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Sammanfattning

Denna studie fokuserar pa tillforlitligheten for jarnvagsspar i samband med hoga laster som
orsakas av hjulskador, dar hogre (dynamiska) vertikala hjullaster forvantas fran tdg med
skadade hjul. Trafikverket har dvervakat och registrerat data om jarnvégsfel och avbrott.
Dessa uppgifter ar viktiga for riskutvarderingen och hanteringsprocessen for att fa en balans
mellan underhallskostnader och tillganglighet och kvalitet pa jarnvagstransportens kvalitet.
For att upptdcka hjulskador i forvdg, méats och registreras Wheel Impact Loads (WIL) av
Wheel Impact Load Detectors (WILD), som &r installerade l&ngs det svenska jarnvégsnatet,
for narvarande pa 29 platser. For att upptacka defekter och brott i skenor ar Ultrasonic Testing
(UT) en vanlig icke-destruktiv testmetod som anvénds av Trafikverket.

| det har projektet, genomfors en fallstudie for att statistiskt undersoka frekvensen av
jarnvagsdefekter och ralsavbrott efter tdg med hoga WILs, som 6verstiger 350 kN, fortsatte
att kora i ett definierat omrade under vintern 2019/20 vid Bodsjon. Fallstudien jamfor data
fran WILD vid Bodsjon och UT for de narliggande sparavsnitten, 211 och 212, under en
period pad fem ar, frdn 2016 till 2020. Jarnvagsséikerhetsnivaer undersoks baserat pa de
absoluta frekvenserna av jarnvagsdefekter som upptécks av UT och de normaliserade per
kilometer UT-kontrollerat spar, liksom svarighetsgraden av dessa jarnvagsdefekter.
Svarighetsgraderna anges fran det hogsta till det lagsta, som 1a/ 1v/ 1m, 2b och 3i, baserat
pa ursparningsriskerna och underhallets prioritet.

Det observeras att de extremt hdga WILs under vintern 2019/2020 har sammanfallit med de
allvarligare jarnvagsdefekterna som hittades av foljande UT ar 2020. Vidare aterfinns den
dominerande jarnvégstypstypen som knébgj. Genom att studera frekvensen av knabdj och
deras platser langs ett definierat sparavsnitt, visas det att det finns en liknande trend i
frekvenserna for knaboj och de hdoga WILs. Medan effekten av de hdga WILs storheter pa
forekomsten av knébdj ar odefinierad. Korrelationen mellan frekvenserna och storheterna for
hoga WILs och jarnvéagssakerhetsnivaerna kunde dock inte faststéllas fran denna fallstudie
pa grund av begransningarna i datasamlingarna. Det nuvarande sattet for datainsamling for
WILs, hjulskadetyper och jarnvéagsdefekter diskuteras for framtida arbeten.

Slutligen visar statistiken att nivan pa jarnvagstillforlitlighet for det omrade som definieras i
fallstudien anses vara acceptabel, med tanke pa de senaste nationella nivaerna som har
rapporterats i de arliga rapporterna om jarnvagsdefekter. Detta ger grunden fér mojligheten
att granska den tillatna effektnivan och foresla ett nytt varningsgransvarde for WIL. Med
tanke pa rekommendationen fran The International Union of Railways (UIC) for de
internationella jarnvagssektionerna, ska genomfdrandet av den 6kade varningsgransen for
WIL understkas noggrant, med en framtida pilotstudie i jarnvagssektioner som inte anvéands
for internationell trafik.

Nyckelord: jarnvagsdefekter, jarnvégssakerhet, ultraljudstest, hjulskador,
hjullastningsdetektor, statistik.






Abstract

This study focuses on the reliability of railway track in the relation with high loads resulted
from wheel damages, where higher (dynamic) vertical wheel loads are expected from trains
with damaged wheels. The Swedish Transport Administration (Trafikverket) has monitored
and recorded data of rail defects and breaks. This data is important for the risk evaluation and
management process, in order to obtain a balance between the maintenance costs and
availability and quality of service for the railway transportation. To detect wheel damages in
advance, Wheel Impact Loads (WIL) are measured and recorded by Wheel Impact Load
Detectors (WILD), which are installed along the Swedish railway network, currently at 29
locations. Additionally, to detect defects and breakages in rails, Ultrasonic Testing (UT) is a
common non-destructive testing method used by Trafikverket.

In this project, a case study is conducted to examine statistically the frequency of rail defects
and rail breaks after trains with high WILs, which exceed 350 kN, continued to operate in a
defined area during the winter of 2019/20 at Bodsjon. The case study compares the data of
WILD at Bodsjén and UT of the nearby track sections, 211 and 212, over a period of five
years, from 2016 to 2020. Rail reliability levels are examined based on the absolute
frequencies of rail defects detected by UT and the normalised ones per kilometre of UT-
checked track, as well as the severity levels of those rail defects. The severity levels are
denoted from the highest to the lowest, as 1a/ 1v/ 1m, 2b and 3i, based on the derailment
risks and the priority of maintenance.

It is observed that the extremely high WILs in the winter 2019/2020 has coincided with the
more severe rail defects found by the following UT in 2020. Furthermore, the dominant rail
defect type is found as squats. By studying the frequency of squats and their locations along
the defined track sections, it is shown that there is a similar trend in the frequencies of squats
and the high WILs. While, the effect of the high WILs” magnitudes onto the occurrence of
squats is undefined. However, the correlation between the frequencies and magnitudes of
high WILs and the rail reliability levels could not be determined from this case study due to
the limitations in the data collections. The current way of data collections for WILs, wheel
damage types and rail defects are discussed for future works.

Lastly, the statistics shows that the level of rail reliability of the area defined in the case study
is considered as acceptable, considering the recent national levels that have been reported in
the annual reports on rail defects. This gives the basis for the possibility of reviewing the
permissible power level and proposing a new alert limit value of WIL. Nevertheless,
considering the recommendation of The International Union of Railways (UIC) for the
international railway sections, the implementation of the increased alert limit of WIL shall
be examined carefully, with a future pilot study in railway sections that are not used for
international traffic.

Key words: rail defects, rail reliability, Ultrasonic Test, wheel damage, Wheel Impact Load
Detector, statistics.
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Nomenclature and Abbreviations

Abbreviations

AL

ICT

LEFM

NDT

PMD

Pl

RAMS

RCF

RFID
Trafikverket

uiC

uT
WIL

WILD

Alert Limit

Information and Communication Technology
Impact Load

Linear Elastic Fracture Mechanism
Non-destructive Test

Prevention and Mitigation of Derailment
Performance Indicators

Reliability, Availability, Maintainability and Safety
Rolling Contact Fatigue

Radio-frequency identification

The Swedish Transport Administration

The International Union of Railways
(French: Union Internationale des Chemins de fer)

Ultrasonic Test
Wheel Impact Load (or Wheel Peak Force)

Wheel Impact Load Detector
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Symbols

Rail Systems and Rail Vehicles

Fi
Fp
den

Qo

TN

AT

Vlimit

Statistics

Cl

Cov(X,Y)
Cov(rgx,Tgy)
E(X)

Var(X)

Wheel-rail Quasi-static force, [N]
Wheel-rail Peak force, [N]
Wheel-rail Dynamic force, [N]

Wheel-rail Quasi-static force filtered with a low-pass
filter of 20 Hz frequency, taking the 99.85th percentile of
the filtered force distribution, [KN]

Ratio of Wheel-rail Peak force over Quasi-static force, [-]
Stress-free temperature of rail, [°C]

Rail temperature deviation from the stress-free
temperature, [°C]

Operating speed limit, [ km/h]

Confidence Interval for Correlation, [-]

Covariance between X and Y

Covariance of the rank variables (rgx, rgy)

Expected value or mean of X; and analogously for E(Y)

Variance of the random variable X; and analogously for
Var(Y)

Sample size

Sample Correlation Coefficient by Pearson or Spearman
correlation testing technique, [-]

Spearman correlation coefficient, [-]

Pearson sample correlation coefficient, [-]



(rgxi, r9yi)

p(X,Y)
PL

Pu

Orgx
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Paired ranks of the raw paired values (X;, Y;)
Mean of the sample x;; and analogously for y

Sample standard deviation for the sample x;; and
analogously for s,,

Standard error

Alpha-level’s z-score for a two-tailed test, which can be
found in a z-table

Significant level

Pearson Population Correlation coefficient, [-]
Lower bound of the correlation coefficient
Upper bound of the correlation coefficient

Standard deviation of the set of variables X; and
analogously for ay

Standard deviations of the rank variables rgy ; and
analogously for Org,
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0 | Introduction

1.Introduction

1.1. Background

In recent years, railway transportation has increased in its demand and capacity. Mostly
because railway provides an eco-friendly transportation solution due to its high-efficiency
and high-capacity characteristics. With the usage of electric rail vehicles, the direct
greenhouse gas emissions can be considered as zero; although the indirect emission is largely
depending on the types of electricity resources, e.g.: sustainable resources of hydro-power,
nuclear power, wind energy, solar energy; or traditional resources from coal and natural gas.

With the increased demand for railway transportation, it is necessary for the railway system
to be managed effectively. Among different components of the railway system, rolling stock
and railway infrastructure are the major assets of the system that require large amount of
investment and maintenance. Rolling stock is referred to as rail vehicles, including both
powered and non-powered vehicles for cargo and passenger railway transportation. Railway
infrastructure includes many components, such as substructures (foundation or subgrade),
superstructures (ballast system, rail, sleepers and fastening system), rail yards, electrification,
signalling systems and Information and Communication Technology (ICT).

To cope with the increased demand, the railway system needs to be managed effectively,
especially the rolling stock and railway infrastructure as the major assets of the system. It is
necessary that the railway operation and maintenance activities are measured and monitored
systematically and strategically. The important Performance Indicators (PI) for railway
system include Reliability, Availability, Maintainability and Safety (RAMS). In particular,
rail reliability is one of the condition indicators for superstructure in railway infrastructure
[1]. To assess rail reliability, some important parameters are measured and monitored,
including gauge wear, corrugation, cracks and remarks on running surface, rail breaks, etc.

This study focuses on the reliability of rails in relation to high loads resulted from wheel
damages. Higher dynamic loads are expected from trains with damaged wheels. The Swedish
Transport Administration (Trafikverket) has monitored and recorded data of rail remarks and
rail breaks periodically. The periodical inspections are carried out by using Ultrasonic testing
method. The data of Ultrasonic testing is important for the Risk evaluation and management
processes. From the point of view of the high-level management, Stenstrom et al. (2012)
pointed out that “consistency is therefore especially important in order to capture long term
trends, predict future development and take the appropriate corrective action at an early
stage.” [1]

There is a need to reduce the rail and wheel maintenance costs regarding inspection,
lubrication, grinding or machining, welding and eventually replacing the broken ones.
However, the reduction in maintenance efforts can increase the risks of unacceptable service
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quality, delays of service, derailments, and consequentially losses of revenues, assets, and
most importantly, human lives. Furthermore, there is a need to investigate the rail conditions
to prevent derailments, and to minimize the delays on rail traffic. Thus, the challenge is to
establish cost effective thresholds in the maintenance strategies for both railway
infrastructure and rolling stock. This challenging task is to reduce the maintenance costs and
at the same time maintain and further increase the reliability levels.

1.2. Research objectives

The objective of the research is to investigate and determine whether there is any relationship
between the high loads from wheel damage and the rail reliability based on the data of Wheel
Impact Load Detectors (WILDs) and Ultrasonic Test (UT), which are provided by the
Swedish Transport Administration (Trafikverket).

There has been noticeable data on high loads from wheel damage. The study will be carried
out by investigating the data on rail inspection and determining whether the relationship
between these two sets of the data is validated. Furthermore, the study will determine whether
the consequences of high loads from wheel damage can be acceptable within the current risk
management and maintenance strategy of Trafikverket.

The research objective follows a high-level strategy in the maintenance system where the
high level of precision is not necessarily required but the trend of the measurements is more
important to be captured and analysed. The current and historical values shall be compared
statistically and systematically.

1.3. Research scope

The main scope of the research is carrying out a statistical case study on the frequency of rail
remarks and rail breaks after trains with damaged wheels continued to operate in a defined
area during the winter of 2019/2020. In this winter period, the operation of WILDs continued
but the warning system for train operators was turned off. Therefore, trains with high wheel
impact loads were allowed to run on the defined railways while still high wheel impact loads
were recorded accordingly by the WILD system. These data give the basic for the research
and will be compared statistically with the data from previous winter periods.

The defined area is chosen to be Bodsjon, in the middle of Sweden railway network. The area
has been reported with the highest number of alarmed records during the period of
2019/2020, i.e. 460 alarms from WILD. The defined period of time to be analysed is chosen
as five consecutive years between January 2016 and March 2021.

Furthermore, the rail defects of chosen track sections, 211 and 212, which pass by Bodsjon
WILD are detected by Ultrasonic test (UT) train and verified manually. The UT data of rail
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defects is analysed in conjunction with WILD data to investigate the effects of high wheel
impact loads onto the rail reliability. Based on the statistical analysis results, the current Alert
Limit (AL) will be reviewed and discussed.

1.4. Method

Firstly, for the damages and defects of rails and wheels, together with the defect detection
methods, a literature study is performed.

Secondly, the data collection from WILD and Ultrasonic testing are provided by
Trafikverket. An observational study using simple statistical tools is employed to analyse
these data, in terms of frequency, regression, comparison, etc. The statistical analysis
softwares, for instance Excel, Minitab and IBM SPSS, are used in this study. The analysis of
results is grounded in the literature review for enhancing the knowledge of system behaviour
and supporting future research.

1.5. Report disposition
In Chapter 1, the Introduction is presented with the background information, the research
objectives and scopes, and the method.

In Chapter 2, the Literature review is summarised, including the theory of wheel and rail
damage, the detection methods of rail defect and wheel-rail impact load, together with the
requirements of Trafikverket and UIC related to vertical wheel-rail impact load and rail
defect detections. Furthermore, some recent research findings related to the topic of wheel
flat damage and rail breakage is reported.

In Chapter 3, the Data collection is presented in detail. The approaches of quantification for
rail reliability assessment are included in this chapter. Subsequently, the data collection from
WILD and Ultrasonic test for the case study is reported. In Chapter 4, the Data analysis and
results are reported and summarised. Besides, a discussion on the current Alert Limit for the
Wheel Impact Load is presented in this chapter.

In Chapter 5, the conclusion is delivered with a summary of the findings and discussions.
Lastly, Chapter 6 proposes the Future Works in the interest of future extension of the research
works.
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2.Literature Review

The literature review focuses on providing the introduction of the key concepts in wheel and
rail defects and the detection methods that have been used by Trafikverket in the recent years.
Furthermore, some research findings related to the topic of wheel-rail impact loads in relation
with probability of rail break are included in the chapter. Finally, the statistical concepts and
methods of correlation testing are introduced to give the basis for the subsequent statistical
analysis.

2.1. Wheel and Rail Defects

This section introduces the key concepts in wheel and rail defects, which provide the
fundamental information for the case study on rail reliability and wheel damage. There are
two major types of wheel and rail defects, rolling contact fatigue (RCF) and wear. Rail break
is the most severe defect and causing higher risk for derailment. These defect types will be
introduced in detail in this section. Subsequently, the UIC Code of rail defects, which is used
by Trafikverket in their system of inspecting and reporting rail defects, is introduced.

Firstly, to understand wheel and rail defects in the relation to each other, the fundamental of
wheel — rail contact shall be mentioned. Rail is part of the superstructures of the railway track
system. Rail is supported and fixed on sleepers, which are supported by ballast and subgrade
or by concrete slab track. Steel wheels are designed with conical shape including wheel tread
and flange to roll on the railhead via a contact patch of a coin size. With the small contact
area of a coin size, the rolling resistance is reduced significantly. However, this also results
in very high contact pressure that is typically in the range 1000 — 1500 MPa [2]. When the
profile of wheel and railhead are matching and largely conformal to each other, the “spread
out” contact is achieved. On the other hand, non-conformal contact can result in localized
patch and cause higher contact pressure [3]. Wheel and rail defects are subsequently linked
to each other.

Figure 2.1 shows the typical profile of wheel — rail contact [4]. Figure 2.2 illustrates the cases
of conformal and non-conformal wheel — rail contact [3].
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Figure 2.1: Typical wheel T rail contact profile [4].
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Figure 2.2: Conformal and Non-conformal Wheel i rail contact cases [3].

2.1.1. Wear Defect

Wear defect is gradual material removal due to rolling-sliding contact. The level of wearing
is influenced by contact pressure, sliding distance, material characteristics, surface
characteristics (roughness, waviness, micro-roughness, macroscopic deviation) and the level
of friction, lubrication, “3' body” particles [10].
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The consequence of wear is altering the contact geometries in wheel and rail profiles, which
can cause poorer steering and high contact stresses at the wheel-rail contact surface.
However, an appropriate amount of wear can result in improved match between contacting
surfaces, decrease in surface roughness and early surface cracks [8].

In this section, the common types of rail wear, together with wheel flat, an out-of-round wear
defect on wheel tread, are introduced. Other less common wheel wear defects, such as flange
wear, hollow wear, eccentricity wear, waves and corrugations are not mentioned due to the
project limitation.

Rail Wear
The common types of rail wear defects include the following (Figure 2.3):

91 Gauge corner wear: appearing on the outer rail in curves, together with flange wear
on wheel.

91 Top surface wear: appearing on the inner rail in curves, together with tread wear on
wheel.

Gauge corner wear may accelerate crack growth and cause the wheel-rail contact geometry
to be deviated. In particular, the increase in track gauge can be caused by excessive gauge
corner wear. In practice, the permitted increase in track gauge determines the permissible
gauge corner wear [8]. Rail parts that have gauge corner wear amount exceeding the
permissible limit shall be replaced in order to achieve the acceptable gauge and reduce the
derailment risks. However, an appropriate amount of wear at the top of the rail will result in
wearing off the early RCF cracks and prevent them to propagate into the subsurface (similar
to griding maintenance operations) [8]. Generally speaking, the wear rate is related to the
strength of the material. The higher the strength is, the lower the wearing rate is. Rail wear is
thus related closely to the material strength of the rail head surface. Particularly, outer rails
in sharp curves, expected to have excessive gauge corner wear, are sometimes installed with
rail of the higher tensile strength, typically 1,000 to 1,100 MPa, and lubricated to reduce the
wearing amount [8]. Lubrication is a typical method of controlling friction and wear by
applying a lubricant (grease, oil, etc.) that is “a friction-reduced film between moving
surfaces in contact” [11]. The application of lubrication in wheel-rail contact is another large
topic that is not presented in the context of this report.



Literature Review | 7

_-_4_

Wheel wear

Vertical wear

Figure 2.3: Schematic of the typical wheel and rail wearing defects [12].

Wheel Flat

Wheel flat is one of the most common wheel tread damage types. Wheel flat is considered as
a wheel wearing defect caused by wheel sliding on rail head due to one or combination of the
following reasons:

) blockage or partial blockage of the wheelset,
i) a fault in the brake system
iii) an excessive applied braking force

The consequence of a wheel flat defect is the energy dissipation due to friction, causing heat
rise locally at the wheel-rail contact surface. Very high temperature (~800°C) turns wheel
steel into martensite, a more brittle form of steel microstructure. Further cyclic loading
increases chances of crack initiation and propagate. Subsequently, spalling from wheel tread
with the brittle surface will occur and make the tread surface flat locally. As a result, this
causes a local deviation from the nominal wheel radius and unconforming profile between
wheel and rail [13].

In [13], the wheel flat defect, when running on the rail head surface, is assumed to cause high
wheel impact load (WIL) or peak force that is a sudden increase in the force at the wheel-rail
contact patch. The hypothetical description of an impact force resulted from Wheel flat defect
is illustrated in Figure 2.4. This gives the basis for the reason why high WILs shall be
identified, by Wheel Impact Load Detectors (WILDs), to detect and diagnose in advance
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wheel damages or particularly wheel flats. The topic of WILD is introduced in Section 2.3

Wheel Impact Load Detection.

In Figure 2.4, the two fundamental behaviours of a vehicle on a track are illustrated, quasi-

static and dynamic behaviours. Theoretically, these behaviours can be described as followed

[14]:

A Quasi-static behaviour, resulting in constant forces and relative displacements in the
vehicle and between vehicle and track with respect to time. This behaviour occurs
when a rail vehicle rides on an ideal condition, e.g: constant speed, no track
irregularities, constant curve radius or straight track, and constant wheel-rail friction

A Dynamic behaviour, resulting in additional forces and displacements, often due to
irregularities on track or wheel surface and self-induced motions. The sudden change
in wheel-rail force causes a peak value in a short period of time.

Force peak from
defect wheel
[
I’ﬂ
Force { \,
vlj ll\ den
| \
Train load [\
{ \ Fp
!I \
f \
/ \ |/
Fl \j
\ e
S Time
“;‘: ”‘ ‘ v‘y' é\ J
Wheel flat t
Force peak
F Quasi-static force
Fo Peak force
Fan = Fp - F) Dynamic force

Figure 2.4: Hypothetical description of an impact force resulted from Wheel flat [13].
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Figure 2.5: Typical Wheel Flat defect [Photo by M. Asplund].

2.1.2. Rolling Contact Fatigue (RCF)

Rolling contact fatigue (RCF) is one of the common defects found both on wheel and rail
contact surface. RCF of rails and wheels has been considered as one of the major risks for
track deterioration, the maintainability, and the operational safety of tracks [5].

RCF is developed as fatigue caused by rolling or sliding contact. Steel wheels roll on steel
rail with a high number of friction load cycles, especially during braking and curving. There
are four phases of fatigue failure or RCF failure in particular, including:

i) Crack initiation,

i) Early crack propagation

iii) Extended crack propagation and spalling
iv) Final fracture / breakage.

Refer to Figure 2.6 for the illustrations of the four phases of RCF development on rail [2].
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Figure 2.6: Four phases of RCF development on rail [2].

The first phase is crack initiation due to surface plasticity. A high number of friction load
cycles during traction, braking and curving results in the plastic deformation of the surface
material in wheels and rails. Figure 2.7 illustrates the plastic deformation of wheel and rail
contact surface during traction [6]. The repeated rolling and sliding contact loadings cause
the accumulation of shear deformation at the contact surface. As a result, a crack is initiated
at the contact surface with sizes of around 0.3-0.5mm at the end of the first phase [7].

The early crack propagation is considered as transient crack growth behaviour. Crack growth
or crack propagation is commonly studied in 2D and 3D based on a linear elastic fracture
mechanism (LEFM) approach [8].

RCF crack growth and propagation is caused by shearing (caused by normal and tangential
forces) when wheel rolling on rail head and rail bending due to heavy wheel loads.
Furthermore, fluids of rainwater, lubricants, etc. being trapped under pressure during wheels
passing can increase RCF crack growth [8].

-,‘_‘_.

N wheal ! H

tractive forces —

Fail B " i

Figure 2.7: Plastic deformation on wheel and rail contact surface during traction [6].
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RCF types are defined based on the occurrence, the size and the location of RCF on rail and
wheel contact surfaces. The common types of RCF include head checks and gauge corner
cracking, squats, and tache or tache ovales. The overview of these common RCF types are
summarised in Table 2.1. Some images of RCF on wheel and rail are shown in Figure 2.8
and Figure 2.9 [2] [8] [9].

Table 2.1: Common RCF types on wheel and rail [2] [8] [15].

RCF type Occurrence Cause & Characteristics
H heck mall hairline crack R . .
ead Checks S . ? auriing cracks A combination of high normal and tangential stresses
Gauge Corner initiated on wheel tread

Cracking and railhead surface between rail and wheel.

A Local irregularities on the track surface leading to
high dynamic contact stresses.

Cracks growing A Heavy wheel load causing high tractive effort in the

Squats horizontally on railhead
a y contact patch.
surface . . . .
A Excessive dynamic wheel — rail contact force directly
causing squats or RCF cracks’ growth.
Subsurface / Inside the Steel manufacturing defects, e.g: presence of hydrogen

Tache (Tache

ovales) railhead with a kidney shatter cracks, inclusions (undesirable elements/

shape impurities) and voids.
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Gauge Corner cracking at sharper

Squats on rail head

A. Crack initiation
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Figure 2.8: Common RCF defects on Rail [2].
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‘ 1,00 mm depth measured
with calipers

Figure 2.9: RCF defect on Wheel [9].

2.1.3. Rail Break

The last phase of the crack development process on rail is rail breakage. The final fracture
occurs when cracks propagate through railhead, to the rail web and base due to brittle
transversal propagation.

By Trafikverket’s definition adapted from UIC Code 712 Rail Defect, rail break is defined
as rail broken into two or more pieces, or rails from which fragments have come loose with
a gap longer than 50 mm and deeper than 10 mm [16] [17].

By Sandstrém and Ekberg (2008) [18], the influencing factors in fracture mechanism of a
rail break consist of

A Vertical Bending moment at the head check cracks (RCF cracks)

A Thermal loading, i.e: cold temperature, in relation with the decrease in temperature with
the stress-free temperature (Tn)
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Figure 2.10: Typical Rail break [19].

2.1.4. UIC Code of Rail Defects

UIC Code 712 Rail Defects represents the Handbook of Rail Defects, providing the official
and standardised definitions of rail defects, definitions of the location of defects, the
recommendations and the general coding system for rail defects [17].

The coding system gives the basis for assembling a database of rail defect statistics in the
national and international scales, allowing subsequent studies on the most expected rail
defects, their causes, and trends in rail defects, as well as investigations on the effects of the
counteractive measures taken to by the infrastructure managers [20].

Rail defect classification scheme consists of 3 to 4 digits. Each digit defines the following
characteristics of a rail defects:

1 The 1% digit indicates the situation or general location of the defect on rail, whether
at rail end (1), in zone away from rail end (2), defects resulting from damage to the
rail (3), or defects from joint or repair weld (4).

f The 2" digit indicates the localized position within the rail section of the defect, or
the welding method.

1 The 3" digit indicates the pattern or nature of the defects, e.g: transverse, horizontal
or longitudinal vertical cracks, etc.

1 The 4™ digit indicates additional characteristics to allows for a further classification.

The terms used in the UIC Code to indicate the locations of rail defects are illustrated in
Figure 2.11. The classification scheme of Rail defect codes by UIC is summarised in Figure
2.12.

The classification and numbering scheme is adopted in Trafikverket Rail defect reports and
other rail maintenance documentation. The common rail defects and their codes are
summarized in Table 2.2: UIC Codes for common rail defects. This gives the information on
rail defect types being detected and reported in the Section 0
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Figure 2.11: Terms relating to location of rail defects used in UIC Rail defect codes [20].
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Figure 2.12: Classification scheme of Rail defect codes by UIC [20].
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Table 2.2: UIC Codes for common rail defects [17].

UIC Code Rail Defect Description

112,212 Horizontal cracking in rail head

113,213 Longitudinal-vertical cracking in rail head

121,221 Surface defects

127,227, 427 Squat
135 Breakage of fishbolt
222 Shelling
225 Wheelburn
233 Longitudinal vertical cracking (piping)
235 Cracking around holes other than fishbolt holes
412 Electric Flash-butt welding - Horizontal cracking of the web
421 Thermit Welding - Transverse cracking of the profile
431 Electric arc welding - Transverse cracking of the profile
471 Resurfacing - Transverse cracking of the railhead
412,422,432, 472 Transverse cracking in welds
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2.2. Rail Defect Detection Methods

There are two common techniques to detect Rail defects: Visual Testing and Non-destructive
Testing (NDT). Non-destructive Testing includes the typical testing method of using
Ultrasonic technology. These techniques with their characteristics and applications are
summarised in this section.

2.2.1. Visual Testing

Visual testing is the basic technique to detect rail defects, by using bare eyes. The inspectors
are required to have good knowledge of the appearances of different rail defect types in order
to perform the test. Visual testing technician are deployed during the manual Ultrasonic
testing (UT) to verify additionally the rail defects that have been identified by this NDT
method [21].

Some common rail defects that can be identified by Visual Testing are squats and short-pitch
corrugation, as shown in Figure 2.13 [21].

Squats

Figure 2.13: Common Rail defects detected by Visual Testing [21].
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2.2.2. Ultrasonic Testing

Non-destructive testing (NDT) is used to detect defects in materials without causing damage
or destroying the tested items. For rail defect detection, one of the common methods of NDT
is Ultrasonic testing (UT).

UT is the testing method of transmitting high-frequency sound waves (ultrasonic around
20,000 Hz) into a material to detect imperfections or to locate deviation in material properties.
The first UT was used in North America in 1920s. Since 1950s, UT has become the main
method of NDT for railway globally [22].

In UT for rail defect defection, ultrasonic waves are transmitted into the rail at various angles,
from the top of the railhead to the web, to the rail bottom, and cover the entire width of the
rail head. Subsequently, the reflected or scattered energy is received using transducers. The
amplitude of the reflected energy and the time recorded, analysed by a software to identify
the rail defects [22]. The ultrasonic technique used on DB inspection trains comprises the
transducers of straight beam 0°, and angles beams with +35°, £55° and £70° for forward and
backward scanning, as shown in Figure 2.14 [21].

UT can be deployed by portable UT detectors (manual) or by inspection trains (automatic).
Inspection trains can cover rail network ca. 160 km per day with a speed up to 70km/h [21].
Reportedly, the testing train speed in Europe today is normally 40 km/h. The typical manual
and automatic UT are shown in Figure 2.15.

+70° +55° +35°  0° 35  .55°  .70°

®

e B NN
// T

Z

1 r 2

Figure 2.14: Typical configuration of Ultrasonic transducers used in DB inspection trains [21].
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Automatic Ultrasonic testing in DB “SPZ3” Inspection train

Figure 2.15: Manual and Automatic Ultrasonic Testing methods [21].

2.2.3. Trafikverket Requirements for Non-destructive Testing
In the document KRAV TRVINFRA — 00015 [16], Trafikverket provides the requirements
for Non-destructive testing (NDT) used in the inspections of the Swedish railway network.

The periodical testing requirements using UT on inspection trains are depending on the
inspection class of rails, the types of rails, applications, and the operation speed of rail
vehicles. Furthermore, UT manual instruments shall be used to verify defects from the
periodic ultrasound check, and when railhead is less than fullwidth.

The time intervals between ultrasonic checks are listed in Table 2.3. The severity and
priority levels of rail defects are summarized in Table 2.4.
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Table 2.3: Trafikverketd sequirements for periodic Ultrasonic testing [16].

Time intervals between ultrasonic checks (months)
Rail Crossing with
. . fixed Blade joint Dilatation (Rail
Inspection Rail and manufactured intersection (openin Expansion)
class Switches from 1976 to ' pening pan:
1982 speed above bridge) device
200 km/h
B1 48 24 6 6 12
B2 36 12 6 6 12
B3 24 6 6 6 12
B4 12 6 6 6 12
B5 12 6 6 6 12
Table 2.4: Rail defect severity and priority levels by Trafikverket [16].
Categories Descriptions
la Rail breakage and very seriously cracked rail to be fixed as soon as
Emergency | possible.
Group 1 defect
Rail breakage and 1 . . . -
I g v Serious but not acute defects with action within two (2) weeks.
severe Week
crack/defect.
im Defects that can grow to severe crack in the near future with action
Month within three (3) months.
Group 2 defect . .
4 Defects that can grow in the longer term and are therefore inspected
Crack/defect that . . . . .
is allowed to 2b visually at each safety inspection carried out in the current track.
remain in the Inspection | In addition, group 2 defects left in the groove are always examined
tracks by ultrasound during periodic Non-destructive testing in the system.
Group 3 defect 3i Crack/ defects below the reportable limits, allowed to remain in the
tracks with no further action.
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2.3. Wheel Impact Load Detection
In Swedish Railway network, the wayside equipment for rolling stock monitoring have been
used since 1996. The types of detection includes the following:

Bearing failure (hot axle box detectors)
Temperature (overheated wheels)
Damaged wheels

Overloaded cars

Unbalanced loads

Wheel-rail forces

To o o o To I

Wheel Impact Load Detector (WILD) is a device used to measure and detect the high wheel-
rail forces, for the purpose of detecting wheel damage in advance. The identification and
diagnosis of wheel damage in advance help to reduce repair and maintenance costs, prevent
the infrastructure deterioration and meet noise regulation [13]. There have been 29 number
of WILDs installed across the Swedish railway network. Refer to Appendix A for the map of
Trafikverket detector system.

A WILD includes sensors along the sleepers at a certain stretch of tangent tracks of ca. 5m.
It is a combination of vertical load receptors, lateral load receptors and accelerometers. The
typical installation of WILD is shown in Figure 2.16.

The data recorded by WILD system consists of the following information:

Train speed and direction; axle load; train ID, train operator
Mean wheel force (quasi-static force, F;) for left and right wheels
Peak wheel force (F,) for left and right wheels

Dynamic force (Fy,,) is obtained by taking the difference between Peak and Mean
wheel loads.

To T> I I

By the requirement of UIC and Trafikverket, the immediate action limit for WIL is 350 kN,
which if exceeded, mitigation measures are required to reduce the risk of derailments to an
acceptable level. The mitigation measures can be carried out either as speed reduction,
stopping the rail vehicles to inspect and attend to the wheel damages, short-term line closure,
etc. In addition, Trafikverket introduces different Alarm levels to monitor the vertical impact
forces caused by vehicles with wheel damages running on rails, including Warning, Low and
HIGH alarms. The characteristics of these alarm levels are listed in detail in Table 2.5.



22 | Literature Review

Table 2.5: Alarm levels of Wheel Impact Loads by UIC and Trafikverket [9] [23].

Alarm Levels (UIC)

Level Load Limit Type of Force

Alert Limit > 300 kN Peak

mmediate Action > 350 kN Peak
Alarm Levels (Trafikverket)
Level Load Limit Type of Force
> 280 kN Peak
Warning > 180 kN Dynamic
R>48 R = Peak / Quasi-static
Low 300 to 350 kN Peak

>350 kN (Wagon)
High Peak
> 425 kN (Loco)

Figure 2.16: Typical Wheel Impact Load Detector installation on track.
Photo taken at Sunderbyn (Malmbanan) by M. Asplund, Trafiverket.
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2.4. Relation of wheel flat, impact loads, and rail breaks

This section presents a summary of the relevant findings that give the basis of how rail
reliability, hereby assessed as the probability of rail breaks, can be affected negatively by
high wheel impact loads resulted from wheel flat. The current research findings have shown
the interconnection between wheel flat, impact loads and probability of rail breaks. These
studies also highlight the influences of thermal stresses, caused by low temperature, to the
probability of rail breaks.

Nielsen, J. et al. (2021) [24] has conducted the research on the “probability of instant rail
break induced by wheel-rail impact loading using field test data” with statistical methods and
time domain model to simulate the dynamic vehicle-track interaction. The research has
investigated on the data of WILD at Sunderbyn, recorded in the period of winter months, 1
October 2017 to 1 April. Sunderbyn, on Malmbanan line, is located in the northern part of
the Swedish railway network. The weather conditions there are known to be severe with cold
winters.

The variation of axle loads and train speeds, due to different traffic demands of freight and
passenger trains running on this line, combining with the severe weather in winter, are
considered to cause the great amount of stress and strain onto both the rails and the wheels.
The actual probability of extreme dynamic loads from the field-testing data has been used as
the basis for the simulation of wheel-rail interaction.

The research has worked on the following points:

A Crack growth rates and risks of fracture are assessed using linear elastic fracture
mechanic (LEFM), taking into account:

A Bending moment stress due to a passing bogie with axle loads and

A Thermal stress which is the result of the low air temperature causing rail
temperature deviation (AT) from stress-free temperature, resulting in tension
in rail.

A The stochastic (random) relation between the rail crack position and the impact load
position cause risks of rail fracture. The maximum stress intensity occurs at the pre-
existing crack in the railhead when the crack is located in the center of two passing
wheels in a bogie and at the same time one of these two wheels is generating an impact
load on to the rail, causing an uplift of the rail at the crack location. This scenario
causes the high chance of rail fracture at this pre-existing crack location.

In [18], Sandstrom J. and Ekberg A. (2008) has used numerical simulation (in-house code
DIFF) to model dynamic wheel-rail interaction. The simulation of wheel-rail contact force in
relation with length of wheel flat defect has found that the higher contact force occurs with
the longer flat length, as shown in Figure 2.18.
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Figure 2.18: Simulation results of maximum wheel-rail contact force caused by different flat lengths [18].

In [18], the probability of rail fracture for different crack size, flat length and temperature AT
has been simulated and resulted in Figure 2.19:

A
A

The level curves indicate 5, 20, 25, 50, 75, 95 percent chance of fracture.

For the same crack size and flat length, the chance of fracture is increased for the
higher AT (colder).

For the same flat length, the larger crack size can cause higher chance of fracture at
lower AT (closer to the stress-free temperature, Tn).
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Figure 2.19: Simulated probability of rail breaks for different crack sizes and wheel flat length [18].
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2.5. Statistical Methods for Correlation Testing

This section introduces the statistical concepts and methods for correlation testing of two
random variables. In the subsequent data analysis of WILs in relation with axle loads, and
train speeds, the correlation testing will be carried out, using Minitab software. The literature
review is mainly taken from Dekking, F. M. et al. (2005) [25], technical notes about
correlation testing of Minitab [26] and [27], and the Wikipedia references [28] and [29].

To indicate how two random variables, for instance X and Y, influence each other in linear
or monotonic relationship, the correlation coefficient, p(X,Y) is determined. In monotonic
relationship, the two variables change in the relative direction (positive or negative), but not
necessarily at a constant rate like in linear relationship.

The correlation coefficient, p(X,Y) is unitless and ranging from —1 to +1 in value. The
larger absolute value of the coefficient indicates the stronger relationship between these two
variables. Furthermore, the positive or negative sign of the coefficient illustrates the direction
of the relationship. If the correlation coefficient is positive, the relationship is positive, which
means the two variables tend to increase at the same time. On the contrary, if the coefficient
IS negative, the two variables are negatively related as when one variable increases, the other
tends to decrease. A correlation coefficient equal to O indicates that the two variables are
uncorrelated in linear or monotonic relationship, but not necessarily in non-monotonic
relationship.

The methods of determining the correlation coefficient include Pearson and Spearman
correlation tests. Pearson correlation coefficient is used to determine the strength and
direction of a linear relationship between two variables. Spearman correlation coefficient can
be used to examine monotonic, or non-linear relationship between two variables. However,
Pearson and Spearman correlation coefficient are not adequate to indicate relationships that
are neither linear nor monotonic. For instance, a curved quadratic relation is not monotonic,
in which the graph of the two variables can form a parabolic that looks like a valley or
mountain. The correlation coefficient of a curved quadratic relation would be closed to zero.
The non-monotonic relationship can be examined by quadratic, polynomial, logarithmic, etc.
regression methods. At the early stage of the statistical analysis in this thesis project, the
simple monotonic relationship testing using the correlation coefficient is considered as
sufficient. The determination of Pearson and Spearman correlation coefficients is introduced
in the subsequent sections. The other correlation testing and regression methods can be
considered and applied in the future works.

Figure 2.20 illustrates some examples of Linear, Monotonic and Curved Quadratic
relationships of two variables [30] [31].
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Figure 2.20: Examples of Linear, Monotonic and Curved Quadratic relationships of two variables [30] [31].

2.5.1. Pearson correlation coefficient

Pearson correlation coefficient is used to examine a linear relationship between two random
variables. The determination of Pearson correlation coefficient is related to some
fundamental concepts in statistics, such as the expected value (or expectation), the standard
deviation, and the variance of a discrete random variable, which will also be explained briefly
in this section.

General Definition
Let X and Y be two random variables or two data sets. The Pearson correlation coefficient
can be applied to a population (all the values in the data set), or to a sample.

For a population, the Pearson population correlation coefficient between X and Y, p(X,Y)
is given as below, by reference [25] and [28]:
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PXY) = Cov(X,Y)
\/ Var(X) Var(Y)
Eq. 1
p(X,Y) =0ifVar(X) =0orVar(Y) =0
-1 <p(X,Y) <1
Where:
Cov(X,Y) = The covariance between X and Y, defined as
Cov(X,Y) =E[(X —E[X]).(Y — E[Y])]
Eq. 2
Var(X) = Variance of the random variable X
Var(Y) = Variance of the random variable Y
E(X) = Expected value or mean of X
E(Y) = Expected value or mean of Y

The Variance of a set of variables demonstrates the spread around the mean of the variable,
which is defined by:

Var(X) = E[(X — E[X])?] = E[X?] — (E[X])?
Eqg. 3

Similar formula is applied for Var(Y).

Commonly, the standard deviation of the set of variables, X is considered because it has the
same dimension as the expected value E[X]. The standard deviation is defined by:

oy =+ Var(X)

Eq. 4
oy is defined analogously.
The expectation of a discrete random variable X, taking the values x;, x5, x5, ..., x,, and with
the probability mass function p(x;) is determined by:

n n

FIX] = ) xP(X =x) = ) xp(x)

i=1 i=1

Eq. 5
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E[Y] is defined analogously.

The discrete values x; can be the value being measured in the i" experiment in the total n
number of experiments. P(X = x;) = p(x;) is the probability of X taking the value x; in the
data size n. Probability is simply put as how likely an event happens, and in this case, how
likely for X = x;.

Figure 2.21 illustrates some examples of scatter graphs with different Pearson correlation
coefficients (p), ranging from -1 to +1.

p=-1 -1< p <0

I
+
-
©

I
L=

0< p <+1 p

Figure 2.21: Examples of scatter graphs with different Pearson correlation coefficient values (p) [28].

For a sample, the Pearson sample correlation coefficient, denoted as 7, or r, is determined
by substituting the sample covariance and variances [28].

Given a set of paired data {(xy,y,), (x2,¥2), ..., (xn, ¥,)} with n pairs (x;, y;), the Pearson
sample correlation coefficient is defined as:

L il =00 —y)
SN e S BN (P O

Eq. 6

Where:

Ty = Pearson sample correlation coefficient
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n = sample size

X

= mean of the sample x;; and analogously for y

Eq. 7

Rearranging the expression in Eq. 6, the simplified formula for the Pearson sample
correlation coefficient is given as:

_ Xim1 XYy — nxy

.., =
xy (n — 1)sysy
Eqg. 8
Where:
n, x;, yi, X, y are defined as above.
Sy = the sample standard deviation for the sample x;; and similarly, for s,,
1 n
= . — )2
Eqg. 9

Pearson’s correlation confidence intervals

By [26], the correlation confidence interval provides a range of possible values for the
population correlation coefficient. The upper bound of the interval indicates the maximum
value that the population correlation coefficient can yield, while the lower bound of the
interval indicates the minimum value.

Since sampling is randomly done, two samples from a population possibly yield different
sample correlation coefficients. However, if sampling is repeated many times, “a certain
percentage of the resulting confidence intervals or bounds would contain the unknown
correlation coefficient” [26]. For instance, a 95% confidence level shows that there is
approximately 95% of the samples from the population to yield the interval that contain the
unknown population correlation coefficient.

In Minitab computation, the Pear sonds c or r eihteavalsi with (1eonf i
@)100% two-sided confidence, (p,, py) are estimated as follows [27]:
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eZZL -1
L= g1
e??v —1
Pu = e?v + 1
Eqg. 10
Where:
Za
Z,=05[In(1+7r)—In(1-7r)] ——=
n—23
Za
Zy=05[In(1+7r)—In(1-r)] + 2
Eq. 11
oL = lower bound of the correlation coefficient
o = upper bound of the correlation coefficient
r = Pearson sample correlation coefficient, as shown in Eq. 6 or Eq. 8
n = number of pairs of variables (x;, y;)
a = significant level
Za = the alpha-level’s z-score for a two-tailed test, which can be found in a z-table

Typically, a significance level of 0.05 is chosen for a statistically significant hypothesis
testing, in which there is approximately 5% risk of wrongly accepting the main hypothesis.

The (1 — @)100% is called the confidence level of the hypothesis testing.

The common hypothesis testing mostly use one of the four confidence levels, 90%, 95%,
98% and 99%. The z,,, values of these confidence levels are summarised in Table 2.6 [32].

Table 2.6: Values of z,, for the common different confidence levels [32].

Confidence level Significant level a
> Za/Z
(1-a)100% a 2
90% 0.10 0.050 1.645
95% 0.05 0.025 1.960
98% 0.02 0.010 2.326
99% 0.01 0.005 2.576




32 | Literature Review

2.5.2. Spearman correlation coefficient

By [27] and [29], the Spearman correlation coefficient is used to assess a monotonic
relationship, whether linear or not, between two variables. The Spearman correlation
coefficient is calculated as similarly as Pearson correlation coefficient but using the rank
values of the two variables.

General Definition

For a sample of size n, the raw paired values (X;, Y;) are converted to the paired ranks
(rgxi, T gyi) Which are taking values as the labels 1%, 2"9, 39, 4™ etc for the raw values from
lowest to highest. The Spearman correlation coefficient, s is calculated as:

_ Cov(rgx,7gy)

Urgx GTQY

Ts

Eqg. 12

Where:
Cov(rgy,rgy) = covariance of the rank variables, computed analogously by Eq. 2

Orgy Orgy = Standard deviations of the rank variables rgy and rgy respectively

By considering the rank values, instead of the actual values, the Spearman correlation
coefficient is less sensitive to outliers that lie in the tails of the samples of the random
variables, as compared to Pearson correlation coefficient. This is an advantage of using
Spearman correlation coefficient to assess the monotonic, non-linear relationship. Refer to
Figure 2.22 for an example of assessing the monotonic relationship of a sample of two
variables X and Y with strong outliers by Spearman and Pearson correlation coefficients. The
assessment using Spearman’s correlation method results in a higher correlation coefficient
than Pearson’s one, since the effect of outliers is limited.

Spearman correlation=0.84
Pearson correlation=0.67

2_ .
]
a @
l_ ....... . —
@
(<)
> 0
_l_ .......
=2
B — 0 2 4 6

Figure 2.22: Example of Spearman versus Pearson correlation coefficients for a sample with strong outliers [29].
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Spearman’s correlation confidence intervals

By [27], in Minitab computation,t he Spear mands correwthti on confi
(1 — @)100% two-sided confidence, (p;, py) are estimated as same as Eq. 10:

e??L — 1
PL= e?L + 1
e??v —1
Pu = e?v + 1
Eqg. 13
Where:
Zy =05[In(1+7r5) —In(1—-15)] — zase
2
Zy=05[In(1+7r5) —In(1—-15)] +zase
2
Eq. 14
oL = lower bound of the correlation coefficient
Pu = upper bound of the correlation coefficient
Tg = Spearman sample correlation coefficient, as shown in Eq. 12
a = significant level.
Za = the alpha-level’s z-score for a two-tailed test, which can be found in a z-table
2
se = the standard error, computed by using the following formula
2
1+5
se = n—_3
Eq. 15

In the subsequent data analysis, the usage of Spearman correlation coefficient is considered
in order to reduce the sensitivity of the outliers’ influence on the correlation test.
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2.5.3. P-value of the correlation testing

By [26], the correlation coefficient computation in Minitab include the p-value assessment,
in order to determine whether the correlation coefficient is statistically significant. The
smaller p-value, the more statistically significant the result.

The following rules are applied to determine whether the correlation testing is statistically
significant:

1 If p-value < a, the correlation coefficient is statistically significant.
1 If p-value > a, the correlation coefficient is not statistically significant.

The p-value is considered as accurate for n > 25. The significant level, « is introduced in
the earlier section,Pear sonés correl ati.on confidenc

The hypothesis testing for determining the correlation coefficient p of two variables is as
follows:

Null hypothesis Hy: p = 0, no correlation between the two variables.

Main hypothesis H;: p # 0, where p is calculated as the Pearson correlation coefficient or
the Spearman correlation coefficient between the two variables.

The test statistics for Pearson correlation coefficient and Spearman correlation coefficient
consider the value t defined as below:

. U
Vi-r2
Eq. 16
Where:
r = sample correlation coefficient
n = number of pairs of variables being considered in the correlation testing
The p-value is given as:
p —value =2 X P(T > t)
Eq. 17

Where T follows a t-distributionoraSt u d edisttibditen, with n — 2 degrees of freedom.

The t-distribution is a type of continuous probability distribution that is symmetric and bell-
shaped like the normal distribution but with heavier tails. The heavier tails of the t-
distribution indicate that the values tend to be far from the mean at the centre of the
distribution’s bell curve [33] [34].
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3. Data Collection

Firstly, this section presents the approaches for the quantification of the rail reliability
assessment. Subsequently, based on the quantification approaches, the data collection for the
case study is carried out and reported. Additionally, the research questions are presented in
relation with the data collection. Finally, the discussion on the data collection is given to
reveal what are the limitations that exist currently and hinder the process of studying the
relationship of high wheel impact loads (due to wheel damages) and rail reliability.

3.1. Quantification for rail reliability assessment
The approaches of assessing and comparing rail reliability among the different years include
assess the following quantities:

)] The frequency or the number of rail defects per year

i) The ratio of the number of the more severe rail defects of the group 1 (a/v/m) and
2 (b) over the total kilometres of the checked tracks, hereafter called as the rail
defect ratio

These gquantities have been used by Trafikverket to assess the rail reliability over the years
and report them in their annual Rail defect reports. In particular, the rail defect ratio is the
normalised number of rail defects per one kilometre of the checked tracks. It is reasonable to
use this normalised number to compare between the years when different numbers of
kilometres of tracks are checked by Ultrasonic testing trains.

The higher the rail defect ratio is, the lower the rail reliability is. These figures give the trend
of rail reliability over the years, which help the infrastructure managers to plan and decide
for maintenances.

For instance, in Trafikverket annual report of Rail defects (2020) [35], the rail reliability of
Swedish railway network was assessed and reported in Figure 3.1 and Table 3.1. In the year
2015, there was the highest number of nearly 3000 defects of Group 1 (a/v/m) and Group 2
(b). However, the ratio of rail defects per km checked track was approximately 0.20 in the
same year, which was less than half of that in year 2009 (0.43). Year 2009 had the lowest
number of rail defects of group 1 (a/v/m) and 2 (b), total of around 1250, and the lowest
ratio of less than 0.15 defects per km checked track. By this, the rail condition in year 2009
was considered as the most reliable among the years 2005 to 2020.
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Table 3.1: Rail defects by Ultrasonic Test and total checked track kilometres for the years 2016-2020, Sweden [35].

Track/Rail 2016 2017 2018 2019 2020
Group 1 defects (a/v/m) 1817 1229 1347 1015 1750
Group 2 defects (b) 372 430 345 255 247
Total 2189 1659 1692 1270 1997
Number of track kilometres checked 13369| 13576| 13464| 12169| 13318
Number of defects per track-km 0,16 0,12 0,13 0,10 0,15

Rail Remarks by UT 2005-2020
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= Group 1 (a/v/m) s Group 2 (b) === Defects per km checked track

Figure 3.1: Number of rail defects (bar with index on the left) and number of defects per track kilometer checked (line
with index on the right) for the years 2005 to 2020 [35].
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3.2. Data Collection for the case study
This section reports the detail of data collection for the case study at Bodsjon WILD,
including the following:

1) Wheel Impact Load Detector (WILD) data
i) Rail defect detection by Ultrasonic testing (UT) data
iii) Temperature data at Nyhem, an adjacent weather station to Bodsjon WILD

Subsequently, the combined data is considered onto a single graph with the same timeline on
x-axis. This will give a general picture of all the events of high wheel impact load detection,
rail defect detection and the temperature with respect to time.

3.2.1. Wheel Impact Load Detector (WILD) Data
Data from Bodsjon WILD is collected for the period between January 2016 and March 2020.

Bodsjon is chosen for the investigation of this project as there has been the highest number
of HIGH alarms at Bodsjon WILD, among the total of 29 WILDs installed in the Swedish
railway network, in the period of 2019-02-09 to 2020-02-10 [9].

Bodsjon is located in the middle part of the Swedish railway network. The WILD is installed
at Bodsjon at km: 520 + 165 on the track section BDL 211. Freight trains of different products
and commodities, such as iron ore, copper, wood etc., pass through this location throughout
the year.

Table 3.2: Number of alarms in the most active WILDs in Sweden T Train passage period 2019-02-09 to 2020-02-10 [9].

Detector Total Alarm Types Dlgg;inon High Low Warning
place High | Low |Warning| Odd | Even | Odd | Even | Odd | Even | Odd | Even
Bodsjon HJ| 460 30 6 424 206 | 254 20 10 3 3 183 | 241
Koler H) | 453 25 5 423 212 | 241 16 9 1 4 195 | 228
Skorped HJ| 328 28 0 300 168 | 160 19 9 0 0 149 | 151
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Bodsjon WILD

1 In the middle part of Swedish
railway network

1 Highest number of WILD
Alarms (High, Low, Warning)
in 2019-2020

Figure 3.3: Wheel Impact Load Detector (WILD) installed at Bodsjon [Photo by M. Asplund].

The following data are retrieved from Bodsjon WILD system:

A Train speed and direction; axle load; train 1D, train operator
A Mean wheel force (quasi-static force, F,) for left and right wheels
A Peak wheel force (F,) for left and right wheels
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A Dynamic force (Fayn) is obtained by taking the difference between Peak and Mean
wheel loads.

Among these data, the peak wheel force (F,), or the wheel impact load (WIL) will be the
focus of the data analysis. The graph shown in Figure 3.4 is plotted based on the data of
Bodsjon WILD, including the peak forces of left and right wheels of each train passing the
detector and causing the alarms. Each data point in the graph is the peak force of either left
or right wheel that has at least caused the warning alarm. In theory, the warning alarms are
made when either the peak force exceeds 280 kN or the dynamic force exceed 180 kN or the
ratio between the peak force and the quasi-static force at the wheel exceed 4.8, according to
the Table 2.5: Alarm levels of Wheel Impact Loads by UIC and Trafikverket. Furthermore,
the graph in Figure 3.4 highlights the peak force limits for Low Alarm at 300 kN and High
Alarm at 350 kN. In the scopes of this case study, only the recorded wheel forces that exceed
High Alarm of 350 kN are analysed.

Generally speaking, a high number of alarms were detected at Bodsjon WILD during the
winter months of October to March in the following year. The number of data points are
peaked in these winter months, as shown in Figure 3.4.

It is also noticeable in Figure 3.4 that the data of WILs is missing for the period of May —
December 2017. The data missing period includes three winter months, from October to
December 2017. This can cause limitation in analysing the data and drawing the conclusion.
Based on the available data, the following six (6) periods of winter months will be analysed:

January to March 2016
October 2016 to March 2017 (hereafter called as Winter 2016/2017)
January to March 2018
October 2018 to March 2019 (hereafter called as Winter 2018/2019)
October 2019 to March 2020 (hereafter called as Winter 2019/2020)
1 October 2020 to March 2021 (hereafter called as Winter 2020/2021)

= =4 4 -4 A

In Figure 3.5: Graph of Wheel Impact Load at Bodsjon WILD with HIGH alarms (WIL >350
kN), each data point represents the maximum peak force of a Train that caused the HIGH
alarm (regardless right or left wheel and if there was more than one wheel causing the alarm).
These data points will be analysed in detail in Chapter 4.
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Figure 3.4: Graph of Wheel Impact Load at Bodsjon WILD for data point with at least Warning alarms.
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Figure 3.5: Graph of Wheel Impact Load at Bodsjén WILD with HIGH alarms (WIL >350 kN).
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3.2.2. Rail Defect detections by Ultrasonic testing

The rail defects are detected every year by UT trains and then verified manually by portable
UT device and visual inspection.

The track sections that are chosen in this case study are track sections 211 and 212, which
are passing the WILD Bodsjon. The overview of the track sections 211 and 212 is shown in
Table 3.3 and Figure 3.6.

There is one (1) inspection in every 12 months for the track sections 211 and 212, which are
belong to the inspection class B4.

The number of rail defects of different severity levels, 1a/lv/1m, 2b and 3i, are plotted in the
bar graph in

Figure 3.7, with respect to the date when the rail defects were verified in the years 2016 to
2020. These defects have been verified by portable UT device and visual inspection within
average 15 days. Furthermore, the types of rail defects are provided by UT and will be
reported in detail in Chapter 4.

Table 3.3: Chainage and length of track sections 211 and 212.

Section Start KM Post End KM Post Section length km

211 516+740 646+938 130.198
212 486+388 516+740 30.352
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Rail Defect Detection by UT
Bodsjon,Section 211

5 5 N 5 5 5 5 5 S 5
N s Q\’Q 6\9 Q\’Q 6\9 ¥ 6\9 G’Q 0’\9 6\’9
o 6\:\’ 0“:\’ N 5 > & & & N
3 3 v v + 5 " B "
WRail_3i Rail_2b ®Rail_1m/1v/la
Rail Defect Detection by UT
Bodsjon, Section 212
& & N 5 N N N N &N &
é\g Q’\Q 6\9 c\fg (99 0”9 6\9 0“'(} (S‘Q 0”9
‘o Q\l'\, 0\:\’ & & Y N Qv & &
" ) i) " S ~ "~ " ~
MRail_3i ®WRail_2b MRail_1m/1v/1a

Note: Rail defect severity levels based on the rail maintenance priority, denoted as:
1a = to be fixed immediately

1v =to be fixed within two (2) weeks

1m = to be fixed within three (3) months

2b = to be allowed in the tracks and monitored in the next inspection

3i =to be allowed to be in the track without further action.

Figure 3.7: Data of rail defects for track sections 211 and 212 at Bodsjon.
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3.2.3. Temperature

There is no temperature data collected at the exact location of Bodsjon WILD. The available
temperature data is then collected from Nyhem station. The location of Nyhem is
approximately 30 km away from Bodsjon WILD in the northeastern, as shown in Figure 3.8.

The average monthly temperature and monthly low air temperature at Nyhem station, from
2015 December to 2021 March, is plotted in Figure 3.9. From the graph, the average monthly
temperature is ranging from -10°C to 20°C, while the low monthly temperature is ranging
from approximately 0°C to -30°C.

Noticeably, the lowest air temperature occurred in January 2016 at nearly -30°C at night.
This could cause the largest deviation from the stress-free temperature in rails, compared to
the other months.

The temperature of the winter months of October to March of the next year are analysed. The
average air temperatures of the winter months are reported in Table 3.4. It is shown that
winter months of 2016 Jan — Mar had the lowest average air temperature at approximately -
5.8°C.
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Figure 3.8: Location of Weather station in Nyhem, in relation to WILD Bodsjon
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Monthly Temperature at Nyhem & Bodsjén, 2016 Jan - 2021 Mar
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Figure 3.9: Data of Temperature in Nyhem station

Table 3.4: Average air temperature of winter months, from 2016 to 2021

Winter Avii?lihﬁéggli? vllgner
2016 Jan - Mar 5.8
2016/2017 20
2017/2018 54
2018/2019 3.2
2019/2020 25

2020/2021 -3.1
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3.2.4. Combined data

The data sets of Wheel Impact Loads (WIL or peak forces), Rail defects and Temperature
are plotted in a combined graph, as shown in Figure 3.10.

The combined graph provides the overview of the assessment of each data, and how the three
data interacted with one another. The scatter graph indicates the Maximum WIL causing
HIGH alarms per Train, with the index on the right. The rail defect detection by UT is usually
carried out during warmer months of the year, around June to September. The number of rail
defects for different levels of the rail maintenance priority (1a/1v/1m, 2b and 3i) are plotted
as bars with the index in the left.

Generally speaking, there are high numbers of HIGH alarms (WIL >350 kN) during the
months October to March of the following year, when the average monthly air temperature
is recorded below 0 °C.

The details of data analysis and comparisons for the correlation between WIL and
Temperature, between WIL and Rail defects are presented in Chapter 4 Data analysis and
results.



Data Collection | 49

Number of Rail defects

High Alarms of Wheel Impact Load per Train & Rail Defect Detection (Section 211 & 212) vs. Temperature
Bodsjon 2016 Jan - 2021 Mar
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Figure 3.10: Combined graph of Wheel Impact Load HIGH alarms (scatters with index on the right) vs. Rail Defects per
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3.3. Research questions
WILD in Bodsjon was told to the train owners that it was switched off in the winter
2019/2020, although it was still turned on to measure the wheel forces.

Some key research questions are proposed, based on the project’s case study and objectives:

1 Isthere a significant difference in the number and the severity of rail defects detected
in the studied sections, 211 and 212, during the winter 2019/2020?

1 Has there been a higher frequency of WILD HIGH alarms in Bodsjon during this
period?

9 Is there a correlation between the WILD HIGH alarms, the number of detected rail
defects and different wheel damages during the inspection periods from 2016 to
2020?

3.4. Discussion on Data Collection

By looking at the combined data in the general picture of Figure 3.10, it is revealed that the
task of drawing a causal correlation between High WILs from Wheel damages and Rail
reliability is impossible in this case study. The following limitations are discussed.

Firstly, the traceability between the High WIL alarms and Wheel defect types is missing in
the current way of data collection by Trafikverket and train operators. Typically, wheels with
damages are verified and fixed at the train operators’ workshops. At the current stage, there
has been no way to trace when a train causes a certain High WIL has which type(s) of wheel
damage. There is a need for the future collaboration between Trafikverket’s infrastructure
managers and train operators to exchange these data sets of the High WIL alarms and Wheel
defect types.

Secondly, rail defect detections, based on which the rail reliability assessment is made, have
not been carried out as frequently as needed for the purpose of this case study. Because it is
limited to the resources and based on the maintenance strategy of Trafikverket, the UT trains
are employed to carry out rail defect detections for one to two times per year, depending on
the track inspection classes, B1 to B5 as shown in Table 2.3. For this reason, UT has been
carried out once at around the middle of the years, June to September, for track sections 211
and 212 of the case study. While, the HIGH alarms of WIL detections are found mostly
during the winter months, October to March of the following year. The extended time
difference between when HIGH alarms of WIL detections and UT of rail defect detection
hinders the process of analysing the two data sets in the conjunction to each other. It is
necessary that in the future work of a similar case study on a defined track area, UT will be
carried out more frequently, for instance, in between High WIL detections, or once every two
weeks depending on how frequently High WILs are detected.
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With the current limitations in data collection, the data analysis results will be based on what
Is provided, and mainly focusing on understand what these data can tell us, in terms of:

1 The characteristics of WILs in the winter season 2019/2020 when trains with high
WILs were still allowed to run across

9 The characteristics of Rail defects in the winter season 2019/2020

Both are in comparison with the earlier winter seasons from 2016 to 2018.
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4. Data analysis and results

The data analysis is carried out for the data sets of WILD at Bodsjon, and UT for rail defects
of track sections 211 and 212, which pass through the location of Bodsjon WILD. These data
sets are collected for the period from January 2016 to March 2021. The winter of interest is
2019/2020, from October 2019 to March 2020, when the trains with high impact loads,
exceeding 350 kN, were not informed to the train owners and they continued to run on tracks.

4.1. Analysis on Wheel Impact Load data

From the data collected at Bodsjon WILD from January 2016 to March 2021, there are 7093
pairs of left- and right- wheel (or axle) data points, among which 4543 have caused the alarms
(at least warning alarms). It should be noted that the data provided for this project do not
include all data of the train passages through Bodsjon WILD. Additionally, there has been
data missing for the period of 2017 May to December. Hence, in the analysis, the winter
months of 2017 October to December could not be included.

In this section, the data analysis has been carried out with respect to train operators, train axle
loads, train speeds and the dynamic force and the peak forces. The analysis focused on the
comparison between the different winter periods between 2016 January to 2021 March, and
the trains or axles that caused HIGH alarms (WIL > 350 kN). For the whole period in this
study, there were total 426 data points of HIGH alarms, based on the Maximum Wheel Impact
Load per Train, hereafter called as MAX Peak-Train. Among that, 412 data points of MAX
Peak-Train were occurring in the winter months of October to March in the following year,
which accounted for 97% of the total HIGH alarms. The winter of interest is 2019/2020 when
the trains with high impact loads continued to run because the train owners were not notified
about the incidents.

The analysis will include the characteristics of WILSs, in relation with the train Operators, the
values of WILs, the Train axles loads, the Train speeds, the Wheel dynamic forces, and the
Temperature.

4.1.1. Train operators

The train operators that had rail vehicles running through Bodsjén WILD are reported in the
pie chart shown in Figure 4.1. Trains of Green Cargo and Hector Rail have made up more
than 65% and 15% of train passages through WILD Bodsjén. This implies that the major of
traffic in this line consists of freight trains.

The graph of the frequency of Hector Rail Train passage at Bodsjon in different months in
2020 is shown in Figure 4.2. Due to limitation on data of other train operators and years,
only data of the months from January to December 2020 is available. The graph shows that
in the year of 2020, February and March have the highest number of train passages at nearly
140. The lowest frequency of train passages is in October, around 90. The average number
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of train passages over the year is approximately 117 passages per month for Hector Rail. For
the fact that Hector Rail’s data has made up of around 15% data of WILD Bodsjdn, it could
be implied that, in average, there were approximately 780 train passages monthly at Bodsjon
in 2020.

TRAIN OPERATORS

= * Manuell hantering pa DLC
<>
= Cargonet AB
Cargonet AS
\ m CFL Cargo
= Green Cargo AB
m Hector Rail

m [nlandsgods
m Inlandstaget AB
= Kalmar Veterantag
m Okdnt jarnvagsforetag (Unknown)
m Railcare Logistik AB
= Realrail
= SJAB
= SWT Swedtrac Trafik AB
Tagab (Tagakeriet i Bergslagen AB)
= VR-Track Ltd Finland
= VR-Track Ltd Finland, filial Sverige

Figure 4.1: Train operators which passes the wheel detector in Bodsjon.

Train Passages by Month at Bodsjon
Hector Rail, Year 2020
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Figure 4.2: Frequency of train passage at Bodsjon for the train operator Hector Rail, year 2020
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4.1.2. Wheel Impact Loads or Peak force
The characteristics of the data collected from Bodsjon WILD has been summarized in the
six (6) different winters, from 2016 Jan-Mar to 2020/2021, by the Boxplots in Figure 4.3, the
bar and line graphs in Figure 4.4, and Table 4.1.

The boxplots represent the five-number summary of a set of observed values or data: the
minium, the lower quartile (25" percentile), the median (50" percentile), the uper quartile
(75" percentile) and the maximum with outliers if any. These values give the characterisitics
about both the center and the spread of the data. The lower and uper quartiles provides
information on how spreaded the data is and how skewed toward one-side the data is [36].

The following characteristics have been observed:

T

The maximum wheel peak forces on right wheels in general are higher than those on
left wheels. This could be due to the trains entering the right-hand-side curves along
the tracks and right wheels have been more proned to damages and causing higher
impact loads than left wheels.

The average peak forces in all the winters are lower than the Warning alarm limit
(WIL = 280 kN), as well as the majority of the forces, the 75" percentile value, except
for winter 2018 Jan-Mar. The trends of the average, median peak force and the 75"
percentile of these winters followed a similar trend: there was a drop in winter
2016/2017, followed by a peak in winter 2018 Jan-Mar, and then a gradual decrease
after that.

The highest wheel peak force, 823 kN an extreme outlier on right wheel, has been
found in winter 2019/2020 when trains with wheel damages continued to run.
Noticeably, winter 2018/2019 also experienced high wheel peak force of 818 kN on
right wheel; while in other winters the maximum wheel peak forces were below 700
KN.

Total number of HIGH Alarm were highest in winter 2016 Jan-Mar, 158 of WIL >
350 kN. This winter had more number of HIGH alarms but no extreme peak forces.
On the other hand, the winter of interest 2019/2020 had experienced a few cases of
extremely high peak forces, but the majority of the forces, the 75" percentile value
was approximately 240 kN and only 60 number of HIGH alarms were detected. The
similar trend was found in the winter 2018/2019.

Considering the average of the wheel peak force causing HIGH alarms, the winter
2019/2020 also had the highest value, 437 kN. However, there was not much
differences between these average peak forces of HIGH alarms among the winters,
fluctating between 403 kN to 437 kN.
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Boxplot of Wheel Peak Forces, Bodsjén Winters 2016-2021
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Figure 4.3: Boxplots of Wheel peak forces by Winters 2016-2021, WILD Bodsjon.
Table 4.1: Summary for Boxplots of Wheel peak forces by Winters 2016-2021, WILD Bodsjén
Average of
Total Axles .
. withwiLp | ek Average | Median 1 oo, e | Max Peak
Winter HIGH Force_ Peak Force (50%-tile) Peak Force Force
HIGH Peak Force (outliers)
alarms
Alarm
L] [kN] [kN] [kN] [kN] [kN]
2016 Jan-Mar 158 406 205 148 258 697
2016/2017 56 403 170 117 185 532
2018 Jan-Mar 143 424 274 196 295 687
2018/2019 42 408 234 171 276 818
2019/2020 60 437 224 154 240 823
2020/2021 15 417 221 151 243 671
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4.1.3. Train axle loads

4.1.3.1. Train axle loads by Winter periods

The axle loads of trains that caused WILD alarms have been reported in different winter
periods. These axle loads have ranged from approximately lower than 4 tons to over 27 tons,
which are the tonnage of the empty and loaded (freight) trains. The average axle loads have
been recorded as approximately similar among the winters, ranging from 9.3 to 14.5 tons,
averaged at 11.5 tons.

From Figure 4.5, the highest axle load has been transported through Bodsjén WILD during
the winter 2018 Jan-Mar, with the average of 14.6 tons and maximum of 27.5 tons. The winter
of interest, 2019/2020 has recorded the second highest axle load of 26.9 tons. However, in
this winter, 50% of the trains were running as empty, when the median axle load has been
recorded as low as 5.8 tons. The similar trend of low median axle loads has been found for
winter 2016 Jan-Mar, 2016/2017, 2018/2019 and 2020/2021.

Boxplot of AxleLoad by Winter
WILD Bodsjon
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Figure 4.5: Boxplot of Axle loads by winters from Bodsjon WILD.

Furthermore, from the graph in Figure 4.6, in general, the number of axle passages with
WILD data and the average tonnage-passage has declined over the winters from 2016 Jan to
2021 Mar. It is noted that these axle passages are not the total axle passages through WILD,
but only the number of axle passages that are recorded and available at Bodsjon WILD. The
data of the total axle passages is not available in this case study. This means the total traffic
volume passing through Bodsjon WILD cannot be fully reflected. However, with the
available data, the trend of the traffic volume passing through Bodsjon WILD can be fairly
revealed.
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By the number of axle passages with WILD data, the winter 2016 Jan-Mar has accumulated
the highest number of 1118 passages, as well as the highest average tonnage-passage of

nearly 16000 ton-passage.

The trains running in the winter of interest 2019/2020 have average 11.3 ton of axle load and
have accumulated nearly 700 passages, resulted in approximately 7800 tonnage-passage.
These tonnage-passage is approximately half of those in the winter 2016 Jan-Mar despite
having three more winter months of data. This implies that the usages of rail track in winter
2019/2020 was much lower than those in the previous winters. Furthermore, the winter
2020/2021 with the impact of the global pandemic of COVID19, the axle passages have
declined significantly to less than 200, and the average tonnage-passage is as low as around

2000 ton-passage, approximately seven time less than that in winter 20216 Jan-Mar.
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Figure 4.6: Number of axle passages with WILD data (bar with index on the left) and average tonnage-passage (line with
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Table 4.2 and Figure 4.7 summarise the information on axle loads and passages, together
with the normalised number of HIGH alarms per ton-passage.

From Table 4.2 and Figure 4.7, the trend has fluctuated over the winter periods from 2016
Jan to 2021 Mar. After a winter with high number of axles causing HIGH alarms, e.g: the
winters 2016 Jan-Mar, 2018 Jan-Mar and 2019/2020, the next winter experienced a decline
in this figure, e.g.: winters 2016/2017, 2018/2019, 2020/2021.

It is shown that winter 2018 Jan-Mar had the highest normalised number of High Alarm per
ton-passage, at around 12 axles having HIGH alarms per 1000 ton-passages. In the winter of
interest 2019/2020, the normalised number of High Alarm per ton-passage is at around 8
axles having HIGH alarms per 1000 ton-passages, which is the third largest among the
winters.

One of the reasons for the fluctuation could be that after a period of a large number of HIGH
alarms, the train operators have taken out these wheels with damages to get them fixed or
maintained. This in turn resulted in a smaller number of HIGH alarms in the next winter
periods.

Table 4.2: Axle loads and passages, and Normalised number of WILD HIGH alarms.

No. of axle Total Axles Normalized
passage Average Axle Average Axle ; number of High
! with WILD
. with WILD load load x Passage Alarm per ton-
Winter data HIGH alarms passage
) 2 [%o per ton-
[passages] [tons] [tons-passages] [-] passage]
2016 Jan-Mar 1476 10.9 16088.4 158 10
2016/2017 1389 9.3 12917.7 56 4
2018 Jan-Mar 806 14.5 11687.0 143 12
2018/2019 613 12.2 7478.6 42
2019/2020 688 11.3 T7774.4 60
2020/2021 199 10.7 2129.3 15
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Figure 4.7: Total number of axles with HIGH alarms (bar with index on the right) and normalised number of HIGH
alarms per ton-passage (line with index on the left) at WILD Bodsjon, by Winters.
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4.1.3.2. Train Axle load with WILD HIGH alarms

In this section, the correlation between the Maximum Wheel Impact load causing HIGH
Alarm per train and the Axle load is examined.

MAX Wheel Impact Load per Train vs. Axle Load

95% Cl for Spearman Correlation
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Figure 4.8: HIGH alarms of Max Wheel Impact Load per Train vs. Axle load

The scatter plot in Figure 4.8 shows the Maximum wheel peak force per Train, denoted as
MAX per Train ID, that exceeds 350 kN, with respect to Axle load. There are 426 scattered
points in the graph, indicating total 426 trains having HIGH alarms (WIL > 350 kN). These
data points of MAX per Train ID are taken from Figure 3.5: Graph of Wheel Impact Load at
Bodsjon WILD with HIGH alarms (WIL >350 kN).

The axle loads with HIGH alarms are found in between 6.9 tons and 26.2 tons, and have the
average value at 20.5 tons, as shown in the boxplot in Figure 4.9. The middle range of these
axle loads is ranging approximately 19.2 tons to 22.6 tons (the 25" percentile and 75"
percentile values respectively). From these data, trains with axle loads of around 21 tons
could be prone to causing the HIGH wheel impact loads.

From the scatter plot in Figure 4.8, the Spearman correlation testing of 95% Confidence level
showed a low correlation between Axle load and Maximum wheel peak force, with a positive
correlation coefficient, r = 0.081. This correlation coefficient that is closer to O illustrates
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very weak or no relationship between the two variables, HIGH-Alarm WILs and Train axle
loads.

The p — value is calculated as 0.095 which exceeds the significant level, or the alpha-level,
a = 0.05 for this correlation testing. This indicates that the result of the correlation
coefficient is not statistically significant for the 95% Confidence level. To improve the power
of the hypothesis test, in this case the correlation coefficient estimation, practically, a larger
sample shall be used [37].

The correlation analysis is carried out using Minitab, a statistical analysis software. The
theory and formulas for determining the Spearman correlation coefficient and the p-value are
introduced in section 2.5. As a brief explanation, the correlation coefficient, with values
ranging from -1 to +1, indicates the relationship between two variables. The positive
correlation coefficient indicates positive relationship when the two variables increase or
decrease at the same time. In contrast, the negative correlation coefficient shows negative
relationship as one of the variables tends to increase, the other tends to decrease. Furthermore,
the absolute value of the correlation coefficient indicates the strength of the relationship: the
larger the absolute value is, the stronger the relationship is [26]. The Spearman correlation
test examines the non-linear, monotonic correlation between the two variables. It shows
whether the two variables change relatively in the same or opposite directions (positive or
negative relationship), but not necessarily at the same rate [27].

Boxplot of Axle Loads with WILD HIGH Alarms
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Figure 4.9: Boxplot of Axle loads with HIGH alarms (Max Wheel Impact Load per Train), WILD Bodsjon
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4.1.4. Train speeds

In this section, the correlation between MAX Wheel Force (the Maximum Wheel Impact load
causing HIGH Alarm per train) and the train speed is examined. The train speeds are taken
as the mean velocity of train approaching and leaving the WILD Bodsjon, i.e.: IN and OUT
Velocities.

Max Wheel Peak Force per Train vs. Velocity
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Figure 4.10: HIGH alarms of Max Wheel Impact Load per Train vs. Train Speed

Similarly, the scatter plot in Figure 4.10 shows the Maximum wheel peak force per Train that
exceeds 350 kN, with respect to Train speed (or Mean Velocity). From this scatter plot, the
Spearman correlation testing of 95% Confidence level reveals an incredibly low negative
correlation between Train speed and Maximum wheel peak force, with a correlation
coefficient, r = -0.069. The relationship between these two variables is considered as random
by Spearman correlation test. However, the p — value is estimated as 0.373, which highly
exceeds the significant level, a = 0.05 for this correlation testing. This indicates that the
result of the correlation coefficient is not statistically significant for the 95% Confidence
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level. Consequently, a larger sample size shall be employed in the future work to improve
the statistical significance of the correlation coefficient estimation.

These train speeds with HIGH alarms are found in between 42.0 km/h and 114.5 km/h,
having the average value at 89.2 km/h, as shown in the boxplot in Figure 4.11. The middle
range is ranging approximately 80.0 km/h to 100.5 km/h (the 25" percentile and 75™
percentile values respectively). From these data, trains with speeds of around this range could
be prompted to the HIGH wheel impact loads.

With literature study, from the International standards of EuroNorm EN 14363 and UIC Code
518, the allowable Dynamic Force is decreased with the increased speed limits, as shown in
Table 4.3 [14]. The operating speed limit of 100 km/h has been considered with the highest
allowable vertical wheel-rail force, as compared with the other higher operating speed limits
(from 160 km/h to over 300 km/h). This could explain why the trains with the speed range
80-100 km/h have induced the HIGH alarms, as shown in the boxplot in Figure 4.11.

Boxplot of Mean Velocities with WILD HIGH Alarms
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Figure 4.11: Boxplot of Train Speeds with HIGH alarms (Max Wheel Impact Load per Train), WILD Bodsjon
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Table 4.3: International standards for Maximum vertical wheel-rail forces at different permissible operating speeds

Operating Speed limit

Maximum vertical wheel-rail force*

Viim Q2082,99.85%

[km/h] [kN]

Vi = 100 210
100 < vy < 160 200
160 < vy, < 200 190
200 < vy, < 250 180
250 < vy, < 300 170
Vi > 300 160

* Note:
Q20Hz,99.85% = 90 + Qo [kN]

Where Q, is filtered with a low-pass filter of 20 Hz frequency, taking the 99.85" percentile of the filtered

force distribution.
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4.1.5. Wheel dynamic force
The Wheel Dynamic Force is obtained by subtracting the Quasi-static force (or Mean force)
from the Peak force, as explained in Section 2.3. Wheel Impact Load Detection.

Thus, the relationship between Wheel Dynamic Force and Peak Force is obtained as linear,
as shown in Figure 4.12. The equation of this relationship is estimated as:

E, = 0.9713 Fyy,, + 112.76
Where F, = Wheel Peak Force [kN]
Fgyn = Wheel Dynamic Force [kN]

The constant value 112.76 kN indicates the Quasistatic force at a wheel, which is nominally
resulted from an axle load (with two wheels) of approximately 22.6 tons. This axle load
coincided with the 75" percentile value, as reported in Figure 4.9.

High Alarms of Wheel Peak Force vs. Dynamic Force per Train
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Figure 4.13: Boxplot of Wheel Dynamic Forces with HIGH alarms (Max Wheel Impact Load per Train), WILD Bodsjon

Figure 4.13 illustrates Boxplot of Wheel Dynamic Forces with HIGH alarms. The majority
of the dynamic forces is ranging between 223 kN and 468 kN, and it is skewed toward the
lower value. There were cases of outliers reaching over 700 kN, which can be considered
very high, about seven (7) times higher than the average quasi-static force (105.6 kN).
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4.1.6. Effect of Temperature

The effect of temperature on the occurrence of HIGH alarms at WILD Bodsjon has been
observed and reported in this section.

The graph of scattered data points of the Maximum Wheel Impact Load per Axle with HIGH
alarms, denoted as Max Peak_High, at Bodsjon WILD over the time, and the line graph of
Monthly Air Temperature is shown together in Figure 4.14. It is observed that during the
winter months (October to March of the next year) when the temperature was below 0 °C,
there have been high numbers of HIGH alarms compared to the warmer months.

As shown in Figure 4.14 and Table 4.4, the winter with the lowest Average Temperature is
2018 Jan — Mar, at nearly -9 °C. In this winter, the normalised number of HIGH alarms are
also the largest number of 12 per 1000 ton-passages. However, in this winter the Max Peak
Force (687 kN) is not the highest peak force recorded.

The temperature effect has been studied to cause stiffer materials of wheels and rails in low
temperature. Modulus of track elasticity (k) indicates how stiff a track system is. The track
stiffness depends on the combined stiffnesses of rail material, fasteners, sleepers, ballast and
subgrade underneath. The cold temperature in winters causing frozen conditions of ballast,
subgrade, together with hardened sleepers, rail and wheel. The typical modulus of track
elasticity k with wood sleepers and frozen condition can reach around 62.1 N/mm?, which is
approximately 3 times as high as that with non-frozen condition (20.7 N/mm?) [38].

With the higher track stiffness in cold weather, the wheel-rail force is expected to be higher.
Thus, it could be explainable for the trend of HIGH alarms (WIL > 350 kN) occurring in the
winter months of low temperature. However, the magnitude of WIL is also influenced by
other factors rather than the temperature, for instance conditions of wheel, rail, axle load,
speed, etc.

The relationship of the air temperature and the frequency of HIGH alarms in winter months
is examined and shown in Figure 4.15. A strong linear negative relationship, with the linear
regression coefficient R? = 0.77, is estimated between the average air temperature and the
normalised frequency of HIGH alarms (considered as %o per ton-passage). The lower the
average air temperature is, the higher the normalised frequency of HIGH alarms are.
However, the relationship between the lowest air temperature and the frequency of HIGH
alarms was not strongly revealed, with R? = 0.04.

Nevertheless, the linear regression was limited by the number of data points presenting winter
periods. There are only six (6) winters being analysed. This could be improved by including
the data of more winters in the future works. Furthermore, the temperature of the atmosphere
is considered in this analysis, based on the available data. It is necessary to measure the
temperature at the wheel — rail contact to make the analysis more precise. This can be made
possible in the future work if the WILD system is made to additionally measure and log in
the actual temperature at the wheel — rail contact.
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Table 4.4: Summary of Temperature and WILD HIGH alarms, Bodsjon, Winters from 2016 January to 2021 March.

Average 6 Monthl Total WILD Normalized Max Peak
. (or 3) winter Y HIGH alarms WILD High
Winter Lowest Air . - Force
month in Winter Alarm per ton- .
Temp. (outliers)
Temp. months passage
o o X [%o per ton-
[°C] [°C] [] passage] [KN]
2016 Jan - Mar -5.8 -29.5 158 10 697
2016/2017 -3.0 -28.5 56 4 532
2018 Jan - Mar -8.7 -28.6 143 12 687
2018/2019 -3.2 -25.2 42 818
2019/2020 -2.5 -19.1 60 823
2020/2021 -3.1 -27 15 671
WILD High Alarms vs. Air Temperature
Bodsjon, Winters 2016 Jan to 2021 Mar
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Figure 4.15: Graph of Normalised WILD HIGH alarms vs. Air Temperature, Bodsjén, Winters from 2016 January to 2021

March.
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4.2. Analysis on Rail defect data
In this section, the analysis on the data of rail defects from Ultrasonic Testing (UT) for the
track sections 211 and 212 passing through Bodsjon WILD is presented.

Firstly, the frequency of rail defects for track sections 211 and 212 has been collected from
Ultrasonic Testing (UT), over the year 2016 to 2020, and summarised in Table 4.5, Table 4.6
and Figure 4.16. The frequency and the number of the more severe rail defects per checked
track kilometres (herewith called as the rail defect ratio) indicate the rail reliability in the
year of interest 2020, as compared to the other years. The more severe rail defects are
categorised in the rail defect groups 1a/ 1v/ 1m and 2b, i.e.: to be fixed immediately/ within
two (2) weeks/ within three (3) months and allowed to be in the tracks and monitored in the
next inspection, respectively.

Additionally, the section reports the types of rail defects and their location along the track
sections 211 and 212.

Finally, some attempts have been made to review the rail reliability levels in conjunction
with the Wheel Impact Loads, especially for the year of 2020, in relation with the WILD data
for the winter of interest 2019/2020.

4.2.1. Rail defects per year

Firstly, the analysis has focused on the severe rail defects that require the higher maintenance
priority. The severe rail defects, categorised in Group 1a/1v/1m, for the studied track sections
211 and 212 are reported in Table 4.5. The data of the rail defect group la (to be fixed
immediately) and group 1v (to be fixed within two weeks) are found as 1 in the inspection
year 2020, and 2017 respectively. The other inspection years have recorded no rail defects of
these groups 1a and 1v. For the rail defects of the group 1m (to be fixed within three months),
the data has shown that the inspection year 2020 has been recorded with the highest number,
at 13 defects. The number of this rail defect group has increased from 2016 to 2018 by
approximately three (3) times, from 3 to 10 defects. However, this figure has dropped in 2019
by around 30%, and then has increased significantly in 2020 by almost 86%.

Furthermore, the rail reliability of the studied track sections 211 and 212 has been assessed
by the rail defect ratio. From the summary in Table 4.6 and Figure 4.16, generally speaking,
the rail defect ratio of track sections 211 and 212 has been lower than that of the Swedish
railway network over the years 2016 — 2020. The first is reported as high as 0.08, while the
latter is reported in the range of 0.10 to 0.16. Thus, it can be assumed that the rail reliability
for these track sections has been acceptable for the national level. One of the reasons for the
rail defect ratios of track sections 211 and 212 to be lower than the national values is that
these track sections have been replaced with newer and higher-strength rail profile of 60E1
since the period of 2002 to 2004, according to the information noted in UT data. The newer
and higher-strength rails are more durable, as compared to the national rail network
combining both old and new rails across Sweden.
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Additionally, by looking at the total number of rail defects of all the three defect groups
(1a/1v/1m, 2b and 3i), from Figure 4.16, this figure has been fluctuating during the years
2016 —2020. There is the high number of rail defects in the year 2016, following by a decline
in the year 2017 and then an increase in the year 2018. In the year 2019, the number of rail
defects drop for the defect groups 1a/1v/1m and 3i by around 30% (7 defects) and 89% (2
defects) respectively. In the year 2020, these defect groups have increased by double (14
defects) and by more than eight times (17 defects), respectively. On the other hand, the
number of rail defect of level 2b increased from 2016 to 2019 (from 1 to 7 defects) and
reduced to 0 in 2020.

By recalling Figure 4.7, the number of train axles with HIGH alarms (bar with index on the
right) and the normalised number of HIGH alarms (line with index on the left) have shared
some similar trends of fluctuation in the recent years, from 2018 to 2020. The fluctuation
starts with the large number of WILD HIGH alarms recorded in the winter 2016 Jan — Mar,
followed by a drop in the winter 2016/2017, and then a significant increase in the winter 2018
Jan — Mar. In winter 2018/2019, these WILD figures have plummeted, and then have slightly
risen in the winter 2019/2020.

The coincidence in the trends of the frequencies for WILD HIGH alarms and Rail defects
gives some indications for the future work to understand further the correlation between the
wheel damages and rail reliability. This is made possible when the limitations in the data
collection, as discussed in section 3.4, are overcome.

Table 4.5: Emergency rail defects of Group 1 (a/v/m) by Ultrasonic Test i Bodsjon track sections 211 & 212,
Years 2016 1 2020.

Track section Rail defect 2016 2017 2018 2019 2020
Severity level
1a 0 0 0 0 1
211 & 212 v 0 1 0 0 0
m 3 8 10 7 13

Note: Rail defect severity levels based on the rail maintenance priority, denoted as:

la = to be fixed immediately

1v = to be fixed within two (2) weeks
1m = to be fixed within three (3) months
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Table 4.6: Summary of Rail defects by UT, Bodsjon track sections 211 & 212, Years 2016-2020.

Total No. of defects per
L atest Level of Priority Total 1m/lv/la | Checked | track-km checked
ates and 2b track [ /km]
Year Verified length Section
Date la/1v/im 2b 3i A+B+C A+B [km] 211 & Swiden
A ® | © 212
2016 | 2016-09-09 3 1 21 25 4 165.793 0.02 0.16
2017 | 2017-10-03 9 2 12 23 11 165.793 0.07 0.12
2018 | 2018-10-04 10 3 18 31 13 165.793 0.08 0.13
2019 | 2019-07-14 7 7 2 16 14 165.793 0.08 0.10
2020 | 2020-09-16 14 0 17 31 14 165.793 0.08 0.15
* Data extracted from Trafikverket Report — Rail Defects 2020 [35]
Rail Defects by Ultrasonic Test - Bodsjon , Section 211 & 212
Year 2016-2020
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Note: Rail defect severity levels based on the rail maintenance priority, denoted as:
1a = to be fixed immediately

1v =to be fixed within two (2) weeks

1m = to be fixed within three (3) months
2b = to be allowed in the tracks and monitored in the next inspection
3i = to be allowed to be in the track without further action.

Figure 4.16: Rail defects by Ultrasonic Test i Bodsjon track sections 211 & 212, Years 2016 i 2020.
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4.2.2. Rail defect types and locations

From UT data for Bodsjon track sections 211 and 212, the rail defect types and locations
are summarised and reported in this section.

4.2.2.1. Rail defect types

By using the UIC codes of rail defect types, as introduced in Section 2.1.4, the defect types
of different levels (1a/1v/1m, 2b and 3i), are identified and presented in Figure 4.17.

In these track sections 211 & 212, the most common rail defect types is Squats (UIC 127, 7,
427) for year 2020. In this year, there are 16 Squats detected by UT, making up to more than
50% of all the rail defects of year 2020. Squats is also reported as having increased in
frequency over the years 2016-2018, but dropped in year 2019. Additionally, the Surface
defect (UIC 121/ 221) has been the most common defect type for year 2016, but reduced by
six (6) times in frequency in 2017, and then sharply increased, by more than thrice in 2018.
In the recent years 2019 and 2020, this type of defects has reduced with a light fluctuation.
Noticeably, the rail defect types of Squats and Surface defect were also reported as the
common types in Trafikverket Report — Rail Defects 2020 [35]. It was also stated that Surface
defects could be squats and headchecks that could be reported incorrectly, or other types of
surface defects [35].

Furthermore, Figure 4.17 shows other less common rail defect types such as Breakage of
fishbolt (UIC 135), Transverse cracking of the welding profile (UIC 431), Horizontal
cracking on rail head (UIC 112, 212), and Longitudinal — vertical cracking on rail head (UIC
113, 213).

Rail Defect Type by Year, Bodsjén BDL 211 & 212
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Figure 4.17: Rail Defect Types by Year, Bodsjon Track sections 211 & 212, Years 2016-2020.
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Most of the rail defect types detected on Bodsjon track sections 211 and 212 are related to
crackings of welding profiles and RCF cracks. For instance, for the most commonly detected
rail defect type, Squats, as introduced in section 2.1.2, Table 2.1: Common RCF types on
wheel and rail ., are RCF cracks that grow horrizontally on railhead surface, caused by
excesive dynamic wheel — rail contact force or by local top — surface vertical irreglarities that
in turn will lead to high dynamic stresses at the wheel — rail contact [2] [15].

In “Wheel — Rail Interface Hanbook” [15], a chapter is dedicated for introducing and
explaining the characterisitics of squats, together with summarising the important past
research findings on this dominant type of rail defect. Fundamentally, squats on rails are
characterised as “large local plastic deformation” that grow due to “repeated high-frequency
dynamic contact forces” when heavily loaded wheels repeatively roll on railheads [15].
Furthermore, in [15] various correlation analyses have been performed to identify the
influential parameters in the vehicle — track interaction systems to the occurrence of squats
on railway rails (Li, 2006; Zhao et al., 2007). It was shown that a majority of squats (74%)

1 . 1 .
were found on the “E rail centered on sleepers and the rest were on the other > rail centered

between two sleepers.” See Figure 4.18 for the illustration of these rail locations. These
frequencies of squat locations indicated that the track stiffness and damping characteristics
could be one of the influential track structure parameters, which are closely related to the rail
profile, rail pad, sleeper type, substructure systems of ballasted or slab track and the current
condition of the track. Additionally, from the obervation and correlation analyses, in the
adjacent railhead surfaces of approximately 72% of squats were found with “short-pitch
corrugations with various severities”.

Subsequently, by using numerical analyses which included the dynamic rolling contact
forces, stress and strain, together with the relevant parameters in the vehicle — track
interaction system recognized from their previous correlation analyses, Li (2008) showed
that “the growth of a squat is accompanied and promoted by a dynamic wheel — rail
interaction force, which is excited by the squat itself and which has the wavelength of short-
pitch corrugation” [15]. In a nutshell, it is a possitive feedback loop for the occurrence of
squats and high dynamic wheel — rail forces, which are positively related to high WILSs.
Squats can be initiated by small vertical irregularities on railhead surface, or high dynamic
wheel — rail forces, which initially potentially are caused by wheel flats or welding profiles.
In turn, the growth of these squats can excite additionally the high dynamic forces as a large
local contact surface has been deformed plastically, further deviating the designed conformal
contact between wheel and rail. The high dynamic wheel — rail forces will accelerate the
growth of squats and so on.



76 | Data analysis and results

Sleeper
1/, sleeper span 1/, sleeper span

. on sleeper ) between sleeper ) .
: T T : : :
[ | s :

V : 77 777)

Figure 4.18: Definition of the half sleeper span centered on sleepers and the other half span between two sleepers [15].

The other dominant rail defect types have been found in this case study to be related to
welding profiles on rails. Welding for rails is associated with the usage of Continuously
Welded Rails (CWRs) in the morden railway system. In fact, welds can be also considered
as weakest locations along CWRs as it is said that “a chain is as strong as its weakest link”.
Welding, despite its advantages compared to the traditional bolted connections, causes
changes in surface geometry and material inhomogeneity in the heat-affected zone. These
deviations lead to variation in the plastic deformation and wearing behavior at welds
compared to the adjacent rail parts. In turn, the differential wearing and local non-uniform
deformation together with accumulated wheel passages can magnify the local dynamic wheel
— rail contact force, which will exacerbate the differential deformation and wearing of rails.
This is similar to the possitive feedback loop for squats as discussed above.

At the current stage of this case study, there is not enough literature reviews showing the
quantifiable impact of high WILs onto the occurrence of this type of RCF cracks and welding
profiles’ cracks. For example, at which magnitude of the dynamic wheel — rail contact force,
squats or cracks of welding profiles can be initiated, and how many cyles of loads does it
take to cause the cracks to the uncceptable levels, in terms of crack widths and lengths. The
root causes of these rail defect types at their early stage are also unclear. This requires future
work to get the better understanding.
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4.2.2.2. Rail defect locations

Another characteristic of the rail defects in this case study is releaved by looking at the their
locations along the track section 211 and 212.

The locations of the rail defects are reported as the chainage in UT system. These location
are summarised in Figure 4.19. From Figure 4.19, the locations of some rail defects are found
to be close to one another, for instance the chainnages 492+, 514+, 534+, 550+, 583+, 607+,
etc. The rail defects, not necessarily the same types, tend to develop at the similar locations,
defined as within 100m distance. At these similar locations, the cases of rail defect
development can be the following:

1 same or similar type of defects developed from a lower priority to a higher one (from
defect group 3i to 1m/1v/1a), or

1 same type of defects and priority over the years, or

1 same types of defects reduced from a higher priority to a lower one (from defect group
la/1v/1m to 3i), or

1 other cases: different defects over the years, same defects at the same year.

These cases have been summarised in Table 4.7 and Table 4.8. The case of same or similar
defects developed has taken up to around 50% of all the cases, for Bodsjon track sections
211 and 212 of this case study, as reported in Table 4.9 . This gives obvious warnings that
defects that have been left untreated will developed into more severe defects, which
consequentially can cause railway traffic deruption or delays and higher risks of derailments.
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Figure 4.19: Locations of Rail defects, Bodsjon track sections 211 & 212, Years 2016-2020.



Table 4.7: Rail defect development at similar locations, Bodsjon track section 211, Years 2016-2020
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) Distance from Bodsjon
Track ' punpate  Priority  Verfed KM Post uic WILD (520+165) Remark Rail Defect Type
Section Date [km]
211 2017-04-18 3i 2017-05-03 534 km434m 221 14.269 Surface defects/ 121, 221
211 2018-04-16  2b 2018-05-08 534 km438m 221 14.273 Surface defects/ 121, 221
211 2020-04-20 3i 2020-04-30 536 km 447 m 227 16.282 Squat/ 127, 227, 427
211 2020-04-20 3i 2020-04-30 536 km452m 227 16.287 Squat/ 127, 227, 427
211 2020-04-20 3i 2020-04-30 536 km 455 m 227 16.290 same type of defect Squat/ 127, 227, 427
211 2017-09-06  1m 2017-09-11 537 km532m 213 17.367 Longitudinal-vertical cracking in rail head/ 113, 213
211 2018-09-05  1m 2018-10-03 537 km498 m 227 17.333 Squat/ 127, 227, 427
211 2020-08-17  1m 2020-08-25 537 km757m 421 17.592 different defects Thermit Welding - Transverse cracking of the profile
211 2016-08-27 2b 2016-09-06 550 km 330 m 121 30.165 Surface defects/ 121, 221
211 2017-09-06 2b 2017-09-11 550 km 330 m 121 30.165 Surface defects/ 121, 221
211 2018-09-05  2b 2018-10-04 550 km 330 m 121 30.165_  same type of defect over the years  Surface defects/ 121, 221
211 2016-04-18 3i 2016-05-12 550 km 511 m 112 30.346 Horizontal cracking in rail head/ 112, 212
211 2019-04-17 2b 2019-05-01 550 km 510 m 112 30.345 Horizontal cracking in rail head/ 112, 212
211 2017-09-16  1m 2017-10-03 569 km 748 m 112 49583 Horizontal cracking in rail head/ 112, 212
211 2020-08-17  1m 2020-08-19 569 km 823 m 135 49.658 different defects Breakage of fishbolt/ 135
211 2019-04-17 2b 2019-05-01 581 km776 m 112 61.611 Horizontal cracking in rail head/ 112, 212
211 2020-04-20 3i 2020-04-30 581 km 788 m 112 61.623 same type of defect reduced Horizontal cracking in rail head/ 112, 212
211 2017-09-16 3i 2017-10-03 582 km382m 127 62.217 Squat/ 127, 227, 427
211 2017-09-16 3i 2017-10-03 582 km437m 127 62.272 Squat/ 127, 227, 427
211 2018-09-05 3i 2018-10-03 582 km 207 m 227 . e of defect over the years  Squat/ 127, 227, 427
211 2018-04-16 3i 2018-05-06 583 km 484 m 112 Horizontal cracking in rail head/ 112, 212
211 2019-04-17 2 2019-05-01 583 km471m 112 Horizontal cracking in rail head/ 112, 212
211 2020-04-20 3i 2020-04-30 583 km476 m 112 63.311 same type of defect reduced Horizontal cracking in rail head/ 112, 212
211 2017-09-16 3i 2017-10-03 607 km423 m 225 87.258 Wheelburn/ 225
211 2018-05-12 2b 2018-05-31 607 km430 m 225 87.265 Wheelburn/ 225
211 2018-09-05  1m 2018-10-03 608 km 105 m 221 87.940 Surface defects/ 121, 221
211 2018-09-05  1m 2018-10-03 608 km 155 m 221 87.990 Surface defects/ 121, 221
211 2019-06-23 3i 2019-07-12 608 km 167 m 221 88.002 same type of defect reduced Surface defects/ 121, 221

211 2017-09-06 3i 2017-09-12 645 km 533 m 113 125.368 Longitudinal-vertical cracking in rail head/ 113, 213
211 2017-09-15 v 2017-09-23 645 km 493 m 213 125.328 Longitudinal-vertical cracking in rail head/ 113, 213
211 2020-05-04  1m 2020-05-04 645 km 500 m 233 125.335 Longitudinal vertical cracking (piping)/ 233
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Table 4.8 : Rail defect development at similar locations, Bodsjon track section 211, Years 2016-2020

Distance from

Track i . Bodsjon WILD .
Section Run Date Priority Verified Date KM Post uiC (520+165) Remark Rail Defect Type
[km] *

212 2016-05-20 3i 2016-06-01 491km771m 431 -28.394 Electric arc welding - Transverse cracking of the profi
212 2019-07-06 im 2019-07-14 491 km845m 431 -28.320 Electric arc welding - Transverse cracking of the pro
212 2019-04-17 3i 2019-05-01 492km215m 227 -27.950 Squat/ 127, 227, 427
212 2020-04-20 im 2020-04-30 492km215m 227 -27.950 Squat/ 127, 227, 427
212 2017-05-18 Im 2017-06-08 492 km499 m 431 -27.666 Electric arc welding - Transverse cracking of the profi
212 2018-05-15 Im 2018-05-30 492 km492 m 431 -27.673 Electric arc welding - Transverse cracking of the pro
212 2020-05-31 2020-06-09 492 km 447 m 431 -27.718 Electric arc welding - Transverse cracking of the pro
212 2020-08-17 2020-08-24 492 km359 m 431 -27.806___same type of defect reduced Electric arc welding - Transverse cracking of the profile/ 431
212 2016-05-20 2016-06-01 494 km415m 221 -25.750 different defects Surface defects/ 121, 221
212 2019-04-17 2019-05-01 494km448 m 227 -25.717 Squat/ 127, 227, 427
212 2016-04-18 2016-05-11 499km233m 221 -20.932 Surface defects/ 121, 221
212 2019-07-06 2019-07-14 499 km232m 471 -20.933 Resurfacing - Transverse cracking of the railhead/ 471
212 2016-04-18 2016-05-13 508 km 175 m 221 -11.990 Surface defects/ 121, 221
212 2020-05-31 2020-06-09 508 km 168 m 227 -11.997 Squat/ 127, 227, 427
212 2020-04-20 2020-04-27 508 km 477 m 135 -11.688 Breakage of fishbolt/ 135
212 2020-08-17 2020-08-25 508 km 615 m 225 -11.550 different defects Wheelburn/ 225
212 2020-08-17 2020-08-25 508 km 652 m 427 -11.513 Squat/ 127, 227, 427
212 2016-04-18 2016-05-13 512 km 888 m 221 -1.277 Surface defects/ 121, 221
212 2018-05-15 2018-05-30 512 km 876 m 471 -7.289 Resurfacing - Transverse cracking of the railhead/ 471
212 2017-05-16 2017-06-08 514 km514 m 211 -5.651 Breakage of fishbolt/ 135
212 2018-05-15 2018-05-30 514 km 506 m 211 -5.659 Breakage of fishbolt/ 135
212 2018-05-15 2018-05-30 514 km570 m 221 -5.595 Surface defects/ 121, 221
212 2019-07-06 2019-07-14 514 km 525 m 211 -5.640 Breakage of fishbolt/ 135
212 2020-05-31 2020-06-09 515km2m 227 -5.163 similar type of defect Squat/ 127, 227, 427
212 2020-08-17 2020-08-25 515km78 m 221 -5.087 Surface defects/ 121, 221
212 2017-09-18 2017-10-02 515 km 206 m 213 -4.959 Longitudinal-vertical cracking in rail head/ 113, 213
212 2020-08-17 2020-08-25 515km243 m 427 -4.922 Squat/ 127, 227, 427
212 2020-09-03 2020-09-16 515km325m 213 -4.840 similar type of defect Longitudinal-vertical cracking in rail head/ 113, 213
212 2020-08-17 2020-08-25 515km363m 221 -4.802 Surface defects/ 121, 221
212 2017-09-18 2017-10-02 515km 370 m 431 -4.795 Electric arc welding - Transverse cracking of the profile/ 431
212 2018-04-16 2018-05-06 515km 439 m 431 -4.726 Electric arc welding - Transverse cracking of the profile/ 431

* Note: the negative sign (-) indicates the chainage at rail defect detection is before (or smaller than) the chainage at Bodsjon WILD



Data analysis and results | 81

Table 4.9: Cases of Rail defect development at similar locations, Bodsjon track sections 211 & 212, Years 2016-2020.

Track section
Cases Total Percentage [%6]
211 212

5 8 13 50

same type of defect over 2 0 2 8
the years

same type of defect 3 1 4 15
reduced

others 3 4 7 27

Furthermore, at the locations of the rail defects, the track types are identified using the
chainnage information. The track types where the rail defects of levels 1a/1v/1m and 2b have
located, are summarised in Table 4.10. At the same time, Figure 4.20 illustrates the
emergency rail defect types (level 1a/1v/1m) by track type. The track types consist of:

1 Tangent track (radius equals to 0),
1 Transition curve (radius changes from 0 to a constant radius), and
1 Circular curve (radius is constant).

It is shown that these more severe and urgent-to-be-fixed rail defects are mostly found on
Tangent tracks, at around 44%. The second highest frequency of track types, making up
around 35%, is Transition curve where radius changes continuously from tangent track to
circular curves. Noticeably, from Figure 4.20, the highest number of the emergency rail
defects of level 1a/1v/1m have been found as Squats on Tangent tracks (at 6 cases) and
Transition curves (at 5 cases), making up around 30% and 10%, respectively, of the total rail
defects of this level.

The second common for the defect level 1la/lv/1m is tranverse cracking of Electric arc
welding profile, and mostly found on Tangent track (5 cases, or approximately 10% of the
total rail defects). The use of Elctric arc welding is related to Continuously Welded Rails
(CWRs), which is commonly used to replace the traditional rails with bolted joints. CWRs
are used to eliminate bolted joints which cause less stiff rail sections and gaps at the
connections, potentially inducing more dynamic loads when the morden trains are operated
with higher speeds than before. Field welding is carried out to connect rail pieces of around
200 to 800m long on site. Electric arc welding is one of the common rail field welding
process, where the rail material at the ends of two pieces of rail is melted and then pressed
together [40]. This could explain for the rail defect of tranverse cracking of Electric arc
welding profile to be found mostly on Tangent tracks where this type of field welding is
commonly applied.

Finally, another discussion on the observation that the most of the higher-priority rail defects
are located on Tangent tracks is made by looking at the train speeds. The speeds on Tangent
tracks are expected to be higher than those on Transision curves, and Circular curves. Trains
are usually allowed to run at the permissible operating speed on Tangent tracks, and then
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slowing down when entering the Transition curves and finally slowest in Circular curves, in
order to ensure the running stability. It has been reported that Wheel Impact Load HIErrGH
alarms are mostly found at Train speeds around 80-100 km/h, see section 4.1.4. This could
help to link the effect of high WILs to the frequency of rail defects, especially for the
emergency defect of level 1a/1v/1m.

Table 4.10: Track types at Rail defect location, Bodsjon track sections 211 & 212, Years 2016-2020.

Tangent track Circular curve Transition curve
Section | Defect Level F F Radius F Mi
requency requency range, m requency In range, m
la 0 0 - 0 -
1lv 1 0 - 0 -
211
m 8 5 370 to 707 4 0/370
2b 4 1 300 3 320/0
la 1 0 - 0 -
1lv 0 0 - 0 -
212
1m 9 5 1008 to 3500 10 0/600
2b 0 0 - 1 0/3500
la 1 0 - -
1lv 1 0 - -
211 & 212 im 17 10 See above 14 See above
2b 4 1 See above 4 See above
Total 23 11 18
Emergency Rail Defect (1a/1v/i1m) Type by Track Type
s Track Type
W Circular curve
5 M Tangent track
- M Transition curve
2
5
g 3
e
2
1

holes/ 235
of the profile/ 431

Breakage of fishbolt/ 135

Cracking around holes other than fishbolt
Electiic arcwelding - Transverse cracking

212

Horizontal eracking in rail head/ 112,
Longitudinal vertical cracking (piping)/ 233

Longitudinal-vertical cracking in rail head/

113,213

227, 427
21

railhead/ 471
Shelling/ 223
Squat/ 127
Sutface defects/ 121,

Reswfacing - Transverse cracking of the

Thermit Welding - Transverse cracking of

the profile

Wheelbum/ 225

Figure 4.20: Emergency Rail defect (1a/1v/1m) by Track Type, Bodsjon track sections 211 & 212, Years 2016-2020.




Data analysis and results | 83

4.2.3. Squats and High Wheel Impact Load

As discussed in section 4.2.2. Rail defect types and locations, Squats (UIC 127, 7, 427) and
Surface defect (UIC 121/ 221), which can be squats or headcheck cracks being detected
wrongly, are potentially related to high dynamic wheel — rail contact forces. The analysis is
reasonably carried out by looking exclusively at the frequencies of these two types of rail
defects in all priority levels 1a/1v/1m, 2b and 3i, as summarised in Table 4.11.

The trends of these rail defect frequencies over the years 2016 — 2020 are compared with the
trend in frequencies of train axles with WILD HIGH alarms and the measured high wheel
peak forces (over the Alert limit of 350 kN) in the previous winters accordingly. These
comparisons are illustrated in Figure 4.21 and Figure 4.22.

From Figure 4.21, there is a good indication of similar fluctuating trends in the combined
frequencies of Squats and Surface defects with the those of the total train axles detected with
HIGH alarms by WILD at Bodsjon, especially for the years 2016 to 2019. The fluctuations
have started with the highest frequenc in 2016 (and the previous winter 2016 Jan — Mar),
followed by a significant drop of around 100% in 2017 (and the previous winter 2017/2018).
The mentioned frequencies have increased sharply to the second highest values in the year
2018 (and the winter 2018 Jan — Mar) and then have plummeted to the lowest values in the
year 2019 (and the winter 2018/2019). However, in the last year of UT data, 2020, the
combined frequency of Squats and Surface defects have risen significantly, by approximately
300%, to the highest value (19 defects totally), while the frequency of WILD High-alarmed
train alxes has increased slightly by around 50%.

From Figure 4.22, the comparison is made by looking at the values of high-alarmed wheel
peak forces (also called as high WILS), in terms of the average and the maximum values for
each winter period. There are no similar trends between the occurences of Squats and Surface
defects and the high WILs. The average values of the high WILs have been stable at over
400 kN throughout all the winters. The maximum values the high WILs are considered as
increasing in the recent winters, the highest recorded in the winter of interest 2019/2020, and
the lowest in the winter 2016/2017.

Consequently, there is no sufficient evident to show that the frequecies and the values of the
high WILs, as well as their combined effects, can be correlated with the occurrences of Squats
and Surface defects. However, the fairly similar trends in frequencies of these characteristics
suggest the potential correlation: when there is a large number of WILs detected, it is high
chance that a numerous number of Squats and Surface defects are detected as well.

The above observations are limited by the limitations in the data collections as discussed in
section 0. Additionally, the number of data points, five (5) of them, in term of the years with
UT data, are not sufficient to support a correlation test for the relationship between the
(relevant) rail defects (subsequently the rail reliability levels) and the high wheel impact loads
detected by WILD.
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Table 4.11: Frequency of Squats and Surface defects detected by Ultrasonic Test, Bodsjon track sections 211 & 212,
Years 2016-2020.

Vear Frequency of Rail defect detection by Ultrasonic Test
Squats/ 127, 227, 427 Surface defect/ 121/221 Combined

2016 1 18 19
2017 7 3 10
2018 8 10 18
2019 4 2 6

2020 16 3 19
2021 No data -

Squats & Surface defects Vs. Train Axles with WILD High Alarms
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Figure 4.21: Frequencies of Squats & Surface defects Vs. Train Axles with WILD HIGH alarms, from Bodsjon UT and
WILD data, Years 2016 i 2020.



Data analysis and results | 85

Squats & Surface defects Vs. High Wheel Peak Forces
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Figure 4.22: Frequencies of Squats & Surface defects Vs. High Wheel Peak Forces, from Bodsjon UT and WILD data,
Years 2016 i 2020.
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4.3. Discussion on Alert Limit for Wheel Impact Loads

Wheel Impact Loads (WILs) being measured at Bodsjon provide the data to investigate the
effect of high wheel impact load on the rail reliability. The rail reliability of the track sections
211 and 212 in the case study has been considered as acceptable to the national level, although
high WILs have been recorded with the increase in magnitude in the recent years. By that
observation, it can be considered to review the alert limit for Wheel Impact Load.

Based on the available data on WILs or peak forces at Bodsjon WILD, it shows that the 95™
and 98" percentile values of the wheel peak forces over the periods of six winters are
averaged at 387 kN and 455 kN respectively. These values are approximately 10% to 30%
greater than the current High limit of Wheel Impact Load (WIL), 350 kN. A critical question
to be asked is whether the current WIL Alert limit is low for the national demands of railway
traffics and axle loads. An increase by 10% up to 30% of the current alert limit, i.e: 385 kN
up to 450 kN rounding down to the nearest 5 kN, can be considered.

The 95th percentile value is considered as an acceptable value to use for planning as it ensures
statistically 95% of the time the measured values are below this value. Unfortunately, the
available data in this case study does not include all the measured values. It should be noted
that the available Bodsjon WILD data does not include all the WILs of all the train axles
passing through this detector. The reported 95" and 98" percentile values, as tabulated in
Table 4.12, are based on the available WIL records in the winter periods where high WILs
are expected.

Thus, it is necessary to investigate further whether the rail reliability can be affected
significantly by the largest 5th percentile of WILs. The increased high alarm limit for WILs
shall be applied in_a pilot project for a certain defined area in the Swedish railway network,
for instance, Bodsjon area where high WILs are frequently detected. This pilot project can
be proposed in the time frame of two or more winter periods, to investigate and monitor the
changes in the rail reliability with regarding to the increased high alarm limit. With the data
of the pilot project, it can be compared with the rail conditions of other areas where the limit
is kept the same as 350 kN, the value recommended by UIC.

Nevertheless, the International Railway Solution (IRS) regarding Prevention and Mitigation
of Derailment (PMD), proposed by UIC, has recommended the importance of applying the
similar alert limits in all the countries so that vehicles used in cross-border traffic will be
treated in the same standards [23]. Additionally, it is also stated in [23] that when vertical
impact loads at wheel-rail contact is reaching 425 kN and above, the rail breakage become
more sensitive to cold weather, with the existing foot cracks (5 mm and more) and head
cracks (20 mm and more). Please refer to the consideration of the wheel peak force limit by
UIC-PMD as shown in Figure 4.23.

With this consideration, it is not advisable to apply the increased alert limit in the Swedish
railway sections that is used by the international railways. The difference in alert limits in the
Swedish railway network, if that is implemented in the long-term, needs to be examined
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further with the cost — benefit analysis. The implementation will need more administrative
and management works to ensure both of the international and national (Swedish) standards.
On the other hand, the difference in alert limits allows more flexibility on the Swedish railway
networks, which can lead to an optimisation between the maintenance costs and quality of
service for the railway transportation.

Table 4.12: Consideration for Increased Wheel peak force limit of HIGH Alarm, based on Bodsjon WILD data.

Proposed New Peak Force limit
Winter
95%-tile Peak Force 98%-tile Peak Force
[KN] kN
2016 Jan-Mar 396 474
2016/2017 360 407
2018 Jan-Mar 457 518
2018/2019 365 425
2019/2020 387 491
2020/2021 359 416
Average 387 455
550 P _ =#= 5 mm foot crack
* Based on the 200 ~— —= - 25mm head crack
pr_obability of fdso — Limit for peak“ . Suggestion
rail break due | 400 1L ~Ontae, .
to head or foot | 350 T T Oree
cracks of sizes | 2 300 ""“.\n
5 mm and 25 250 ~;
mm for foot 200
and head, 0 -20 -40
respectively AT [°C]

Figure 4.23: Recommendation on the limit of wheel peak force by UIC-PMD [23].
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5.Conclusions

The effect of high wheel impact load on rail reliability has been examined based on a case
study at Bodsjon, track sections 211 and 212. The data is collected from Wheel Impact Load
Detector (WILD) and Ultrasonic Test (UT), over the period of 2016 January to 2021 March.

The data analysis has been carried out to examine the high wheel peak forces (or WILSs) that
caused HIGH alarms (WIL > 350 kN), in relation with the air temperature, the train axle
loads and train speeds. At the same time, the rail reliability of Bodsjon, track sections 211
and 212 is assessed, in terms of the frequency of the rail defects, the defect types, the locations
and track types where the defects have been detected.

Below is the summary of the findings of this case study, in the effort of answering the
research questions:

1 There have been higher number of the severe rail defects detected by UT after that
trains with high wheel force were allowed to run on the tracks, in the winter
2019/2020. However, there have been no higher frequency of HIGH alarms detected
at WILD Bodsjon in that winter.

1 In fact, the magnitudes of these high WILs in the winter 2019/2020 have been greater
than other winters, in term of the average and the maximum values (including extreme
outliers). These observations indicate that the extremely high peak forces could create
higher chances of the most severe and urgent-to-be-fixed rail defects (Group
la/lv/1m). The impact of the extreme outliers in this case study has been still
unrefined.

T It is observed that there is some coincidence in the fluctuating trends of the
frequencies for WILD HIGH alarms and Rail defects in the recent years 2018 to 2020.
However, it is not possible yet to draw a correlation between the high wheel impact
loads caused by wheel damages and the occurrence of rail defects. There are some
limitations in the current data collections of high WILs caused by wheel damages and
rail defects. For instance, there is lack of the traceability between the wheel damage
identifications and the magnitudes of WILs. Additionally, there have been great time
gaps between the time when WILs and rail defects detected by the WILDs and the
(automatic and manual) UT respectively, due to the current planning of UT.
Furthermore, the lack of interchanging data between the train vehicle operators and
the railway infrastructure managers also hinders the process in the case study. Finally,
the available data size of five (5), reflected on five (5) years of UT results for rail
defects is a disadvantage. There shall be a larger data size to create a statistically
significant correlation test.

1 In colder weather condition, there have been more detections of HIGH alarms by
WILD Bodsjon. There is strong negative relationship between the average air
temperature and the frequency of HIGH alarms. However, this relationship is not
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statistically significant due to the available small size of data points, reflecting six (6)
winter periods in this case study.

Some of the characteristics of the trains that caused HIGH alarms at Bodsjon WILD
are examined, including:

o Axle load: there has been low correlation between Axle load and Maximum
wheel peak force causing HIGH Alarm. However, trains with axle loads of
around 21 tons could be prone to causing the HIGH wheel impact loads.

o Train speed: the relationship between the train speeds and the high wheel
impact loads has been considered as random. Nevertheless, the HIGH alarms
have been found mostly at the train speed range 80-100 km/h.

Some characteristics of rail defect detection for Bodsjon track sections 211 and 212
are revealed, including:

o The normalised frequencies over total km checked tracks of the more severe
rail defects (Groups 1a/1v/1m, and 2b) in the years of the study, 2006 to 2020,
have been reported to be lower than the national values. The rail reliability
level is thus acceptable. It should be noted that the track sections of the study
have been recently replaced with newer and stronger rails of 60E1, thus the
appropriate rail reliability is expectable.

o The rail defects have developed in similar locations over the years. This gives
obvious warnings that defects that have been left untreated will developed into
more severe defects, which consequentially can cause railway traffic
deruption or delays and higher risks of derailments.

o Most of the detected rail defects are located on Tangent track sections at
approximately 44%. This characteristic is complimenting the fact that the
trains with WILD HIGH alarms have been recorded with the speed of around
80-100 km/h, which is commonly found on Tangent track sections.

It has been reported that Wheel Impact Load HIGH alarms are mostly found
at Train speeds around 80-100 km/h, see section 4.1.4.

o Squats have been recorded as one of the most common rail defect types.
Squats on rail is recognised as being accompanied (or generating) and
exacerbated by high dynamic wheel — rail contact forces. A simple
comparison is made between the yearly frequencies of squats and surface
defects (which can be squats that are detected wrongly) and the number of the
WILD HIGH alarms in the previous winters. It is showed that after a large
number of WILs have been detected, a numerous number of Squats and
Surface defects are likely detected as well. The effect of the magnitudes of the
high WILs to the occurrence of squats are undefined. There is potential
combined effect of the frequencies and the magnitudes of high WILs onto the
occurrence and growth of Squats and Surface defects on rail that need to verify
in the future works.
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6. Future work

In the future work, it is important to overcome the limitations in the data collections of Wheel
Impact Loads (WILs) in conjunction with rail defects, as discussed in the earlier chapters.

Firstly, the time gap between the detections of high WILs and rail defects shall be reduced to
a reasonable level. It can be achieved by carrying out Ultrasonic Tests (UT) more frequently;
for instance, one or two tests per month. However, performing UT in higher frequency than
once a year (or twice, depending on the track inspection types) for the whole railway network
is costly. Thus, ideally, it can be conducted in a field test. In this test, after trains pass a
specific Wheel Impact Load Detector (WILD) and cause HIGH alarms, within one to two
weeks an Ultrasonic Test (UT) can be carried out to detect rail defects along a specific stretch
of tracks that the WILD is located on. Furthermore, at the beginning, this field test can be
focussing on the defect of squats on rails, in relation with the magnitudes and frequencies of
the detected high WILs. Subsequently, the root causes and the growth of this dominant rail
defect type can be studied, in relation to high WILs and vice versa.

Secondly, the limitation of the case study is that it cannot represent the large Swedish railway
network, which extends across the country from the north to the south with different weather
conditions. It is necessary to consider the data collection of WILD and Ultrasonic Test in
more expanded years and locations. This will provide sufficient data to draw the correlation
between the wheel impact loads and rail reliability levels. This case study has investigated
on the Bodsjon WILD which has recently recorded the highest number of HIGH alarms
among the other detection locations. It is necessary to investigate the other WILD locations,
for instance, where the lowest number and the average of HIGH alarms have been detected.
The assessment of the rail reliability levels at these WILD locations will help to investigate
the effect of wheel impact load on rail reliability: whether the lower frequencies and lower
magnitudes of wheel impact load will result in higher rail reliability levels. These
investigations will improve the data size for the correlation test.

The implementation of the increased HIGH alarms limit in a pilot project for the future three
or more years, as mentioned in section 4.3, can also provide interesting data to analyse this
relationship. The careful consideration on whether the High Alarm limit is increased, is
required, especially when the international standards have been reinforced across the
international railway networks.

Last but not least, the traceability between the types of wheel damage and the induced WILs
shall be studied. There has been recommendation by UIC to improve Vehicle Identification
by using Radio-frequency identification (RFID) in order to identify the specific vehicles that
cause certain high wheel forces. The wheels of these vehicles can be examined in time to
identify the root cause, the wheel damage types, as well as to be fixed. Additionally, the data
exchange between the rail vehicle operators and the railway infrastructure managers shall be
streamlined. This shall be part of the digital twin approach for the effective operation and
maintenance of rolling stocks and infrastructure assets in the future.
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Appendix B — Data of Wheel Impact Load Detector at
Bodsjon

Figure B.0.1 shows the scatter graph of Wheel Impact Loads at Bodsjon for all 7093 data
points. There were data missing for the period of 2017 May to December. Hence, in the
analysis, the winter months of 2017 October to December could not be included.
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Figure B.0.1: Graph of Wheel Impact Loads at Bodsjon WILD for all data points
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