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ABSTRACT

The railway is an important mode of transport, due to its environmental friendliness, high 
safety level, and low energy consumption combined with a high transport capacity, among 
other factors. The Swedish railway network is old, there has been almost no expansion of the 
network during the past few decades, and more traffic is expected. Therefore, there is 
currently a demand for more track capacity and, in the short term, the existing network is 
expected to deliver the increased capacity.

The railway operators in the network have a large impact on train delays, and wheel failures 
are one large contributor of delays. Delays destroy capacity and, therefore, capacity-
consuming failures, such as abnormal wheels, need to be minimised. This can be achieved by 
using appropriate condition monitoring for the wheels on the track to find potential capacity 
consumers before failures happen. 

Therefore, the condition of the wheel-rail interface is important, since the state of the wheel 
influences that of the rail and vice versa. The monitoring of rail profiles is already being 
performed, but the monitoring of wheel profiles is still in the development phase. This thesis 
treats the applications and performance assessment of a wheel profile measurement system 
(WPMS), and presents case studies focusing on its system and measurement performance. 

The proposed applications concern how the information from the WPMS can be integrated
with information from other data sources and with physical models to obtain a true current 
picture of the wheel behaviour. The thesis investigates the measurement performance of the 
WPMS by using a paired T-test and a number of quality measures, e.g. the reproducibility and 
repeatability, the precision-to-tolerance ratio and the signal-to-noise ratio.

In conclusion, this thesis shows that the WPMS works well with an expected level of 
reliability in a harsh climate with respect to its measurement and system performance. By 
combining other data with the data from the WPMS, potentially abnormal wheels can be 
found in an early stage if the proposed new maintenance limit for the wheel parameter of the 
flange height is implemented. Furthermore, through adding a physical model to the process,
the real contact condition of the actual wheel-rail interface can be evaluated and measurement 
deviations can be found. However, the wheel parameters, as well as the entire profile, need a 
high measurement quality with little variation, which seems to be an issue with respect to the 
measurement performance when advanced calculations are to be done. Therefore, a new 
approach for evaluating measurement performance has been developed using established 
statistical tools and quality measures with predefined acceptance limits; with the help of this 
approach, one can differentiate between the variation in the measurements originating in the
different measurement units and the variation originating in the wheels. This new approach 
can be applied to judge the measurement performance of wheel profile condition-monitoring 
systems, and can also be implemented for other condition-monitoring systems to evaluate 
their measurement performance. Finally, this approach promotes the development of a 
condition-based maintenance policy by providing more reliable information for maintenance 
decision makers. 
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NOTATION, ACRONYMS AND DEFINITIONS 

Field side The side of the rail facing away from the track

Gauge side The side of the rail facing the inside of the track and the other rail 
on the track

Gauge Measurement instrument displaying measured values 

Profile F1 Measured worn wheel profile from unit B 

Profile F2 Measured worn wheel profile from unit A

Track gauge The shortest distance between the inner faces of the rails, as 
measured from positions between the top of the rail and 14 mm 
under the top of the rail

Unit A Measurement unit in the WPMS

Unit B Measurement unit in the WPMS

CM Condition monitoring

CBM Condition-based maintenance

CI Confidence interval 

DR Discrimination ratio

GR&R Gauge repeatability and reproducibility, can also be expressed as a
percentage, GR&R%

LSL Lower system limit

MSA Measurement system analysis 

P-F interval Point-to-failure interval, the period between the point at which a 
degraded state is detected and the point of functional failure

PTR Precision-to-tolerance ratio

RCF Rolling contact fatigue 

S&Cs Switches and crossings

SNR Signal-to-noise ratio

WPMS Wheel profile measurement system
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WDD Wheel defect detector or wheel impact detector

USL Upper system limit

STD Standard deviation 

RQ Research question 

a The size of the contact point between the wheel and rail

a1 Wheelset dimension, distance between the wheel discs or the back-
to-back dimension

a2 Wheelset dimension, distance between the wheel flanges or the 
front-to-front dimension

D0 The rolling diameter of the wheel 70 mm from the back of the 
flange

E Young’s modulus 

p0 Maximum contact-point pressure between the wheel and rail

p(r) Contact-point pressure at position r

Q Normal force applied on the contact point 

qR Wheel parameter, flange angle

R Radius of the wheel or rail 

r Position of the contact point

Sd Wheel parameter, flange thickness 

Sh Wheel parameter, flange height 

Th Wheel parameter, measure of the concentrated wear of the centre 
of the wheel tread 

Poisson´s constant 
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1. INTRODUCTION

This chapter presents the background to the thesis, the research mission and improvement 
areas, track capacity and train delay, the wheel-rail system, the problem statement, the 
research questions and the structure and outline of the thesis.  

1.1. Background 

Society is at present exerting pressure on the railway industry to make the railway system an
attractive, affordable and available mode of transport for freight and passengers. The
advantages of railways as a transport mode include their environmental friendliness (due to
their low emission of pollutants), and the fact that they constitute a sustainable way of 
transporting large amounts of freight and passengers in a limited space and in a reliable and 
safe manner (Evans 2007, Esveld 2001, Patra, Kumar and Kraik 2010). Railway is energy 
efficient due to the low rolling resistance between the wheel and rail (Lewis 2009b).
However, there are also disadvantages associated with railways; for example the railway 
system is a system with one degree of freedom, which implies poor flexibility and low 
redundancy. Furthermore, building new railways is time-consuming and costly, and has an 
impact on the environment.

The poor flexibility and low redundancy of the railway system as a system with one degree of 
freedom is particularly noticeable when a system failure occurs and results in unwanted 
events propagating in other systems and even disturbing other traffic. High reliability is a key 
factor for a stable railway system, but when an abnormal incident occurs, it can take a long 
time to recover the system, and therefore robustness is an important parameter (Norrbin 
2016). Consequently, each of the two main systems that make up the railway, the wheel-rail 
system and the pantograph-catenary system, need to perform well together.

It is expected that there will be a substantially increased need for railway transportation in the 
future, and the Swedish railway network is facing the challenge of meeting that future need. 
Analyses have shown that the annual freight transport volume on the strategic lines in the 
Swedish railway network will increase from 18.9 billion tonne-kilometres (based on the
statistics for 2006) to 27.7 billion tonne-kilometres in the year 2050 (Trafikverket 2012).
Moreover, the European Commission is demanding that more transports should be shifted 
from the road to the railway. The goal set for the European transport systems is that 50% of 
the medium-distance intercity passenger and freight transports should be shifted from the road 
to the railway and waterborne means of transport by 2050. Furthermore, CO2 emissions from 
transports have to be cut by 60% by 2050 (EC 2011).

As already mentioned above, the railway system consists of different systems that need to 
work well together to provide a high quality of service in terms of punctuality or less train 
delay, regularity, reliability, robustness, recovery potential and resilience, less congestion, and 
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a high level of safety and comfort (Nyström 2008, CEN 1999, Söderholm and Norrbin 2011).
The wheel-rail system is a system that has a significant impact on the performance of the 
railway system. Consequently, the wheel-rail system needs a large amount of attention to be 
kept in good condition. The wheels of the rolling stock make a considerable contribution to 
the performance of the wheel-rail system. The number of wheels on the track is about 50 
million and the annual failure rate is one per 1,000 wheels, which means that 25,000-50,000
wheels suffer failures each year (Ekberg 2009). This is a significant reason for controlling the 
condition of the wheels on the track. 

The failure of a rolling stock wheel has a large impact on the operational capacity through 
track occupation time (the time during which a vehicle with wheel failures needs to be left 
behind), faster degradation of the track (with large dynamic forces from defect wheels leading 
to earlier and more maintenance of the track), and speed restrictions (while the vehicle with a
defect wheel is being moved to a workshop and before inspection of the track has taken 
place).

1.1.1. The research motivation and improvement areas 

The motivation of the research work performed for this thesis has been to build knowledge of 
how to increase the capacity of the existing track. A literature review and a preparatory survey 
were performed to find potential areas of research which would lead to capacity 
improvements, and these areas were found to be as follows: the relation between the capacity 
of the track and the maintenance of the track, and whether increased knowledge of the assets 
though condition monitoring can improve the capacity of the track. The work performed for 
this thesis has dealt with the question of whether increased knowledge of the rolling stock can 
enhance the operational capacity of the track. For more details on the survey and 
improvement areas, see Famurewa (2015).

The construction of new infrastructure and rebuilding of infrastructure were excluded from 
the research mission for this thesis. For that reason the approach adopted was to enhance the 
operational capacity of the track, and, in this connection, the first necessary step was to 
address the largest failure-driven capacity consumers, and try to minimise them. This thesis 
deals with the acquisition of increased knowledge of assets through condition monitoring,
since the infrastructure manager, Trafikverket, is already focusing on the infrastructure, our 
research work has focused on investigating the rolling stock. Critical systems for the railway 
are the pantograph-catenary system and the wheel-rail system, with the wheel-rail system 
causing more problems in terms of delay time (Famurewa et al. 2015). Consequently, this 
investigation has tried to find ways to detect abnormal wheels at the beginning of their 
degraded state before any functional failure has taking place and to reduce them and their 
effects to a minimum, by using condition monitoring systems for wheels.

This is the fastest and the most cost-effective way to enhance the existing capacity for other 
actions require reconstructions of the infrastructure. These actions are categorised as step 2 
(“use the infrastructure more efficiently”) in the “four-step principle” that the infrastructure 
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manager is using to prioritise improvement activities on the railway. The activities in step 1
(“change the transport mode”) have the highest priority and those in step 4 (“build new 
track”) are selected when all the other steps are impossible to implement (Trafikverket 2002). 
In the case of the present research, step 1 was not an option. 

1.1.2. Capacity and train delays

The above-mentioned demands are forcing the infrastructure manager to increase the capacity 
of the track, which can be accomplished in different ways: enhancing the operational capacity 
by minimising the failures that reduce capacity, increasing the operational capability by 
changing the traffic characteristics, increasing the practical capacity through timetable 
improvement, more efficient use of the inherent capacity by rebuilding and optimising tracks, 
or building new tracks for new capacity. The fastest and cheapest way to enhance the existing 
capacity of the track is to reduce the failures on the track.

The capacity of railway infrastructure is the total number of possible paths in a defined time 
window and with given resources, considering the actual path mix, infrastructure manager’s 
assumption in some nodes and quality demand from the market UIC (2004b), Krueger (1999) 
and Abril et al. (2008). The different capacity measures used are as follows: inherent capacity
(based on the infrastructure design), practical capacity (achievable with planned traffic 
characteristics), operational capacity (obtained with the actual traffic characteristics) and 
available capacity (practical minus operational capacity).

An overview of railway infrastructure capacity with its constraints and impacting factors is 
shown in Figure 1, adapted from Famurewa (2015). The relations between the different 
factors are complex. The impact of infrastructure maintenance on operational capacity has 
already been addressed by Famurewa (2015). The present investigation examines how the 
rolling stock impacts the operational capacity and the quality of service parameter of train 
delay.

Figure 1: A simplified view of railway infrastructure capacity and its impacting factors.



1 INTRODUCTION 

4 

Figure 1 shows that the condition of the train impacts the capacity and quality of service in 
two ways, indirectly through its effect on the infrastructure and directly through prolonged 
track occupation time and delay time (i.e. through the time required for more maintenance due 
to higher wear and for inspection of the infrastructure after an incident, and delay due to speed 
restrictions). The present research has focused on how the condition of the rolling stock 
wheels directly impacts the capacity and quality of service.   

By analysing the train delay of the Swedish railway network, which is managed by 
Trafikverket, and the causes of that delay, one can establish what needs to be improved in 
order to enhance the quality of service and the operational capacity. At the highest level of 
classification, train delays can be divided into the following six different categories: delays 
belonging to the railway operators, delays resulting from secondary causes originating in a 
previous problem, delays belonging to the infrastructure, delays with no report recorded, 
delays resulting from accidents and other causes, and delays belonging to the traffic control. 
The trends show that train delays have in total been decreasing for the past six years, with 
stagnation occurring in recent years. The largest category of train delays is those belonging to 
the railway operators (33% on average during 2010-2015), and the trend for this category has 
been heading towards less delay for each year that passes. Furthermore, if one disregards 
secondary causes, the second largest category of delays is delays belonging to the 
infrastructure, whose trend is almost stable in terms of delay time from year to year. The 
number of delay hours per year for each delay category during six years is presented in Fig  2.  

Figure 2: Delay categories for the Swedish network 2010-2015. The Y-scale on the right-hand 
side represents the number of delay hours/year, while that on the left-hand side represents the 

cumulated hours; the x-scale gives the results for the delay categories. 
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Train delays can be broken down further according to the subsystems causing the delay, e.g. 
delays caused by track, switches and crossings (S&Cs) and wheels. Let us use the values for 
the delay cost or penalty reported by Arasteh Khouy (2013), SEK 1,200/min. for passenger 
trains and SEK 800/min. for freight trains (a value given by Trafikverket), and let us assume 
that the mix of passenger trains and freight trains is 74/26 (a ratio based on the average 
number of total train kilometres during 2010-2016). Then the cost for delays caused by track 
is SEK 528 million/year, the cost for delays caused by S&Cs is SEK 228 million/year, and the 
cost for delays caused by wheels is SEK 84 million/year (Asplund 2014). The cost of 
remedying primary or secondary failures generated by track, S&Cs and wheels has not been 
considered in the calculations, nor has the cost of a shorter operating life due to failures of 
S&Cs and wheels.

The above-mentioned requirements and predictions have to be taken into consideration by the 
railway stakeholders, especially by the infrastructure manager.

1.1.3. Wheel-rail system

The wheel is closely associated with the rail and together they form a system. Hence, the 
wheel-rail system is an important system and the common denominator for the wheels and the 
rails is the contact point (the interface), which is the point where both of these system 
components affect each other. The low rolling resistance in the contact between wheel and rail 
is due to of the hard surfaces and the small contact point, the size of the contact point is about 
1 cm2 (Lewis and Olofsson 2009a). The contact point is influenced by the contact pressure 
and has a shape which can be expressed as a Hertz contact theory (Hertz 1882). The Hertz 
contact theory is applicable to a broad range of engineering contact problems due to 
computational efficiency. Using the Hertz equation, the wheel and rail can be equated to two 
circles in contact with each other (for the purpose of providing a simple explanation, only to 
show the principle behind the phenomenon), with the maximum contact pressure (p0), the 
contact point size (a) and the pressure distribution p(r) in the contact point being given by 
Equation 1, Equation 2 and Equation 3, respectively; an extensive description of Hertz theory 
can be found in Iwnicki, Björklund and Enblom (2009).

3 2222
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where Q is the vertical wheel load, E is the Young’s modulus
is the Poisson´s ratio. The equivalent radius (R) is expressed in Equation 4, where the radius 
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of the wheel and rail is represented. The shape of the circular Hertzian contact is illustrated in 
Figure 3.

wheelrail RRR
111 (4)

Figure 3: Circular Hertzian contact. 

Important geometrical parameters that affect the wheel-rail interface are as follows: the rail 
and wheel profile, the track gauge (g) the track layout and the distance between the wheels,
the back-to-back dimension (a1). Figure 4 shows the wheel and rail profile, as well as some 
important measures.

Figure 4: Sketch of a wheelset with the back-to-back dimension (a1) and the front-to-front 
dimension (a2); the flange height is also indicated. D0 is the nominal wheel diameter and the 

track gauge (g) is the shortest distance between the rails and is defined at a position 0-14 mm 
under the highest point of the rail.
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In addition, the dynamic forces from rolling stock play a substantial role in the wheel-rail 
interface (Iwnicki, Björklund and Enblom. 2009) and affect the deterioration of the track (Li 
et al. 2007, Kabo, Nielsen and Ekberg 2006). The track deterioration issue will be an even 
more important issue in the future due to the expected increase in traffic, and this is an issue 
which also concerns freight trains (Stichel 1999). Furthermore, the maintenance regime of the 
wheels is also a significant aspect that impacts the wheel-rail system (Zoeteman et al. 2009).

The wheel is an indicator of the track status. Figure 5 shows an illustration of real influence 
between wheel and rail from a locomotive wheel which has operated on the Iron Ore Line. 
The different rolling contact fatigue (RCF) zones (RCF 1-4) which can occur on wheels; see 
e.g. Deuce (2007). RCF is a collective term covering those fatigue phenomena where the 
rolling contact condition is the driving force (Deuce 2007). RCF 1 is connected with the low 
rail field side in curves and RCF 2 with the gauge corner of the high rail, while RCF 3-4 are 
more related to tangent track and mild curves. The different zones have different wear and a
different RCF pattern because the resulting static and dynamic force acts differently 
depending on the track segmentation and status.

Figure 1: Wheel from an Iore Locomotive that operates on the Iron Ore Line, showing different 
RCF patterns on the wheel that impact different track sections.

The responsibility for the wheel-rail interface is shared by the infrastructure manager and the 
train operators, and there are more than 40 different companies operating trains in the 
Swedish network (Trafikverket 2013). Consequently, some organisation has to take overall 
responsibility for maintenance of the whole wheel-rail interface, and the infrastructure 
manager is usually the most suitable organisation to fulfil this role (Smith 2003). 

Railway wheel profiles can be measured manually (Esveld and Gronskov 1996, Nextsense 
2016) or automatically (Brickle et al. 2008). Manual measurements are time-consuming and
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require human activities on the track and production stoppages. Automatic measurement can 
be performed in service and does not require human activities on the track.  However, manual 
measurement is an established practice and provides a high data quality, while the automatic 
measurement of wheel profiles is unexplored in terms of system and measurement 
performance. Studies of automatic wheel profile measurement systems are superficial and 
there is a lack of investigations of system and measurement performance in harsh climates
(Brickle et al. 2008). Furthermore, there is no description of how the data from these systems 
can be combined with data from other sources and with physical models to promote
condition-based maintenance (CBM) and enhance the capacity of the track. Finally, no 
investigation can be found which deals with methods for assessing data from WPMS.

1.2. Problem statement

The infrastructure manager is facing increasing demands from increasing traffic on the track 
and a lack of required capacity in the existing infrastructure.

Focusing on the items belonging to the track system, one can conclude that, in addition to the 
track and S&Cs, there is one significant capacity consumer, namely the wheels. The 
infrastructure managers do not own the wheels, but are dependent on the proper functioning 
and performance of the wheels in order to secure the capacity of the track. The wheels are 
owned by the train operators. The infrastructure manager possesses poor knowledge of the 
wheels, although the wheels have an impact on the delays and the capacity consumption. 
Therefore, the research for this thesis has focused on the condition monitoring of wheels to 
improve the system reliability on the track by decreasing the train delay caused by failures of 
wheels that affect the wheel-rail system. Special attention has been paid to the condition
monitoring system for wheel profiles, whose condition has been more or less unknown to the 
infrastructure manager, and to the wheel profiles coming from that system for wheels in 
service. 

The following problems have been identified based on the background described above. There 
is a relation between capacity consumption causing train delays and the wheel and track. The 
infrastructure manager focuses on the track and rail, while the wheel status is more or less
unknown to them, except for the status of wheels with high dynamical loads. There is no
available information on the profiles of the wheels operating on the track and inadequate 
knowledge of how such information could enhance the operational capacity. Therefore, more 
knowledge is needed in the area of wheel profile monitoring in order to solve the following
four problems:

Problem 1: the lack of a description of the system and measurement performance of WPMS,
which would be useful for maintenance decision support;

Problem 2: the lack of an approach which could combine data from WPMS with other data 
and improve maintenance decision making to promote the operational capacity of the track,
by minimising capacity consumption from wheel failures on the track;
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Problem 3: the lack of an approach which could combine data from WPMS with other data 
and physical models to evaluate the quality of data from WPMS;

Problem 4: insufficient study of an integrated approach to assessment of the measurement 
capability of WPMS, distinguishing between errors originating in the wheel, the measurement 
system and the measurement units of the system, to improve maintenance decisions and 
develop the railway network. 

Problem 1-4 correspond to sub-objectives A-D (described below) in descending order. 

1.3. Research purpose and objectives

The purpose of the research presented in this thesis has been to enhance the operational 
capacity of the existing Swedish network by improving its reliability, through the effective 
condition monitoring of railway wheel profiles.

The main research objective has been to investigate the condition monitoring of wheel
profiles of vehicles, and utilise the results of that investigation to improve the performance of 
the wheel-rail system in order to enhance the operational capacity. The sub-objectives (A-D)
of the research for this thesis are as follows: 

A. identify the performance of the WPMS, to support the decision making for the 
maintenance of wheels;

B. develop an approach to the combination of data from WPMS with data from WDDs 
through which multisource information could be sufficiently utilized to improve 
maintenance decision making and enhance the capacity of the railway system;

C. develop an approach to the combination of data from WPMS with physical models 
and data from other sources through which multisource information could be 
sufficiently utilized to evaluate the quality of data from WPMS;

D. develop an integrated approach to assessment of the measurement capability of the 
WPMS to improve maintenance decisions (in particular to support CBM) for railway 
networks.

The research questions formulated are presented in Sub-section 1.5.

1.4. Scope and limitations 

The scope of this research is the condition monitoring of wheel profiles for capacity 
improvements on the Swedish Iron Ore Line.

This scope definition was based on the exploratory survey and the research mission selected 
for the thesis (Famurewa 2015). Consequently, other topics whose study may lead to capacity 
improvements, but which lie outside the scope selected, have not been investigated in this 
thesis. The choice of the Iron Ore Line for this thesis was based on the fact that this line 
suffers from a lack of capacity, the traffic on the line is frequent, and its surrounding 
environment is representative of Swedish conditions. 
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The limitations of this thesis are as follows. Firstly, the thesis deals mainly with field data in 
the form of manual measurements and measurements generated by automatic measurement 
stations. Secondly, it deals only with data from one type and brand of system for monitoring 
wheel profiles and wheel defects. Thirdly, the wheel profile measurement data concern only 
the following wheel parameters: the flange height, flange thickness, flange angle, tread hollow 
wear and the entire shape of the profile; and the wheel defect detector only measures the 
vertical force. Fourthly, the speed range of the wheels studied was between 40 km/h and 75 
km/h. Fifthly and finally, no calculations were made to show the amount of capacity that can 
be saved by implementing the proposals.

The fact that only field data were used for this research is a consequence of the mission and 
scope selected. The disadvantage of using field data is that such data always include 
disturbances that can impact the results. The above-mentioned wheel parameters for which 
data were collected are established safety and maintenance measures for wheel profiles. One 
consequence of only considering these parameters is that the behaviour of all the 
measurements is not necessarily the same and some important measures of the measurement 
performance may have been missed. The reason for using only one type and brand of
condition monitoring tool was that there was a limitation to the costs of the studies, but this 
approach was the most suitable one in consideration of the research mission and scope 
selected. One consequence of this, however, is that the general conclusions do not necessarily 
apply to all types and makers of wheel profile measurement equipment. The reason for the 
speed range selected is that the wagons on the Iron Ore Line have this range in general; one 
drawback of this is that the WPMS may have a different measurement performance for 
wheels running at speeds outside the selected range. The reason for not performing any 
capacity calculations was that this lay outside the research scope, and one consequence of this 
is that the gain to be made through implementing the conclusions drawn in this thesis could 
not be quantified.

1.5. Research questions and structure 

The main research question in this thesis is as follows. How can the infrastructure manager 
utilize wheel profile measurement to enhance the operational capacity? Based on the main 
research question and the objectives, the following three sub-questions (RQ1-4) were 
formulated during the progress of the research.

RQ1: What is the performance of the WPMS?

RQ2: How can the data from the WPMS be combined with data from other data sources to 
detect potentially abnormal wheels before functional failure and capacity consumption occur?

RQ3: How can the data from the WPMS be combined with data from other data sources and 
with physical models to evaluate the data quality of the measured wheel profile?

RQ4: How can the measurement performance of the WPMS be assessed to support the 
maintenance decision?
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Table 1 shows the relations between the research questions and the appended papers.

Table 1: Mapping of the appended papers and the research structure.

Paper I Paper II Paper III Paper IV Paper V
RQ1 x
RQ2 x
RQ3 x
RQ4 x x x

Sub-objectives A-D are connected to the research questions (RQ1-4) as follows: A is 
connected to RQ1, B is connected to RQ2, C is connected to RQ3, and D is connected to 
RQ4.

Figure 6 shows the contributions of the appended papers, which have focused on  
investigating whether it is possible to enhance the capacity of the track by utilising the 
condition monitoring system for wheels, whose failures lead to loss of capacity. RQ1
concerns the system and measurement performance of the WPMS and was answered through 
measurements and operational data presented in Paper I. Then RQ2 was answered by 
combining data from the WPMS with data from another condition monitoring system in Paper 
II. RQ3 was answered by combining rail profile data, material models, axle loads and physical 
models in Paper III. Finally, RQ4 was investigated using the wheel-rail contact-conditions,
statistical analysis and measurement system analysis to assess the measurement performance 
with predefined thresholds in Paper III, IV and V. The final product of this research is the 
present thesis. 

Figure 6: The research structure, showing what each paper has contributed.



1 INTRODUCTION 

1.6. Outline of the thesis 

Chapter 1: INTRODUCTION  
This chapter explains the background, the problem, the purpose and the objective of the 
research, the research questions, and the scope and limitations of the research. 

Chapter 2: THEORETICAL FRAMEWORK 
This chapter presents the theoretical framework for the research, starting with condition-based 
maintenance (CBM) and condition monitoring in general, and condition monitoring in the 
Swedish railway network in particular. Then the wheel parameters, the wheel tread defects, 
the wheel-rail system and the measurement performance are explained, and, finally, a 
summary of the literature in this field is presented.  

Chapter 3: RESEARCH METHODOLOGY 
This chapter deals with the research methodology, including the research approach, research 
process and research methods.   

Chapter : SUMMARY OF THE APPENDED PAPERS 
This chapter presents a brief summary of the appended papers and their research 
contributions.  

Chapter : RESULTS AND DISCUSSION 
This chapter presents and discusses in detail the results arrived at in the five appended papers, 
which focus on wheel profile measurement as a condition monitoring technology.  

Chapter 6: CONCLUSIONS, RESEARCH CONTRIBUTIONS AND FURTHER 
RESEARCH 
This chapter presents the conclusions, research contributions and areas for further research.  

12 
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2. THEORETICAL FRAMEWORK

This chapter deals with condition-based maintenance and condition monitoring, the condition 
monitoring of railway systems, wheel profile measures, wheel tread defects, measurement 
performance, and the wheel-rail contact-point function, as well as providing a summary of the
theoretical framework.  

2.1. Condition-based maintenance and condition monitoring

The EN-13306 standard (CEN 2010a) describes 14 different types of maintenance policy, one 
of which is the condition-based maintenance (CBM) policy. The CBM policy belongs to the
preventive maintenance approach and comprises scheduled, continuous and requested 
maintenance actions. The information for requested maintenance actions can come from the 
condition monitoring system. 

CBM and the maintenance activities of monitoring and inspection can be defined as follows
(CEN 2010a).

Condition-based maintenance: Preventive maintenance based on performance and/or 
parameter monitoring and the subsequent actions.

Monitoring: An activity, performed either manually or automatically, intended to 
observe the actual state of an item. Monitoring may be continuous, or may be 
performed over a given time interval or for a given number of operations. Monitoring 
is distinguished from inspection in that it is used to evaluate any changes in the 
parameters of the item with time.

Inspection: A check for conformity by measuring, observing, testing or gauging the 
relevant characteristics of an item. Generally inspection can be carried out before, 
during or after another maintenance activity

The maintenance performed by a company has a large impact on its business. Moreover, 
condition monitoring and maintenance management involve a holistic and multidisciplinary 
mode of thinking which includes economics, instrumentation, engineering, management, 
detection and prediction, etc., and which entails challenges and opportunities for the company 
(Rao 1996). A suitable condition monitoring strategy can result in cost reduction through
effective maintenance if it is supported technically and organizationally.

The task designed to detect a degraded state is known as condition monitoring, and the 
intention is to collect operational and maintenance information that can be used to prevent 
failures and thereby achieve economic benefits and higher safety. 
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The challenges arising and the fast technology changes taking place in the 21st century in 
industry have been a driving force for condition monitoring and maintenance management, 
which is described by Rao (1996).

Different types of failure causes can be monitored, e.g. corrosion, contamination, fatigue, 
overheating, overstressing, seizure and wear. Major advantages of condition monitoring 
systems are a decreased operational risk, enhanced performance and, in the long run, reduced 
costs. Condition monitoring comprises tasks such as analysis, process monitoring, 
performance monitoring, functional testing and inspection (Utne 2012).

The general concept of condition monitoring of an item is shown in Figure 7. Here the point-
to-failure (P-F) interval is the warning period, the period between the point at which a
degraded state is detected and the point of functional failure. If the condition monitoring is 
performed at intervals longer than the P-F interval, the potential failure may not be detected, 
and if the condition monitoring is performed at too high a frequency compared to the P-F
interval, resources are wasted. The length of the P-F interval can vary and the monitoring 
interval needs to be fixed in such a way that it matches the prevailing condition, for either the 
shorter or the longer case. The sum of the time to monitor between two intervals and the time 
to take action should be less than the P-F interval, because otherwise the condition monitoring 
action will not give any benefit. The monitoring interval has to be selected in consideration of 
the cost and risk; the cost often increases with a higher monitoring frequency and the risk 
increases with a lower monitoring frequency (Zio 2009). In this connection it is important to 
find the right balance and have a holistic approach to condition monitoring and maintenance.

Figure 7: The concept of condition monitoring and inspection.

If the quality of the information from the condition monitoring system is poor, this can result 
in a high frequency of false failures and missing hits (Senol 2004), which need to be 
minimised to avoid cost and risk problems for the owner of the infrastructure and the operator
(Zio 2009). This can be achieved by ensuring that the quality of the data coming from the 
condition monitoring system is good. Nevertheless, this topic has attracted surprisingly little 
attention and there are few publications on the application of condition monitoring which deal 
with it. There are three different data categories in condition monitoring, namely the value 
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type, waveform type and multidimensional type (Jardine, Lin and Banjevic 2006), and the 
present research work has dealt with value type data. 

2.2. Condition monitoring of the railway system

The condition monitoring systems applied in railway systems can be divided into two 
different types, namely wayside monitoring systems and on-board monitoring systems. The 
wayside systems measure in general the train and the on-board systems measure the 
infrastructure directly or indirectly, for example the track and catenary wire.

On-board monitoring systems for the infrastructure: The reasons for performing on-board 
measurements are as follows: to maintain the safety on the track, to plan and prioritise 
maintenance, to maintain a high level of travelling comfort, and to optimise the economy and 
the service life of the track. On-board measurements are carried out not only by special track 
recording cars measuring the rail and the track and performing video imaging (Lichtberger 
2005), but also by trains in service (Weston et al. 2015). The frequency of the regular track 
inspections depends on the track classes; in Sweden there are five different classes, based on
the maximum allowed track speed and the yearly gross tonnage (Trafikverket 2005), and a 
higher tonnage and higher speed result in a higher frequency of inspection (up to six times 
yearly).

Wayside monitoring systems: In the Swedish railway network, the wayside equipment for 
monitoring rolling stock consists of almost 200 wayside inspection devices. These devices are 
used to detect hot boxes, hot wheels, damaged wheels, overloaded wagons, unbalanced loads, 
and contact wire lift, and to monitor the pantograph condition and wheel-rail forces
(Stenström 2012). The Iron Ore Line (whose length is 473 km) is equipped with 22 wayside 
inspection devices of different types. In the southern loop of the Iron Ore Line there is also a 
WPMS, which scans all the railway wheels passing the station at Sunderbyn (in northern 
Sweden) and which will be described in greater detail later in this thesis. There is also the 
JVTC research station for measurements of the wheel-rail force in the lateral and vertical 
direction (Larsson 2012), and the data from this research station can be combined with other 
data to support maintenance decision making (Palo et al. 2013). A good survey of all the 
wayside monitoring systems available can be found in Brickle et al. (2008) and Barke and
Chiu (2005). A detailed overview of wayside condition monitoring technologies was provided 
by Lagnebäck (2007) and Alemi Corman and Lodewijks (2016). Furthermore, research has 
been performed on the potential of wayside monitoring systems for preventing derailments
and on the further development of such systems et al. 2013). In addition, investigations
carried out by Asplund et al. (2014) show that a combination of different condition 
monitoring systems has the potential to point out abnormal wheels in an early stage.
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2.3. Inspections and monitoring of wheel profiles

The inspection and monitoring of wheels can be performed either through visual inspections
with go/no-go tools or by using measurement equipment. The measurements can be 
performed with handheld measurement equipment (MiniProf). This equipment is attached by 
magnets to the wheel, and then an arm with a small magnetic wheel is moved manually over 
the wheel profile to record it (Esveld and Gronskov L. 1996). Nowadays there are also more 
sophisticated handheld vision-based laser measurement tools (Nextsense 2016). Nevertheless,
measuring wheel profiles with handheld equipment is time-consuming work and the train 
needs to be standing still in a safe place during the whole procedure. Measuring a whole iron 
ore train with 568 wheels takes many hours. The automatic wayside measurement system is to 
be preferred because it involves fewer human activities on the track, leading to a higher level 
of safety, and because the measurements can be performed in service and the train does not 
need to stand still. In the literature, different WPMS are presented; for the advantages and 
disadvantages of these systems, see Table 2 (Brickle et al. 2008). The information coming
from WPMS can be used to improve the maintenance decision making (Palo 2014). Figure 8
shows the WPMS that are located on the Iron Ore Line in Northern Sweden. 

Table 2: The advantages and disadvantages of WPMS.

Advantages Disadvantages
Improved safety, reliability & efficiency High up-front cost
Increased inspection frequency Potential reliability issues with automated systems
More consistent inspections Increased complexity
Increased train availability Lower trust in data from automated systems
Potential for fewer false alarms Change in current railway practices
Reduced number of train delays System maintenance costs
Prioritised & focused maintenance Potential for an excessive amount of data
More effective maintenance actions
Extended vehicle service life
Cost benefits over time
Historical database for trending and eventual
predictive maintenance

A WPMS has been in operation in northern Sweden since its installation on the Iron Ore Line
in 2011, see Figure 8. The purpose of the system has been to deliver information on wheel 
profiles to the rolling stock operator to support the maintenance planning of wheels. 
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Figure 8: The WPMS located on the Iron Ore Line in northern Sweden. 

The WPMS consists of two main measurement units, one for each rail on the track. Each unit 
has two sub-units, one on the gauge side and one on the field side of the rail. These sub-units 
contain a laser, a high-speed camera, and an electronic control system; Figure 9 shows the 
working principle of the WPMS, with one sub-unit on each side of the rail. When a train 
passes, the laser starts to shine and two cameras take a picture of the wheel from each side. 
Figure 10 shows laser beams projected onto a wheel; in this case three laser beams are used to 
create the wheel profile, a vertical laser beam and one cross-sectional beams from each sub-
unit. Cameras take pictures of the laser beams (from each sub-units) projected onto the wheel, 
and these pictures are merged to form one image which the wheel parameters can be extracted 
from. The laser beams have different position on the wheel profile and there is a distance 
between the two projected laser beams (Figure 10) which can impact the measurement 
performance. The measurement accuracy of this camera- and laser-based technology is 
around 0-0.1 mm (Barke and Chiu 2005, Fröhling and Hettasch 2010). 

Figure 9: Working principle of the WPMS, with a sub-unit (to unit A) on each side of the rail 
that projects laser beams and, at the same time, two cameras that take a picture of the laser 

beams from each side.  

Unit A Unit B 

Field side sub-unit to unit A 
Gauge side sub-unit to unit  
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Figure 10: To produce a wheel profile, the WPMS uses three different laser beams. Laser from 
the gauge and field sub-units, and a vertical laser beam.

According to Table 2 (Brickle et al. 2008), the literature asserts that WPMS can reduce the 
number of train delays. However, there is no detailed explanation of how this can be 
achieved. Another important issue is how to evaluate the measurement performance of 
WPMS, which has been investigated by Asplund, Lin and Rantatalo (2016) and Asplund and
Lin (2016).

2.4. Wheel profile parameters

Since this thesis deals with the railway wheel profile, it is important to define the parameters 
of the wheel profile. The terminology used comes from an EN 13306 (CEN 2010b). A wheel 
can be divided into areas with a number of associated key parameters. Figure 11 shows a new 
(-) and a worn (--) wheel profile, including the flange and the tread part, with the following 
wheel profile parameters: the flange height (Sh), flange width (Sd), flange slope (qR), and 
tread hollowing (Th) (which can also be called the false flange). The back of the flange is on
the left-hand side and the rim face on the right-hand side in the figure. 

Figure 11: Wheel profile with its areas and parameters.
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An investigation has shown that there is a circumferential wheel profile variation for Sh of 
0.131 mm, for Sd of 0.145 mm and for Th of 0.087 mm, including the measurement error.
However, this was a study of 16 wheels and the number of measurements of each wheel was 
not mentioned (Fröhling and Hettasch 2010).  The wheel profile parameters have a safety 
limit which depends on factors such as the application and the wheel diameter (CEN 2010b).
Some operators have their own maintenance limits for the profile parameters; see Table 2 in
Asplund et al. (2014). Key measures of the wheel-rail system will be explained later in this 
chapter. 

2.5. Wheel tread defects

Wheel tread defects can be grouped in different ways, and Bombardier has selected a method 
that groups defects according to 24 so-called “Why Codes”, which explain why the re-
profiling or replacement of a wheelset is performed (Deuce 2007). The advantages of this 
grouping are that there are four different codes for rolling contact fatigue depending on the 
zone on the tread which has been affected. Another grouping method, which originated in the 
world of academia, categorises wheel defects into four main groups: surface defects, 
polygonization, profile defects and subsurface defects; Table 3 shows the different wheel 
defects grouped according to this method.

Table 3: Wheel defects divided into four groups, adapted from UIC (2004a), and Nielsen and
Johansson (2000).

1. Polygonization 2. Profile defects 3. Surface defects 4. Subsurface defects
Corrugation
Eccentricity
Periodic non-roundness
Non-periodic non-roundness
Roughness
Discrete defects

Hollow wear 
Thin flange
High flange
Small flange angle
Wide flange

Flats
Shelling
Spalling
Cracks

Residual stress
Hardening
Cracks
Contamination

Group 2 defects, profile defects (Table 3), can be detected with the WPMS. These defects are 
illustrated in Figure 11; for hollow wear see Th, for a thin and wide flange see Sd, for a high 
flange see Sh and for a small flange angle see qR. For maintenance and safety limits, see EN 
13306 (CEN 2013a). 

An out-of-round wheel (group 1 and 3 in Table 3) is a wheel with some kind of defect on the 
surface of the circumference; this deformation can have a large number of shapes and 
different root causes. This wheel defect causes high dynamic forces and damage to the rolling 
stock and the track, and results in high contact pressures (Equation 1) which may give RCF on 
the wheel and rail. The development of irregularities (group 1) on the wheels depends on the 
dynamics of the system, i.e. the rolling stock and the track (Nielsen and Johansson 2000,
Barke and Chiu 2005). One type of frequent surface defect is the wheel flat (belonging to 
group 3), which is a flat part on the circumference of the wheel, and there are many causes of 
wheel flats, e.g. locking brakes, brakes in a bad condition, frozen brakes, and bad adhesion 
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between the wheel and rail, for instance due to leaves on the rail. These defects can also be 
divided into two main types: Type A, tread defects initiated, and Type B, polygonization (UIC 
2004a). In addition, the wheel position on the train may influence the frequency of high 
dynamic forces (Asplund, Famurewa and Rantatalo. 2014).

In this connection it can also be mentioned that asymmetric wheel profile wear entails serious 
consequences for the rail, as well as for the performance of the wheel-rail system, e.g.
increased rolling contact fatigue, increased lateral forces applied to the track, accelerated 
wheel flange wear and damage to S&Cs (Fröhling 2006). Moreover, hollow-worn wheels will 
lead to increased RCF and damage the track (Fröhling, Ekberg and Kabo 2006), and this 
phenomenon is not unusual in the field. Figure 12 shows a rail suffering from RCF; this was 
observed on the Norwegian side of the Iron Ore Line in 2016. The RCF band is located on the 
low rail and on the field side of the rail head, which indicates that this damage (marked with 
blue arrows) was probably caused by hollow-worn wheels in combination with a wide track 
gauge. The reason why the track gauge was wide is that the rail fastening on the field side had 
been pressed into the wooden sleeper (marked with white arrows). This resulted in the rail 
beginning to tilt outwards, thereby causing the measures in the wheel-rail system to exceed 
the tolerance, leading to an adverse wheel-rail interaction with high contact pressures and 
destruction of the rail.

Figure 12: Low rail with rolling contact fatigue due to wheel-rail measures exceeding the 
tolerance and hollow-worn wheels, on the Norwegian side of the Iron Ore Line, observed in 

2016.

These are defects connected to the wheel profile (i.e. hollow wear), as column two in Table 3
shows, and they are not easy to find because no or few measurements of the wheel profile are 
executed today. 

Field side

Gauge side
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2.6. The paired T-test and the measurement system analyses

The paired T-test: The paired T-test is based on the hypothesis test and is a frequently used 
tool in empirical research. The ancestry of the hypothesis test dates back to the early 1900s, 
with pioneers such as Karl Person, Fischer, Neyman and Egon Person (the son of Karl 
Person); see Snijders (2001) and the references therein.

The advantage of the paired T-test is that it is an established method for confirming 
differences between populations and is widely used in engineering applications; examples of 
disciplines where this method is used frequently are ecology, medicine, economics and the 
social sciences. However, methods using null hypotheses have been the target of some 
criticism (Anderson, Burnham and Thompson 2000). Nevertheless, the hypothesis test is a 
basic statistical tool frequently used in different fields of research, although it does need to be 
handled cautiously using limitations and rules (Ruxton 2006).

The conditions existing when the paired T-test was applied were that the samples had been 
randomly selected and the underlying distribution had an equal variance (Wadsworth 1990).
Furthermore, the underlying population was approximately normally distributed, since the 
paired T-test is quite robust for violations of normality (Laerd Statistics 2016).

With regard to sample size, the paired T-test has proven to be suitable for small sample sizes,
and even for extremely small sample sizes ( 5N ), especially when the within-group 
correlation coefficient is high (de Winter 2013). Hypothesis testing is used to determine the 
probability that a given hypothesis is statistically true. Equation 5 shows an 0H for two 

different populations, population A and B, where the statement is that A and B are equal.

0:0 BAH (5)

Measurement system analysis: Measurement system analysis (MSA) is an important 
technique for evaluating the quality of measurement data by using statistics and graphical 
approaches to analyse the errors. MSA is based on the assumption that the actual 
measurement value consists of two variables, namely the true value and the corresponding
error, according to Equation 6.

)()_()_( errorevaluetrueXvaluemeasuredY iii (6)

Among the various MSA approaches, the gauge repeatability and reproducibility (GR&R) 
study is suitable for showing if the measurement system variability can be accepted compared 
to the process variability by using different measurement indicators, including the variation of 
the repeatability and reproducibility. Burdick, Borror and Montgomery (2003) reviewed 
methods for measurement system capability analysis and dealt with such topics as capability 
measures, confidence intervals, false failures and missed faults, and statistical software that 
can be used for GR&R studies. Senol (2004) minimised the false failures, missed faults and 
sample size with a statistically evaluated MSA method using designed experiments.
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In the late 1980s, GR&R was in focus in the automotive industry in investigating how the 
parts in the assembly process fitted each other and how this could be managed. To improve 
and address the measurement capability of the gauges being used, repeatability and 
reproducibility studies can be performed (Tsai 1988). The limitation of determining the 
GR&R with ANOVA is that this method focuses on the variation of data (Tsai 1988), but it 
still provides a good knowledge of the variability and where in a system the variability occurs. 

The current GR&R technique has succeeded in defining the root causes of measurement 
inconsistencies and in improving the productivity of a manufacturing process in different 
industries (Low, Lee and Yong 2009, Tsai 1988, Montgomery and Runger 1993, Mader, Prins 
and Lampe 1999, AIAG 2010, García, and del Río 2013, Hajipour, Kazemi and Mousavi 
2013, Pan 2006, Hoffa and Laux 2007).

The measurement system impacts the total observed variability of the current part, which is 
the variability of the process with the measurement variability added to it, see Equation 7.

222
MSApobs (7)

The measurement variability or error related to the equipment is 2
MSA and can be expressed 

as in Equation 8.

222
ilityreproducibityrepeatabilMSA (8)

The repeatability can be determined by measuring the part several times, and the 
measurement system’s variability stems from the gauge. The reproducibility can be 
determined from the variability produced by different operators measuring a part several 
times, different gauges and changes in the environmental conditions (AIAG 2010).

The variability can be investigated using different measures, including the precision-to-
tolerance ratio (PTR), the signal-to-noise ratio (SNR) and the discrimination ratio (DR) (Al-
Refaie and Bata 2010, Wheeler 1992, Burdick, Borror and Montgomery 2005). Further, the 
output of the PTR and SNR can be checked in different ways. 

As mentioned above, one capability measure is the PTR, see Equation 9:

LSLUSL
k

PTR M (9)

where k = 6 and corresponds to the standard deviation between the natural tolerance limits 
that contain the middle 99.73% of the normal population, where M= the measurement 
variance (including the variance of the measure’s repeatability and reproducibility), and 
where the upper system limit (USL) and the lower system limit (LSL) constitute the tolerance 
space of the part. 

The capacity index, which is usually presented in percent, must be under 10% of the tolerance 
for good acceptance, and a value over 30% means an unacceptable capability. Levels between 
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10% and 30% need to be interpreted in the context of the requirements of the measurement 
system and the risks that have to be taken (Tsai 1988).

The drawback with the PTR is that this measure only depends on the measurement system 
precision and considers neither the variance of the measured parts nor the variance of the parts
(Montgomery and Runger 1993). The signal-to-noise ratio (SNR) considers the part variation
(Equation 10):

RSNR 2 (10)

where the function of R is according to the following equation (Equation 11):

M

P
R (11)

Table 4 shows the rules for using the SNR as a capability measure which were applied in this 
thesis (AIAG 2010, García and del Río 2013, Hajipour, Kazemi and Mousavi 2013).

Table 4: Rules for using the SNR as a capability measure of the measurement system.

Assessment Established levels 
Good 5
Acceptable 2-5
Unacceptable <2

A measure that is related to the SNR is the DR (Pan 2006), whose values range between 1 and 

measurement system performs inadequately (AIAG 2010). The DR (Equation 12) is used in 
the evaluation of measurement and process capabilities (Al-Refaie and Bata 2010). This 
measure is closely related to the SNR, and has therefore only been used to a limited extent in 
the present research work.

12

M

PDR (12)

2.7. Measurement accuracy and precision

There are always errors in measurements and this is an issue that has to be dealt with. This 
also applies to condition monitoring systems, where different types of measurements are 
performed. Equation 6 shows that the measured value includes the true value and an error.

)()_()_( errorevaluetrueXvaluemeasuredY iii

Measurement errors can be either random or systematic in nature (Su et al. 2016).
Nevertheless, maintenance data are widely computed under the assumption that the 
measurements on which they are based are free from errors (Lin, Pulido and Asplund 2015, 
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Lin, Asplund and Parida 2013, Lin and Asplund 2014), or that the errors are so small that they 
do not matter. However, measurement errors are unavoidable and have a significant impact, in 
the following step, on the possibility of interpreting the information, as well as on the
maintenance planning.

The two main error types that are considered are inaccuracy and imprecision. Inaccuracy (also 
called bias is deviation between the true value and the average measured value and is
described graphically in Figure 13a.  Imprecision (the spread of the cluster) is described 
graphically in Figure 13b; this figure shows two different samples with the same accuracy but 
with different degrees of precision. More details concerning errors can be found in AIAG
(2010).

Figure 13: Schematic diagram a) of inaccuracy and b) of precision.

2.8. The wheel-rail contact-point function

The wheel-rail contact condition is important, as mentioned in Section 1.1.3. The wheel-rail 
contact condition can be calculated by multibody simulation packages and used as an input to 
simulations of frequencies in vehicle bodies and track stability for whole vehicle simulations. 
The present research has used the contact-point condition for the interaction of the wheel and 
rail to investigate the measurement performance of a wheel profile measurement system 
(WPMS). 

Figure 14 shows a sketch of the wheel-rail contact-point function where the x-axis is the 
contact point on the wheel and the y-axis is the translation of the wheel, and where the dashed 
line is the contact point for a certain position on the wheel due to the translation of the wheel. 
By moving the wheel in the lateral direction, the contact point changes position on the rail and 
the wheel. In the contact-point function, the contact size and pressure can be added using 
colours, which will be shown in the presentation of the results below. This investigation has 
utilised the contact-point condition and examined whether different measurements of the same 
wheel give different results for the contact-point condition. 
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Figure 14: The wheel-rail contact-point function; the x-axis is the contact point on the wheel and 
the y-axis is the translation of the wheel. 

Optimisation of the wheel-rail system has been increasing since the end of the 20th century 
and tools (multibody simulation packages) for developing this system have been developed, 
such as GENSYS, VAMPIRE, NUCAR and SIMPAC, which was benchmarked by Iwnicki  
(1999). A large volume of research work concerning the wheel-rail interface has been 
conducted; see (Lewis and Olofsson 2009b) and their references.

2.9. Summary of framework 

The above presentation of the theoretical framework treats condition-based maintenance, 
condition monitoring in general and with specific focus on the wheels of rolling stock, the 
wheel profile parameters used in this thesis, and wheel tread defects. The presentation ends 
with an explanation of the paired T-test and some quality measures, and provides some 
information on aspects of measurement performance such as inaccuracy and precision. 
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3. RESEARCH METHODOLOGY 

The art of scientific investigation is called research. Research is a scientific and systemic 
search for relevant information in a specific field of knowledge. Research needs techniques 
and methods in a systematic study of the research problem. Research methods comprise all 
the methods that drive research. Research methodology is way to solve the research problem 
systematically and includes the method used and the logic behind that method (Kothari 2009). 
Engineering research requires the use of an appropriate methodology, methods and 
procedures to deal with engineering problems (Thiel 2014), and the problem type and how the 
problem is to be solved decide the metrology, methods and procedures. Methodology
comprises, among other tasks, the selection of a research topic and justification of that 
selection, the testing of observations, data analysis and experimentation (Kothari 2009). This 
chapter describes the research approach, process and method. 

3.1. Research approach 

The research presented in this thesis is descriptive and, using a quantitative approach
(Neumann 2003), tries to explain and clarify condition monitoring in the context of a WPMS 
whose system performance and measurement performance need to be optimised to enhance
the operational capacity of the track. The reason for adopting a quantitative approach was that 
it can be repeated, and the information needed was available in the form of data. The research 
adopted a case study approach (Yin 2009). Accordingly, this research is applied research in 
the field of railway engineering with a focus on the condition monitoring system (CMS) of 
rolling stock wheels. 

3.2. Research process

Figure 15 shows an overview of the research process used in this thesis. The input to the first 
step was the literature review and the preparatory survey, on which a formulation of the 
research objective and questions was based. The research was divided into two different areas, 
namely maintenance analyses and modelling, and condition monitoring. The present thesis 
deals with condition monitoring. Then the second step involved data collection using 
measurement data, the third step concerned data processing and analyses that generated 
results that were validated, and in the last step the final documentation was written.
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Figure 15: The research process implemented in this thesis.

3.3. Research methods

The research method applied for this thesis is presented in the following sub-sections.

3.3.1. Literature review and preparatory survey 

The literature review and preparatory survey represent the exploratory part of the research 
work performed for this thesis. The literature review involved the study of journal articles, 
conference proceedings, technical reports, theses, standards and other literature, as well as 
information from Trafikverket (Famurewa 2015).

The purpose of the preparatory survey was to support a decision on the research areas and 
research direction of the thesis. The survey was conducted at the beginning of the research 
and included a number of interviews with personnel from Trafikverket, maintenance 
contractors and train operators. The pertinent areas were determined to be maintenance 
planning, scheduling and execution, logistical support, condition monitoring, maintenance 
contracting, maintenance management systems, and conventional practice and other eternal 
factors (Famurewa 2015). The theoretical framework was found to include such relevant 
topics as condition monitoring, wheel parameters, wheel tread defects, the wheel-rail system, 
and measurement performance.
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3.3.2. Data collection

The data used in the research for this thesis consisted of operational data concerning train 
delays and measurement records. The information on train delays came from the train 
operator’s database. The measurement data were real field data recorded by the condition 
monitoring systems at automatic measurement stations for rolling stock, as well as manual 
measurements of wheel profiles performed by the authors. Data from work orders were 
collected from maintenance contractors and retrieved from databases for failure reporting.
Finally, data from weather stations were used. Table 5 describes the data sources for the 
appended papers and the extended thesis summary.

Paper I: The data for this paper came from the WPMS and manual measurements of wheel 
profiles. The work orders describing the maintenance actions were obtained from 
maintenance contractors and from the infrastructure manager. The data for the measurement 
performance were recorded on 7/11/2011, while the other data, such as the information from 
the maintenance work orders and other recordings, and the wheel profile measurements, were 
recorded from 15/12 to 21/12/2013. Moreover, data from weather stations were used. 

Paper II: The data for this paper came from the wheel defect detector (WDD) and the WPMS
and were recorded from 1/4 to 30/04/2013.

Paper III: The data for this paper came from the WPMS and were recorded from 11/11 to 
22/11/2014.

Paper IV: The data for this paper came from the WPMS and were recorded from 11/11 to 
22/11/2014. 

Paper V: The data for this paper came from the WPMS and were recorded on 13/11/2014.

The wheel profile measurements recordings from 19/3/2012 to 18/3/2013, 15/12 to 
21/12/2013, data from weather stations and data on train delays were used in the discussion of 
the thesis summary.
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Table 5: Data sources for Paper I-V.  

No Name Description Information Paper 
1 WPMS Wheel profile data, 

automatic  
measurements

System that measures wheels of rolling 
stock. The system is optical, i.e. laser-
and camera-based.

I, II, III,
IV, V,
thesis 
summary

2 Manual 
measurements

Wheel profile data 
– manual 
measurements

Manual measurements of wheel profiles 
using MiniProf measurement 
equipment.

I

3 DPC III Data collected from 
wayside 
measurement 
stations

Information recorded by the wayside 
detectors, e.g. information from wheel 
defect detectors, hot-box and hot-wheel 
detectors, and cameras.

II

3 0FELIA Work order 
database

The information concerning failures of 
the WPMS came partly from this 
database.

I

4 BASUN Train delay data Database on train delays, e.g. primary 
and secondary delays, delay causes and 
track occupation time. 

Thesis 
summary

5 VVIS Weather stations Data from weather stations located in 
Sweden  

Thesis 
summary

3.3.3. Data analyses

The data analyses and analysis methods used in the appended papers are described below. 

Paper I: This paper used data from maintenance recordings, measurements from condition 
monitoring systems and manual measurements. The maintenance recordings, for example 
work orders, came from the database belonging to the infrastructure manager and from the 
maintenance provider of the system. The measurement data came from the condition 
monitoring system and from manual measurements carried out by the authors. The data were 
cleaned and structured manually by experienced personnel belonging to the supplier of the 
measurement system, the measurement company Damill AB, and by the authors; the data 
were analysed using statistical methods and the results were shown as tables and figures.

Paper II: This paper used data from two condition monitoring systems, namely wheel profile 
data and data on the vertical forces of wheels. The data were cleaned by the authors, analysed 
using graphical methods, and presented in tables and graphical figures.

Paper III: This paper used data from condition monitoring systems and combined those data 
with data on rail profiles, axle loads and material parameters, and with physical models. The 
results were assessed using the contact-point condition between the wheel and rail. The data 
were cleaned by the author, analysed through calculations of the contact-point conditions, and 
shown as tables and figures. 
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Paper IV: This paper used data from condition monitoring systems and performed analyses 
using a statistical method called the paired T-test. The data were cleaned and structured by the 
author. 

Paper V: This paper used data from condition monitoring systems and performed analyses 
using quality measures. The results were assessed using predefined limits. The data were 
cleaned and structured by the author.

Table 6: Techniques and tools for the data analyses. The techniques are described in greater 
detail in the theoretical framework. 

Techniques and tools Description 
Paired T-test: The paired T-test is an established and widely used method for confirming 

differences between populations and different scenarios. The paired T-test 
was performed in the study presented in Paper IV. 

Gauge repeatability and 
reproducibility:

The gauge repeatability and reproducibility (GR&R) study is an approach to 
evaluation of the quality of measurement data and belongs to the technique 
of measurement system analysis (MSA). The results of a GR&R study are 
presented in Paper V. 

Precision-to-tolerance 
ratio:

The precision-to-tolerance ratio (PTR) is a capability measure that considers 
the measurement variance and the tolerance, as well as the upper and lower 
system limit. The PTR was performed in the study presented in Paper V.  

Signal-to-noise ratio: The signal-to-noise ratio (SNR) is a capability measure that considers the 
part variance and the measurement variance. The SNR was performed in the 
study presented in Paper V.  

Discrimination ratio: The discrimination ratio (DR) is a capability measure that considers the part 
variance and the measurement variance. The DR is related to the SNR but 
has a slightly different assignment. The DR was performed in the study 
presented in Paper V.  

Contact-point function: The contact-point function is a module in a multi-body dynamic package 
that generates data for further calculation. In the research for this thesis the 
contact-point function or condition was used as a physical model and to 
evaluate different measurement units belonging to the same measurement 
system. The contact-point function was used in the study presented in Paper 
III.

Software’s The tools that were used in the analyses for refining the data and performed 
calculations were Excel, Matlab, Minitab, R (statistical computing software)
and GENSYS.
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4. SUMMARY OF THE APPENDED PAPERS  

Paper I: “Reliability and measurement accuracy of a condition monitoring system in an 
extreme climate: a case study of automatic laser scanning for wheel profiles”

Summary: This paper describes the process of selecting an automatic laser scanning system 
for wheels for use on the Swedish Iron Ore Line (Malmbanan), after which the system and 
measurement performance of the WPMS is presented. The uniqueness of this study consists 
of its focus on the operation of a WPMS in a harsh climate. This case study summarises two 
years of the system’s operation and investigates the system reliability and the accuracy and 
precision of the measurements.

Contributions: This paper presents the concept of condition monitoring system (CMS) by 
using the V-model for the lifecycle approach from EN-50126 (CEN 1999). Important steps in 
the V-model are as follows: the system concept and idea, system requirement, system 
selection, installation, and system validation. Then the paper deals with the system and 
measurement performance of the WPMS, as well as presenting a proposal for increasing the 
reliability of the system. Furthermore, the paper shows how this system can be used for the 
visualisation of wheel parameters. 

Paper II: “A study of railway wheel profile parameters used as indicators of an increased risk 
of wheel defects”

Summary: This paper investigates the relations between different wheel parameters already 
measured by wayside stations (force levels from wheels) and wheel parameters which can be 
measured by wayside stations (flange width, flange thickness, flange angle and hollow wear). 
The number of wheels included in this study was 6,933. Only one wheel parameter has some 
correlation with a high force level recorded by the wheel defect detector, namely the wheel 
flange height parameter, which exhibits a correlation with high vertical force levels from 
wheels. The likely reason for this is that this parameter has the greatest correlation with the 
wheel age as well as the wheel with large vertical forces. 

Contributions: This paper proposes a new maintenance limit for the flange height which can 
improve the reliability of the wheel fleet and thereby enhance the operational capacity of the 
track. However, this change in the maintenance limit needs to be considered as a proposal and 
needs to be investigated in terms of what this change would cost for the rolling stock owner. 

Paper III: “Evaluation of wheel profile measurements by means of the contact-point function 
for the wheel-rail interface” 

Summary: This paper combines data from the WPMS with other data and uses the contact-
point function between the wheel and rail to evaluate the data quality, by using measurements 
for the same wheel from two different measurement units. Combining data from the WPMS
with other data (e.g. rail profiles and material data) and physical models works well. Since 
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more information was considered that shows more refined information. The results show that 
further calculations based on data from the WPMS need to be improved by enhancing the
measurement performance, since the deviation of the results from different measurement units
is too large. Finally, this investigation shows that an irregularity on the wheel’s surface of 0.2 
mm gives a significant impact on the wheel-rail contact condition. 

Contributions: This paper shows that the wheel flange thickness (which displaces the wheel 
profile) and the entire profile have an impact on the contact-point function. The profile itself 
has a larger impact on the contact-point function than the flange thickness. The measurement 
performance as it is now is not so good that one can mix data from different sources and 
combine this mix of data with physical models for simulations. In other words, the 
measurement performance needs to be investigated further and improved. The contact-point 
function can be used to validate the data quality. 

Paper IV: “Assessment of the data quality of wayside wheel profile measurements” 

Summary: This paper defines the sources that impact the data quality of the WPMS and 
examines one of the error sources more deeply, namely the differences in performance 
between different measurement units in the measurement system. This error source has a large 
influence on the data quality, especially when one mixes data from both measurement units.
Therefore, the differences in performance between the measurement units need to be limited. 
This article shows that the paired T-test can be used to validate the data quality of the 
measurement units, and that the different units exhibit a different performance depending on 
which wheel profile parameter (flange width, flange thickness, flange angle and hollow wear) 
is being measured.

Contributions: The paired T-test works well as a tool for verifying the measurement 
performance of the different measurement units for the four parameters of the wheel profile.
For three of the four parameters, there are different results for the same wheel depending on 
the measurement unit. Wheel parameter (Sd) shows that the difference with respect to the 
mean value between the two units (unit A and B) has no statistical significance. However, this 
parameter shows the largest differences between the units. The paired T-test can be used to 
improve the measurement performance, for instance by providing information as to when the 
system needs to be calibrated. 

Paper V: “Evaluating the measurement capability of a wheel profile measurement system by 
using GR&R” 

Summary: This paper documents a study where a number of quality measures were used to
judge the data quality of the WPMS and where the measurement quality was monitored using 
an existing type of two-dimensional graph that can show the predicted value with a
confidence interval of 95%, and a graph with three regions that can more clearly visualise the
quality levels of the data (“unacceptable”, “acceptable” and “good”). This new type of graph 
can be used to visualise the quality of data from condition monitoring systems.
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Contributions: This paper shows how the two different measurement units of the WPMS 
exhibit a different performance for each wheel parameter. The paper shows different types of 
visualisation of the measurement performance. One can use this type of investigation to 
improve the WPMS so that it will be able to produce more reliable data, which will increase 
the trustworthiness of the information from the WPMS. This concept can also be used to 
enhance other CMS in terms of measurement quality. 



36 



5 RESULTS AND DISCUSSION 

37 

 

5. RESULTS AND DISCUSSION  
 

This chapter presents and discusses in detail the results arrived at in the appended papers 
comprising this thesis, in relation to research question 1-3.  

5.1. Research question 1 

What is the performance of the WPMS?  

RQ1 was answered mainly with Paper I, which presented research performed on a WPMS 
operating in Swedish conditions. The WPMS investigated had been installed during the 
autumn of 2011 in the southern loop of the Iron Ore Line in northern Sweden. This was the 
first WPMS to be installed on the Swedish railway and it can monitor trains with speeds up to 
a line speed of 130 km/h. The system has two main units, the A and the B unit, and each unit 
has two cameras, one on each side of the rail, see Figure 16. The system captures images of 
wheels travelling in both directions.   

 

Figure 16: The WPMS located on the Iron Ore Line in northern Sweden. The system contains 
two measurement units, the A and the B unit, for the wheels on the left-hand side and those on 

the right-hand side, respectively. 

Paper I documents the selection of the most suitable system out of a number of systems from 
12 different suppliers, using the V-model representing the system life cycle from RAMS for 
railways (CEN 1999) and based on the defined requirements. The paper describes the project 
steps of the V-model, from “concept and idea” to “decommission and disposal”, and then 
reports on an evaluation of the performance of the system.   

Six of the WPMS passed the system requirements test, which comprised the following 
requirements: commercial availability, general requirements, submission of a screening 
questionnaire, and special requirements (climate-resistance, measurement accuracy, 

Unit A Unit B 
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photographing speed, vehicle identification, ease of calibration, maintainability and ease of 
installation). The next step for the system selection was to contact the suppliers by way of a 
questionnaire and by holding meetings. The last step resulted in the selection of one system 
and the preparation of the installation; after the installation, performance tests were 
conducted.  

The performance tests covered, for instance, the measurement accuracy and precision, and the 
system reliability. The measurement accuracy test was performed by comparing the WPMS 
and the MiniProf equipment, and the results showed that the error for the flange height, flange 
thickness and flange slope was between 0.77 and -0.4 mm; the results are presented in Figure 
17. All the wheels of wagon number 4011, 4012, 4019 and 4020 of a random train were 
included in the test, except for wheel 1 in wagon 4012, whose results were wrong due to a 
problem with the manual reference measurements. The tread hollow wear was not presented, 
since the measured value was zero in most of the cases. The values seem to be more on the 
positive side according to Figure 17.  
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Figure 17: The errors for all the wagons and wheels that were measured; 4011-4020 are the 
wagon numbers and 1-8 are the wheel numbers.  

Therefore, a boxplot diagram was created which indicates that the different measurements 
have a different behaviour. The flange height error is closest to zero and has a smaller spread 
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compared to the others. The flange slope error has the largest spread of all the measurement 
errors and the largest positive weight. The flange thickness error has a smaller spread than the 
flange slope error, but a larger spread than the flange height error. Figure 18 shows the 
boxplot of the measurement errors. A likely reason why the flange thickness error has a large 
spread may be the combination of two cameras (Figure 16 shows camera A and B and Figure 
10 shows the laser beams on the wheel that make up the profile) used when capturing the 
flange thickness (Fröhling and Hettasch 2010). The reason why the flange slope error has a 
spread in the plot can be the fact that the measurement reference of the slope has an accuracy 
problem or the fact that there is one large difference in the wheel circumference.  

-0.4
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0
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0.8
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Figure 18: Boxplot of the measurement errors for the flange height (1), flange thickness (2) and 
flange slope (3). 

Table 7 shows the statistics of the measurement accuracy, excluding the circumference error 
and including the circumference error, according to Fröhling and Hettasch (2010). The 
grouping information was obtained using the Tukey method of multiple comparison, and the 
test shows that the flange height error belongs to group A, the flange thickness error to group 
A and B, and the flange slope error to group B. The A and B groupings can be considered as 
low and relatively high measurement error, respectively.  

Table 7: Performance test of the wheel profile measurement system – accuracy of the system 
compared to that of the MiniProf handheld measurement tool. 

Statistics Measurement information 

 
Flange 
height 

Flange 
thickness 

Flange 
slope 

Circumference error excluded mean (mm) 0.02 0.13 0.17 
Circumference error included mean (mm) 0.151 0.275 0.315 
STD (mm) 0.15 0.20 0.24 
Belongs to group A A and B B 

A-D goodness-of-fit test  
Normal 
distribution 

Normal 
distribution 

Normal 
distribution 

[mm] 
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This can be further interpreted to mean that the flange height measurements have a 
consistently low level of error, the flange thickness measurements have a low error level at 
times and a high error level at other times, while the flange slope measurements have a 
consistently high level of error. Moreover, it can be inferred that the flange height error and 
flange slope error do not have the same behaviour, which is consistent with Figure 18. The 
Anderson-Darling (A-D) goodness-of-fit test shows that all these three measurements belong 
to a normal distribution, see Table 7. The mean values for the wheel parameters are all 
positive, and the standard deviations are smaller than 0.25 mm for all of them. 

For a one-year period (from 19/3/2012 to 18/3/2013) the measurement reliability was 
analysed. The criteria were that, if more than 70% of all the wheels of a train were measured, 
the WPMS passed, if less than 70% were measured, it failed. The process rate was such that 
>80% of all the passing trains were measured during one year.  

There were four different periods with a low process rate; the first was at the end of April and 
the beginning of May, the second was during the whole of December, the third was at the end 
of January and the beginning of February, and the fourth was from the middle of February to 
the end of March. This shows that the winter season had more problems with the process rate 
than the summer season.  The first period had more problems with unit B, while the fourth 
period had more problems with unit A, which can be an indication of special problems with 
the measurement equipment concerning failures. During the first period with a low process 
rate, there was a problem with a camera for one unit (requiring replacement of the grabber 
card) and there was heavy snowfall between 4/4/2012 and 5/4/2012; during the fourth period 
the problem was that the contacts of the laser in one unit were loose. In the second and third 
period with a low process rate, there was no problem with any failures of the system. During 
the second period, December 2012, there was a large amount of snow and the precipitation in 
December was three times larger than that in January, which could be the reason for the low 
process rate, since the newly fallen snow led to snow smoke and it was difficult to obtain 
clear pictures of the wheel. The third period with a low process rate does not seem to have 
been caused by the weather, since the precipitation then was lower than in December and 
January and the temperature was warmer than in December and January. A low process rate 
can also be caused by the hunting motion of trains and low train speeds (<40 km/h).  

The WPMS has a high reliability in general and a good measurement accuracy (according to 
the measurements) in this harsh climate, and the information from this system can be used.  
By being able to monitor the wheel profiles automatically with the WPMS, it is possible to 
acquire good knowledge of the wheels through the high measurement frequency and the good 
accuracy of the measurements. The system provides a good picture of the status of the wheels 
and the information generated can be used for improving the overall status of the individual 
wheel, as well as the whole fleet of wheels. By automatically measuring the wheels in service, 
one does not have to perform a large number of manual wheel measurements, which are time-
consuming and require human activities on the track, and one gains the advantage of a higher 
availably of the train fleet and a higher safety on the track.  
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The wheel defects that can be detected with WPMS are high flanges, thin flanges, small 
flange angles, wide flanges, hollow wear and abnormal wheel diameters (the wheel diameter 
is not recorded in the system investigated). Since the wheel and rail are closely related to each 
other as integral parts of the wheel-rail system, an improved wheel status will influence or 
improve the status of the rail, which is supported by Chapter 1 of this extended thesis 
summary (“Introduction”).  

The data from the WPMS can be used to develop the CBM strategy of wheels, which is based 
on the actual need for maintenance, but CBM may places greater demands on maintenance 
planning and scheduling in the introduction phase. The change of strategy needs to be in line 
with resources and requirements, and needs to be adapting to the computerised maintenance 
management system. Applying this maintenance approach, wheel defects can be detected, 
including those representing a risk to safety. The information from the WPMS can also 
improve the safety on the track by pointing out the “bad wheelsets” on the track, and such 
information can be delivered to the train operators and enable them to remove these wheels 
from service. This will decrease the deterioration of the track, e.g. by replacing wheelsets that 
are unevenly worn, with regard to the wear of the right and left wheels, due to the possibility 
of comparing wheel profiles in real time and creating alarms. When a wheelset is unevenly 
worn, this influences the wagon dynamics, as the wagon steers badly and the wear of the rails 
is thereby increased. All the kinds of defects mentioned above can be removed early and this 
will increase the safety of the wheel-rail system and enhance the reliability of the track 
system.  

However, one needs to be wary of the Sd parameter, since this wheel parameter belongs to 
two different groups, group A and B (constituting half of the population for each group), 
which means that there are two different measurement behaviours for the parameter, one with 
larger accuracy and one with smaller accuracy. The system performance and measurement 
performance seem to be acceptable and data from the WPMS can be used for further 
investigations which combine those data with external data. 

5.2. Research question 2 

How can the data from the WPMS be combined with data from other data sources to detect 
potentially abnormal wheels before functional failure and capacity consumption occur? 

RQ2 was answered by Paper II, which deals with the combination of data from the WPMS 
with data from the wheel defect detector, which is the most relevant system installed on the 
track for increasing our knowledge of wheels in service. Paper III deals with other data on the 
infrastructure, such as rail profile data, material data and axle loads, as well as a physical 
model, for calculation of the wheel-rail contact conditions.   

To answer RQ2, wheel defect data such as high vertical forces were combined with data for 
profile parameters such as the flange height, flange thickness, flange slope and hollow wear. 
The data for this paper came from the WPMS and wheel defect detectors (WDDs); the WPMS 
was explained in the previous sub-section (see Figure 16) and a WDD is shown in Figure 19. 
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The two systems are placed close to each other on the Iron Ore Line in northern Sweden. The 
WDD consists of eight load cells which measure the force level of the wheels of passing 
trains. 

 

Figure 19: Wheel defect detector (WDD) installed along the Iron Ore Line. 

High lateral wheel forces often originate in wheel defects such as polygonization and surface 
defects; see Figure 20 for the most common wheel defects. When data from the WPMS and 
WDD are combined, this covers three of the four defect groups (surface defects, 
polygonization and profile defects). However, not all the defects will be covered, since a 
defect must have a certain size to be indicated due to the predefined control limits.   

 

Figure 20: Wheel defects divided into four groups: surface defects, polygonization, profile 
defects and subsurface defects (Nielsen and Johansson 2000, UIC 2004b). 
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The research study presented in Paper II included 6,933 measurements of wheels, of which 29 
generated warnings and two generated alarms due to high vertical forces. Wheel parameters 
such as the flange thickness, flange slope and hollow wear seem to have no correlation with 
the probability of high vertical wheel forces; see the figures in the appended Paper II. A 
combination of data from the WPMS and WDD shows that high flange height has a relation 
to high vertical wheel forces; the distribution plots for healthy wheels and wheels with 
warnings due to high force levels do not coincide. The results indicate that, if one sets the 
wheel maintenance limit to a flange height of 30.46 mm instead of 34 mm, more than half of 
the wheel defect warnings can be removed and resulting capacity-consuming reactive 
measures can be avoided, see Figure 21. The amount of affected wheels that have a flange 
height > 30.4 mm is 881 of 6,933, which is less than 13% of the population.  

 

Figure 21: Flange height distribution plotted for healthy wheels and wheels with a defect 
indication. The values for the two wheels with an alarm indication are marked with black dots 

and the mean value of both warnings and alarms is 30.46 mm. 

The histogram in Figure 22a shows the flange height (Sh) for all the healthy wheels presented 
in four bins with a centre value of 26, 29, 32 and 35, respectively. The largest bin is the bin 
centred on 29 mm with around 6,000 wheels, and the second largest is the bin centred on 32 
mm with around 1,000 wheels. The bins centred on 26 mm and 35 mm have a small amount 
of wheels. The dashed-line graph in Figure 22b describes the relationship between the number 
of wheels with warning/alarm indications and the number of healthy wheels. The percentage 
was calculated based on the number of wheels in each bin. The dashed-line graph indicates an 
increasing percentage of wheels with warnings/alarms with an increasing flange height. The 
probability of the bin centred on 32 mm having wheels with warnings/alarms due to high 
vertical forces is more than 400% greater than the probability of the bin centred on 29 mm 

Maintenance limit 34 mm 
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having that type of wheel. The bin centred on 35 mm has an even greater probability of 
having wheels with such warning/alarms.  

Figure 22 a): Flange height (Sh) histogram of the number of healthy wheels divided into four 
bins. b): Flange height (Sh) histogram of the number of wheels with warning/alarm indications 
divided into four bins. The dashed-line graph in (b) represents the percentage of wheels with 

warning/alarms compared to the number of healthy wheels in (a). 

The possible change in the maintenance limit (to not allow flange height >30.5 mm) can 
impact the wheel fleet by decreasing the lifetime of the wheels and can even increase the 
maintenance cost for the train operator. However, the impact could be another with increased 
lifetime and decreased maintenance cost of wheels in the long perspective. This change need 
to be investigated to be confirmed whether it will impact negatively or positively for the 
operator. On the other hand, this can save money and reduce the life cycle cost of the track for 
the infrastructure manager, through less damage to the infrastructure and less train delay due 
to wheel failures. Each improved wheel-rail system will impact to a better status for rails. 
Anyhow, one needs to adopt a holistic view with respect to the quality of service and the 
possibility of a new maintenance limit improving the whole wheel-rail system and reducing 
its degradation.  

Furthermore, it can also be inferred that aggregating the available information for an 
individual wheel profile parameter using a composite indicator will provide an appreciated 
indication of wheel defects. In future research work, the reduction in the wheel defects 
achieved by using the wheel profile parameters as indicators of an increased risk of wheel 
defects needs to be ascertained and quantified in terms of its cost implication. 

The concept of combining other data with the data from the WPMS works and can be used to 
find abnormal wheels in an early stage, and the operational capacity can thereby be enhanced 
in terms of fewer capacity-consuming wheel failures on the track. Then the next stage is to 
add data from the track, material data, and data on axle loads, together with physical models, 
and verify the results.  

44 
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5.3. Research question 3 

How can the data from the WPMS be combined with data from other data sources and with 
physical models to evaluate the data quality of the measured wheel profile?

To achieve this, Paper III evaluated data from the WPMS by using the contact-point 
conditions for the wheel-rail interface. The reason for using the contact-point information is 
that this leads to a reasonably good judgement of how the data from wheels impact further 
calculations performed to improve the wheel-rail interface. This paper explains the 
importance of considering the whole system of the wheel and rail and not merely optimising 
one of the components, and describes the key parameters in the wheel-rail system. The data 
for this case study concerned the same wheel and came from the same measurement system, 
but from different measurement units. The selected wheel measurements are representative of 
what the system normally generates, and Figure 23 shows these measurements of the same 
wheel. One can observe that there is a significant deviation between these two measurements, 
denoted as F1 and F2 in the figure.  
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Figure 23: Left wheel profiles (w284L) from measurement unit A (dashed line) and B (solid line). 

Table 8 shows the profiles obtained through the above-mentioned wheel measurements 
performed by two different measurement units from the same measurement system; the 
numerical data of the profiles confirm that there is a significant deviation between the two 
measurements. The largest difference in percentage between the measurements concerns Sd 
and is 9.1%, while the differences between the measurements for qR and Sh are 1.9% and 
0.1%, respectively, and there is no difference between the measurements for Th; the profile 
parameters are explained in Figure 11 (section 2.4 Wheel profile parameters).

Table 8: Wheel profile data from the WPMS, for the same wheel measured by different units. 

Id Profile Status Unit Sh Sd qR Th
F1 WP4 Highly worn N (B) 33.73 27.42 10.6 1.2
F2 WP4 Highly worn F (A) 33.71 24.92 10.4 1.2

Difference 0.1% 9.1% 1.9% 0%
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A visualisation of the contact-point conditions shows clearly that profiles F1 and F2 have 
considerable differences. There are two areas that can be mentioned in particular, area I and 
II; see Figure 24a for the F1 measurement and Figure 24b for the F2 measurement. Area I in 
Figure 24a represents the wheel negotiating a curve with a small radius; the wheel needs to be 
moved around 14 mm in the lateral direction. Figure 24b represents the results for the same 
wheel manoeuvre, but here the hollow-worn wheel starts to touch the rail with the false 
flange. In other words, the F1 profile does not touch the rail with the false flange, while the F2 
profile touches the rail with the false flange. However, it is doubtful that the latter case would 
occur in reality. Anyhow, what is important here is the difference between the contact-point 
conditions. Area II in Figure 22a-b represents the wheel moving laterally in the direction of 
the wheel flange between -2.5 and -8.5 mm from the middle of the wheel position; here 
profile F1 has a more pronounced jumping behaviour (a frequently changing contact point) 
than profile F2. This is a part of the area that is in connection with the rail when the wheel is 
running on straight track and in mild curves. The influence of this difference on the riding 
comfort has not been investigated, but, once again, it is a difference that cannot be neglected.  
Changes in the axle load can also alter this condition.     

 

Figure 24: The contact-point function with the contact pressure for the same wheel measured 
with unit A and B. a) Measurements from unit B, profile F1, with Sd=27.42 mm. b) 

Measurements from unit A, profile F2, with Sd=24.92 mm. 
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The conclusions drawn in Paper III are as follows: measurements from different units give 
different results concerning the contact-point conditions; the impact of the profile itself is 
larger than the impact of the flange thickness (which shows a difference of 2.5 mm) and this 
needs to be considered when using the data from the WPMS for more sophisticated 
calculations. Therefore, more investigations need to be carried out to optimise the 
measurement performance.  

The variation of the flange thickness may be due to the actual monitoring technique, and 
specifically the imaging setup. The laser beams projected on the wheel surface and coming 
from the measurement units generate two different pictures, which are merged into one 
profile, and in the merging operation for the two individual pictures, an error sometimes 
occurs. Sometimes the two different pictures do not fit and a strange transition forms between 
them, and this is reflected in the measurement data coming from the WPMS, see Figure 25.  

Figure 25: Two wheel profiles measured by the WPMS. The circle marks an error in one of the 
profiles when two pictures are merged; this can be reflected in the data from the WPMS.  

When the wheel is translated 14 mm, a significant jumping behaviour is shown at the contact 
point in area I in Figure 24b. This behaviour is not found in  Figure 24a, and it can be 
explained by the surface of profile F2. This is visualised in Figure 26, which compares profile 
F1 with Sd=24 92 mm and F2 just in this area (see the x-coordinates from -10 to 60 mm); one 
can observe that the surface height of the F2 profile changes rapidly at x=30 mm. There is a 
small-scale defect in profile F2 where the wheel does not touch the rail, which is shown 
clearly in area I in Figure 24b.  

Finally, the flange back is not parallel to the y-axis as it should be. The angle of the wheel 
flange back for profile F1 and F2 and the y-axis differ by about 2º, see Figure 23. This may 
also impact the data quality of the profile measurements and, in the worst case, the whole 
profile is angled about 2º.  

47 
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Figure 26: Comparing profile F1 with a thinner flange and profile F2 along the x-coordinates 
from -10 to 60 mm; at x=30 mm the F2 profile has a small-scale defect of 0.23 mm, which gives a 

large jump in the contact condition. 

5.4. Research question 4 

How can the measurement performance of the WPMS be assessed to support the 
maintenance decision? 

RQ3 was answered by three research papers: Paper III shows that the flange thickness 
measure can be used as a quality measure if the profile has shifted in position and that the 
contact-point calculations can be used as an indicator of the tread and flange shape;  Paper IV, 
which presents results from a statistical hypothesis test conducted with the paired T-test, to 
investigate if there are any differences between the different measurement units; and Paper V, 
which presents the results of a measurement system analysis, using GR&R, the PTR and the 
SNR, which have predefined acceptance levels.  

Incorrect wheel profiles can be created by shifting the profile side that has the tread and the 
front side of the flange from the back side of the flange, which gives changes in the flange 
width. The flange thickness can be used as an indicator of a shifting profile; when the flange 
thickness is too large in comparison to the last measurements of the same wheel, there is a 
shift in the profile. The contact-point function can generate differences from wheels that have 
the same flange thickness (or, in other words, the same position of the profile), but belong to 
different measurements of the same wheel, and the contact-point function can thereby be used 
as a quality indicator of the measurements (with the error sources belonging to the 
measurement and the part). By using the GR&R, the measurement variability can be defined, 
and its source, i.e. whether the source is the total gauge, the repeatability, the reproducibility 
or the part that is being measured. This is shown in Figure 27 by the contact-point function 
with the contact pressure for the same wheel measured with unit A and B. The profiles in 
Figure 26a and 26b both have the same flange thickness (Sd=24.92 mm), but come from 
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different measurement units. Figure 27a shows measurements from unit B, while Figure 27b 
shows measurements from unit A, and the differences are shown clearly in area I and II. The 
irregularity at x=30 on the F2 profile (a dip in the surface height of 0.23 mm) causes a 
significant difference between the profiles (F1 and F2 with the same Sd), see area I in Figure 
27a and b.  

The maximum pressure in the contact point (according to Equation 1) has a significant impact 
on the wheel-rail interface, i.e. the RCF development. A boxplot of the pressure distribution is 
an indicator that can be used to show differences in measurement results for the same wheel. 
Figure 28 shows the pressure in the contact point between the wheel and rail from -14 mm to 
14 mm with a step size of one mm for profile F1 and F2 (with the same Sd). The difference 
between the profiles is shown in the boxplots, and the variation originates in the measurement 
error of the wheel profile around the wheel. Even here the GR&R can be used to find the 
sources of this variation. Then Paper III also shows that the data quality needs to be monitored 
and a routine for replacing the wheel profile in the right position can be created when the right 
position can be determined. Monitoring the quality of data from CMS should be applied as a 
general approach for all the systems on the railway. 

 

Figure 27: The contact-point function with the contact pressure for the same wheel measured 
with unit A and B. a) Measurements from unit B, profile F1 with Sd=24.92 mm. b) 

Measurements from unit A, profile F2, with Sd=24.92 mm. 
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Figure 28: Boxplot of the pressure in the contact point between the wheel and rail from -14 mm to 14mm 
with a step size of one mm for F1 with a thinner flange and F2. 

 

To assess the measurement performance of the WPMS, the different error sources need to be 
defined. Therefore Paper IV starts by presenting the error sources in a cause-and-effect 
diagram with the following five main categories: environmental factors, methods, equipment, 
traffic and data processing, see Figure 29. This diagram is based on information from 
empirical experience of the WPMS in service over a period of four years. For example, the 
primary error source “traffic” has seven different potential root causes, which were identified 
from work orders, analyses of the system, and data from passing trains. The root causes are as 
follows: the wheel size, the train type, the train length, collisions, the train travelling direction, 
the hunting of the train and the train speed. 
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Figure 29: Cause-and-effect diagram showing clusters of error sources influencing the WPMS 
data quality. 

The data collected concerned four wheel parameters, Sd, Sh, qR and Th, which are explained 
in Figure 11, and come from measurement performed on ten different wheels of two iron ore 
wagons. The wagon type in question was a regular iron ore wagon, equipped with two 
wheelsets on each bogie. The number of automatically generated data is 60. The 
measurements were taken at random locations on the wheel circumference. The data came 
from trains operating during a ten day period and the travelling distance during this period 
was around 3,068 km, as estimated from the planned operational profile of the wagon. This 
distance is only 1.5% of the distance between two consecutive wheel re-profiling actions, and 
consequently the wheel wear occurring over this short distance can be ignored. 

The data collection from the wagon wheels was performed according to the procedure 
illustrated in Figure 30; when the wheels passed the WPMS, the wagon was travelling either 
towards the loop (towards the harbour) or from the loop (from the harbour). The WPMS has 
two different units, the A and B unit. The profiles of a certain wheel are measured by one unit 
in one travelling direction and by the other unit in the opposite direction. The travel distance 
between the two measurements of the same wheel is about 50 km, i.e. the distance to the 
harbour and back. These two measurements were compared using the statistical paired T-test. 
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Figure 30: Data collection procedure.  

This test was performed using a null hypothesis, 0H , stating that there is no difference 
between the results from unit A and B, according to the following equation (Equation 5): 

0:0 BAH  

The results show that the 0H  fails for three of the four parameters, since the 0H and the x
(mean value of x) do not coincide, which means that the measurements of three of the four 
parameters differ between measurement unit A and B.  

Figure 31 shows a histogram of the differences between unit A and B concerning the Sh 
measurements.  
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Figure 31: Histogram of differences with a 95% confidential interval for the wheel parameter 
Sh, comparing the A and B unit. 

The results also show that the variation of the difference between the A and B unit is largest 
for Sd, while the differences for Sh and qR have roughly the same range and the differences 
for Th have the smallest range, see Figure 32. Sd exhibits a maximum spread of the values 
which is about four times larger than that of Sh.  

One likely reason for the large variation in the difference between the A and B unit for Sd 
may be that this parameter uses two different cameras to generate the value and that some 
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error may occur in the internal imaging or data process. A reason for the small variation in the 
difference between the units for qR may be the small values for this parameter; its values 
rarely exceed 1.5 mm. qR, with its 30 samples, has one outlier, which was removed in the 
analysis described above.  
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Figure 32: Boxplot of the differences between the A and B unit for four wheel profile 
parameters, Sd, Sh, qR and Th. 

The conclusions of this paper are that the paired T-test is useful in such an application to 
verify the measurement performance of two different measurement units and detect the 
differences between them, that the routine for calibration needs to be designed in such a way 
that this type of data unreliability can be avoided, and that this concept has a potential for 
other similar applications. Furthermore, this paper shows that the number of sources 
impacting on the data quality are many, that this test only concerns the difference in the 
individual performance between the measurement units, and that the data quality depends on 
which parameter is being measured. Moreover, last but not least, one needs to be aware of the 
quality of the data coming from the WPMS and know the limitations and the measurement 
tolerances of the system. 

Paper V presents an evaluation of the measurement capability of the WPMS using the gauge 
repeatability and reproducibility (GR&R) measure, as well as other measures, such as the 
precision-to-tolerance ratio (PTR) and the signal-to-noise ratio (SNR). These measures come 
from the field of quality control and are used, for instance, in the manufacturing industry to 
verify measurement tools and have predefined limits for acceptance.

The idea on which this paper is based is that quality and capability measures from one branch 
can be used in other branches for a similar type of application, for example for measurements 
of parts, as is the case in the present research. Furthermore, the study presented in this paper is 
based on the fact that there are always errors in measurements, which is a factor that needs to 
be managed. When performing variability investigations, one must keep in mind that there are 
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always a measured value and a true value, and the difference between them is called the error, 
see Equation 1. 

)()_()_( errorevaluetrueXvaluemeasuredY iii  

This study used the already defined thresholds for the measures and applied them to the data 
from the WPMS.  The studied wheel parameters were Sd, Sh, qR and Th, and Table 9 shows 
the parameter limits, specifying the lower limits, upper limits, limit tolerances and averaged 
values. The sample size was 32 measurements, consisting of two measurements performed 
twice for eight wheels.  

Table 9: Wheel parameter limits for wagon wheels, with the lower and upper system limit, the 
system limit tolerance and the averaged value. 

Parameter LSL (mm) USL (mm) USL-LSL 
Tolerance (mm) 

Averaged 
value (mm) 

Sd 22.50 35.00 12.50 27.705 
Sh 28.80 34.00 5.2 32.021 
qR 7.00 15.00 8.00 10.578 
Th 0.00 1.50 1.50 0.469 

Figure 33a visualises the magnitude of the variation of the total gauge, the reproducibility and 
the repeatability, the part-to-part variation and the total variability. The results show that each 
wheel parameter exhibits a different performance. Th exhibits the smallest standard deviation 
due to the variation of the measurement in terms of the total gauge variation, followed by qR 
and Sh, and the largest standard deviation is shown by Sd, see Figure 33a. Sh shows a total 
gauge variation that is more than twice as large as that shown by Sd and qR, which exhibit a 
comparable total gauge variation. The total gauge variation shown by Th is not really 
comparable, since the Th values are in all cases much smaller than the other values in terms of 
the tolerance limits and the average of the population, see Table 9.  

All the variability shown by Sh belongs to the repeatability, which distinguishes the Sh 
measure from the other measures (Sd, qR and Th). Examining Sd and qR, one can observe 
that their behaviour is more and less the same; the total gauge variation has the same size and 
the variability of the repeatability and reproducibility belongs to the same range. Furthermore, 
the part-to-part variation is largest for Sh, followed by Sd, qR and Th.  This result is not really 
in line with the tolerance limits (USL-LSL) and the reason for this may be that the 
degradation process of wheels varies most for Sh (the flange height). By adding all these 
errors to the study variation, one arrives at the same behaviour, since the part-to-part variation 
has the largest impact on the whole results.   

Figure 33b shows the GR&R as a percentage, with the total study variation being 100% for 
each parameter. The predefined non-acceptance limit for the total gauge is >30%, and 
therefore Sh and Th are accepted in this case because their values for the total gauge variation 
are under 30%. The corresponding values for Sd and qR are larger than 30% and Sd and qR 
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are therefore not accepted. Then Sh exhibits the smallest part-to-part variation, while Th 
exhibits the largest part-to-part variation, in this normalised case, in comparison with the 
whole variation. It can be noted that Sd has a non-value for variation of the reproducibility. 
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Figure 33: The results for the wheel measures Sh, Sd, qR and Th, presented in terms of the total 
gauge variation, the repeatability variation, reproducibility variation, part-to-part variation, 

and study variation. a) The standard deviation (STD). b) Their GR&R measures as percentages 
(%). 

The results from calculations of the SNR and PTR are shown in two different types of graph, 
one which is already in use and a new type of graph which can show three different levels, 
“good”, “acceptable” and “unacceptable”. The first type of graph shows the estimated value 

a) 

b)
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for the SNR and PTR with a confidence interval of 95%, see Figure 34. The graphs in this 
figure show the estimated values for the SNR in the y-axis and those for the PTR in the x-axis 
for the measurement parameters Sh and qR, with the dashed rectangles showing the 
confidence interval of 95%. Note that the scale of the x-axis goes from 0.6-0.0.  

There are four regions in each graph, explained as follows:  

 in region 1 the measurement system satisfies both the SNR and PTR criteria on an 
acceptable level;  

 in region 2 the system satisfies only the SNR criteria on an acceptable level;  

 in region 3 none of the SNR and PTR criteria are satisfied;  

 in region 4 the system satisfies only the PTR criteria on an acceptable level.  

In short, Sh does not show an acceptable level for the PTR measure, while it does show an 
acceptable level for the SNR; qR shows an acceptable level for both the SNR and the PTR. 
However, the region for the CI of 95% is really large and this also needs to be taken into 
consideration.  

 

Figure 34: Estimated values of the SNR and PTR in two dimensions for Sh and qR; the dashed 
rectangles show the CI of 95%. 

A three-region matrix improves the visualisation of the predicted values by categorising the 
performance of the measuring equipment as “unacceptable”, “acceptable” or “good”. The 
advantages of this type of matrix are that it indicates not only acceptable performance values, 
but also good performance values, and that a larger number of measures can be shown in the 
same graph without it being difficult to interpret.  

Figure 35 shows this type of two-dimensional graph with the three different regions “good”, 
“acceptable” and “unacceptable”; the x-axis shows the values of the PTR and the y-axis the 
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values of the SNR. The limits in the graph are based on values from established applications. 
According to Figure 35, no measurement capability is good, and the capability for measuring 
qR is acceptable, while that for measuring Sd, Sh and Th is unacceptable. 

Figure 35: Estimated points for the SNR and PTR in three regions. 

It can be concluded from this paper that MSA can be used to evaluate the monitoring system 
and even the measures one by one. This technique can be used to evaluate the quality of the 
data from the WPMS and the measurement performance of the WPMS, and the technique can 
also be used for other condition monitoring concepts and technologies. The results of the 
analysis show that only one of the four measures (i.e. qR) shows an acceptable level, no 
measure shows a good level, and that three of the four measures exhibit an unacceptable level. 
Furthermore, this investigation has found that there is a contradiction between different 
measures and, depending on the established limits, the judgements based on these measures 
will be contradictory. A good idea might be to revise the limits so as not to run into 
contradictions. In the present investigation, the SNR and PTR were selected for evaluation of 
the monitoring system.   

GRR% is a measure of the total observed variance ( 2
obs ), while the SNR and PTR are 

measures of parts of the total observed variance; the SNR is based on the ratio between the 
part variance and the measurement variance, and the PTR is based on the measurement 
variance and the part tolerance. This can give different results, which has been shown in the 
present research; Sh has a GRR% of 25 (yellow), an SNR of 4.6 (red) and a PTR of 0.34 (red) 
(the colours in brackets have been allocated according to the traffic light analogy for 
traditional guidelines (White and Borror 2011)). Accordingly, Sh should pass for the GRR% 
measure, but fail as unacceptable for the SNR and PTR measures; in other words there is a 
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contradiction between different measures and, depending on the established limits, the 
judgements based on these measures will be contradictory. 
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6. CONCLUSIONS, RESEARCH CONTRIBUTIONS AND 
FURTHER RESEARCH  

 

6.1. Conclusions  

The conclusions of the research conducted for this thesis are as follows.  

RQ1: What is the performance of the WPMS?  

 The process rate was such that >80% of all the passing trains were measured during 
one year. (The criterion for a successful train measurement was that, if >70% of all the 
wheels of a train were measured, then the train would be regarded as having been 
measured successfully.) The system performance depends on the season, but can on 
the whole be considered good in consideration of the harsh environmental conditions, 
characterised by cold and snow. The process rate may depend on the hunting motion 
and the speed. When the train is not running in the middle of the track and when the 
speed is below 40 km/h, there is a problem generating good results. The measurement 
accuracy for three wheel parameters (Sh, Sd and qR) is less than 0.17 mm (0.315 mm 
including the circumference error) and the precision in terms of the standard deviation 
is less than 0.24 mm for all the parameters. The measurement performance is good in 
terms of the accuracy and precision in relation to the general accuracy of vision-based 
technology for commercial applications. The WPMS can be used as a monitoring tool 
after certain improvements have been made, and can generate wheel profile data in the 
harsh climate of northern Sweden for wheel safety and maintenance limits.  

RQ2: How can the data from the WPMS be combined with data from other data sources to 
detect potentially abnormal wheels before functional failure and capacity consumption occur? 

 Data from wayside monitoring systems, the WDD and the WPMS were combined.  
The results indicate that wheels with flanges higher than 30.46 mm have a higher 
probability of exerting high vertical wheel forces. Furthermore, it was found that the 
flange slope (qR), hollow wear (Th) and flange thickness (Sd) have no relation to 
higher vertical forces. By removing wheels with a larger flange height (Sh) than 30.46 
mm, a higher reliability of wheels can be obtained, but further investigations need to 
be conducted to draw final conclusions. This would have an impact on 13% of all the 
measured healthy wheels. Wheels with a flange height (Sd) between 30.5 and 33.5 
mm trigger more than 400% more warnings and alarms than wheels with an Sd 
between 27.5 and 30.5 mm. Wheels with a flange height (Sd) between 33.5 and 36.5 
trigger even more warnings and alerts than those with a flange height (Sd) between 
30.5 and 33.5 mm.  
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RQ3: How can the data from the WPMS be combined with data from other data sources and 
with physical models to evaluate the data quality of the measured wheel profile? 

One can combine data from the WPMS with other data and with a physical model to
calculate the contact-point conditions. The variation in the measurement data between
the units will affect the contact-point conditions. The flange thickness and the profile
itself will have an impact on the contact-point conditions, with the profile itself
exerting a larger impact on the contact-point conditions than the variation in the flange
thickness (limited to 2.5 mm). An irregularity (a small-scale defect) on the wheel
profile surface of 0.23 mm can exert a large impact on the wheel-rail contact
condition. Furthermore, one observation is that the back of the wheel flange is not
parallel with the y-axis, which can also impact on the data quality. Therefore, the
measurement performance of the WPMS needs to be controlled and evaluated if the
data are to be used in more advanced calculations. However, this requires that the
deviations related to the wheel and the measurement error can be separated, which is
accomplished in Paper V by using the GR&R technique.

RQ4: How can the measurement performance of the WPMS be assessed to support the 
maintenance decision? 

A number of root causes were identified which can impact the measurement
performance.  One root cause is different results for the same wheel from different
measurement units. The paired T-test with a CI of 95% showed that two different units
belonging to the same measurement system gave different results for the wheel
parameters Sh, qR and Th for the same wheel, while the two units did not give
different results for the wheel parameter Sd. However, the largest variation between
measurements from unit A and B was shown for Sd. One can assess the measurement
performance of the different units of the same WPMS by applying the paired T-test to
data from the different units. Furthermore, the contact-point conditions, for example
the pressure distribution on the wheel-rail interface, can be used as a quality measure
for the measurements of the wheels, as well as the flange thickness, Sd.

The measurement data can be assessed by using the gauge reproducibility and
repeatability (GR&R) measure, as well as other measures, such as the precision-to-
tolerance ratio (PTR) and the signal-to-noise ratio (SNR). The GR&R can be used to
quantify the variation of the measurements and determine whether it was caused by
the measurement system (the repeatability and the reproducibility) or the wheel. A
GR&R study showed that the wheel parameters Sh and qR exhibited an acceptable
level, while Sd and Th showed an unacceptable level according to the prescribed non-
acceptance threshold of 30% for the total gauge variation (measurement system
variation). According to the PTR and SNR, only the wheel parameter qR shows an
acceptable level, while the other parameters exhibit an unacceptable level and none of
the parameters show a good level. Accordingly, none of the parameters meet the
requirements of all the quality measures. Contradiction between different quality
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measures was found. This can be visualised in a different graphical matrix, namely a 
two-dimensional matrix with the quality levels “unacceptable”, “acceptable” and 
“good”.  

By developing the condition monitoring of critical items of the rolling stock, the reliability of 
the wheel-rail system can be increased and the operational capacity of the track can thereby be 
enhanced, by decreasing the failure-driven capacity consumption. However, a CBM policy 
needs to be implemented to achieve an improvement of the maintenance decision making 
based on CM data from wheels.  

6.2. Research contributions 

The research studies performed for this thesis have made the following contributions to the 
research field of CBM through investigating rolling stock wheel condition monitoring for 
railway capacity enhancement.  

 Assessment levels for the system reliability of CMS were defined, and were used to 
evaluate the WPMS. Moreover, the measurement performance of the WPMS was 
defined and evaluated in terms of accuracy and precision. In addition, this research 
has contributed a wider and deeper knowledge of the performance of CMS in general, 
and specifically of WPMS in a harsh and cold climate. (Paper I)  

 We have devised a new approach to the combination of data from WPMS with other 
closely related wheel data, to support the maintenance decision and enhance the 
operational capacity of the track. WPMS data were combined with data from the 
WDD, which is the only CMS in regular operation that monitors wheel health. Based 
on this research, it was established that one profile parameter, Sh, shows a correlation 
with high vertical forces. A new maintenance limit was defined which may eliminate 
half of all the abnormal wheels in advance, through the removal of wheels with a high 
likelihood of suffering from high wheel forces, and which may enhance the 
operational capacity of the track. (Paper II) 

 We have developed a new approach to the combination of WPMS data with other 
data and physical models to evaluate the data quality in terms of measurement 
performance. This was accomplished by combining track data, material data, loading 
data and data from the WPMS with contact-point calculations of the wheel-rail 
interface. This generated a useful contact-point condition for an evaluation of the data 
quality which included the measurement and wheel profile variability. The pressure 
distribution from the contact point between the wheel and rail could be used as an 
indicator of the measurement and wheel variation. This points out the need for 
differentiating between the errors originating in the measurement system and those 
originating in the wheel, which is achieved in Paper V. (Paper III)   

 We have created two different approaches to assessment of the measurement 
performance for the wheel profile parameters. The first new approach used the 
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statistical paired T-test to show differences in the measurement performance which 
originate in the measurement units. This was applied for the parameters of flange 
height, flange width, flange angle and tread hollow. The second new approach used 
quality measures such as the precision-to-tolerance ratio, the signal-to-noise ratio, and 
the repeatability and reproducibility, which were useful for measurement evaluation. 
This approach separates the variation in the measurements which is due to the 
measurement repeatability (using the same measurement unit), that which is due to 
the reproducibility (using different measurement units) and that which is due to the 
wheel. (Paper IV-V)  

All the above-mentioned research contributions promote the CBM of wheels on the track, 
increase the quality of information from CMS for wheels, and thereby improve the 
maintenance decisions, which may lead to fewer potentially abnormal wheels in service. 
Obviously, this applies if the required resources are available and functional requirements are 
drawn up, according to Figure 6. These new approaches can be regarded as representing a 
new framework for promoting CBM by improving CMS. This new  can also 
be applied to other CMS to promote CBM.   

6.3. Future research work 

The following future research work has been identified in this thesis as important for the 
development of this field of research. 

An expanded investigation which studies other types and makers of WPMS.

An investigation of WPMS operating in other environmental conditions.

An investigation of wheels running at speeds < 40 km/h and >75 km/h.

An investigation to determine whether the axle load (of loaded and unloaded wagons)
has an impact on the measurement performance.

A quantification of the amount of capacity that can be saved by improving the quality
of the data by applying the new re-profiling strategy of wheels.

An investigation which considers other wheel parameters, such as the tread thickness
and the back-to-back dimension.

The development of a predictive maintenance policy for wheel re-profiling.

The development of a wheel health indicator based on information on wheel profiles
and other wheel health measures.

An investigation of the consequences of changing the maintenance limit for the wheel
flange height from 34 mm to 30.5 mm.
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An investigation of how worn wheel profiles vary around the wheel and how this
impacts the contact-point conditions, based on calculations.

Finally, only a small amount of research work has been conducted on the combination of data 
from condition monitoring systems with other data sets and with physical models to bring the 
information to a higher level. This would be an interesting field for future research. 
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Reliability and measurement accuracy
of a condition monitoring system in an
extreme climate: A case study of
automatic laser scanning of wheel profiles

Matthias Asplund1,2, Per Gustafsson3, Thomas Nordmark4,
Matti Rantatalo1, Mikael Palo1, Stephen Mayowa Famurewa1

and Karina Wandt1

Abstract

The Iron Ore Line (Malmbanan) is a 473 km long track section located in northern Sweden and has been in operation

since 1903. This track section stretches through two countries, namely Sweden and Norway, and the main part of the

track runs on the Swedish side, where the owner is the Swedish Government and the infrastructure manager is

Trafikverket (the Swedish Transport Administration). The ore trains are owned and managed by the freight operator

and mining company LKAB. Due to the high axle load exerted by transportation of the iron ore, 30 tonnes, and the high

demand for a constant flow of ore and pellets, the track and wagons must be monitored and maintained on a regular

basis. The condition of the wagon wheel is one of the most important aspects in this connection, and here the wheel

profile plays an important role. For this reason an automatic laser-based wheel profile monitoring system (WPMS) has

been installed on this line using a system lifecycle approach that is based on the reliability, availability, maintainability and

safety (RAMS) approach for railways. The system was prepared and installed and is being operated in a collaborative

project between the freight operator and infrastructure manager. The measurements are used to diagnose the condition

of the wheels, and to further optimize their maintenance. This paper presents a study of the concepts and ideas of the

WPMS, and the selection, installation and validation of the equipment using a system lifecycle approach that is based on

RAMS for railways. Results from the profile measurements and validation are shown. The system’s reliability during

performance in extreme climate conditions, with severe cold and large quantities of snow, is presented. Then the

benefits, perceived challenges and acquired knowledge of the system are discussed, and an improved V-model for the

lifecycle approach is presented.
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Introduction

The Iron Ore Line (Malmbanan) has been in oper-
ation for over 100 years; it was originally constructed
for an axle load of 14 tonnes but has been gradually
upgraded to withstand a load of 30 tonnes. The length
of a normal iron ore train is 750m, the number of
wagons is 68 and the gross train weight is 8520
tonnes.1 The line supports a mixed traffic flow that
has a large range of speeds and consists of passenger
and cargo traffic together with the iron ore transports.

The Iron Ore Line has the largest predicted traffic
increase of all railway lines in Sweden, with a

predicted growth of 136% between 2006 and 2050
due to the expansion of the mining industry in the
north of Sweden.2 To meet this demand for increased
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capacity, the asset manager must think in new ways
and add more intelligence to the infrastructure, e.g.
through automatic asset monitoring. In the words of
Ollier3: ‘[Effective] asset management and the use of
intelligent infrastructure are key factors in delivering
the railway of the future’.

For a railway system, the rail/wheel contact is an
important factor, in which the wheel and rail profiles
play a significant role. The rail profile is measured
using measurement cars or handheld MiniProf instru-
ments. Due to the high axle load exerted by the iron
ore transports and the high demand for a constant
flow of ore and pellets, the track and wagons must
be monitored and maintained on a regular basis.

The condition of the profile of the wagon wheel is
one of the most important aspects in this connection.
Traditionally, the wheel profile is measured manually
using the MiniProf equipment. This is a tedious and
time-consuming task and there is a need to increase the
inspection frequency and automate the measurement
procedure for the wheel profile in order to track wheel
deterioration and remove defective wagons from ser-
vice. The operator can benefit from this by using the
information to optimize the wagon maintenance inter-
vals4 and reduce the risk of failing wagons causing
delays in the delivery chain. The infrastructure man-
ager can also use the information from a wheel profile
monitoring system (WPMS) for management pur-
poses, for reducing maintenance costs or even for pre-
venting failures of and damage to the track.5–7

Information on the wheel profile can also give infor-
mation about any rail degradation process and there-
fore increase the quality of maintenance activities.8

Condition monitoring can be categorized into: ana-
lysis, process monitoring, performance monitoring,
functional testing and inspection.9 The WPMS can
be categorized under periodic inspection. There are
numerous wheel condition monitoring systems
installed along the Swedish railway network, focusing
on warnings and alarms about wheel failures such as
wheel flats and other types of out-of-roundness
behaviour. Automatic measurement of the wheel pro-
file is still an area where little research has been con-
ducted in Sweden. There are still uncertainties
regarding the availability and robustness of an auto-
mated WPMS installed in areas with an extreme cli-
mate characterized by low temperatures and large
amounts of snow. There is also a need to examine
the possibility of reducing the failure-driven capacity
consumption on a line by analysing the information
from an automated wayside WPMS.

A workflow to find the parameters for a wheel that
is to be monitored has already been proposed.9 The
purpose of the present paper is not to find the condi-
tion monitoring parameters, but rather to show how
an already defined standard for railways can be used
for a lifecycle approach to condition monitoring.

This paper also describes an adaptation of the life-
cycle process in the EN-50126 standard (reliability,

availability, maintainability and safety (RAMS) for
railways) for an automated WPMS dealing with the
following components of that process: the system con-
cept and idea, system requirement, system selection,
installation and system validation. Moreover, the
paper presents results from initial performance tests
performed during the first year and the experience
gained from the collaboration setup within the instal-
lation and operation project for the WPMS.

WPMS

The Swedish railway system is well developed and
utilizes equipment for condition-based maintenance
of the rolling stock and the track. To inspect the roll-
ing stock there are wayside detector stations for the
detection of hot boxes, hot/cold wheels, damaged
wheels, overloaded cars, unbalanced loads, contact
wire lift, and pantograph and wheel-rail forces.10

Figure 1 shows a diagram of wheel monitoring sys-
tems for the railway where wheel profile monitoring is
included. The WPMS consists of four separate units
(A, B, C and D), one on each side of each rail, see
Figure 2.

Figure 2. WPMS system located on the Iron Ore Line in

northern Sweden.

Figure 1. Condition monitoring of the wheels on rolling

stock.
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These units contain a laser, a high-speed camera
and an electronic control system. When a train
passes the units, the wheel triggers a sensor and the
protection cover opens, the laser beam starts to shine,
and then the camera takes pictures of the laser beam
projected onto the surface of the passing wheels.
These pictures are saved and an algorithm transforms
the pictures of the wheel profiles to a xy-coordinate
system. The coordinates can be shown using software
and can be compared with the nominal wheel profile.
This system can automatically measure and monitor
the wagon wheel profiles at speeds up to 130 km/h.

The lifecycle of the WPMS

The present project required collaboration between
the infrastructure manager and the main operator of
the track. The infrastructure manager’s commitment
was to equip the site with the infrastructure needed
for the installation. The operator’s commitments were
to purchase the WPMS and arrange and perform the
installation of the measurement equipment together
with the supplier. When the measurements started,
the operator was responsible for any required spare
parts and the infrastructure manager for the
operation and maintenance of the equipment. See
Figure 3 for the system lifecycle based on the
V-model in EN-50126.11

The whole system lifecycle consists of 14 different
stages, and the V-model used in this project is an
adapted version of this, especially adjusted to fit this
application. This paper will focus on the following
steps: concept and idea, system requirement, system
selection, installation and system validation. The

other steps will be treated in another paper. The
core team in the work performed in the different
stages is the expert group, which consists of people
from the infrastructure manager and the rolling
stock operator, as well as a measurement expert
from the railway sector. This group developed the
selection criteria.

Concept and idea

‘Concept and idea’ is the first step in the lifecycle pro-
cess in the EN-50126 standard, and in this step one
starts to define the basic concepts and ideas that
underpin the system. Here the infrastructure manager
and the rolling stock operator formulate the object-
ives of the project. The objectives come from the
expert group and the company organization and are
set based on the company’s maintenance goals. The
infrastructure manager has the following maintenance
goal: ‘Maintenance is carried out in order for traffic to
be able to operate as the quality of service objectives
imply, both now and in the future’.10

The objectives were summarized as follows and
they constitute the concepts and ideas of the WPMS.

1. To gain more capacity for the busy Iron Ore
Line, by decreasing the failure-driven capacity
consumption.

2. To find the maintenance limits for wheels in order
to decrease the costs for the wheels and the rail.

3. To investigate whether there are correlations
between actual wheel profiles and different fail-
ures, for instance, the out-of-roundness level and
failures caused by high lateral wheel forces.

Figure 3. V-model representation of the lifecycle of the WPMS (adapted from EN-50126).

1-Infrastructure manager, 2-Train operator, 3-Supplier/manufacturer, 4-Equipment maintenance company, 5-Data management

organization.
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4. To increase the effectiveness and efficiency in the
railway system by using condition monitoring of
wheel profiles.

These objectives are broken down into system require-
ments in the following section.

System requirements

This section describes the selection process for the
WPMS.

Commercial WPMS

The first criterion was that only commercial WPMSs
were to be considered. It was deemed important to use
a system that was already in operation, one of the
advantages being that a large amount of operating
information and references would be available.
Spare parts would be available and a system for
advice and support would already be in operation.

Suggestions for commercial WPMSs were found in
a report by Brickle et al.5, where 12 systems for this
purpose were presented, see Table 1. The aim of the
report by Brickle et al. was to: ‘identify and evaluate
systems that monitor various features and aspects
relating to wheel set condition, and to make recom-
mendations for integrating these systems into a com-
prehensive condition monitoring regime’.

General requirements

The following criteria were considered as the general
requirements for this step of the evaluation process
for the WPMS: system features, reporting capabilities,
user-friendliness, availability, accuracy, performance,
installation, deployment, speed requirements, main-
tenance and support. An investigation based on
these criteria had already been conducted, resulting
in the 12 different suppliers listed in Table 1.

Screening

By screening the candidate companies, the number of
suppliers was reduced. In this step we sent a question-
naire to those companies whose existence we could

establish. The screening criterion was that, if a com-
pany replied to the questionnaire that we had sent to
them, then that company would be considered as a
candidate supplier. If, on the other hand, no answer
was received from a supplier, then that supplier would
no longer be considered as a candidate supplier. After
this screening five suppliers remained.

Special requirements

The special criteria set for the WPMS were the fol-
lowing: climate-resistance, measurement accuracy,
photographing speed, vehicle identification, ease
of calibration, maintainability and ease of installa-
tion. Some of these criteria have already been
mentioned.

Climate. The climate in northern Sweden is extreme
and is characterized by cold winters, large quantities
of snow and snowstorms, but the summer can be
fairly warm. The temperature can vary to a great
extent for the same line; for example, for the stretch
from Boden to Gällivare the temperature can vary
by almost 70 �C. That same section can have a max-
imum precipitation of 43mm of rain in a day.12 The
average snow depth in the winter is usually around
60 cm, but there are large local variations. The
WPMS must have a high level of reliability, espe-
cially during the winter, when the wear rate is con-
siderably higher than during the summer.4 The
system has to work in extreme conditions, with a
temperature range between þ30 �C and �40 �C and
with large quantities of snow.

Measurement accuracy. The accuracy must be as high as
possible.

Photographing speed. The WPMS has to operate at line
speed and photograph wheels moving at speeds in the
range 50–120 km/h, since the traffic speed is in this
range.

Vehicle identification. The WPMS must be able to inter-
act with the Automatic Vehicle Identification system
and to match data sent from the tag reader to the
WPMS with wheels and wagons.

Table 1. Suppliers of WPMSs that can be found on the open market.5

System Company System Company

FactIS WPM Lynxrail/TTCI Wheel Profile Measurement System MRX Technologies

Treadview Deltarail Trackside Measurement System Mer Mec

Wheelspec ImageMap Multirail Wheel Profile Diagnostics Schenck Process

WheelCheck Tecnogamma Laser Measurement System GHH Radsatz

Argus Hegenscheidt MFD WheelScan KLD Labs

Model 2000 EVA Talgo Wheelview Beenavision
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Calibration. The system must either be easy to calibrate
or not need any calibration. It is an advantage if the
system emits an alarm, through self-inspection, indi-
cating when it is time for calibration of the equipment.

Maintainability. The system has to be easy to maintain
and the time required for maintenance has to be as
short as possible. Good maintenance support must be
provided, with a short delay.

Installation. Disturbance of the traffic cannot be
accepted, either for preparation of the site or for
installation. The installation has to take place in the
empty slots in the timetable.

Summary. These main requirements, together with the
requirement of commercial availability, had to be met
by the WPMS, and a survey was sent to each of the
companies. Five suppliers were able to answer the
survey, and these five remained in the evaluation pro-
cess (see the summary in Table 2).

Table 2 had enough precision to allow the selection
of two systems for deeper scrutiny.

System selection

The evaluation was performed by an expert group
consisting of personnel from the infrastructure man-
ager and the operator, together with a railway con-
sultant. The most important requirements were high
measurement speed and an easy installation of the
equipment that did not entail any disturbance in the
flow of traffic. Of course, the system had to be able to
survive and work properly in a cold climate, but this
was impossible to verify, other than by checking how
many systems each supplier had in operation in a cold
climate. This assessment of the systems was qualita-
tive and not quantitative.

The most important features of the WPMS, as pre-
viously mentioned, included good speed performance
and climate-resistance and only three systems pos-
sessed these features, namely systems A, E and F.
The requirement for measurement accuracy was set
as ‘the highest possible accuracy’ and, since one of
these three systems had a significantly lower accuracy,

two systems remained and both showed the same per-
formance in this respect, namely systems E and F. The
next step was to invite the competing companies sup-
plying these two systems to provide more detailed
technical information and discuss business issues.
After individual meetings with each supplier, one
was found to more adequately meet our requirements
and system F was thus selected.

Installation and validation

The selection process ended with the conclusion that
one supplier fulfilled the requirements in the most
preferable way. This supplier was awarded the con-
tract to deliver the WPMS.

Preparation and installation

The installation of the WPMS was carried out in the
autumn of 2011 by the supplier, and before the instal-
lation, the site was prepared by the infrastructure
manager. The Investment Department of
Trafikverket was responsible for organizing the prep-
aration of the site, and the actual work involved was
carried out by contractors.

Performance test

The performance test consisted of two parts, a test of
the measurement accuracy of the system and a test of
the winter performance. The measurement accuracy
test involved the comparison of measured values
obtained from the measurement station with values
obtained with handheld measurement equipment.
The purpose of the winter performance test was to
investigate how the system survived a winter climate,
by determining the number of faults that were due to
the low temperatures and the number of useful meas-
urements in conditions characterized by snow and low
temperatures.

Measurement accuracy. When the test of the measure-
ment accuracy of the equipment was passed, the sup-
plier received the whole payment for the system. This
performance test was carried out on 32 wheels and

Table 2. Performance of the five WPMSs left after the screening process.

Company

No. of systems

in operation

Min.

speed

(km/h)

Max.

speed

(km/h)

Radial

accuracy

þ/� (mm)

Cold

climate

operation Calibration

Vehicle

identification Maintainability

Estimated

installation

time

A 12 5 120 1.5–2.0 Yes No Yes Yes No stop

B 12 0 40 0.2–0.5 No Yes Yes Yes 4 h stop

C 11 0 30 0.2–0.5 No Yes Yes Yes 10 h stop

E 5 0 130 0.25 Yes Yes Yes Yes No stop

F 7 0 130 0.5 Yes Yes Yes Yes No stop
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four different wagons moving through the site in
November 2011. Then 16 of these wheelsets (on
wagons 4011, 4012, 4019 and 4020) were measured
manually with a MiniProf instrument and the results
were compared with the pictures generated from the
measurement equipment. Figure 4 shows the profile of
one wagon and one locomotive wheel of the iron ore
train taken with the WPMS. The measurement par-
ameters were the flange height, flange thickness and
flange slope. The hollow wear of the tread was not
presented since the measured value was zero in most
of the cases.

The measurement of the wheels was performed in
random places on the wheel, which means that the
WPMS and the MiniProf instrument did not use the
same measurement points. The compared measure-
ments made by the WPMS and the MiniProf instru-
ment showed good agreement with each other; see
Figure 5 for measured data. Some measurement par-
ameters show a large deviation, for instance, wagon
4020 and wheel 3 have a deviation for the flange slope
of 0.77mm. Wheel 1 on wagon 4012 was excluded due

to a problem when performing the measurements with
the MiniProf instrument.

A boxplot diagram shows that these measurements
have a different behaviour, the flange height is closer
to zero and has a smaller spread compared with the
others. The flange slope has the largest spread and all
the measurements have a positive weight, see Figure 6.
The reason why the flange thickness has a large spread
is the combination of the two cameras (camera A and
B see Figure 2) used when capturing the flange thick-
ness. The reason for the flange slope having a spread
in the plot may be due to the measurement reference
of the slope having an accuracy problem or the fact
that there is one large difference in the wheel
circumference.

Table 3 shows the mean and standard deviations
for all the measurements except those for wheel 1 on
wagon 4012, which were wrong due to the problem
with the MiniProf measurements. The grouping infor-
mation obtained using Tukey’s method shows that the
flange height error belongs to group A, the flange
thickness error belongs to groups A and B, and the

Figure 5. The errors of all the wagons and wheels that were measured, 4011–4020 are the wagon numbers and 1–8 are the wheel

numbers.

Figure 4. Measurement data from the WPMS, wheel profiles

of one wheel of the iron ore train.
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Figure 6. Boxplot of the measurement errors for the flange

height (1), flange thickness (2) and flange slope (3).
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flange slope error belongs to group B. This can be
interpreted to mean that the errors in the flange
height and flange slope values do not have the same
behaviour, which is consistent with Figure 6. The
Anderson–Darling goodness-of-fit test shows that all
these three measurements belong to a normal
distribution.

A wheel profile is not constant around the whole
wheel; there is an average variation of 0.131mm for
the flange height (affecting the circumference) and of
0.145mm for the flange thickness.13 The accuracy of
the MiniProf measurement equipment is �9 mm.14

These variations and the accuracy of the measurement
equipment have to be taken into account, see Table 4.

Winter performance. The winter performance test was
divided into two blocks: the first concerned the meas-
urement reliability and the second the system reliabil-
ity. The measurement reliability for the winter season

depended, to a great extent, on the snow smoke and
the snow on the equipment. The system reliabil-
ity depended more on whether the equipment
worked in a cold climate and whether the components
were damaged or degraded due to the extreme
conditions.

Measurement reliability. For the winter month of
April, around 45% of the data were useful, while
the rest of the data were not usable, since the
WPMS was unable to take pictures of the wheels.
This can be compared with the month of May
where 90% of the data were useful, see Figure 7.

The reason for this big difference may be snow
smoke under the passing train and the system thus
having problems photographing the wheel profile.
There are two main reasons for the amount of missing
data, the first reason being snowfall and snow blowing
up due to passing trains, the second being failures of
the measurement system due to mechanical and soft-
ware problems. In this connection one can mention
the fact that the last heavy snowfall for this season
was between 4 and 5 May 2012, during which period
there was a low percentage of useful data.

The failures in the system during this period con-
cerned an axle sensor, which malfunctioned until 8
May 2012, and problems with the communication
between the camera and the computer which was
remedied on 5 May 2012. After that the snow
melted, the failures ended and the information from
the system was useful, see Figure 7 after 8 May 2012.

Figure 8 shows two trains from the same day with
different process rates; one train has a process rate of
97% and the other has a process rate of 6%.

The low process rate for some trains can be attrib-
uted to at least two reasons. The first is the hunting
motion of the train, resulting in the wheel drifting too
much to one side and the laser beam being projected
onto a wrong position, with too small a spread of the
laser, or in the flange shadowing a part of the laser
beam. A comparison of Figure 8(a) and Figure 8(b)

Figure 7. Measurement data from the WPMS for the months of April and May for the first year (2012).

Table 3. Performance test of the WPMS: accuracy of the

system compared with that of the MiniProf handheld meas-

urement tool.

Measurement error

Statistics Flange height Flange thickness Flange slope

Mean (mm) 0.02 0.13 0.17

SD (mm) 0.15 0.20 0.24

Table 4. Performance test including the variation of the cir-

cumference of the wheel: accuracy of the system compared

with that of the MiniProf handheld measurement tool.

Measurement error

Statistics Flange height Flange thickness Flange slope

Mean (mm) 0.151 0.275 0.315
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shows that the laser beams in the rotation direction
are different. In Figure 8(a) the laser beam is on the
wheel tread whereas in Figure 8(b) the laser beam is
on the wheel flange root. The second reason for a low
process rate is the velocity of the passing train, since
trains with a velocity lower than 40 km/h show a pro-
cess rate of less than 40%. The reason for this is that
there is no adaptive algorithm that takes into account
the time between passing the sensor and taking a pic-
ture of the wheel profile. If the speed of the train is too
low, the wheel is in the wrong position and this gives a
wrong picture or no picture at all.

System reliability. At the beginning of the system’s
operation, there were problems with the router and
the residual current switch. During the winter the
system encountered problems with a failed sensor.
The wheels piled up ice and snow on top of the
sensor, and after a while the sensor broke due to the
wheel load; the broken sensor is shown in Figure 9.
This sensor triggers the start of the WPMS and is an
important part of the system.

Moreover, a short-circuit in one of the rail heaters
caused problems for the traffic and it took several

days to detect this failure (for failures see Table 5).
The router was replaced with another one, the resi-
dual current switch was removed, and these problems
were thereby solved. The problem of the sensor break-
ing due to the snow and ice load could be eliminated
by placing heaters close to the sensor to melt snow
and ice. The short-circuiting problem was fixed with
an insulating distance between the heater and the rail.

The system acceptance is a commercial issue and
cannot be presented in this report.

Discussion

This form of cooperation between the infrastructure
manager and the rolling stock operator creates the
possibility to share the risk and costs involved when
new technology is implemented and evaluated in the
field. Moreover, both parties derive the same advan-
tages from the investment without competition for
data and information. Furthermore, both parties
have the same incentive to enhance the capacity of
the Iron Ore Line, through improving the mainten-
ance quality of the rolling stock and the track assets to
meet future demands.

The WPMS has already provided great benefit by
triggering alarms indicating wheels that have exceeded
the permissible range and has already enhanced the
capacity on the track. The reliability of the winter
performance was adequate for this equipment. Snow
and other running-in problems were reasons for
incomplete measurements during the first winter.
Hopefully, the improvements made in the system
will increase the reliability of the WPMS during the
coming winter season.

The presented work will lead to the implementa-
tion of additional activities and research.

1. Integration of the information from the WPMS in
the computerized maintenance management
system. (This integration has already been started
by the operator.)

Figure 8. Two pictures from camera A for different trains on the same day but had different process rates. (a) Iron ore train with a

process rate of 97%, train no. 26500 from 9 November 2013 at 19:14:48 and (b) iron ore train with a process rate of 6%, train no.

26494 from 9 November 2013 at 16:39:41.

Figure 9. Failed sensor belonging to the wheel profile moni-

toring system (photo by Dan Larsson).
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2. More research is needed to design models for
interpreting and predicting the results from
wheel profile monitoring, as a foundation for
maintenance decisions.

3. Research should be conducted to determine the
number of bad wheels running on the track and
what benefits the infrastructure manager can gain
in terms of capacity enhancement and cost reduc-
tion if this number can be minimized.

4. Further research should focus on the economic
threshold for rolling stock wheels to extend the
useful service life of railway assets.

5. Further research should be conducted to investi-
gate how this system can work together with
already existing systems for monitoring rolling
stock.

6. Further research should be performed to investi-
gate whether the wheel/rail interface optimum is
dependent on the wheel and rail profile and
whether there is a degradation model for the rail
that represents this condition.

Suggestions for capacity enhancement when the
WPMS is in use are as follows.

1. Wheel maintenance should be better planned due
to the monitoring of wheel profiles.

2. Bad wheels should be selected for removal from
the railway.

Conclusions

There is a great variety of wayside condition monitor-
ing equipment in use on railways. This paper shows
that the lifecycle approach in EN-50126 can be used
to introduce new condition monitoring systems that
suit railway applications and also function in extreme
climates. This paper presents the deployment of the
important steps in the lifecycle approach: concept and
idea, system requirement, system selection, installa-
tion and system validation.

The accuracy of the laser-based WPMS compared
with the MiniProf measurement equipment cor-
responded to a deviation of less than 0.2mm for
the flange height, 0.3mm for the flange thickness
and 0.32mm for the flange slope, when the test
included the variation of the circumference.13 This

accuracy is probably good enough to make it possible
to use the wheel profiles to plan the maintenance
process.

The goodness-of-fit test shows that all three meas-
urements (the errors in the flange height, flange thick-
ness and flange slope) belong to a normal distribution,
and that the errors in the flange height error and
flange slope do not have the same behaviour. The
speed of the train influences the process rate in such
a way that speeds under 40 km/h have low process
rates. The reliability of the measurements made in
the month of April 2012 was around 45%, basically
due to failures of system components. The reliability
increased to around 90% when the snow melted, as
shown by the data at the end of May 2012. The system
reliability was disturbed by problems and failures in
components such as the router, the residual current
switch, the heater for melting snow, the axle counter
and the current converter for the laser.

The infrastructure manager and the rolling stock
operator both have potential benefits to reap from the
newly installed WPMS. The new maintenance prin-
ciples and concepts resulting from the information
obtained from the equipment are as follows:

. the introduction of a proactive type of inspections
of rolling stock in the Swedish railway network;

. a better status check of the wheels for the rolling
stock fleet;

. less expensive and time-consuming manual inspec-
tion of wheels;

. information for the maintenance organization for
planning the re-profiling of wheels;

. use of the information obtained to develop main-
tenance principles for wheels;

. probably of higher safety on the track;

. in the long run, less capacity consumption due to
wheel failures.
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Table 5. Problems encountered during the installation and almost 2 years of operation of the WPMS.

Problem Component Reason Improvement

No connection Router Faulty router New router

Current turned off Residual current switch (RCS) Humidity Removal of the RCS

Short-circuit Heater Humidity/cold Insulating distance

Failed Axle detector Ice and snow Heater/new type of detector

Failed Current converter for one laser Unknown No improvement
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A study of railway wheel profile
parameters used as indicators of
an increased risk of wheel defects
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Matti Rantatalo2

Abstract

The capacity demands on railways will increase in the future, as will demands for a robust and available system. The

availability of a railway system is dependent on the condition of its infrastructure and rolling stock. To inspect rolling

stock so as to prevent damage to the track due to faulty wheels, infrastructure managers normally install wayside

monitoring systems along the track. Such systems indicate, for example, wheels that fall outside the defined safety

limits and have to be removed from service to prevent further damage to the track. Due to the nature of many wayside

monitoring systems, which only monitor vehicles at defined points along the track, damage may be induced on the track

prior to fault detection at the location of the system. Such damage can entail capacity-limiting speed reductions and

manual track inspections before the track can be reopened for traffic. The number of wheel defects must therefore be

kept to a minimum. In this paper, wheel profile parameters measured by a wayside wheel profile measurement system,

installed along the Swedish Iron Ore Line, are examined and related to warning and alarm indications from a wheel defect

detector installed on the same line. The study shows that an increased wheel wear, detectable by changes in the wheel

profile parameters, could be used to reduce the risk of capacity-limiting wheel defect failure events and their reactive

measures.
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Introduction

According to a White Paper issued by the European
Union1, the railways need to increase their efficiency
and their share of the transport sector, improve their
competitiveness and decrease greenhouse gas emis-
sions. The capacity demands on railways will there-
fore increase in the future, along with the demands for
a robust and available system. The demands for
increasing traffic flows will reduce the time for train-
free periods, which will reduce the available time for
support processes such as maintenance actions on the
infrastructure.

To ensure a certain level of availability with
increasing traffic flows, optimal maintenance policies
and plans must be implemented. These plans have to
include different stakeholders, since the railway often
has a multi-stakeholder structure with identifiable
boundaries between the stakeholders.

Due to the inherent characteristics of the capacity
of a railway system, the failure-driven capacity-
limiting events within a railway network should be
kept to a minimum. This can be achieved by the use

of appropriate existing and new condition monitoring
systems, which can detect and predict failure events at
an early stage.

Condition monitoring systems will decrease
the operational risk, enhance performance and in
the long run contribute to cost reduction. In the
Swedish railway network, wayside equipment for roll-
ing stock monitoring was first installed and put in use
in 1996 and today there are 190 wayside inspection
devices along the railway network. There are wayside
inspection systems for the detection of bearing failures
(hot axle box detectors), hot/cold wheels, damaged
wheels, overloaded cars, unbalanced loads, contact
wire lift, pantograph condition and wheel/rail forces.2
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From the perspective of the infrastructure man-
ager, maintaining the wheels in good condition and
minimizing the number of wheel defects are important
to prevent accelerated deterioration of the infrastruc-
ture, which decreases the asset’s life.

Wheel defect failure modes generally have oper-
ational consequences as they entail capacity-limiting
reactive measures to isolate and assess the extent of
the damage on the infrastructure. When a wheel
defect is detected, time-consuming inspection of the
track and sometimes maintenance actions are
needed. Even though no maintenance actions are per-
formed, these events limit the traffic since the speed is
reduced along the track section concerned until the
inspection has been completed. In most cases this
inspection is manual, and the length of the track sec-
tion to be inspected depends on the extent of the
damage and the prevailing temperature, and is
decided by the traffic control centre.3 Therefore,
from a capacity perspective, it is important to
reduce the number of faulty wheels in a preventive
way. Wheel defects can be classified into different fail-
ure categories based on the associated root causes and
failure mechanism, see Figure 1.4,5

The data for this study was taken on the Iron Ore
Line, which is located in the northern part of Sweden
and is the only heavy haul line in Europe. This line
consists of a single track with a length of 473 km and
an axle load of 30 tonnes, Figure 2.6

A proper wheel/rail interface is especially import-
ant for heavy haul lines from an economic perspec-
tive, as 42.5% of the total infrastructure maintenance
cost concerns maintenance of the wheel/rail inter-
action.6 The Iron Ore Line is one of the busiest lines
in Sweden and, due to expected future increases in the
volume of iron ore to be transported, there is a risk of
the line falling short of the demanded capacity/service

quality. The line has the largest predicted traffic
increase when compared with all the other railway
lines in Sweden, with a predicted growth of 136%
between 2006 and 2050 due to the expansion of the
mining industry in the north of Sweden.7 The line has
mixed passenger and cargo traffic in addition to the
iron ore transports, and thus it experiences a large
range of vehicle speeds and weights. One main oper-
ator on this section is the iron ore company LKAB.
The maintenance of the wheels of the iron ore trains
consists in most cases of preventive actions, with a
wheel on a locomotive surviving for between
140,000 and 360,000 km and a wheel on a wagon
between 200,000 and 600,000 km; during their life-
time, the wheels are re-profiled one to five times.8,9

According to statistics obtained from the work
orders for the iron ore locomotives, the most
common reason for re-profiling wheels is rolling con-
tact fatigue (RCF).9 The number of iron ore locomo-
tives in operation is 32.

This paper presents a study on the use of railway
wheel profile parameters as indicators of an increased
risk of warnings and alarms from wheel defect detec-
tors. The aim of the study was to reduce the risk of
capacity-limiting failures as a result of wheel defects
and track deterioration. The following two sections
describe the wheel defect detector and the wheel pro-
file measurement system used in this study. These sec-
tions are followed by a description of the data
collection procedure, analysis method and results.
The paper ends with concluding remarks and a dis-
cussion of important aspects of this study.

Wheel defect detector

The purpose of the wheel defect detector (WDD) is to
minimize further damage to the infrastructure due to

Figure 1. Wheel defects divided into four groups: surface defects, polygonization, profile defects and sub-surface defects.4,5
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out-of-round wheels.10 A WDD uses strain gauges,
accelerometers or optical sensors to measure the
wheels of passing trains.11 Figure 3 shows a WDD
installed on the Swedish Iron Ore Line. This WDD
measures the forces from the wheel. In Figure 4, the
different loading scenarios in the event of a wheel
defect are shown; they include the static train load
and the dynamic load from the wheel defect, which
give rise to a force peak.12

The definitions of the forces are as follows: Fp is the
force peak, Fdyn is the dynamic supplement, Fl is the
wheel load from the train, and R is the ratio between
Fp and Fl, see equation (1)

R ¼ Fp

Fl
ð1Þ

The normal alarm and warning limits for these
forces are as follows: 240–425 kN for the force peak,
155–240 kN for the dynamic supplement, and 3.7–4.2
for the force ratio; these values depend on the train
type and speed.13 In the Swedish railway network the
wheel/rail vertical contact forces detected by the
WDD are used to diagnose the status of the wheel
conditions of the rolling stock. A three-stage classifi-
cation of the wheel is used, where high forces generate
an alarm and medium forces generate a warning, see
Table 1.

Wheel failures are not always easy to visually
detect. Only half of all the wheels with a force peak
over 400 kN have visual indications of unacceptable
damage.4 An indication of increased force values from
the WDD can be due to an out-of-round wheel. An
out-of-round (OOR) wheel is a wheel that has some
form of deformation on its surface, this deformation
can have a large number of shapes and different root
causes. This wheel defect causes dynamic forces that
can cause damage to the rolling stock and the track.
The development of irregularities on the wheels
depends on the dynamics of the rolling stock and
the track system.4,14

A classification of OOR defects can be made as
follows: defects due to eccentricity, discrete defects,
corrugation defects, periodic non-roundness, non-per-
iodic non-roundness, roughness, flats, spalling and
shelling.4 These defects can also be divided into two
main types: Type A – tread defects initiated and Type
B – polygonization.5

Wheel flats can be considered as discrete OOR
defects. A wheel flat is a flat part of the wheel that
can be a result of various root causes, e.g. locking
brakes, brakes in bad condition, frozen brakes, and

Figure 2. The Iron Ore Line in the northern part of Sweden.

Figure 3. WDD installed along the Iron Ore Line in the

northernmost part of Sweden.
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bad adhesion between the wheel and rail, for instance
due to leaves on the rail. A wheel flat is classed as a
Type A OOR defect.5 The approximate length of a
flat that would generate an alarm is around
60mm.13 It is common for cracks to appear at the
position of a wheel flat created by a sliding wheel.
Research has shown that almost 66% of all wheels
have detectable cracks after sliding.15

Wheel profile measurement system

The first wheel profile measurement system (WPMS)
in Sweden was installed in the year 2011, along the
Iron Ore Line, see Figure 5. The iron ore transport
operator uses the WMPS to detect wheels that fall
outside the safety and maintenance limits.

The WMPS installed on this line consists of four
units with lasers and high-speed cameras; for more
details see Asplund et al.16 and Fröhling and

Hettasch.17 The pictures of the wheel tread taken
using a projected laser beam are transformed into
wheel profiles in an xy-coordinate system.

The measured profile can then be analysed with
respect to a nominal wheel profile and different
wheel profile measures. Figure 6 shows an example
of a measured wheel profile plotted together with
the shape of the original wheel profile. The installed
wheel profile measurement equipment extracts the fol-
lowing parameters from the wheel profiles, as illu-
strated in Figure 5: the flange height (Sh), flange
width (Sd), flange slope (qR) and tread hollowing
(Th).16 Table 2 lists the safety limits for the flange
thickness, the flange angle and the tread hollowing.

Data collection and analysis method

During one month (April 2013) a number of trains
operating along the Swedish Iron Ore Line and

Figure 4. Hypothetical description of the force load of a wheel defect.12

Table 1. Wheel defect detector warning (W) and alarm (A)

limits for different vehicle types (source: Trafikverket).

Types of W & A Vehicle Warning Alarm

Peak (kN) Cargo car 320

Pass. car 320

Loco. 425

Dynamic suppl. (kN) Cargo car 160

Pass. car 155

Loco. 240

Ratio (dimensionless) Cargo car 4.2

Pass car 4.2

Loco. 3.7 Figure 5. WPMS unit installed on the southern part of the

Iron Ore Line.
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representing mixed traffic were studied. During this
period, 28 trains with wheels that generated an
alarm or a warning indication in the WDD were
selected for detailed study. The wheel profiles for
these trains were divided into two groups, namely pro-
files with and profiles without alarm/warning indica-
tions, and a total of 31 and 6902 wheels were included
in the respective groups. Data from the installed
WPMS were extracted and sent to a specially designed
e-maintenance laboratory (see www.ltu.se) where the
wheel profile data were stored together with the cor-
responding wheel profile parameters described in pre-
vious sections. The different wheel profiles were then
categorized into two groups using information from
the WDDs installed on the Iron Ore Line. The first
group contained the profiles of wheels that did not
trigger any alarm or warning indication from the
WDD system. The second group contained the pro-
files of wheels that generated a warning or alarm. The
information from the WDD was manually extracted
from databases connected to the system. The vehicles
have tags and a reader at the WDD; however, the
process of combining it with the WPMS data had to
be performed manually.

For each group the wheel profile parameters were
plotted to allow the distribution of each parameter to
be visualized. Each parameter was plotted in a graph
illustrating the difference between the distributions for

wheels with no defect indications and wheels with
indications of alarms/warnings.

Results and discussion

Out of the 6933 wheels measured in this study, the
WDD indicated warnings/alarms for 31 wheels (29
warnings and two alarms marked with black dots in
the result figures). The remaining 6902 wheels were
classified as healthy wheels with neither alarm nor
warning indications. Figures 7 to 10 show the par-
ameter values plotted for all the wheel passages during
the complete measurement period. The upper graphs
illustrate the healthy wheels and the lower graphs the
wheels with an alarm/warning indication.

A comparison of all the wheels with warnings and
alarms concerning wheel parameters such as the
flange height, flange width, flange angle, hollow
wear and rim thickness shows that at least 27 of the
31 wheels had either an alarm or a warning, and in
two cases an alarm and warning concerned the same
wheel. Figure 7 shows the flange thickness for all the
wheels, and one can observe that the spread for the
healthy wheels is larger than that for the wheels with
warnings and alarms. The range for the wheels with
warnings and alarms is between 25 and 33mm,
whereas that for the healthy wheels is between 21
and 37mm. The maintenance limit is 22.5mm and
the safety limit is 22mm, and one can observe that
there are wheels close to the safety limit.

Figure 8 shows that the flange height for certain
healthy wheels has exceeded the safety limit of 36mm,
and these wheels should not be on in-service trains.
An examination of the figure reveals that the spread
for the wheels with warnings and alarms and that for
the healthy wheels differ; this may be due to the dif-
ference in the number of samples between the healthy
wheels and the wheels with warnings and alarms.
Furthermore, Figure 9 shows the hollow wear, and
it can be observed that the spread for the wheels

Figure 6. Original and worn wheel profiles measured by the WMPS.

Table 2. Limits for wheel profile measurements (unit: mm).

Limits

Sh Sd qR Th

Safety 36 22 6.5 2

Maintenance 34 22.5 7 1.5

New profile (WP4)a 28.8 27.7 9.6 –

aThe iron ore wagon wheel profile.
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Figure 7. Parameter value Sd plotted for all the wheel passages during the measurement period. The upper graph illustrates the

healthy wheels and the lower graph the wheels with an alarm/warning indication.

Figure 8. Parameter value Sh plotted for all the wheel passages during the measurement period. The upper graph illustrates the

healthy wheels and the lower graph the wheels with an alarm/warning indication.
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Figure 9. Parameter value Th plotted for all the wheel passages during the measurement period. The upper graph illustrates the

healthy wheels and the lower graph the wheels with an alarm/warning indication.

Figure 10. Parameter value qR plotted for all the wheel passages during the measurement period. The upper graph illustrates the

healthy wheels and the lower graph the wheels with an alarm/warning indication.
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with warnings and alarms is the same as that for the
healthy wheels. Finally, Figure 10 shows the flange
angle, and it can be seen that none of the wheels
with warnings and alarms has a flange angle that
exceeds the safety limit, while some of the healthy
wheels have a flange angle close to the safety limit.

In Figure 11, the flange thickness distribution is
plotted for the two wheel categories. Going from a
large flange thickness in the direction of a thinner
flange, the distributions for the two groups follow
each other for a short period. However, below a thick-
ness of 30mm, the distribution for the wheels with
warnings and alarms differs slightly from that for
the healthy wheels; the reason for this is possibly the
small number of wheels with warnings and alarms
compared with the number of healthy wheels. By
examining the plotted Sd distributions, an indication
of a reduction in the amount of profiles in the range
27.5–29mm and an increase in the range 24–27.5mm
can be seen. An increased number of profiles with a
thinner flange is consistent with wheels exposed to a
larger amount of wear and usage, which is also con-
sistent with an increased risk of the occurrence of
wheel defects. No conclusion concerning a correlation
between the flange thickness and the wheels with
warnings and alarms can be drawn on the basis of
these data.

In Figure 12, the flange height distribution is
plotted in the same way as the flange thickness distri-
bution was plotted in the previous figure. By examin-
ing Figure 12, a big difference can be detected
regarding the shapes of the distribution curves for

the two wheel categories. Wheels with warning and
alarm indications show a higher density for larger
values with a peak in the distribution around
31mm, whereas the distribution for the healthy
wheels shows a peak at 28mm. Studying the flange
slope distribution plotted in Figure 13, one can see
that the distribution for the healthy wheels indicates
a peak value around 10mm. The distribution for the
wheels with warnings and alarms shows a decreased
density in this region and an increased density around
12mm. The behaviour of the flange height and flange
slope is also consistent with an increased wear and
usage and hence an increased risk of wheel defect indi-
cations. Figure 14 shows the plotted distribution of
the tread hollow wear, which also indicates an
increased risk of wheel defect indications with an
increased value of the tread hollowing.

The WPMS only measures the profile at a discrete
point along the circumference. Therefore, the profile
variation must be taken into account when analysing
the profile measurement results. In a study published
by Fröhling and Hettasch17, there is an average vari-
ation of 0.131mm for the flange height, 0.145mm for
the flange thickness and 0.087mm for the hollow
wear. This variation is approximately one-tenth of a
millimetre and does not significantly affect the results
obtained in this study. The accuracy of the measure-
ment equipment is also a factor that must be con-
sidered when analysing the results. In a performance
test study of this equipment published by Asplund
et al.16, there is an average variation of 0.02mm for
the flange height, 0.13mm for the flange thickness and

Figure 11. Flange thickness (Sd) distribution plotted for healthy wheels and wheels with a defect indication. The values for the two

wheels with an alarm indication are marked with black dots and the mean value of warnings and alarms is 30.02mm.
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0.17mm for the flange slope compared with measure-
ments performed using MiniProf equipment.18 The
accuracy of the WPMS used in this study is under
0.2mm, which also represents a deviation that can
be considered as small in relation to the presented
results.

The histogram in Figure 15(a) and (b) shows the
flange height (Sh) for all the healthy wheels presented
in four bins with a centre value of 26, 29, 32 and
35mm, respectively. The largest bin is the bin centred
on 29mm with around 6000 wheels, and the second
largest is the bin centred on 32mm with around 1000

Figure 12. Flange height (Sh) distribution plotted for healthy wheels and wheels with a defect indication. The values for the two

wheels with an alarm indication are marked with black dots and the mean value of both warnings and alarms is 30.46mm.

Figure 13. Flange slope (qR) distribution plotted for healthy wheels and wheels with a defect indication. The values for the two

wheels with an alarm indication are marked with black dots and the mean value of both warnings and alarms is 10.07mm.
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wheels. The bins centred on 26 and 35mm have a
small number of wheels. The dashed-line graph in
Figure 15(b) describes the relationship between the
number of wheels with warning/alarm indications
(the bar plot in Figure 15(b)) and the number of
healthy wheels (the bar plot in Figure 15(a)). The
percentage was calculated based on the number of
wheels in each bin. The dashed-line graph indicates
an increasing percentage of wheels with warnings/
alarms with an increasing flange height.

Table 3 shows the mean values of all the wheel
profile measurements for both the healthy wheels
and the wheels with warnings (W) and alarms (A).

The number of healthy wheels that had a flange
height higher than 30.4mm is 881, and these are
shown in the dashed area in Figure 12. Changing
the maintenance limits for the flange height from 34
to 30.5mm can, of course, lead to changes at the
workshops for re-profiling wheels in at least two
respects: first, a short-term increase in the number

Figure 14. Tread hollowing (Th) distribution plotted for healthy wheels and wheels with a defect indication. The values for the two

wheels with an alarm indication are marked with black dots and the mean value of both warnings and alarms is 0.36mm.

Figure 15. (a) Flange height (Sh) histogram of the number of healthy wheels divided into four bins and (b) flange height (Sh)

histogram of the number of wheels with warning/alarm indications divided into four bins. The dashed-line graph in (b) represents the

percentage of wheels with warning/alarms compared with the number of healthy wheels in (a).
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of work orders due to the maintenance limit changes,
and second, a higher frequency of wheel re-profiling in
the long term. Their effects on the required levels of
maintenance support need to be further investigated
in collaboration with the rolling stock operator. The
changes in the maintenance limits could also result in
another population of profiles in the wheel fleet, and
lead to greater attention being focused on the wheel/
rail interface to investigate whether these changes will
influence the total system.

Since the warning and alarm levels are safety-
related, a higher limit for warnings and alarms will,
by increasing the number of bad wheels on the track,
decrease the safety on the track due to a higher prob-
ability of failures. On the other hand, a lower limit for
warnings and alarms will result in more wheels need-
ing to be replaced, which will influence the mainten-
ance requirements on the wheels; such a change can in
the long term increase the safety on the track.

Conclusions

First, the WPMS can catch failures that are related to
the wheel profile, i.e. high flanges, wide flanges, thin
flanges, small flange angles and abnormal wheel diam-
eters. Second, the WDD can catch failures such as
flats, large shelling and severe wheel polygonization
(when this defect contributes to a certain force
peak). Neither of these systems succeeds in catching
failures such as surface cracks, spalling, small shelling,
low levels of polygonization and all subsurface defects
as shown in Figure 1. Based on information contained
in work orders, the most frequent reason for re-profil-
ing the wheels of iron ore locomotives is RCF.9 The
two investigated systems cannot catch that failure at
an early stage. Thus, more investigation is needed as
to how RCF can be detected at an early stage in in-
service wheels. An additional result of this study is
that the percentage of wheels with warnings/alarms
increases with an increase in flange height. The warn-
ing and alarm levels are safety-related and, when
determining the limits, one has to create a balance
between safety on the track and the cost of maintain-
ing the wheels and track.

The distribution of all the examined parameters of
the wheel profile measurement system, Sd, Sh, qR and
Th, showed a behaviour consistent with an increased

wear and usage in the distribution plots for the wheels
with alarm and warning indications. An increased
flange height (Sh) showed the most conclusive rela-
tionship in the distribution plot with an increased
risk of wheel defect indications compared with the
other examined wheel profile parameters. The results
indicate that, if one sets the wheel maintenance limit
to a flange height of 30.46mm instead of 34mm, more
than half of the wheel defect warnings can be removed
and the resulting capacity-limiting reactive measures
can be avoided. This conclusion must, however, be
analysed in greater detail in a research study where
the total number of examined wheels is increased. The
different types of trains studied should be grouped
into categories with respect to their load and operator,
and the warnings and alarms should be divided into
separate groups or analysed on a parameter level
using the following wheel defect detector parameters:
Fp, Fdyn and R (see equation (1)).

The proposed changes in maintenance limits can
decrease the lifetime of the wheels and even increase
the maintenance cost for the train operator. On the
other hand this can save costs for the infrastructure
manager and for society, this due to less damage on
the infrastructure as well as fewer train delays due to
wheel failures. For the three first months of 2013,
there were 1100 h of train delays that were related to
wheel failures on the Swedish railway network, this is
around 13% of all train delays for this period.19

A holistic view of the maintenance limits will lessen
the extent of wheel/rail system degradation problem,
as it depends on both the wheel and the rail.

Furthermore, it can also be inferred that aggregat-
ing the information in the individual wheel profile
parameters using a composite indicator will give an
appropriate indication of wheel defects. In future
work, the reduction in the wheel defects achieved by
using the wheel profile parameters as indicators of an
increased risk of wheel defects will be ascertained and
quantified in terms of its cost implication. A life-cycle/
cost analysis will be performed in order to consider
the increase in the wheel maintenance costs and the
benefits from a reduction in the wheel defect
indications.
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Center for financial support.

Acknowledgement

The authors wish to thank Trafikverket (the Swedish

Transport Administration) for providing relevant data for
this study.

References

1. European Commission. White paper: roadmap to a single

European transport area – towards a competitive and
resource efficient transport system. COM 144, 2011.
Brussels: European Commission.

Table 3. Mean values for wheel profile measurements

(unit: mm).

Wheel profile

parameter

Healthy

wheels

Wheels with

W&A Difference

Flange height (Sh) 28.95 30.46 1.51

Flange thickness (Sd) 29.98 30.02 0.03

Flange slope (qR) 9.90 10.07 0.17

Tread hollowing (Th) 0.08 0.36 0.28

Asplund et al. 11

 at Lulea Univ. of Technology on August 14, 2014pif.sagepub.comDownloaded from 



2. Stenström C, Parida A and Galar D. Maintenance per-
formance indicators for railway infrastructure manage-
ment. In: The first international conference on railway

technology: research, development and maintenance (ed
J Pombo), Las Palmas de Gran Canaria, Spain, 18–20
April 2012, pp.1–17. Kippen, Stirlingshire: Civil-Comp

Press.
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Abstract

This paper presents a study where the accuracy of a wayside train wheel profile measurement 
system (WPMS) was examined. This was accomplished by an evaluation of the contact-point 
function for the wheel-rail interface. The WPMS in question generates data on the wheel 
profiles of passing trains and is located on the Iron Ore Line in northernmost Sweden. These 
data are used for improving the wheel maintenance for the rolling stock operator. Recent work 
shows that there are differences between the data from the two different units in the system, 
but how this influences further use of the data, e.g. in wheel-rail contact analysis, has not been 
investigated so far. Accordingly, this article shows how two key wheel measures (the wheel 
flange thickness and the wheel profile) impact on the contact-point function and which of 
these measures has the largest impact on the contact-point function. The data used in this 
study were generated by the two different measurement units for the same wheel and with the 
same wheel status.

The results show that the different units produce different results and that these differences 
are more prominent when a difference in the flange thickness is detected, with a resulting shift 
of the front side of the flange and the tread part. With no difference in the flange thickness, 
i.e. no shift of the front side of the flange and the tread part, a difference was still detected in 
the contact conditions. Furthermore, this investigation shows that the shape of the tread part
has a larger impact on the contact-point conditions compared to a change in the flange 
thickness of up to 2.5 mm. This difference in the tread shape could have originated in 
measurement noise or different wheel measurement positions. The results of the study also 
show the importance of managing the measurement quality before using the data, for example 
for maintenance decisions. 





1 Introduction
The wheel-rail interface plays a significant role in the performance of the railway system. To 
reach a high quality of service (i.e. punctuality, comfort and safety) [1], the wheel-rail 
interface needs to be managed well and treated as a system. In addition to the wheel and rail,
there are other factors that have an influence on the wheel-rail interface, such as the friction, 
the track curvature, the status of the track and the wheelset itself [2]. In many cases the 
infrastructure manager has good knowledge of the rail status, since it is measured on a regular 
basis according to internal regulations and the follows-up stipulated therein. The 
infrastructure manager’s knowledge of the wheels in service is worse. This has become an 
issue of great relevance for the Swedish infrastructure manager, since in Sweden the 
ownership of the infrastructure and rolling stock is divided.

Furthermore, the service life of a wheel can be significantly reduced due to failure or damage, 
leading to excessive costs and accelerated deterioration. One type of failure mode for wheels 
is out-of-roundness [3], which can be monitored by the wheel defect detectors that are 
frequently used along the track for improving the service [4], and a great deal of research has 
been executed on this phenomenon [5]. However, abnormalities on the profiles of the wheels
are not detected in general and, for instance, asymmetrically worn and hollow-worn wheels 
damage the rail and switches and crossings [6], [7]. Nevertheless, there are now many 
different measurement systems available on the market that can be used for monitoring the 
wheel profiles in service [8].

Therefore, it is important for the infrastructure manager, to monitor not only the rail profiles, 
but also the wheel profiles on a regular basis to improve the quality of service. Moreover,
rolling stock operators can, of course, reap large rewards through having their wheels 
monitored, by optimising the re-profiling strategy for maintaining the wheels and hopefully 
increasing the life of the wheels. 

How data are collected and processed during the condition monitoring process is important 
with regard to the data quality aspect. Unfortunately, a general criticism of measurement 
systems, especially systems used for condition monitoring, is that they do not always produce 
reliable data [9]. Instead they may give measurements with overly large discrepancies from 
the true values due to certain errors [10]. This can lead to incorrect assessment resulting in the 
wrong action or no action being taken and in the end put credibility at stake. The quality of 
the data needs to be high, since the management decisions based on the information derived 
from the data are only as good as the data themselves.

With regard to measurement data from the wheel profile measurement system (WPMS),
errors can be caused by multiple sources of variation in a process, for example the 
measurement system, the environment, the data processing, or the traffic on the line in 
question, as well the actual part being monitored [11]. However, in practice, many studies on 
wheel profiles have proceeded without checking the data quality. Instead, they have assumed 



that the acquired data are qualified and reliable [12]-[15]. This does not necessarily mean that 
the results are wrong, but more attention needs to be focused on how data quality can impact 
the results. Hence, investigations have been carried out to ensure the quality of data from 
condition monitoring systems (CMS), which has resulted in an awareness of this issue and
methods for enhancing the data quality [16].

Accordingly, the present investigation deals with data from an in-service wayside monitoring
system for wheel profiles, showing how significant wheel parameters (the wheel flange 
thickness and the shape of the wheel profile) impact on the results from the perspective of
contact-point calculation, by examining data from the two different units belonging to the 
same measurement system. The goals of this investigation were as follows: to illustrate the 
impact of two key parameters on the contact-point function between the wheel and rail, and 
determine how any possible variations might influence the results; to determine whether, in 
their present form, the data from the WPMS can be used further in more sophisticated 
calculations; and, finally, to provide recommendations for organisations that use this type of 
condition monitoring data. 

The remainder of this paper is organised as follows. Section 2 introduces the technical 
background for this investigation by explaining the wheel and rail parameters that impact on
the wheel-rail interface, as well as presenting the work that has been performed in this area
and is related to this investigation. Section 3 describes the method that has been used in this 
investigation. The investigation has been carried out in the form of a case study concerning 
wheel profile measurements for rolling stock provided by a WPMS installed in northernmost 
Sweden, and the case study and its results are presented in Section 4. The measurements
performed by the WPMS concern the flange thickness and the shape of the wheel. Finally, 
Section 5 offers a summary of the conclusions and includes areas for further research.

2 Theoretical background
Wheel and rail profiles, as mentioned in the introduction, play a significant role in the 
performance of the railway system. Exciting new technology for wheelset condition 
monitoring is described extensively in the literature [17], and specifically the technology for
condition monitoring of the wheel-rail interface is presented in many articles, e.g. Charles, 
Goodall and Dixon [18]. The sub-sections below present wheel-rail parameters and provide
some information on the condition monitoring of wheel profiles.

2.1 Wheel profiles and wheel parameters 
There are a number of different wheel profiles in use for the rolling stock vehicles on the
track, and the nominal wheel shape (the shape of a new profile or a profile after re-profiling) 
is adapted depending on the type of application concerned. For instance, passenger trains have 
a certain profile according to requirements for stability at higher speeds. On the other hand, 
iron ore wagon wheels rolling on the Iron Ore Line in Sweden (which are subjected to larger 
axle loads) have a profile which provides a larger contact area than the profile of passenger 
train wheels, thus giving a wider pressure distribution between the wheel and rail. There are 
also different limitations for the wheel measures, depending, for instance, on the maximum 



speed allowed for the vehicle and the wheel diameter. Some of the wheel measures are also
controlled by mandatory requirements for high and low thresholds [19], [20]. The wheel 
profile is divided into two different main parts, namely the flange and the tread; this is shown 
in Figure 1, which includes a sketch of an original (new) wheel profile (-) and a worn wheel 
profile (--). Figure 1 also shows the wheel parameters used to describe the condition of the 
wheel: the flange height (Sh), flange width (Sd), flange slope (qR) and tread hollowing (Th). 
These are the measures that have traditionally been used and are widely established in the 
railway industry, and they have both maintenance limits and safety limits [19]. A wheel needs 
to be re-profiled when some of the measures pass a high or a low threshold, or when some 
wheel failure occurs, for example due to rolling contact fatigue (RCF) [13]. The intervals 
between re-profiling instances differ greatly depending on the application in question, with 
the wheels of lighter trains usually surviving longer than those of trains with a large axle load;
the interval between re-profiling instances can vary from 200,000 – 600,000 km [15].

Figure 1. Original and worn wheel profiles, with the wheel profile parameters. Sh: flange height, Sd: 
flange width, qR: flange slope, and Th: tread hollowing.

There are also other parameters which have an impact on the wheel-rail system performance,
for example the whole wheelset and the track gauge. Figure 2 shows a sketch of the wheelset 
and the key dimensions of the back-to-back dimension ( 1a ) and the front-to-front dimension
( 2a ). 1a is the distance between the backs of the two wheels on the same axle. The mandatory 
requirement for the back-to-back dimension for wheels with diameters > 840 mm ( 1a ) is

13631357 1a [19]. The same requirement governs the front-to-front dimension ( 2a ), 
which is measured at a position 10 mm from the centre of the nominal wheel rolling radius 
(see Figure 2). With reference to the standard regulating this, 2a can have a variation of 12 
mm, and therefore the variation of these dimensions for a wheel fleet can be quite large. This
variation is almost unknown to the infrastructure manager, although it has a large impact on 
the wheel-rail system.



Figure 2. Sketch of a wheelset with the back-to-back dimension ( 1a ) and the front-to-front dimension

( 2a ); the flange height is also indicated. D0 is the nominal wheel diameter 70 mm from the wheel back.

2.2 The rail profile and track parameters 
The rail profile also plays an important role in the wheel-rail interface, which can be 
illustrated by the fact that one can obtain different steering capacity merely by changing the 
rail profile [21]. For the rail, many different profiles can be selected, depending on what the 
track is used for and how it should perform, and this is governed by the standard regulating 
this and by requirements from infrastructure managers. In service the rail profile is ground on
a regular basis (between 15 and 20 MGT [22] ) to reach a specific stipulated profile (a
standard profile or some special profile) or to remove cracks and plastic deformations from 
the rail head. The track gauge also has a significant impact on the wheel-rail system 
performance, and Figure 3 shows the track gauge stipulated for use in the Swedish railway 
network, as specified by the Swedish standard regulating this. There are also other measures 
of interest, such as the inclination of the rail, which ranges from 1:20 to 1:40; for the Swedish 
track the inclination is 1:30. The maintenance threshold limits for the track gauge are based 
on the maximum speed on the track. The gauge together with the back-to-back dimension 
needs to be taken into account when the wheel-rail system is being considered.  

Figure 3. The track gauge (g) is the shortest distance between the rails and is defined at a position 0-14 
mm under the highest point of the rail.

2.3 The wheel-rail interface 
The wheel-rail interface is an important aspect of the railway system that in many cases 
deserves more focus. The wheel-rail interface needs to be maintained well, because anything 



other than a good condition of the wheel-rail interface will cause a downward spiral for both 
parts of the interface [23]. The performance (i.e. the riding quality and the safety on the track) 
of the railway system is based on many different systems, which include the wheel-rail 
interface, whose functioning involves the participation of different owners of assets from the 
private and the public sector, with their different business philosophies. The number of 
stakeholders with different goals makes the maintenance of this interface a real challenge, and 
here the infrastructure manager needs to assume the leadership [24].

The contact point between the wheel and rail is a basis for description of the wheel-rail 
interface. Figure 4 shows a sketch of the wheel-rail contact-point function where the x-axis is 
the contact point on the wheel and the y-axis is the translation of the wheel, and where the 
dashed line is the contact point for a certain position on the wheel due to the translation of the 
wheel. By moving the wheel in the lateral direction, the contact point changes position on the 
rail and the wheel. This investigation has utilised the contact-point function and examined 
whether different measurements of the same wheel give different results for the contact-point 
function. In the contact-point function, the contact size and pressure can be added using 
colours, which will be shown in the presentation of the results below.

Figure 4. The wheel-rail contact-point function; the x-axis is the contact point on the wheel and the y-axis 
is the translation of the wheel.

The key parameters that influence the wheel-rail interface are described in Table 1. Those
items which exert the greatest influence on the wheel-rail contact function are the rail, wheel, 
track and wheelset (consisting of two wheel discs and an axle). Other parameters of influence 
are the material characteristics of each part, which were included in the calculations 
performed for this study by the software. The contamination from the surroundings and from 
the items themselves also plays a role in the wheel-rail interface, at least in terms of friction 
and wear, but for this investigation these factors were excluded. This investigation has only 
used the nominal rail profile (60E1), without considering the influence of the longitudinal 
profile or different gauges. 



Table 1. Key elements that were considered in this investigation and have an influence on the wheel-rail 
interface.

Item Parameter Description 
Rail Vertical profile The rail profile including the rail measures

Longitudinal profile The longitudinal shape of the profile
Wheel Vertical profile The wheel profile including the rail measures

Longitudinal profile The longitudinal shape of the profile, such as out-
of-roundness

Track Gauge The gauge between the two rails of the track (g)
Curvature, layout Plays an important role in the behaviour of the

wheel-rail interface
Wheelset Axle load The load that is applied on the wheels

Gauge The distance between the wheels of the same 
wheelset (a1)

2.4 Monitoring of the wheel profile 
The only automatic monitoring system for wheel profiles installed in Sweden is located in the 
track section situated in the southernmost part of the Iron Ore Line. The WPMS consists of 
two different main units, which we refer to as the A and the B unit, see Figure 5. When a train 
passes the boxes housing the measurement units, the first wheel triggers a sensor and the 
protective cover opens, the laser beam starts, and then the camera takes pictures of the laser 
lines projected onto the surface of the passing wheels. Each unit contains two cameras and 
three lasers that produce two images, one for each side of the wheel (the flange and the tread 
side). These images are merged together to form one image of the wheel profile, which the 
wheel parameters according to Figure 1 (flange height, flange width, flange slope, and tread 
hollowing) are extracted from. The measurement accuracy for this camera- and laser-based 
technology is between 1- 0.1 mm [25], [26].

Figure 5. The automatic WPMS with its unit A and unit B.

Unit A Unit B



3 Workflow, methods and scope
This chapter presents a description the workflow used for this study, as well as the methods 
and scope of the study.

3.1 Workflow description 
The workflow used in this investigation is illustrated in Figure 6 and is divided into four 
different steps: I) the selection of profiles, II) calculations of the wheel-rail contact-point 
function, III) the results generated from the calculations, and IV) the evaluation of the results.

Start

Data collectionWheel
profiles

Select representative 
profiles

Performance

Results illustration

Visualisation Data

Evaluation

Calculate the wheel/rail contact point

I)

II)

III)

IV)

Require-
ments

Figure 6. Description of the procedure for evaluating the wheel profiles.

It is necessary to keep in mind that the results can differ depending on what data are used; in 
other words the data need to be representative of the contexts concerned, since there is a wide 
range of different wheels using the infrastructure. Moreover, different strategies can be used 
to select wheels, but the most important thing is to cover the most representative wheels.

3.2 Analysis method and scope
The wheel profiles used in this study were measured by the two measurement units of the 
WPMS. The studied wheels belonged to an iron ore wagon owned by a mining company 
which also fulfils the role of rolling stock operator. The rail used had the nominal rail profile,
the 60E1 profile, and no changes were made in parameters such as the track gauge and the 
wheel’s back-to-back dimension. The calculations were performed using the GENSYS 
software and the pre-processor contact-point module (KPF) [27].



4 Contact-point calculation for the measured wheel profiles
This section provides a detailed description of the investigation, conducted according to the 
workflow description in Figure 6.

4.1 Selection of wheel profiles
In the railway network there are many types of wheel profiles with different shapes depending 
on the application in question. In actual service, more or less all of the profiles are worn 
profiles. Two profiles which are representative of the Iron Ore Line are the WP4 profile (the 
iron ore wagon profile) and the S1002 profile (the standard profile for passenger trains). Six
different profiles are shown below in Figure 7a-b, and one of these profiles was selected for 
investigating the contact-point function in this study. Table 3 provides information on these 
six profiles, denoted as profile A-F.

Profile A is a new S1002 profile. Profile B is a worn S1002 profile with a running distance of 
115,196 km. Profile C is a worn S1002 profile with a running distance of 231,965 km. Profile 
D is a new WP4 profile. Profile E is a worn WP4 profile with an unknown running distance.
Finally, profile F is a very worn WP4 profile with an unknown running distance. 

Table 2. Wheel profile information.
Id Profile Status Information Sh Sd qR Th
A S1002 New Nominal profile 27.98 31.58 10.77 0
B S1002 Worn Profile after 115,196 km 27.70 31.80 10.98 0
C S1002 Worn Profile after 231,965 km 31.63 33.25 12.46 0
D WP4 New Nominal profile 28.8 27.7 9.6 0
E WP4 Worn Unknown running distance 33.65 29.07 12.4 0
F WP4 Very worn Unknown running distance 33.73 27.42 10.6 1.2

The three S1002 profiles were measured manually and the three WP4 profiles were worn 
profiles measured by the automatic measurement station located on the Iron Ore Line [8].
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Figure 7. Wheel profiles according to Table 2. a) Three S1002 profiles. b) Three WP4 profiles.

Focusing on the S1002 profiles and comparing profile A and C (see the measurement 
parameters in Figure 1), one can observe that the wear is greatest on the tread part, with a 3.65 
mm higher flange for the worn wheel, while at the same time the flange thickness has 
increased by 1.67 mm. The wear speed for profile C (according to Table 2) for the wheel 
flange is 0.016 mm/1000km and that for the thickness of the flange is 0.007 mm/1000km. The 
wheel flange wear was not linear, but changed over the distance travelled, with a faster wear 
speed in the initial phase and at the end of the wheel’s service life, and a more stable 
behaviour in the middle phase, over a distance of about 100,000 km [28]. Then, focusing on 
the WP4 profiles, of which profile E is worn and profile F is very worn, only profile F suffers 
from tread hollow. Based on previous knowledge, we expect that wheels with tread hollow 
will entail large problems in the wheel-rail interface, causing damage of the rails [6], which is
why we decided to use that profile for investigation of the contact-point function. Therefore,
the F profile was selected for further investigation, since it was worn on the tread and had a 
tread-hollow-worn shape that was interesting to investigate further.

4.1.1 Wheel translation and the shape of the wheel profile 
The wheel parameter measured by the WPMS which shows the largest uncertainty in terms of 
the largest variability, the largest repeatability value and the largest inaccuracy is the flange 
thickness (Sd) [11]. At the same time, the wheel profile plays an important role with regard to 

Hollow-worn WP4 profile



the bogie stability [29], of which the wheel-rail function is a main component and for which 
Sd is of considerable importance, with regard to the front-to-front dimension and the back-to-
back dimension. Therefore, Sd and the wheel profile need to be explored. Figure 8a shows 
profile F (wheel 284L) as measured by unit A and B. The solid line represents the profile 
from measurement unit B (F1), while the dashed line represents that from measurement unit 
A (F2). Between these two measured profiles for the same wheel, there is a difference
consisting of a translation of 2.5 mm in the x-direction (profile F1 has a 2.5 mm thicker 
flange). Figure 8b shows profile F1 moved -2.5 mm in the x-direction and profile F2, and here 
the measurements from unit B and A seem to fit each other well for the profile shape (the 
wheel tread). Figure 8c shows the original F1 profile and profile F1 translated -2.5 mm in the 
x-direction to make it represent an F1 profile with a thinner flange. These three cases shown
in Figure 8a-c were analysed in contact-point calculations to compare them with regard to the 
impact of the profile translation and profile shape. 
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Figure 8. Left wheel profiles (w284L) from measurement unit A and B. a) No adjusted profiles. b) F2 
(non-adjusted) and F1 with an adjustment of -2.5 mm. c) Original F1 and F1 with an adjustment of -2.5 

mm.

It is good to keep in mind that a wheel profile is not constant around the whole wheel; there is 
an average variation of 0.145 mm for the flange thickness [26]. The profiles for the other 
wheel in the same wheelset from unit A and B also differ, by 0.57 mm for the flange 
thickness. Table 3 shows the measurements for the different parameters for the above-



mentioned wheels from the two different measurement units of the WPMS, unit A and B. 
These wheels belong to the same wheelset and were measured at almost the same time. 
Examining the wheel parameters Sh, Sd, qR and Th, one can observe that the largest 
differences between measurement unit A and B concern the profiles for wheel 284L, i.e.
profile F1 and F2. In terms of percentage, the largest variation for one measure is that for the 
Sd measure. These observations show that there is a difference in performance between the 
two measurement units of the WPMS.

Table 3. Wheel profile information from the WPMS.
Id Profile Status Unit Sh Sd qR Th
E1 WP4 Worn N(B) 33.65 29.07 12.4 0
E2 WP4 Worn F(A) 33.44 29.64 12 0

0.6% -2.0% 3.2% -

F1 WP4 Highly worn N(B) 33.73 27.42 10.6 1.2
F2 WP4 Highly worn F(A) 33.71 24.92 10.4 1.2

0.1% 9.1% 1.9% 0%

4.2 Calculations of the contact-point function
The goal of these calculations was to verify if there were any differences between the results 
for the different profiles of the same wheel measured by the two different measurement units 
(unit A and B) of the same measurement system, and, if differences were found, to determine 
their source. The in-data for the analysis were profile F1 and F2 from Table 3, which exhibit
large differences concerning Sd. These differences needed to be investigated to increase
further our knowledge of what influences the results for the contact-point function. The 
contact-point function is the basis of our assessment of the wheel-rail contact condition and 
the result of the function is shown in Figure 4. This function is used for analysing the wheel-
rail interface and it includes the size of the contact point and the contact pressure magnitude, 
which are presented using different colours. One assumption for the contact-point function is 
that the wheels have the same profile around the entire circumference and, therefore, any
longitudinal errors are not included. The in-data for the contact-point calculations are as
follows: wheel profiles, rail profiles, axle loads, and material data. The following are the 
output of the contact-point calculations: information on the contact-point position and size,
and the contact pressure. 

4.2.1 Comparison of two profiles of the same wheel from different measurement units – F1 
and F2

The wheel can be divided into the flange and the tread according to Figure 1, and we use 
these categories to analyse the results from the simulations. A layout of the contact-point 
function between the wheel and rail is shown in Figure 9. The x-axis in this figure represents 
the position of the contact point on the wheel profile, with 0 representing the middle of the 
wheel (D0), a positive sign representing the gauge side of the wheel, and a negative sign 
representing the field side of the wheel. The y-axis in Figure 9 represents the movement of the 



wheel, with 0 representing the 0D position according to Figure 2, a positive sign representing 
the gauge side, and a negative sign representing the field side. At the bottom of the figure one 
can find the nine levels of contact-point pressure used (from 0 to 1,600 MPa and over),
represented by different colours. Then the size of the contact point is represented in the figure 
as the width in the x-direction. Figure 9a represents profile F1 with a measured Sd of 27.42
mm and Figure 9b represents profile F2 with a measured Sd of 24.92 mm, see Table 3 and 
Figure 8a. At the position of 0, when the vehicle is running on straight track, for the wheel 
and the rail the pressure distribution is larger for the F2 profile by about 26%, which is due to 
the smaller distribution of the contact area in the lateral direction. By comparing the profile
treads to determine the largest difference between profile F1 and F2, one can observe that the 
impact of the hollow wear starts at y=-14 mm for profile F2, while F1 does not reach a point 
when hollow wear starts to impact on the rail. This is shown clearly in Figure 9 in the dashed 
boxes marked with “I” in the upper part of the figure. For instance, at y=12 mm, profile F2
has a contact pressure of about 1,500 MPa, which is 50% larger than the contact pressure of 
profile F1 at the same position. Regarding the flange part of the wheel, the F1 profile has a
greater jumping motion (when the contact point of the wheel and rail changes) than the F2
profile, which is shown in the dashed boxes marked with “II”. The pressure level for profile 
F1 and for the flange from y=0 mm to y=8 mm is on average about 30% higher compared to 
that for profile F2. Furthermore, at y=9 mm, the pressure level for profile F1 peaks at about 
3,000 MPa, which is a really high level, while that for the F2 profile does not exceed 1,500
MPa.

Figure 9. Contact-point condition with the contact pressure for the same wheel measured with unit A and 
B. a) Measurements from unit B, profile F1, with Sd=27.42 mm. b) Measurements from unit A, profile F2,
with Sd=24.92 mm.



4.2.2 Comparison of two profiles of the same wheel from different measurement units, but 
with the same flange thickness – F1 adjusted and F2

The F1 profile was shifted 2.5 mm in the lateral direction (see Figure 8b) to give it the same
behaviour as that of the F2 profile, which has a thinner flange. This was performed to study 
the influence of Sd, keeping the other parameters the same. Comparing Figure 10a with
Figure 10b, one can observe that there are still the same differences in dashed box I and II.
Concerning the F1 profile with a thinner flange, the hollow-worn part will not touch the rail,
unlike the case of the F2 profile, and regarding the flange and flange root, the F1 profile with 
a thinner flange still has a greater jumping motion.

Figure 10. Contact-point condition with the contact pressure for the same wheel measured with unit A 
and B. a) Measurements from unit B, profile F1 with Sd=24.92 mm. b) Measurements from unit A, profile
F2, with Sd=24.92 mm.

4.2.3 Comparison of profiles of the same wheel from the same measurement unit – the 
original F1 and F1 adjusted

In this sub-section two F1 profiles are compared, one in its original position and one shifted -
2.5 mm in the x-direction (see Figure 8c) to give it the same behaviour as that of the profile 
with a thinner flange. Comparing Figure 11a with Figure 11b, one can observe that the largest 
changes are in the area of the flange root. The jumping motion is the same, but there is a 
change in its position, see dashed box I. Moreover, the contact-point function for the original 
F1 profile has the same position as that for the F1 profile with a thinner flange, apart from a
change in the y-position. 



Figure 11.  Contact-point condition  with the contact pressure for the same wheel measured with unit B. a) 
Measurements from unit B, profile F1 with Sd=27.42 mm. b) Measurements from unit B, profile F1 with a
translation of the wheel profile of -2.5 mm in the x-direction to give an Sd of 24.92 mm.

4.3 Evaluation 
These calculations of the contact-point function for the wheel and rail show that there is a 
difference between profile F1 and F2, which are profiles for the same wheel measured with 
two different measurement units belonging to the same measurement system. Figure 9 shows 
the contact-point condition for profile F1 and F2 and their different characteristics. The 
differences between profile F1 and F2 are significant and will exert an impact, which is 
shown especially in areas I and II of Figure 9.

Figure 10 shows an F1 profile translated to make it represent a profile with a thinner flange 
(with an Sd equal to that of F2) compared with the F2 profile, and there are significant 
differences between these profiles with regard to the contact-point conditions. Again this is
shown especially in areas I and II in Figure 10, where one can observe that the same 
differences remain.

Furthermore, when studying Figure 11, where the original F1 profile (Sd=27.42 mm) is 
compared with the F1 profile translated to make it represent a profile with a thinner flange 
(Sd=24.92 mm), one can observe, as expected, that the contact condition pattern seems to be 
similar, but exhibits a translation corresponding to the profile shift. This translation results in 
different contact conditions for the same relative lateral wheel-rail positions, and would 
therefore lead to different results if used for multibody simulations, for example.



These results can also be seen in Figure 12, which visualises the contact-point position 
between the wheel and rail for each case. This figure shows that the contact-point positions 
for profile F1 and profile F2 differ. For instance, when comparing Figure 12a and 12c, one 
can observe that the F1 profile (with Sd=27.42 mm) shows more contact on the flange root 
and more jumps between contact points compared to the F2 profile. After the translation of 
the F1 profile (to make it represent the profile with a thinner flange), there are still differences 
between the original F1 profile and the F1 profile with a thinner flange concerning the 
behaviour of the contact point between the wheel and rail. Although the contact at the flange 
root decreases, the jumping phenomena still appear, due to the same contact-condition 
pattern, see Figure 11. The F2 profile has two contact points, while the F1 profile and the 
translated F1 profile (with a thinner flange) have more contact points according to Figure 12.

Figure 12. The contact-point position between the rail and the wheel. a) Profile F1 with a flange width of 
27.4 mm. b) Profile F1 with a flange width of 24.9 mm. c) Profile F2, with a flange width of 24.9 mm.



Figure 13 shows a boxplot of the contact pressure for each millimetre between the wheel and 
rail when the wheel is translated from -14 to +14 mm. Profile F2 shows a different behaviour 
than the F1 profile and the translated F1 profile (with a thinner flange) (F1 TF). The contact 
pressure distribution for F2 is different to that for F1 and F1 with a thinner flange, whose 
pressure distribution is more similar. If one solves the issue of an incorrect wheel profile with 
a shifted tread part, the contact pressure distributions will still be different, which can be seen 
in Figure 13 by comparing the boxplot for F1 with a thinner flange and the box plot for F2. 
This difference is most likely related to the different measurement positions of the wheel
generating a different profile shape. Measurement noise could also be a source of the 
deviation in the profile shape measurement of unit A and B. 
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Figure 13. Boxplot of the pressure in the contact point between the wheel and rail from -14 mm to 14mm
with a step size of one mm for profile F1, F1 with a thinner flange and F2.

When profile F2 is translated 14 mm in the contact calculation, a jump can be seen in area I in
Figure 10b. This behaviour is not found in Figure 10a, and it can be explained by the surface 
of profile F2. This is visualised in Figure 14, which compares the adjusted F1 profile and 
profile F2 in this area (see the x-coordinates from -10 to 60 mm). One can observe that profile
F2 includes a small-scale defect with a depth of 0.23 mm at around x =30 mm. This defect 
could be the cause of the jumping effect of the contact point, see Figure 14d for profile F2.

It has been shown in previous studies that the flange height (Sh) and the flange thickness (Sd) 
are not constant around the whole wheel. Fröhling and Hettasch [26] presented a case study of 
16 wheels where they reported an average deviation of 0.131 mm for Sh and 0.145 for Sd. 
However, the number of measurements for each wheel was not presented. In a previous study, 
the error of the WPMS system was investigated using 31 wheels [8]. According to that study,
the error of the WPMS compared to the MiniProf for Sh and Sd was μSh=0.02 mm, Sh= 0.15
mm, μSd=0.13 mm and Sd= 0.20 mm. These deviations include both measurement errors and 
wheel circumference deviations. In these studies only the wheel profile parameters were 



investigated, but with regard to safety and maintenance analysis of wheel conditions, this 
accuracy is currently acceptable. To perform more advanced analysis using wheel profile 
measurements as an input parameter, the circumference deviation of the entire profile shape 
and other sources of errors must be managed. The present study shows that the deviation 
between profile F1 with a thinner flange and profile F2 also includes a difference in the
contact-point patterns (Figure 10) and pressure distributions (Figure 13), which can affect 
further and more advanced analysis. Figure 14 illustrates this difference in the tread part of 
the wheel profile. 

Figure 14. Comparison of the adjusted F1 profile and profile F2, along the x-coordinates. a) Profile F1
(adjusted) and F2. b) Zoom-in on part of graph (a). c) Contact-point condition for profile F1 with a 

thinner flange (24.42 mm). d)  Contact-point condition for profile F2 (SD=24.42 mm).

5 Conclusions
The WPMS installed in Sweden consists of two different units, unit A and B. This study
shows that when a wheel profile was measured by the two different units (within a short 
time), the flange thickness (Sd) differed by up to 2.5 mm. Based on this information, it can be 
concluded that measurement unit A and B exhibit a different measurement performance. The 
present paper shows that this difference in their performance impacts on further use of the 
data from the units to determine the contact points and the pressure distribution in the contact 
path. This means that further simulations with data from the WPMS need to be carefully 



verified for data quality reasons. The inconsistency between the different units may be 
remedied by refining the calibration and by automatic data validation during service, but the 
users of such systems need to be aware of this issue. 

Incorrect wheel profiles from multi-camera laser systems can be generated in the process of 
combining different images. This could result in a shift of the profile side that has the tread 
and a shift of the front side of the flange from the back side of the flange, which gives 
changes in the flange thickness. The contact-point function generates differences from 
profiles that have no shift of the profile (the same Sd) but belong to different measurements of 
the same wheel, and therefore the contact-point function can be used as a quality indicator of 
the measurements. However, this requires that the deviations related to the wheel and the 
measurement error can be separated. A small-scale deviation of 0.23 mm on the wheel-rail 
interface can exert an impact on the wheel-rail contact condition. Therefore, it is important to 
have a high measurement accuracy and precision. The data quality needs to be monitored and 
a routine to repair or discard incorrect wheel profiles needs to be implemented. Summarizing 
the results shown in Figure 9-11, one can establish that the wheel profile shape and the 
translation of the wheel profile will affect the wheel-rail contact condition.
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1. Introduction

The capacity of railway track is limited [1] and poor data
quality will exert an influence on the maintenance actions taken.
An inappropriate maintenance action will in turn lead to a failure 
that consumes capacity and availability on the track [2] and 
secondary failures can arise. This will entail excessive downtime 
for the infrastructure and the rolling stock. An optimal condition 
monitoring system (CMS) should therefore produce data which 
have a high credibility, availability, and accuracy, as well as good 
repeatability for correct maintenance decisions. This can be 
achieved, for example, by the use of an appropriate condition-
based maintenance  strategy which uses testing, inspection or 
CMS to detect and evaluate the state of the required functions 
over time, and which possesses the potential to optimise item 
repair [3].

In practice, most studies on wheel profiles based on data from 
automatic systems have proceeded without checking the data 
quality. Instead they have assumed that the acquired data are 
qualified and reliable [4-6]. Furthermore, often a CMS consists of 
more than one measurement unit, and the differences between 
their measurement performances is unknown. It is also well 
known that errors and noises are added to the data by the data 
acquisition (one key step in condition monitoring [7]) and data 
processing, and therefore the quality of the data recording needs 
to be considered and improved if need be. These information uses 
finally for decision making [8]. 

The data quality is also important for reducing the incidence 
of false alarms and missed hits [9], which entail unnecessary 
costs (e.g. due to unavailability) for the operator and the owner of 

the infrastructure. Moreover, calculations of the remaining useful 
life of an item need subjective observations of a high data quality 
for statistical models [10]. Fault diagnostics also needs a certain 
level of data quality, although different tools are used for data 
processing [11].

For mapping the error sources that influencing the data quality 
the cause-and-effect diagram can be used, also well known as the
Ishikawa diagram. The cause-and-effect diagram is widely spread 
in research and in industry applications as a quality tool [12]. 
This study use the cause-and-effect diagram for mapping the 
error categories and the root causes. Then the experience from 
the service has identified a dominant root cause, due to 
inconsistent data quality from the CMS, that is the differences in 
performance between the two measurements units.

This paper proposes an assessment based on the paired T-test
to address the issue of the data quality assurance of the different 
measurement units of an automatic wheel profile measurement 
system. The paired T-test is an established method for confirming 
differences between populations and is widely used as a
statistical tool in engineering and research applications. The 
purpose of this assessment is to validate populations of wheel 
profile measurements from different measurement units to ensure 
the accuracy of the wheel profile measurement data and hence 
the following data analysis.

This paper consider that a railway system is a complex 
system with an inbuilt capacity where all the activities (e.g. 
maintenance) influence the system availability; hence, the 
failure-driven capacity-consuming events need to be minimized
[13]. 

AB ST R ACT

To evaluate the behaviour and the condition of a railway wheel in relation to performance and safety criteria, the wheel profile can be measured. This
can be achieved using manual methods or automatic systems mounted along the railway track. Such systems have the advantage that they can measure
a vast number of profiles, enabling new possibilities of performing statistical analyses of the results and pinpointing bad wheels at an early stage. These
wayside measurement systems are, however, subjected to different conditions that can affect the data quality of the measurement. If one is to be able to
use automatic wheel profile measurements, the data quality has to be controlled in order to facilitate maintenance decisions. This paper proposes a
method for the data quality assessment of an automatic wayside condition monitoring system measuring railway rolling stock wheels. The purpose of
the assessment method proposed in this paper is to validate individual wheel profile measurements to ensure the accuracy of the wheel profile
measurement data and hence the following data analysis. The method consists of a check routine based on the paired t-test, which uses a hypothesis test
to verify if the null hypotheses are true. The check routine compares measurements of passing wheels rolling to a certain destination with
measurements of the same wheels returning from that destination. The cause-and-effect diagram is used to identify the error sources where the
difference between the two measurement units is significant. The routine of comparing measurements of the same wheel, which is performed by four
sensors (one on each side of each rail), will ensure that the sensors generate the same data for the same sample. The case study presented shows how
the method can detect a faulty setup of the measurement system and prevent incorrect interpretations of the data from different measurement units in
the same system. The paper ends with a discussion and conclusions concerning the improvements that are presented.

Keywords: Data quality; Railway; Condition monitoring; Wheel profile measurement system; Paired T-test
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CMS for railways can be divided into two different types, 
namely wayside monitoring systems and on-board monitoring 
systems. The wayside monitoring system measures mainly the 
rolling stock, of which many attributes can be monitored [14]. 
One such attribute is the properties of the railway wheels, of 
which the most important aspects are the wheel profile and the 
wheel roundness (or loss of roundness due to polygonization) 
[15]. 

The wheel profile can be measured manually with hand-held 
equipment or automatically by wayside monitoring systems. 
Automatic measurement systems have the advantage that they 
can measure a vast number of profiles, enabling new possibilities 
of performing statistical analyses of the results and pinpointing 
bad wheels at an early stage. These wayside measurement 
systems are, however, subjected to different conditions (e.g. 
environmental and traffic conditions) that can affect the data 
quality of the measurement. The risk of varying data quality due 
to different conditions has to be controlled in order to facilitate 
the use of automatic wayside systems. In general, the data quality 
can be assessed according to different dimensions [16, 17], and 
this paper deals with the data quality dimension of freedom from 
error.

Section 2 of the paper provides background information, 
including some theory. Section 3 deals with the case study, while 
Section 4 contains a discussion and a presentation of the results, 
and Section 5 provides an account of the conclusions drawn from 
the study

2. Theoretical background

This section presents the cause-and-effect diagram, the paired 
T-test and a description of wheel profile parameters.

2.1. The cause-and-effect diagram

The cause-and-effect diagram, also well known as the 
Ishikawa diagram, has been used in this study for mapping and 
visualising the sources of error influencing the data quality. This 
tool helps in defining and acquiring a good overview of the 
categories of sources of error, as well as the root causes of the 
errors influencing the data quality. The category labels vary 
depending on the application, and many different labels are used 
in the literature. Commonly used category labels are the 4Ms 
from the manufacturing industry, namely man, machine, method 
and material [18]. The cause-and-effect diagram is also used to 
follow the data flow for evolution of the data quality [19]. The 
present study has used five different categories adapted for CMS 
in railway applications. 

2.2. The paired T-test

The paired T-test is based on the hypothesis test and is a 
frequently used tool in empirical research. The ancestry of the 
hypothesis test dates back to the early 1900s, with pioneers such 
as Karl Person, Fischer, Neyman and Egon Person (the son of 
Karl Person) [20] (and its references). This method is widely 
used in research to verify results, and is therefore sometimes also 
abused. Accordingly, the method has been the target of a certain 
amount of criticism [21]. Nevertheless, the hypothesis test is a 
basic statistical tool frequently used in different fields of 
research, but it needs to be handled cautiously using limitations 
and rules [22]. Examples of disciplines where this method is used 
frequently are ecology, medicine, economics and the social 
sciences. In terms of sample size, the paired T-test is proven to be 
suitable for small size, even with extremely small sample sizes (

5N ) especially when the within-group correlation coefficient 
is high [23].

Hypothesis testing is used to determine the probability that a 
given hypothesis is statistically true. The paired T-test uses the 
hypothesis test to identify whether there is a significant 
difference between two populations that belong to the normal 
distribution. Equation 1 shows an H0 for two different 
populations, population 1 and 2, where the statement is that μ1
and μ2 are equal.

0: 210H (1)

0 is rejected if 

This study deals with small differences in the population’s 
variance, in most cases, and hypothesis testing and the T-test 
have been used to assess the data quality. The data in this study 
come from different measurement units in the same measurement 
system.

2.3. The wheel profile parameters

Figure 1 shows an example of a worn wheel profile together 
with an original wheel profile shape, with the wheel 
measurements that explain the condition of the wheel: the flange 
height (Sh), flange width (Sd), flange slope (qR) and tread 
hollowing (Th). The major reasons for re-profiling wheels 
(excluding wear caused by heavy haul traffic) are wear of the 
flange and hollow wear. The wear rate for the profile parameters 
are about 0.02 mm/1000 km for Sd and qR, and 0.01 mm/1000 
km for Sh [24].

Figure 1. Original and worn wheel profiles, with the wheel 
profile parameters. Sh: flange height, Sd: flange width, qR: 

flange slope, and Th: tread hollowing.

3. Assessing the data quality of the automatic WPMS

This section briefly describes the automatic wheel profile 
measurement systems (WPMS), the process of data collection
from WPMS using a case study, the data flow from the sensors to 
detection support, the clustering of error sources (data quality 
issues) using a cause-and-effect diagram based on reports from 
four years of operation of the system and the results from the 
case study.

Th 
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3.1. Automatic wheel profile measurement systems (WPMS)

A WPMS measures all passing train wheels. The advantages 
of automatic WPMS are improved safety, reliability and 
efficiency, as well as more effective maintenance actions, leading 
to a higher train availability and less failure-driven capacity 
consumption [25]. The only WPMS installed in Sweden is 
located in a track section situated in the southernmost part of the 
Iron Ore Line. This WPMS can measure the wheel profile for 
speeds up to 140 km/h. The data are delivered to the operator for 
improvement of the wheel maintenance [26]. The WPMS 
consists of four sub-units, two on the gauge sides and two on the 
field sides of the rails. These units contain a laser, a high-speed 
camera, and an electronic control system. When a train passes the 
boxes housing these units, the first wheel triggers a sensor and 
the protective cover opens, the laser beam starts to shine, and 
then the camera takes pictures of the laser beam projected onto 
the surface of the passing wheels. These pictures are converted to 
wheel profiles and the system describes the flange height, flange 
width, flange slope, tread hollow and rim thickness. The WPMS 
consists of two different main units, the A and the B unit, see 
Figure 2. 

Figure 2. The automatic WPMS with its A and B 
measurement units. 

3.1. Data flow from sensor to decision support 

Condition monitoring can be divided into different data 
processing blocks, and one approach consists of six stages 
according to EN 13374. Each block has many different functions, 
with the assessment of the data quality being performed in the 
first three blocks, namely the data acquisition block, data 
manipulation block and state detection block (SDB). The output 
of the SDB should define the data as good, bad or undetermined. 
This study focuses on the data quality in the SDB (the third 
block). Examples of outputs from this block are threshold 
boundary alerts, the severity of threshold boundary deviation, the 
range of alerts, and statistical analyses using parametric and non-
parametric approaches.

3.2. Error sources

The error sources influencing the data quality in an application of 
the WPMS can be represented with a cause-and-effect diagram
with five main categories namely; environmental, method, 
equipment, traffic and data processing see Figure 3. This 
diagram has been developed through empirical experience of the 
WPMS in service over a period of four years. As an example, the 
primary error source “Traffic” has 7 different potential root 
causes. These had been identified from work orders, analysing 
the system and the data from passing trains. The root causes are; 
wheel size, train type, train length, collision, train traveling 
direction, the hunting of the train and train speed. Not all of these
have been proven as error sources but are considered potential 
sources until they are proven contrary. This study focuses on the 
variation between the different measurement units belonging to 
the WPMS but does not define the origin of the differences in 
performance between the units.

Figure 3. Cause-and-effect diagram showing clusters of error sources influencing the WPMS data quality.

Unit A Unit B
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3.1. Data collection from a WPMS

The data collected concern the wheel parameters Sd, Sh, qR 
and Th, which are explained in Figure 1. The WPMS was 
calibrated and the data come from all ten wheels of two iron ore 
wagon. The wagon in question is equipped with two wheelsets on 
each bogie, as shown by Figure 4.  

Figure 4. The iron ore wagon with eight wheels.

The number of automatically generated data is 60. The 
measurements were taken at random locations on the wheel 
circumference. The data come from trains operating during a ten
day period and the travelling distance during this period was 
around 3,068 km, as estimated from the planned operational 
profile of the wagon. This distance is only 1.5% of the distance 
between two consecutive wheel re-profiling actions, and 
consequently the wheel wear occurring over this short distance 
can be ignored. 

The data collections from the wagon wheels follow Figure 5,
the wagon travels in both directions when the wheel passes the 
WPMS. The WPMS has two different units, unit A and unit B. 
The profiles of a wheel are measured by one unit in a travelling 
direction and the second unit in the opposite direction. The travel
distance between two measurements of same wheel is at least 50
km, the same as the distance to the harbour and back. These two 
measurements are compared using paired T-test.

Figure 5. The tracks section closed to the WPMS.

3.2. Data analyses using a paired T-test for the wheel 
parameters

This section presents the assumptions and the result of the 
case study. Minitab software is used for the calculation [27]. 

3.2.1. Study assumptions

The assumptions for this study are; the samples have been 
randomly selected, the underlying population is normal 
distributed and that the underlying distribution has equal

variance. The wagon has ten different individual wheels and two
of the wheels are fairly new and eight of the wheels are old 
wheels.

3.2.2. Data quality assessment 

The data is assessed in the dimension of freedom of error, to 
check the accuracy between the two units using the question; is 
there any difference between the measurement value between 
unit A and unit B?

3.2.3. Results

A paired T-test of the values of the wheel parameters Sd, Sh,
qR and Th obtained from the WPMS was performed to show if 
there was a difference between the means of the respective 
parameters measured by the A and B units of the system. The 
null hypothesis H0 was according to Equation 2. 

0:0 BAH (2)

This procedure was carried out in the following three steps: 1) 
definition of the null hypothesis (there is no difference between 
the two units); 2) computation of the P-value, which is the 
probability that a test statistic at least as significant as the one 
observed would be obtained assuming that the null hypothesis 
was true; 3) comparison of the P-value with an acceptable 
significance value, the P-value , the null hypothesises is 
ruled out, and the alternative hypothesis is valid. The value of 
0.05.  

The measures presented below are the mean values of the 
populations (Mean), the standard deviations (StD), the 
coefficients of variation (CV), the variances, the standard error of 
the mean (SE Mean), the T-values and P-values.

The question was whether H0 could be rejected. If H0 was 
rejected, then one could say that there was a difference between 
the measurement outputs of the A and B unit. This test was 
conducted with 30 wheel measurements made by each 
measurement unit on the same wagon with the level of 
confidence set to 95%. 

The paired formulas used for these four calculations were as 
follows: paired T for SdA – SdB, paired T for ShA – ShB, paired T 
for qRA – qRB and paired T for ThA – ThB.

Table 1 to Table 4 below show the mean values, the standard 
deviations, the coefficients of variation, the variances, the 
standard errors of the means, and the T-values and P-values.

Table 1. Statistics of the flange width (Sd) from the A and B
unit of the WPMS.

Parameter Mean StD CV Variance SE 
Mean

SdA 28.076 1.765 0.063 3.115 0.322
SdB 28.065 1.407 0.050 1.980 0.257
Difference 0.012 1.362 1.135 0.249

The difference in the variance between SdA (3.115) and SdB 
(1.980) is large. A 95% confidence interval (CI) was used for the 
mean difference of Sd (-0.497; 0.520). The T-test of the mean 
difference of T-value
=0.05 and P-value = 0.963. The H0 could not be rejected when 
the P-value was > 0.05 and the interval of the mean difference 
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with a 95% CI covered zero. In other words, the measurements of 
Sd for the A and B unit did not differ for a CI of 95%. Figure 6
shows the histogram of SdA –SdB with a 95% CI, and the 
hypothesis H0 and x . 

Figure 6. Histogram of differences with a 95% CI for the 
wheel parameter Sd, comparing the A and B unit.

Table 2. Statistics of the flange height (Sh) from the A and B
unit of the WPMS. 

Parameter Mean StD CV Variance SE
Mean

ShA 31.354 1.885 0.060 3.553 0.344
ShB 32.060 1.883 0.059 3.546 0.344
Difference -0.707 0.345 0.008 0.063

A 95% CI was used for the mean difference of Sh (-0.836; -
0.578). The T-test
the following values: T-value = -11.21 and P-value < 0.001. 

The H0 could be rejected when the P-value was < 0.05 and the 
interval for the mean differences did not cover zero. In other 
words, for a CI of 95% the measurements of Sh for the A and B
unit differed. Figure 7 shows the histogram of ShA -ShB, with a 
95% CI, and the hypothesis H0 and x .

Figure 7. Histogram of differences with a 95% CI for the 
wheel parameter Sh, comparing the A and B unit.

Table 3. Statistics of the flange slope (qR) from the A and B
unit of the WPMS.

Parameter Mean StD CV Variance SE 
Mean

qRA 10.097 1.070 0.106 1.145 0.199
qRB 10.710 1.072 0,100 1.151 0.199
Difference -0.631 0.288 -0.006 0.054

The sample size for the qR is 29, this is because one of the 
sample was identified to be unusual in comparison to the others
and then removed. A 95% CI was used for the mean difference of 
qR (-0.741; -0.522). The T-test of the mean difference of qR = 0 

(vs T-value = -11.80 and P-value
< 0.001. 

The H0 could be rejected when the P-value was < 0.05 and the 
interval for the mean differences did not cover zero. In other 
words, for a CI of 95% the measurements of qR for the A and B
unit differed. Figure 8 shows the histogram and the boxplot of 
qRA –qRB, with a CI of 95%, and the hypothesis H0 and x . 

Figure 8. Histogram of differences with a 95% CI for the 
wheel parameter qR, comparing the A and B unit.

Table 4. Statistics of the hollow tread (Th) from the A and B
unit of the WPMS.

Parameter Mean StD CV Variance Se 
Mean

ThA 0.430 0.588 1.367 0.346 0.107
ThB 0.333 0.510 1.531 0.260 0.093
Difference 0.097 0.129 0.086 0.024

A 95% CI was used for the mean difference of Th (0.048;
0.145). The T-test of the mean difference of Th 
the following values: T-value = 4.07 and P-value < 0.001. The H0
could be rejected when the P-value was < 0.05 and the interval 
for the mean differences did not cover zero. In other words, for a 
CI of 95% the measurements of Th for the A and B unit differed.

4. Discussion

In the cause-and-effect diagram, the error sources are divided
into five main categories (labels) comprising more than 30 error
sources that can impact on the data quality. This categorisation 
and defining of root causes are based on empirical experience of 
the system in service. This study focuses on the differences 
between the measurements units belonging to a WPMS which is 
a main error source that can be minimized or eliminated. This 
error source can be a subset of other error source but this work 
does not map what and how much it influences.  

The case study verifies that the two measurement units had, in 
the data samples, different results for the same wheel for 
measurements of Sh, qR and Th with a CI of 95%; hence, the P-
value was smaller than the -value (0.05) for these measures and 
the H0 failed. Then the T-value shows the strength of the 
difference between the averages for the two populations with the 
standard error taken into account. The more the value exceeds 0, 
the stronger are the differences between the compared
populations. The T-values for Sh and qR have the greatest 
strength, the T-value for Th has a slightly weaker strength and 
that for Sd has a weak strength. Table 5 shows the P-values and 
T-values for the four parameters.
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Table 5. Wheel parameters with P-values and T-values from 
the paired T-test of the two measurement units of the WPMS.

Parameter | |*
Sd 0.808 0.05
Sh <0.001 11.21
qR <0.001 11.80
Th <0.001 4.07

The absolute value of the T-value

This is also attested by the differences in the mean values, the 
standard deviation, the coefficient of variation, the variance and 
the standard error between the measurement units, see Table 2 to 
Table 4.

For the wheel measure Sd, the hypothesis (H0) did not fail, 
because the P-value was larger than the -value. Furthermore, the 
differences in the averaged values between the measurement 
units for Sh are small (see Table 1), but the variance between the 
populations is not small, which indicates that it is not suitable to 
use this method for Sh with these populations and the results 
have a high uncertainty. 

The different performances of the A and the B measurement 
unit can to some extent be explained by inequalities in the 
environmental conditions (e.g. the track stiffness) and inherent 
differences in the equipment between the units (e.g. concerning 
the laser and camera), see Figure 3. However, the most likely 
reason for the differences in the data quality is failed calibration. 

By incorporating a comparison of the measurement units, one 
can increase the data quality with respect to the dimension of 
freedom from error if required action is taken. The proposed 
comparison can be implemented in the SDB of the block process 
diagram. At present the measurement system is calibrated each 
year and the data presented in this study were generated after a 
calibration. Therefore, data checks need to be performed 
continuously to ensure the data quality, so that data from both 
units can be mixed in processing for maintenance decisions. This 
can be accomplished using a floating approach with an 
appropriate amount of values.  

With regard to other sources of error influencing the data 
quality, the root causes may be several and may be difficult or 
impossible to control. One example is the environmental 
conditions, which may be hard to control while the system is 
openly exposed to the elements; if the system is protected by a
roof, the environmental sources of error can be reduced. 
Moreover, the traffic conditions can influence the data quality, 
e.g. the speed and hunting motion of trains. In addition, the
method has an inbuilt accuracy level, with the system’s
technology restricting the quality assurance to a certain degree.
Furthermore, the status of the rail and the variation of the track
stiffness according to the seasons (winter and summer) can
influence the data quality.

The wear of or change in wheel profile parameter during the 
measurements period can be ignored; this is due to the 
differences of the mean value between the measurements of A
and B unit compared with the estimated wear. The estimated 
were within the measurement time, of Sh is smaller than 2% of 
the mean difference between the measurement units. The wear of 
qR is smaller than 3% of mean difference between the 
measurement units. This were rate is based on commuter trains 
and the same wear rate can be assumed for wagons with higher 

axle load (30 tonnes and 5 tonnes for loaded and unloaded 
respectively) but with no propelling.  

The result also shows that the variation of the difference 
between the A and B unit are largest for the Sd,  the Sh and qR 
have about the same range, while the Th has the smallest range,
see Figure 9. One likely reason to the large variation in the 
difference between the A and B unit for the Sd can be that this 
parameter uses two different cameras to generate the value and 
something goes wrong in the process. A reason for the small 
variation in the difference of qR can be due to its small value, the 
value are rarely over 1.5 mm. The qR with 30 samples has one 
outlier, that was removed in the analyse above, see Figure 9 and 
the (+).

*) ”delta” = Xia-Xib; Xi=Sd, Sh, qR and Th

Figure 9. Boxplot of the differences between the A and B unit
for four wheel profile parameters, Sd, Sh, qR and Th.

5. Conclusions

This study proposes a check comparing the data provided by
the measurement units to ensure the data quality with respect to 
the dimension of freedom from error and to increase the precision 
for decision support. The paired T-test is useful for verifying the 
measurement performances for the same samples (in this case 
wheel measurement data) of different measurement units in the 
same measurement system.

The calibration routines need to be updated to avoid different 
results emanating from different units. 

These concepts can be used for other measurement and 
condition monitoring systems with more than one measurement 
unit in the same measurement system, to verify the performance 
of the measurement units. 

There are a number of different root causes that influence the 
data quality, and some of them are not easy to deal with for 
example the environmental aspect. The error owing to different 
measurement performances of the different units can be 
eliminated by this proposed routine.

The T-test performed in this study shows that the different 
units have a notable impact on the data quality of some wheel 
parameters. After calibration of the WPMS, the data for all the 
wheel profile parameters (except for Sd) from the two 
measurement units were proven to have statistically significant 
differences. This requires an update of the calibration routine and 
should be taken into consideration in later data processing blocks 
of condition monitoring. 
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The wheel measure Sd has the largest variation in the 
differences between the measurement unit A and the 
measurement unit B.

Further work should include reproducibility, repeatability and 
variance aspects of the data and define the threshold limits for 
them. The future calibration can be based on the data quality 
instead of time, which can increase the added value coming from 
this WPMS.
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a b s t r a c t

Reliable data with less variation play a key role for acceptance of the usefulness of the measurement out-
put of a wheel profile measurement system (WPMS) in a railway network. However, in practice, most
studies are carried out without checking the reliability of data from such a system, which may lead to
inappropriate maintenance strategies. To ensure the measurement capability of WPMS and to support
robust maintenance in railway systems, this study has evaluated measurement data for the flange height,
flange thickness, flange slope, and tread hollowing of rolling stock wheels by using gauge repeatability
and reproducibility (GR&R). In this study, acceptance and rejection criteria for the precision-to-
tolerance ratio (PTR), signal-to-noise ratio (SNR), and discrimination ratio (DR) have been employed to
evaluate the measurement capabilities. For the purpose of illustration, we have implemented a new pro-
posed approach. This approach involves both an analysis using graphs with four regions with a confi-
dence interval (CI) of 95% and an analysis using a graph with three regions with only the predicted
values; the latter type of graph represents an innovation made in this study. This graph has the
advantages that it can visualize three different levels of data quality in same figure, namely ‘‘unaccept-
able”, ‘‘acceptable” and ‘‘good”, and also include a number of measures without becoming unclear, which
are features that have been missing in previous presentations. The results show that the measurements of
the flange slope are on an acceptable level, while those for the flange height, flange thickness and tread
hollowing have to be rejected as unacceptable. The action proposed for increasing the quality of data on
the flange height, flange thickness and tread hollowing is to enhance the calibration of the WPMS. In con-
clusion, GR&R is a useful tool to evaluate the measurement capability of WPMS and to provide helpful
support for maintenance decision making. This investigation also shows that there is good reason to
be careful when selecting measures and when interpreting the results, since, for a certain wheel profile
parameter, when one measure is used, the results may be acceptable, but when another measure is used,
the results may be unacceptable.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The service life of a train wheel can be significantly reduced due
to failure or damage, leading to excessive cost and accelerated
deterioration. In Sweden, one commonmaintenance strategy (used
in the case study presented in Section 3) for rolling stock wheels is
to monitor their condition in a timely fashion according to the
results from a so-called wheel profile measurement system
(WPMS), after they have run a certain distance. Measurement data
from the WPMS are collected automatically and used for support-
ing the current maintenance strategies, which comprise corrective

maintenance (CM), preventive maintenance (PM), and condition-
based maintenance (CBM) [1,2]. CBM techniques using WPMS
measurements have been attracting more and more interest from
maintenance engineers in the Swedish railway sector; these tech-
niques are used to analyse the trends of measured physical param-
eters against known engineering limits, for the purpose of
detecting, analysing and correcting problems before failures occur.

Data acquisition (i.e. the collection and storage of wheel health
information) has been acknowledged as the first step [3] and one
key element of effective CBM [4]. There is no doubt that unreliable
data input will mislead the data processing (i.e. the conditioning
and feature extraction/selection of acquired data) and the decision
making (i.e. the recommendations for maintenance actions based
on diagnosis and/or prognosis, and then for maintenance
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prescription). Unfortunately, a general criticism of measurement
systems is that they do not always produce the exact dimensions
of the part in question. Instead they may give measurements with
discrepancies from the true values due to certain errors [5]. With
regard to measurement data from the WPMS, errors can be intro-
duced by multiple sources of variation in a process, for example
the measurement system, the operators or the part itself. However,
in practice, most studies on wheel profiles have proceeded without
checking the data quality. Instead, they have assumed that the
acquired data are qualified and reliable [6–8]. Therefore, two
crucial research questions need to be asked. Can the data quality
of the WPMS be accepted, and how can we evaluate the measure-
ment capability of the WPMS?

Measurement system analysis (MSA) is one of the most impor-
tant techniques for evaluating the quality of measurement data by
using statistics and graphical approaches to analyse the errors. This
error analysis is based on studies of the bias, stability, linearity,
repeatability, and reproducibility. Among the various MSA
approaches, the gauge repeatability and reproducibility (GR&R)
study is suitable for showing if the system variability can be
accepted compared to the process variability by using different
measurement indicators, including the variation of the repeatabil-
ity and reproducibility. Burdick et al. [9] reviewed methods for
measurement system capability analysis and dealt with such
topics as capability measures, confidence intervals, false failures
and missed faults, and statistical software that can be used for
GR&R studies. Also presented in Burdick et al. [9] are the measures
that will be presented later in the present paper. Senol [10] mini-
mized the false failures, missed faults and sample size with a sta-
tistically evaluated MSA method using designed experiments. The
current GR&R technique has succeeded in defining the root causes
of measurement inconsistencies and in improving the productivity
of a manufacturing process in different industries [11–19]. In the
literature the results are presented in figures with four regions in
two dimensions with a CI of 95%; this gives a cluttered impression
with only two classes: ‘‘acceptable” and ‘‘unacceptable”. To deter-
mine whether the data quality of the WPMS can be accepted, this
paper presents an evaluation study which has used GR&R to anal-
yse the system’s measurement capability. The goal has been to
support robust maintenance (in particular to support CBM) in a
railway network.

The remainder of the paper is organised as follows. Section 2
introduces the evaluation approach based on GR&R and a general
procedure adopted in this study. For illustration, Section 3
describes a case study concerning wheel profile measurements
for rolling stock provided by a WPMS installed in northernmost
Sweden. These measurements concern the flange height, flange
thickness, flange slope, and tread hollowing. Section 4 shows the
results and Section 5 offers a discussion and comments. Finally,
Section 6 summarizes the conclusions.

2. Approaches

This section introduces the evaluation approach based on GR&R
and a general procedure adopted in this study.

2.1. Variability investigation

MSA is based on the assumption that the actual measurement
value consists of two variables, namely the true value and the cor-
responding error, according to Eq. (1).

Yiðmeasured valueÞ ¼ Xiðtrue valueÞ þ eiðerrorÞ ð1Þ
The measurement system impacts the total observed variability

of the current part, which is the variability of the process with the
measurement variability added to it, see Eq. (2).

r2
obs ¼ r2

p þ r2
msa ð2Þ

The measurement variability or error related to the gauge is
r2

msa and can be expressed as in Eq. (3). It is the same as the
GR&R or the variability of the repeatability and the reproducibility.

r2
msa ¼ r2

repeatability þ r2
reproducibility ð3Þ

The repeatability can be determined by measuring the part sev-
eral times, and the measurement system’s variability stems from
the gauge. The reproducibility can be determined from the vari-
ability produced by different operators measuring a part several
times, different gauges and changes in the environmental condi-
tions. (Note that, for our case study in Section 3, the reproducibility
of the WPMS is defined as the variation between different mea-
surement units.)

When applying GR&R, the investigation of the variability of the
repeatability and reproducibility can use different measures,
including the precision-to-tolerance ratio (PTR), the signal-to-
noise ratio (SNR), the discrimination ratio (DR) and the point esti-
mation of the PTR and SNR [5,20,21]. Further, the output of the PTR
and SNR can be checked in different ways. The traditional way is to
plot the values with a confidence interval of 95% and in a graph
with four regions with two classes [21]. A new approach is to pre-
sent the values in a graph with three regions with a scale consist-
ing of ‘‘good”, ‘‘acceptable” and ‘‘unacceptable”. These measures
can form the basis of the assessment of the suitability of using
the information from the WPMS for maintenance decisions. The
present research study has used two types of visualization of the
measurement capability; see Sections 4.5 and 4.6.

2.1.1. Precision-to-tolerance ratio (PTR)
As mentioned above, one capability measurement in GR&R is

the PTR, see Eq. (4):

PTR ¼ k
ffiffiffiffiffifficM

p
USL—LSL

ð4Þ

where k = 6 and corresponds to the standard deviation between the
natural tolerance limits that contain the middle 99.73% of the nor-
mal population, where cM = the measurement variance (including
the variance of the measure’s repeatability and reproducibility),
and where the upper system limit (USL) and the lower system limit
(LSL) constitute the tolerance space of the part.

The general rules used for determining the capability of a mea-
surement system with the PTR are presented in [12], see Table 1.
The capacity index, which is usually presented in percent, must
be under 10% of the tolerance for good acceptance, and a value over
30% means an unacceptable capability. Levels between 10% and
30% need to be interpreted in the context of the requirements of
the measurement system and the risks that have to be taken.

The drawback with the PTR is that this measure only depends
on the measurement system accuracy and does not consider the
variance of the measured parts. Therefore, the PTR measure does
not necessarily give all the required information on the integrity
of the measurement system, because systems with a higher capa-
bility have a higher PTR than systems with a lower capability if one
does not consider the variance of the parts [13]. Therefore, the
capability of a measurement system can be determined with cR
and the signal-to-noise ratio (SNR).

Table 1
Rules for using the PTR as a capability measure of the measurement system.

Assessment Levels Comments

Acceptable <10% The measurement system is capable
Marginal 10–30% The measurement system may be capable
Unacceptable >30% The measurement system is not capable
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2.1.2. Signal-to-noise ratio (SNR)
The SNR is the ratio between the part variance and the mea-

surement variance.

SNR ¼
ffiffiffiffiffiffiffiffi
2cR

p
ð5Þ

where the function of cR is according to the following equation:

cR ¼ cP
cM

ð6Þ

where cP = the part variance and cM = the measurement variance.
The SNR is normally assessed according to certain established

levels, but new criteria have also been proposed for this assess-
ment; Table 2 shows the established levels and the new proposed
levels [15–17]. The present study uses the established SNR criteria.

2.1.3. Discrimination ratio (DR)
A measure that is related to the SNR is the DR [18], whose val-

ues range between 1 and 1; if DRP 4.0, the measurement system
performs adequately and, if DR 6 2.0, the measurement system
performs inadequately [15]. The DR is used in the evaluation of
measurement and process capabilities [5]. This measure is closely
related to the SNR, and is therefore only included in the first part
of the case study.

DR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2cp
cm

þ 1

s
ð7Þ

2.1.4. Point estimation of the PTR and SNR
Point estimation of the PTR and SNR, according to Birdick [19],

is performed to investigate the expected result in two dimensions.
By combining the SNR and PTR measures and plotting the values in
graphs, one can provide more holistic information on the measure-
ment capability than one would provide by only using one of the
measures. Table 3 shows the R&R notation, models and point esti-
mation formulas for the point estimation of variances [18]. In
Table 3, o is the number of operators and r is the number of repli-
cations. These formulas will be used in the case study presented in
the next section.

2.2. Data evaluation procedure

The procedure proposed in this paper for evaluating the data
from the WPMS follows the flow chart shown in Fig. 1. The proce-
dure starts by collecting data from the two different measurement
units. The data are checked for any empty values and the limits for
the operator are defined. Then a variability investigation is con-
ducted for four different wheel measures, Sh, Sd, qR and Th, which
are defined in Fig. 5. A GR&R study is then performed by finding the
total gauge variation, the part-to-part variation, the variation of the
repeatability and reproducibility, the standard deviation, the study
variance and the total variance. These results are used to define the
quality measures PTR and SNR by assessing them according to
defined limits. The results are presented in tables and two different
graphs. The first graph shows the results in four different regions
with the estimated value and the area of the estimated value
within a CI of 95%; the second graph shows all the measures with
three different categories: ‘‘good”, ‘‘acceptable” and ‘‘unaccept-

able”. The last step in the flow chart is the quality evaluation of
the measurement system.

3. Background to the case study

In this section we present the background to the case study con-
cerning wheel profile measurements for rolling stock provided by a
WPMS installed in northernmost Sweden.

3.1. Automatic wheel profile measurement system (WPMS)

The only wheel profile measurement system (WPMS) installed
in Sweden is located in the track section situated in the southern-
most part of the Iron Ore Line. This system has been in use since
the autumn of 2011. The data are delivered to the train operator
for improvement of the wheel maintenance, and in the future will
also be delivered to the infrastructure manager for development of
the track maintenance.

The WPMS consists of four sub-units, two on the gauge sides
and two on the field sides of the rails. These units contain a laser,
a high-speed camera, and an electronic control system, Fig. 2a
shows the laser beams projected onto a wheel and Fig. 2b shows
the image of a wheel in service taken by the camera of one unit.

When a train passes the boxes housing these units, the first
wheel triggers a sensor and the protective cover opens, the laser
beam starts to shine, and then the camera takes pictures of the
laser beam projected onto the surface of the passing wheels. These
pictures are converted to wheel profiles and the system describes
the flange height, flange width, flange slope, tread hollow and
rim thickness [22]. The measurement accuracy for this camera-
and laser-based technology is around 0.1 mm [23]. The WPMS con-
sists of two different main units, which we refer to as the far and
the near unit, see Fig. 3. The system is calibrated yearly by the sup-
plier and the data studied in this case study were generated by the
system shortly after a calibration.

3.2. Data collection

This study includes 32 measurements for eight wheels of one
railway wagon in service, see Fig. 4. The measurements were exe-
cuted by two different measurement units, which means that there
were two measurements for each wheel per measurement unit.
These measurements were made from 11–22 November in 2014
by the automatic WPMS. In this study four wheel profile parame-
ters have been considered, namely the flange thickness (Sd), flange
height (Sh), flange slope (qR) and tread hollowing (Th).

The wheels of the railway wagon have a prescribed profile and
the current wheel profile describes the current wheel status.
Wheel wear depends on many different parameters, and the wheel
needs to be re-profiled due to profile wear, bad performance and
defects [8]. In this connection, it can be noted that the wheels of
a specific vehicle can have different wear rates [7]. Fig. 5 shows
the established measures for the wheel profile: Sh, the flange

Table 2
Rules for using the SNR as a capability measure of the measurement system.

Assessment Established levels New proposed levels

Good P5 P10
Acceptable 2–5 5–10
Unacceptable <2 <5

Table 3
Parameters and point estimation for the measured constant and variances.

R&R
notation

Models Point
estimation
formulas

Description Equation

lY lY clY ¼ bY ��� Average value (8)

cP r2
P ccP ¼ S2P�S2E

or
Variance of part (9)

cM r2
O þ r2

E ccM ¼ S2oþS2E ðpr�1Þ
pr

Variance of measurement (10)

cR r2
P

r2
Oþr2

E
ccR ¼ bcPbcM Ratio of part variance to

measurement variance
(11)
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height; Sd, the flange thickness; qR, the flange slope; and Th, the
tread hollowing. The figure also shows a typical new wheel profile
and a typical worn wheel profile. The original wheel profile is the
WP4-profile.

The maintenance limits and the averaged measured values for
the sample that has been studied are those for the wheels of the
FAMMOORR050 wagons that belong to the iron ore company.
Table 4 shows the main measures, Sd, Sh, qR and Th, with the lower

Start

Data collectionSh, Sd, qR, Th 
from WPMS

Variability investigation 
for Sh, Sd, qR, Th

Total gauge Repeatability Reproducibility Part-to-part

Standard deviation Study variance Total variance

PTR & SNRLimitations

Results illustration

Two-dimensional 
presentation

Four regions with a CI 
of 95%

Quality evaluation

Fig. 1. Procedure for measurement capability evaluation using GR&R.

Fig. 2. (a) Laser beam A and B of unit A, and a vertical laser beam projected onto a wheel. (b) Image of the wheel taken by the camera of one of the units, with three laser
beams projected onto the wheel, two beams describing the profile and one vertical beam for reference.

Fig. 3. The automatic WPMS with its unit A and unit B.
Fig. 4. Iron ore wagon with eight wheels, which were measured two times with
two different measurement units, a total of 32 measurements.
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system limit (LSL) and the upper system limit (USL) specified, the
difference between the USL and LSL (the tolerance) and the aver-
aged value.

4. Results

In this section we present the results from the case study con-
cerning wheel profile measurements for rolling stock provided by
the WPMS.

4.1. Data displaying

The profile can be measured either manually or automatically,
but this study only concerns automatic wheel profile measure-
ments. Fig. 6 shows the measurements of eight different wheels,
measured by two different units. The measurements include the
variation of the wheels, the variation of the measurement system
and a random error. When studying the measures for Sd, Sh, qR
and Th, one can observe that, compared to unit B, unit A has a lar-
ger spread of values for the wheel samples for all the measures,
and that there is also a difference between the middle values
between the units. This indicates that unit A and B have different
performance and this can be proved by examining the repro-
ducibility of the measurement units. Another observation is that
Th has many zero values and therefore the boxplot has a large
weight towards zero. The boxplots show that the measurement
results can depend on which unit has been used, and this can con-
stitute a problem when data from both units are mixed, adding one
more potential error to the data. This needs to be considered and
dealt with when analyses are performed with mixed data from unit
A and B, because otherwise this will influence the maintenance
decisions and lead to incorrect decisions being taken.

The measurement capability is represented by the total gauge
variation, the part-to-part variation, the variation of the repro-

ducibility and repeatability, and the estimation of the PTR and
SNR. The results are presented in tables and in two-dimensional
graphs with four or three regions.

4.2. Variation of the Sd, Sh, qR and Th measures

The measurement capability results for all the measures are
presented in Table 5. The total variation of the measurement sys-
tem (gauge) for all the measures is large, with Sd showing the lar-
gest variance. There are two parameters that stand out from the
others, i.e. Sd and Th. Sd exhibits a large variation of the repeatabil-
ity compared to the study variation, i.e. around 68% of the whole
variation, and the variation of the reproducibility is 0% of the total
variability. The Th measure shows the lowest gauge variability
(notated as GRR% in the literature, e.g. in García and del Río
[16]), with 17% of the total variability. With regard to the averaged
values for all the measures in this study, the total gauge variability
is around 39% of the whole variability and the part-to-part variabil-
ity is around 89%.

4.3. The estimated PTR and SNR

Table 6 shows the estimated PTR and SNR based on formulas
from Table 3 and Eqs. (4)–(7). All four measures (Sh, Sd, qR and
Th) are listed in Table 6, with the results for seven different param-
eters, namely the estimated value (l), the estimated variation of
the part and variation of the measurement and the ratio between
them (cP, cM and cR, respectively), the estimated PTR and SNR,
and the DR. Moreover, also included in Table 6 are the lower and
upper bounds within a confidence interval of 95%. The averaged
values of the PTR and SNR are 0.186 and 3.706, respectively.

4.4. Two-dimensional presentation of measures

The visualization of the point estimation can be accomplished
by showing the results as numbers in tables or in graphical form.
By combining the SNR and PTR in two dimensions by plotting
the values in graphs, one can provide a better picture of the mea-
surement capability. In the present paper the point estimation is
visualized in two different graphs, one with four regions and one
with three regions. The graph with four regions also shows the
confidence interval of the measures to illustrate the variation.

Th

Fig. 5. Original and worn wheel profiles. The wheel profile parameters are illustrated in the figure. Sh: flange height, Sd: flange thickness, qR: flange slope, and Th: tread
hollowing.

Table 4
Wheel parameter limits for wagon wheels, with the lower and upper system limit, the
system limit tolerance and the averaged value.

Parameter LSL
(mm)

USL
(mm)

USL–LSL tolerance
(mm)

Averaged value
(mm)

Sd 22.50 35.00 12.50 27.705
Sh 28.80 34.00 5.2 32.021
qR 7.00 15.00 8.00 10.578
Th 0.00 1.50 1.50 0.469
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Fig. 6. Boxplots of the wheel parameters Sd, Sh, qR and Th for measurement unit A and B.

Table 5
The results for the wheel measures Sh, Sd, qR and Th, presented in terms of the total
gauge variation, the repeatability variation, reproducibility variation, part-to-part
variation, and study variation.

Measure Source Standard
deviation

Study variance
(%), GRR%

Total
variance
(%)

Sh Total gauge 0.501 25.49 57.82
Repeatability 0.278 14.16 32.11
Reproducibility 0.417 21.2 48.08
Part-to-part 1.901 96.7 219.3
Study variation 1.966 100 226.8

Sd Total gauge 1.017 68.08 48.83
Repeatability 1.017 68.08 48.83
Reproducibility 0 0 0
Part-to-part 1.094 73.24 52.53
Study variation 1.494 100 71.72

qR Total gauge 0.5 45.36 37.46
Repeatability 0.28 25.38 20.96
Reproducibility 0.414 37.95 31.05
Part-to-part 0.981 89.12 73.61
Study variation 1.101 100 82.59

Th Total gauge 0.11 17.19 44.06
Repeatability 0.087 13.61 34.89
Reproducibility 0.067 10.5 26.91
Part-to-part 0.631 98.51 252.54
Study variation 0.641 100 256.35

Averaged
values

Total gauge 0.532 39.03 47.04
Repeatability 0.416 30.31 34.20
Reproducibility 0.225 17.41 26.51
Part-to-part 1.152 89.39 149.50
Study variation 1.301 100 159.37

Table 6
The estimated PTR and SNR with the lower and upper boundaries within a CI of 95%.

Measure Parameter Estimate Lower bound Upper bound

Sh l 32.021 31.049 32.993
cP 0.884 0.375 3.722
cM 0.083 0.053 11.139
cR 10.611 0.082 47.713
PTR 0.333 0.266 3.851
SNR 4.607 0.405 9.769
DR 4.72 3.89 1.29

Sd l 27.705 27.402 28.008
cP 0.041 �0.262 0.975
cM 0.970 0.586 1.908
cR 0.042 �0.312 1.015
PTR 0.473 0.367 0.663
SNR 0.290 NA 1.42
DR 1.04 0.33 1.42

qR l 10.578 9.840 11.316
cP 0.221 0.084 0.976
cM 0.084 0.054 10.982
cR 2.624 0.019 12.368
PTR 0.218 0.174 2.485
SNR 2.291 0.193 4.974
DR 2.50 2.03 1.09

Th l 0.469 0.192 0.745
cP 0.098 0.042 0.410
cM 0.007 0.005 0.293
cR 13.238 0.337 56.691
PTR 0.335 0.283 2.165
SNR 5.145 0.821 10.648
DR 5.39 4.22 1.95

Averaged values PTR 0.186 Limit <0.3
SNR 3.706 Limit >5
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4.5. Graphs with four regions with a CI of 95%

To obtain a picture of the spread of the outcome, the point esti-
mation can be shown in a confidence interval, which can be
achieved through visualization in a graph plotted in two dimen-
sions to show the performance. The graphs in Fig. 7 show the esti-
mated values for the SNR in the y-axis and those for the PTR in the
x-axis for the measurement parameters Sh and qR, with a confi-
dence interval of 95%. Note that the scale of the x-axis goes from
0.6 to 0.0. There are four regions in each graph, and in region 1
the measurement system satisfies both the SNR and PTR criteria
on an acceptable level, in region 2 the system satisfies only the
SNR criteria, in region 3 none of the SNR and PTR criteria are satis-
fied, and in region 4 the system satisfies only the PTR criteria.

One should note here that the Sh and qR measures have been
selected for the purpose of illustrating the visualization technique;
for definitions of the measures, see Fig. 5. The estimated point of Sh
(the flange height) is located in region 2, which satisfies the SNR
criteria, but not the PTR criteria. The estimated point of qR (the
flange slope) is situated in region 1, which satisfies the SNR and
PTR criteria. Furthermore, the dashed rectangles show the pre-
dicted values for a CI of 95%, and Sh and qR have a large area in
region 2 and a smaller area in region 3. This indicates that these
measures have difficulty in fulfilling both the PTR and the SNR
criteria.

4.6. Graphs with three regions with only the predicted values

The matrix with four regions described above shows acceptable
levels of the predicted values and, to see if the capability is good,
another type of matrix can be used, namely the three-region
matrix. The three-region matrix improves the visualization of the
predicted values by categorising the performance of the measuring
equipment as ‘‘unacceptable”, ‘‘acceptable” or ‘‘good”. The advan-
tages of this type of matrix are that it indicates not only acceptable
performance values, but also good performance values, and that a
larger number of measures can be shown in the same graph with-
out it being difficult to interpret.

Fig. 8 shows this type of two-dimensional graph with the three
different regions ‘‘good”, ‘‘acceptable” and ‘‘unacceptable”; the
x-axis shows the value of the PTR and the y-axis the value of the
SNR. The limits in the graph are based on values from Tables 1
and 2. According to Fig. 8, no measurement capability is good,
and the capability for measuring qR is acceptable, while that for
measuring Sh and Th is unacceptable.

Fig. 8 shows the performance in a better way for the SNR and
PTR than the figure with four regions, Fig. 7, which only has two
levels ‘‘acceptable” and ‘‘unacceptable”. With the type of graph
represented by Fig. 8, a clearer visualization is achieved and many
measures can be plotted in the same figure in such a way that it is
still easy to interpret.

5. Discussion

TheWPMS is a condition monitoring system used for measuring
the wheel profiles of railway vehicles, and the information gener-
ated by the WPMS is used to plan the maintenance of wheels.
MSA is used for the purpose of ensuring measurement reliability.
This method is used in the manufacturing industry and has been
applied in the present research study to the condition monitoring
system for wheel profiles. According to the results from this anal-
ysis, the WPMS shows different results depending on the wheel
parameters and measurement unit. The measurement units in
the same system measure differently, which is shown by the
difference in the values of reproducibility between the units (with

Fig. 7. Estimated values of the SNR and PTR in two dimensions for Sh and qR; the dashed rectangles show the CI of 95%.

Fig. 8. Estimated points for the SNR and PTR in three regions.
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values > 0); that applies to Sh, qR and Th and was indicated previ-
ously by Fig. 6. Region 1 in Fig. 7 is the region where the criteria for
an acceptable measurement capability are met, and the estimation
point for qR is located in this region, which is good. This measure
shows an acceptable level of the quality measures PTR and SNR.
For Sh the estimated point is located in region 2 and the SNR is
on an acceptable level, but not the PTR. The area of predicted out-
comes in a CI of 95% is smaller for the qR measure, but the dashed
rectangle is located in all the regions, as it is for Sh too. In Fig. 8 no
estimated value represents a good result, while the estimated
value for qR is acceptable and the values for Sd, Sh and Th are unac-
ceptable. Furthermore, Fig. 8 can visualize three different levels of
data quality in same figure, namely ‘‘unacceptable”, ‘‘acceptable”
and ‘‘good”, and can include a number of measures without becom-
ing unclear, which are features that have been missing in previous
presentations of SNR and PTR.

An interesting outcome of this study is that the results for the
different wheel profile parameters are different, even though they
come from the same measurement equipment. The reason for
these different results may be the way in which the data collection
and processing were performed. Different in-built units may have
measured different parameters and different parameters may need
different processing. Furthermore, the difference in the results may
be related to the tolerances (USL–LSL) that were allowed; for
instance, for Sd a tolerance of 12.5 mm was allowed, while for Sh
a tolerance of 5.2 mm was allowed.

The two types of graphs presented above can be used to obtain
visual indications of the performance of a measurement system.
Fig. 8 can also be used as a prediction tool for measurement perfor-
mance, through the use of a floating value compared with an actual
value. Furthermore, these graphical tools can be used to perform
an evaluation and create awareness of the measurement reliability
of WPMS and provide an indication as to when corrections need to
be made. In the long term the data quality dimension of freedom
from error, as well as the accuracy and precision, can be improved
by MSA. One task of further research work will be to incorporate
these methods in the procedure of calibration and maintenance
of the measurement system. They could provide a good tool for
evaluation of the measurement integrity of the measurement sys-
tem before using the output data for further analyses and impor-
tant decision making.

The GRR% is a measure of the total observed variance (r2
obs),

while the SNR and PTR are measures of parts of the total observed
variance; the SNR is based on the ratio between the part variance
and the measurement variance, and the PTR is based on the mea-
surement variance. This can give different results, which is shown
in the present investigation; Sh has a GRR% of 25 (yellow), an SNR
of 4.6 (red) and a PTR of 0.34 (red) (the colours in brackets have
been allocated according to the traffic light analogy for traditional
guidelines [24]). Accordingly, Sh should pass as acceptable for the
GRR% measure, but fail as unacceptable for the SNR and PTR mea-
sures; in other words there is a contradiction between different
measures and, depending on the established limits, the judge-
ments based on these measures will be contradictory. This can
be avoided by using two parameters and by selecting the measures
with the highest credibility depending on the required perfor-
mance and the actual application of the measurement. A good idea
might be to revise the limit so as not to run into contradictions. The
present investigation has selected the SNR and PTR to evaluate the
monitoring system.

6. Conclusions

This paper shows how GR&R can be applied for evaluating the
measurement capability of a railway monitoring system such as

the WPMS using a new approach. In this novel approach, the pre-
dicted values have been visualized in a two-dimensional figure
with three regions for classification as ‘‘good”, ‘‘acceptable” or
‘‘unacceptable”. This type of figure can give a good overview with
all the measures in the same figure and provide the possibility of
seeing the capability of the measurement system according to
three categories in a clear way. The results of the GR&R evaluation
have been visualized in tables and graphs to facilitate assessment.
The case study shows that a classification of wheel profiles based
on data from the WPMS is uncertain, considering the present sta-
tus of the system’s measurement capability. The measurement
capability for two parameters has been found to be unacceptable,
while that for the other two has been found to be either good or
acceptable under the given conditions and requirements. No mea-
surement capability was found to be good, and the capability for
measuring qR was found to be acceptable, while that for measuring
Sh, Sd and Th was found to be unacceptable. More investigation is
needed to detect why the results for Sh, Sd and Th are bad and how
they can be improved. To improve the capability of this measure-
ment system, an enhanced calibration of the system is proposed.
One needs at least to consider the fact that measurement variabil-
ity includes measurement repeatability and reproducibility and
these aspects should be investigated to ensure high data quality.
There is a contradiction between the results obtained using differ-
ent measures; for the same wheel profile parameter, one measure
can show an acceptable level, while another can show an unac-
ceptable level. Therefore, one needs to be careful in selecting the
measures and judging the results. A holistic approach needs to
be adopted and the actual application of the measurement system
needs to be taken into consideration.
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