_60E1i30m which has an
inclination of 1:30 were employed in this study.
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Figure 6.2: Sample of track irregularities in one of the detector sections

6.1 Wheel damages

The next case which was investigated was the influence of speed of the ve-
hicle on the wheel rail impact forces for wheel flats and RCFs. The damages
were also simulated for various damage lengths and distribution of the damage
around the circumference of the wheel (only for RCF). The largest permissible
damage length is 60mm as discussed in section 4.1 and the smallest damage
length to create adequate deviation is 18mm. Hence, the final conclusions were
drawn using the two damage dimensions of 18mm and 60mm. The simulated
results of wheel flats and RCFs could be prone to misleading results when an
inaccurate time step is considered. Several studies were made on identifying
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the optimal time step for the integration which are discussed in [33]. The time
step for integration was selected to be 0.125 ms since the maximum speed
simulated is 190km/h and the smallest length of the flat at this speed is 60mm
which means it would take a minimum of 1.4 ms for the flat to pass. There-
fore, having a time step 10 times smaller than the minimum time required for
the flat to pass would result in 10 values per flat passage thus increasing the
accuracy of the simulations. The high frequency noises in the resulting force
signal were filtered out using a low pass filter with a cut-off frequency of 90Hz
as per the standards of Trafikverket [7].

Note: The speed 190km/h is not realistic for the iron ore wagons. This speed
is studied only to explain the speed dependence of impact force due to wheel
flats.

6.1.1 Wheel flats

The first type of damage studied to understand this parameter was the wheel
flats. The wheel flats were modelled in GENSYS using a coupling function
called coupl creep_fasim_4 which alters the running radius of the wheel as
a function of the pitch angle of the wheel. The calculation of creep forces
in the contact patch is calculated according to Kalker’s simplified theory of
contact [32]. The pitch angle could further be altered to change the length
of the wheel flat which is investigated in the following sections. The wagons
are carrying an axle load of 20t and have a wheel diameter of 920mm. The
wheel flats have a length of 18mm and the wagons were initially simulated
for speeds of 40km/h and 70km/h. In reality, the force data obtained from the
detectors give the peak force, dynamic force, mean force and the force ratio
for one revolution for the wheel however, in this study, the wheel-rail forces
for multiple revolutions were simulated to understand the behaviour better.

6.1.2 Rolling contact fatigue

The RCFs were modelled in the GENSYS using the same function used to
model the wheel flats in the previous section with the only difference being
that the wheel profile was changed as a function of pitch angle. The damaged
wheel profile has RCF dents in the form of groves which are 2mm deep and
Smm wide with several groves along the the width of the wheel, as shown
in Figure 6.3, to ensure the contact of the groves with the rails is not missed
due to the lateral movement of the wagon due to track irregularities. The two
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Figure 6.3: Wheel profile of a wheel damaged due to RCF

cases were considered each for the lengths of 23mm and 60mm where the RCF
groves are in just one sector while the other being RCF groves in four sectors
around the circumference. The maximum length for the allowable damage
limit is 60mm hence, this was included in the simulation. The vehicle was
simulated for the same speeds as the wheel flats to draw a conclusion as to
how the damage types could be classified.

6.2 Damaged track in detector section

The first case that was considered is the influence of damaged track in the
detector section. The wagon was run on a track section under two conditions.
One which had the irregularities provided by Trafikverket and the other with no
irregularity. The track section had both the rails damaged at different sections
and the damages are 3mm deep and 43mm wide spaced at 2mm on the rail
head (Figure 6.4).

The wagon had a speed of 60 km/h during the simulation and a coefficient
of friction of 0.4. The left rail has a damaged section starting from 60m and
220m while the right rail has a damaged section starting from just over 140m
and 220m after the start of the track. The damaged section is about a meter
long and these values are purely arbitrary values only to study the influence
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Figure 6.4: Damaged rail profile

of the damage on the vertical forces. The damaged rail profile is strategically
spaced within the damaged section of the rail to avoid improper interpolation
by GENSYS. The spacing of the damaged rail profiles are such that the rail is
damaged for every 5cm for 5cm long damaged rail profile as shown in Figure
6.5.

s tem Damaged section

Figure 6.5: Damaged rail in various track sections
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6.3 Suspension faults

Another important parameter that would possibly influence the impact forces
are the faults in suspension due to ice build up. The faults in suspension could
include stiffer/flexible coil springs or stiffer dampers or a combination of both
in the primary suspension when poorly maintained. However, when the win-
ter sets it, the coil springs and dampers tend to get stiffer while the frictional
dampers in the form of lenoir links get drier thereby increasing the frictional
force needed by the wheels to move vertically. The Y25 bogie has no real
secondary suspension, the bogie being connected to the body via a spherical
centre pivot. The pivots’ contacting faces are lined with a friction material.
The pivot provides damping in yaw, roll and pitch [34] hence only the primary
suspension properties were altered. These faults could lead to a drastic change
in the overall dynamics of the vehicle thus affecting the wheel-rail interaction
forces.

The modelling of the bogie was done in a similar procedure as the wheel
damage section with one difference in the wheel-rail coupling function. The
three-point wheel-rail coupling function wr_coupl_pe3 was used in the place
of coupl_para creep_fasim_4. The usage of this coupling function reduces the
computational time as the time steps required for this type of simulations are
much bigger than the one used for wheel damages. The time step for integra-
tion is bigger because only the response of the suspension system is studied.
By reducing the time step would give multiple values for a short interval of
time which will not give a clear understanding of the response of the system
since it would not have attained steady state. The time span could be increased
to tackle this problem but this would incur a lot of simulation time which is of
no use.

In the first part of this parametric study, the effect of suspension faults due to
poor maintenance on the vertical impact forces is studied by using track irreg-
ularities as the external excitation to the system. A range in which the impact
forces lie was then formulated which helps in classifying the impact forces due
to suspension faults. The properties of the coil springs and viscous dampers
in the primary suspension are altered in the vertical direction by factors of 0.6,
1, 1.3 and 1.5 which indicates that the factors less than 1 correspond to softer
suspension properties while factors greater than 1 corresponding to stiffer sus-
pension properties.
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In the second part, the scenario of an icy suspension system was studied by
increasing the stiffness, damping and coeflicient of friction of the suspension
system and also adding 500kgs to the axle to replicate the ice on the system
[35]. The suspension system was modelled to be rigid (high stiffness-stiffness
increased by a factor 5 and damping by a factor of 1.6) to replicate the ice
build up in the springs while the frictional damping due to the lenoir links were
increased by a factor of 2. The irregularities present on the track were used as
the external excitation for the suspension system. The vehicle was simulated
at a speed of 100km/h for both parts since most of the detector sections in the
studied corridor are crossed with a speed of around 100km/h.

6.4 Classification

The aim of the thesis is to classify the type of damage using the impact force
data from the WILDs. The classification can be done through purely the data
driven approach which is by using some standard algorithms or by using the
classical simulation approach. The simulation approach gives a better under-
standing about the behaviour of the wheel damage and requires some back-
ground knowledge about the mechanics of the system to quantify the results.In
this study a mixture of both is employed to make the classifications. A clas-
sification algorithm called the random forest RF[36] was used to make the
classification. The RF algorithm builds multiple decision trees and merges
them together to get a more accurate and stable prediction. The RF is a very
popular to make accurate classifications because the final prediction is per-
formed by averaging out the predictions from the other decision trees created.
These decision trees are again created by considering all the combination of
input parameters individually. By doing this, the RF also give the importance
factor for every input parameter.

A decision tree (Figure 6.6a) is a tree-like model where each of its branches
contains a particular condition which gets checked at every branch, called the
internal node, before going to the next branch (node) of the tree. The end
result (leaf node) is based on the answers to the conditions above and always
results in the outcome of an event. an example of such a decision tree is shown
in Figure 6.6b where the tree is used to determine the gender of the sample
by checking for various conditions at every node. To make the classification
better there exists a factor called the gini index[37] which is the difference of
the sum of squares of probabilities of the ’yes’ and 'no’ and 1 (equation 6.1).
The lower the gini index the purer the classification is which means the degree
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of randomness in the sample is low at the node where the gini index is low.

gini=1-> P} 6.1)

voice pitch <= 0.5
gini = 0.48
samples =5

value = [2, 3]

height <= 175.5
gini = 0.4444
samples = 3
value = [2, 1]

Leaf
I |
e node Layer 2
gini = 0.0
samples = 1

value =[1, 0]

Layer 1 gini = 0.0
samples = 2
value = [0, 2]

hair length <= 28.5
gini = 0.5
samples = 2
value =[1, 1]

gini = 0.0 gini = 0.0
Boy samples = 1 samples =1 | @Gijr|
value =[1, 0] value = [0, 1]

(b) Decision tree for gender identification

Leaf Leaf
node node Layer 3

(a) Basic structure of a decision tree

Figure 6.6: Example of a decision tree

The RF algorithm has several input parameters with which it would be able
to judge into which category each sample (here, impact force data) would be
placed in. These parameters are namely, speed, peak forces, dynamic forces
and the force ratio. An additional parameter was incorporated within the clas-
sification tree which is the level of deviation. This was done by analysing the
impact force data and separating the wheelsets based on the deviation of the
vertical forces from the nominal values. The level of deviation was used to
classify the type of damage a wheelset has picked up. This value was then
incorporated within the classification tree as an additional parameter to build
the classification model.



Chapter 7

Results and discussion

A parametric study was performed to understand the effect of each param-
eter on the vertical wheel-rail forces. The factors mentioned in section 3.6
were implemented in chapter 6 and the results of the study are discussed be-
low. The force signals obtained from the simulations were post-processed in
MATLAB. All the resulting force signals were filtered using 90Hz cut-off fre-
quency. From the results obtained a classification strategy is also discussed
and implemented.

7.1 Wheel damages

The next influential parameter that was studied is the influence of speed and
dimension of the damages. Two types of wheel damages were considered in
this study, namely, wheel flats and RCFs. These two damages were considered
based on the frequency of occurrence of types of damages along the studied
railway line during the winter months.

7.1.1 Wheel flats

The parametric study was performed by varying the length of the wheel flat
and speed. It can be observed from 7.2 that the wheel rail impact forces are
decreasing with an increase in the speed when the damage length was kept
constant at 18mm and the reason for this trend could be that the the width
of the damage is too small so that the loss of contact does not have enough
time to induce the momentum on to the tracks to alter the impact forces by
a considerable amount. This reasoning was verified by introducing a longer
damages from 18mm upto 60mm for the same speeds and the results are shown

40
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in Figure 7.1a. It can be observed that the values of the forces still follow the
same trend but have breached the threshold limits. Further to understand the
effect of length of the wheel flats, a length of 100mm was studied for speeds
between 100km/h and 190km/h and it confirms the reasoning mentioned ear-
lier as shown in Figure 7.1b. The forces increase with increase in speed after
decreasing till 150km/h. Therefore, the speed could be used as a parameter to
classify this damage type by formulating a relationship between the speed and
the magnitude of the impact force.
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Figure 7.1: Influence of speed and length of damage on vertical whee-rail
forces
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Figure 7.2: Vertical wheel-rail forces for 18mm long wheel flats
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Figure 7.3: Vertical wheel-rail forces for 60mm long wheel flats

Furthermore, the smallest wheel flat and the largest allowable wheel flat were
simulated for the speeds of 40 km/h, 70 km/h and 100 km/h to conclude the
range in which the forces for a wheel flat lie in. The results of the simulations
are shown in Figure 7.2 and 7.3. It could be observed that the forces for lower
speeds are much higher than the forces at higher speeds which was the trend as
observed earlier. The passing speed of the vehicle is usually around 90 km/h
with a maximum of 110 km/h as seen in the given data set hence, the force
range was taken from the response of the 100 km/h results. From the results
obtained, the range for impact forces due to wheel flats could be estimated
as 150kN- 220kN. Additionally, another classification strategy could be em-
ployed by using the frequency of vibrations for the damages since the forces
thus obtained seem to have a unique vibration frequency. The PSD of the sig-
nals were plotted and the frequency of vibration for the above mentioned cases
was studied. It can be observed from Figure 7.4 that the PSD plots for 18mm
flat have a peak at around 40Hz while the 60mm flats have a peak at around
100Hz.
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Figure 7.4: PSD plots for 18mm and 60mm long flats

7.1.2 Rolling contact fatigue

The RCFs were modelled as mentioned in section 6.1.2 and the results for
the two cases considered are presented below along with the PSDs. Only the
damage length of 60mm was considered for RCFs since this would give the
maximum possible force for this type of damage.

Case 1: One RCF groove

The RCFs were modelled as mentioned in the previous chapter and the model
was simulated for speeds of 40 km/h, 70 km/h and 100 km/h for a damage
length of 60mm around the circumference. It can be observed that the ver-
tical wheel-rail forces have increasing peaks with increasing speeds with the
maximum force being 145kN for speed of 100 km/h and the minimum force
being 120 kN for the vehicle speed of 40 km/h. It can also be observed that
the vehicle becomes unstable for the speed of 100 km/hr and the reason could
be that the lateral shift of the wheel-set to maintain wheel-rail contact makes
the wheel run on a higher conicity. The higher conicity changes the angle of
the contact patch thereby, increasing the contact forces and making the vehicle
unstable. Another reason for this instability could be that the frequency of this
force signal is the same as the sleeper passing frequency but this instability is
not found when the wheel had wheel flats. Therefore, it can be concluded that
the instability is caused by the higher conicity of the wheel. A classification
range for the RCF wheel damages could be derived using this result. It can
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be concluded that the wheels carrying RCFs will have its vertical wheel-rail
forces in the range of 120kN - 145kN.
The frequency response of the force signals is plotted for this case as shown

x10°

-
N
T

-
w
T

N
N

-
-

-

L | Uil
J!"L\'u"‘ﬁs""“”l"‘lu‘ i i N‘ lzttﬂ‘m‘lf’\'l"“«lw "| il ‘r!v N\““ J‘M‘l )‘;!1“ ;li‘ ‘\!i‘*]" i

b

o©
©

Vertical wheel-rail forces (N)

o
©

40 km/h
70 km/h
100 km/h | |

©
3

02 04 06 08 1 12 14 16 18 2
time (s)
Figure 7.5: Wheel-rail impact forces due to single RCF for different vehicle
speeds

in Figure 7.6. It can be observed that the frequency peaks are seen at around
1100 Hz for both the wagon speeds which concludes that the frequency range
for a single RCF crack could lie in the range of 1000-1100Hz.
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Figure 7.6: PSD plots for single RCF
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Case 2: Four RCF grooves

The same modelling method was followed except that there were four RCF
dents along the circumference of the wheel. The reason for having four dents
is to have multiple force peaks for a single rotation of the wheel which would
give a clarity on the behaviour of the damage even if the lateral contact be-
tween the dent and the rails is missed while passing the detector section. The
results for the simulation are shown in Figure 7.7.
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Figure 7.7: Vertical wheel rail forces due to multiple RCFs for different speeds

The plots show that the vertical wheel rail force predominantly lies around
135kN and above. This range could be used as a classification range for RCFs.

As the previous cases, the frequency response was plotted for the wheel having
multiple RCF cracks as shown in Figure 7.8. The PSDs are plotted for 40 km/hr
and 70 km/hr since the vehicles gets unstable at 100 km/hr. It can be observed
that the presence of multiple RCF cracks move the peaks slightly away from
each other and the frequency range is higher than for the wheel with single
RCF crack. From the results, it can be concluded that the wheels carrying
multiple RCF have a frequency of about 1200Hz while the wheels carrying a
single RCF crack would have a frequency of 1000Hz.
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Figure 7.8: RCF for four RCF cracks

7.2 Damaged rail in the detector section

Case 1: No track irregularities

The wagon was run on the previously mentioned rail and track geometry. The
track design was considered to be ideal i.e., no irregularities. This case was
considered to study the effect of a rail damage on the vertical wheel rail forces.
The result for this case is shown in Figure 7.9. One can observe that the po-
sition of the wheel is moved rapidly along the width of the rail when it comes
in contact with the damaged section. Also, the rapid movement of the wheels
is only for a very small lateral displacement (0.3mm) which suggests that the
wheel has moved somewhere between the two cracks on the rails. This indi-
cates that the wheel moves over the damaged portion of the rail to maintain
continuous contact. Since the shape of the wheel is conical it manages to find
a contact point when the previous contact point is lost. Therefore, this does
not have any influence on the vertical wheel rail forces as observed in the first
plot which has the vertical wheel-rail force of the left and right wheels in the
vertical axis plotted against the longitudinal position of the axle on the rails
on the horizontal axis.
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Figure 7.9: Vertical wheel rail forces without track irregularities

Case 2: With track irregularities

The wagon was run with the same initial values and conditions except for the
ideal track condition. The data on the track irregularities present in the actual
track was obtained from Trafikverket in .xls format which was later processed
to .trax_wdesign by GENSYS. The processing takes values from the excel file
provided for the values of longitudinal, lateral and vertical positions of the
track, the cant irregularity in radians, the gauge irregularity and the track cur-
vature measured along both left and right rails. The detector section is approx-
imately after 1100m from the start of the section considered hence the irreg-
ularities are taken 50m before the detector section which is from 1050m. The
damages are introduced at the same distances as the previous case from this
new start point which is at 1115m and 1274m on the right rail and at 1194m
and 1274m on the left rail. The irregularity case was considered to check if
the wheel might be forced into coming in contact with the damaged portion of
the rails. Interestingly, the wheel shows a similar behavior as in the previous
case by moving around the damaged section of the rails. This behaviour is
shown in Figure 7.10 with the same variables in the horizontal and vertical
axis as before. However, the rapid lateral movement of thew wheel on the rail
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Figure 7.10: Vertical wheel rail forces with track irregularities

is masked due to the presence of irregularities. Therefore, it can be concluded
that the damage on the rails does not influence the vertical wheel-rail forces.

7.3 Suspension faults

The suspension parameters mentioned in section 6.3 were simulated at a speed
of 100 km/h and the results are presented in Figure 7.11.

Faults due to poor maintenance

The vehicle runs on the same track design as the previous cases and the vehicle
model gets its excitation from the track irregularities. It can be observed that
the vertical wheel-rail forces increase with the increase in stiffness parameters,
ie., higher vertical stiffness in the coil springs and higher damping coefficient
of the viscous dampers in the vertical direction.
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Stiffness | Damping | Force | Deviation (%o)
60% 60% 96 -4
100% 100% 100 0
130% 130% 114 14
150% 150% 128 28

Table 7.1: Deviation of vertical forces from nominal vertical force

On the other hand, the forces have reduced with reduction in stiffness and
damping. It is worth noting that the oscillations are damped out a little over 2s
when a lighter damping is used while the oscillations are damped out quicker
with increase in damping. In Figure 7.12, it can be seen that the impact forces
continue to increase. The ideal values are fixed based on the time taken to at-
tain steady state and the peak force for every excitation. The ideal suspension
parameters are a balance between the two fore-mentioned parameters. There-
fore, stiffer suspension system would lead to higher vertical impact forces.
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Figure 7.11: Vertical wheel-rail forces for various suspension stiffness

This trend merely explains how the impact forces are affected due to vary-
ing stiffness and damping. The magnitude of the peak forces is not accurate
as these are caused by the initial spring forces which are treated as initial ex-
citation. The results could however, be used to explain the results of the next
section which deals with the icy suspension. The level of deviation from the
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Figure 7.12: Trend in vertical forces and a function of stiffness

nominal forces are presented in table 7.1. This table gives an idea on how the
range could be specified for faulty suspensions.

Ice build up on the suspension system

The scenario of ice build up on the suspension system was modelled as men-
tioned in the previous chapter. The modelled suspension system was simulated
at a speed of 100 km/h with the irregularities present in the track give excita-
tion to the system. The resulting vertical forces for the left and right wheels
of the first axle are shown in Figure 7.13 and 7.14. The forces are compared
with the normal suspension system to understand the deviation in the vertical
forces due to ice build up. It can be observed that the forces are dropping close
to 40kN and 20kN on the left wheel while going to O on the right wheel. This
suggests that the wheel at that contact point is losing contact with the rails
and might have other contact points. To verify this, the forces on the second
contact point were plotted and it can be observed that the forces of the second
contact point increase when the force on the first contact point drops as shown
in Figure 7.14. The contact point gets shifted to another point along the width
of the wheel because of the conical shape of the wheels making it always re-
main in contact with the rails when small deviations in the track occurs. The
forces on both contact points were added to get a better estimate of the verti-
cal forces and the plots are shown in Figure 7.15. It can be observed that the
force due to faulty suspension has peaks clearly above the peaks of the normal
suspension system.

The peaks of both the force signals were plotted and averaged out to identify
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the range of the vertical force due to icy suspensions. This was performed in
MATLAB by using the commands findpeak to identify the peaks of the signal
and mean() was used to average out the peak values which resulted in obtaining
the average values for normally functioning suspension system as 98kN while
the icy suspension was above 119kN which is 21.4% deviation from the normal
value. It can be concluded that the vertical wheel-rail forces due to ice build
up on the suspension will be at least 22% higher than the nominal values.
However, these values do not trigger the alarm but when continues to run with
such suspension system could lead to RCFs very soon which also is one of
the reasons why the number of wheels damaged during winters are high in
number. (section 1.1). Furthermore, the PSDs for the ideal and faulty wheel
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Figure 7.15: Resultant vertical wheel-rail force of all contact points compared
with the nominal response

were plotted and their frequency response was studied. As it can be observed
from Figure 7.16, the peaks are occurring at a frequency of around 9Hz for
both the wheels. This is much smaller than for other cases where there was
a wheel damage and this value is much closer to the natural frequency of the
ideal suspension system. It could be concluded that the frequency response
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Figure 7.16: PSD for icy suspension system

for an faulty suspension can not be used to make beneficial classifications.

7.4 Classification

From the results obtained thus far, it could be observed that the wheels with
wheel flats have an impact force from 128kN upto 250kN for speeds of 90km/h
whereas, the wheels with RCFs have a range from 135kN till 150kN while the
one with suspension faults have a range from 113kN up till 150kN where the
nominal vertical force being in the range of 90-100kN. However, the wheelsets
will be marked damaged only when the vertical forces are above 170kN which
means the degree of suspension faults studied will be within the permissi-
ble limit. The severity of the damage for wheel flats is classified as ’severe’
when the length of the wheel flats are above 40mm (approx. 190kN) which
also means the limit has been breached. Therefore, a wheel having an impact
force between 200kN and 240kN could be marked as a wheel flat whereas the
wheels with force in the range of 135kN-150kN can be tagged as RCF while
the wheels having the impact force between 120kN and 140kN could be iden-
tified as suspension faults.

The classification was be done by incorporating the range of vertical impact
force values within the RF algorithm by the introduction of a new feature called
the degree of the deviation. This feature will have the range of values for each
damage type studied and this range will be checked at every node in the classi-
fication the tree. The model was tested by running with the set of data obtained
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Damage type Range
Wheel flats 200kN-300kN
RCFs 135kN-150kN

Suspension faults 120kN+

Table 7.2: Range of vertical impact force for different damages

during the winter months of 2018-2019. However, from the results obtained,
there seem to be an overlap in the range of forces for RCFs and suspension
faults which could lead to faulty classifications. This shows that the feature
development only through the force range is insufficient to make accurate clas-
sifications.

The frequency response of the damages obtained from the PSDs previously
in this chapter could be used to make classifications as the studied damage
types have unique vibration frequency range. The frequency ranges for each
damage type studied is shown in table 7.3. It can be observed that the vibration
frequency for every damage type is unique which could be useful to make
classifications. However, it might be challenging to measure this frequency in
reality since the WILDs give only the force and speed as the output.

Damage type Frequency range
Wheel flats 40-100Hz
RCFs 1000-1100Hz
Suspension faults | 10Hz or close to natural frequency

Table 7.3: Range of vibration frequencies for different damages

The simulations give an idea of the possible factors affecting the impact forces
and how these factors affect it. These influential parameters could then be in-
corporated within the RF algorithm along with the other parameters to get a
better estimate while classifying. Furthermore, these identified factors could
also be used to explain the occurrence of false positives in the WILD data and
also gives a vague description of how the forces due to false positives look like.

The findings of this study could further be extended and incorporated within
the RF algorithm after developing a better feature which uniquely relates a
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specific type of damage. This could be performed by analysing the effect of
other parameters and looking beyond the WILD data.



Chapter 8

Conclusions

This thesis focuses on identifying the sources that influence the impact force
data from the WILDs. This was performed in this study by simulating the po-
tential factors that affect the vertical wheel-rail forces through dynamic MBS.
Firstly, the most frequently occurring damages in the corridor were identified
with the help of the data provided by Predge followed by analysing the influ-
ence of potential parameters on the impact forces. The damage types and the
parametric study were used to study the behaviour of the damages. The bogie
design predominantly used in the corridor of study was the Y25. It modelled
by using MBS software GENSYS to study the behaviour of the wheel dam-
ages. A new damage modelling method was developed by changing the wheel
profile as a function of rotation of the wheel. Several parameters which have
the potential to influence the impact forces were listed after a thorough litera-
ture study and these parameters were validated. It was observed that the rail
damage does not influence the vertical wheel-rail forces hence, it was not con-
sidered for the classification strategy. The influence of other parameters such
as speed, damage dimensions, faulty suspensions and track irregularities on
the impact forces was studied and a classification strategy was proposed by
fixing a range of impact forces for each damage type.

Through this, a model was developed which opens the gateway to make a clas-
sification of wheel damages. The classification could be done in two ways
namely, purely through data-driven approach and by understanding the physics
behind the behaviour of each damage type. This model focuses on the latter,
by studying the influences of several types of wheel damages by observing
the vertical wheel-rail forces and how they are affected by various parameters.
The results can be used to derive a classification strategy which helps in clas-
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sifying the type of wheel damage using the impact force data from the WILDs.

The available classification algorithms were studied and the best algorithm for
this type of study was picked and the newly developed feature was incorpo-
rated. The newly developed feature (force range), however, has overlaps be-
tween the damage types which results in ambiguity in classifications. There-
fore, another feature has to be developed to be able to uniquely identify the
damage types which is the frequency of vibrations. The results of this study
could further be used to make useful classifications using the data from the
wayside devices.



Chapter 9

Future work

The findings of this study could be used to develop a feature that uniquely
relates each type of damage and this feature could be used as an additional
parameter in the classification algorithm to make appropriate classifications.
The influence of several parameters listed in chapter 3.6 was not studied such
as the effect of load imbalance, the stiffness of the sleepers and rails which is
very common during winters as the wooden sleepers tend to get stiffer during
winter and flexible when the temperature raises. The track irregularities were
measured every 25cm along the longitudinal distance which is too long with
respect to this study since the maximum length of the wheel damage is only
6cm. The spacial frequency of the irregularities has to be increased to make
better estimates of the impact forces.

Another interesting parameter to study could be the presence of multiple types
of damages on the wheel. Solving this problem could be inconvenient with
the existing post processing techniques used in WILDs which register only the
peak and mean forces. One way to address this problem could be to incorporate
a logic within the post processing system to give out several peak values rather
than just one. The several peaks could be compared with the damage pattern
obtained through simulations and apt classifications can be made. Another
problem with wheel damages could be to counter the lateral contact problem.
The lateral position of the wheel damage on the rail leads to a high probability
to miss the contact with the rails to create any influence on the impact force.
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