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Abstract
This bachelor’s degree project aimed to improve the wheel profile of a rail mounted trolley and
determine the cause of wheel failure. The proceedings of this project where modelled after an
approach for solving wear problems with an emphasis on designing for sustainability. A case study
and root cause analysis (RCA) was performed and the flanged wheels were deemed insufficient for
the given heavy-haul system. Possible areas of wheel profile improvement were identified and
further researched with multiple literature reviews. Throughout the projects duration several
limitations were introduced that reduced the concept testing to exclusively theoretical prediction
models. Archard’s model was implemented to predict wear and operating time for the proposed
material and wheel tread profile concepts. The wheel flange dimensions were chosen based on
recommendations from wheel and rail interference handbooks among other sources. The final wheel
and rail profile suggestion improved operating time by approximately 300% and wear resistance by
50% compared to its predecessor. This result was achieved by applying the same theoretical
prediction model to both current and suggested profiles. The findings of this project are meant to aid
SCA among others in similar cases and additionally highlight the value of product improvement from
a technological, sociological, and environmental perspective.
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1. Introduction
Rail mounted transportation trolleys are often used in manufacturing and their function extends
beyond shipment of cargo. Safety, flexibility, and cost reduction are some of the known benefits that
make trolleys a preferable alternative for manufacturers. The downside to rail transportation is how
unattained system will eventually sustain enough damage to prevent its function. Consequently,
leading to derailment accidents that not only have potential to harm but also result in unnecessary
costly damage control. Preventing a complete machine failure requires constant upkeep and even
that comes with its own costs.
Wheel vehicles, whether operating on rail or on its own are standard means of transportation in
society. People depend on vehicle transportation for themselves and shipment of resources. The
creation of wheels is one of humanity’s oldest and most life defining innovations, based on a simple
premise that rolling requires less force than sliding. On the surface level it might appear as if
humanity has mastered wheel transportation but scientific questions concerning wheel-rail contact
and surface friction forces remain.
Tribology, the science of friction forces acting on interacting surfaces in motion, was mentioned for
the first time 1966 in the Jost Report, a study investigating wear damage commissioned by the British
government. Tribology is a broad science touching on wheel-rail interference, wear and even
recently expanding into contact between biological tissues. Although relatively new, its importance
has become very apparent since its first mention. A collection of four studies concerning the
influence of surface wear on global energy consumptions, cost and emission showcased astounding
results (Holmberg & Erdemir, 2017).







Tribological contact handles 23 % of the world’s total energy consumption of which 20% is
used to overcome friction forces and 3% used to remanufacture worn parts and spare
equipment due to wear related failures.
Energy losses due to friction and wear could potentially be reduced by 40% in the long-term1
and by 18% in the short-term2.
The largest short-term energy savings are envisioned in transportation (25%) and in the
power generation (20%) while the potential savings in the manufacturing and residential
sectors are estimated to be ~10%.
Implementing advanced tribological technologies can reduce the CO2 emissions globally by as
much as 1,460 Teragram Carbon dioxide (Tg CO2) and result in 450,000 million Euros cost
savings in the short term. In the longer term, the reduction can be 3,140 Tg CO2 and the cost
savings 970,000 million Euros.

These studies highlight the economic benefits of wear prevention and potential of further improving
wheel-rail systems.

1
2

(15 years)
(8 years)
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1.1 Background
This bachelor’s degree project builds on a transportation trolley failure affecting Svenska Cellulosa
Aktiebolaget (SCA)3 at one of their factories that produce paper material known as pulp. The wheels
of the transport carriages break regularly which has resulted in derailment accidents. Avoiding these
complications requires frequent wheel changes contributing to high maintenance costs, material
waste, and production interruptions. This type of issue is not uncommon in factories using rail
mounted transportation trolleys, and companies such as SCA are eager to look for solutions.
The proceedings of this project were chosen with the intention of improving a pre-existing solution
for the given case, with an emphasis on designing for sustainability. The findings of this project are
expected to be of use for SCA and aid others in similar cases.
This degree project is a collaborative effort between two students of different engineering majors,
Product Design Engineering and Mechanical Engineering. Mechanical and Product Design engineers
ultimately share the same goals accurately represented by the failure prevention perspective quoted
below.

“A primary responsibility of any mechanical designer is to ensure that the proposed design
will function as intended, safely and reliably, for the prescribed design lifetime and, at the
same time, compete successfully in the marketplace.” (Collins, et al., 2009).
Understanding all contents of this report may require general knowledge of engineering disciplines
such as mechanics of materials, solid mechanics, material science and design procedures. The main
science researched during this bachelor’s degree project is tribology with a focus on wear in contact
mechanics of rolling systems. The terminology of wheel and rail interference implemented
throughout this thesis can be observed in Figure 1.

Figure 1: Terminology of the wheel-rail profile and wear, shown from the side (Lewis & Olofsson,
2009).

3

Swedish timber processing company, some of the products they produce includes paper, pulp, pellet
and biofuels. Largest owner of private timberland in Europe.

3
1.1.1 Transportation trolleys
The mass of the rail mounted electrical trolleys is approximately 1910 kg each, with the dimensions
4000 x 900 cm. Trolleys move along a straight rail in a low speed operation between production lines.
Both trolleys share the same drop off spot while the pickup of carriage occurs from two different
lines respectively.
The trolleys transport cargo with an estimated operating speed of 0.6 m/s. Two piles of pulp with a
collective weight of 8 tons each are rolled on to the trolley at approximately the speed of 10m/min,
the average mass of one batch of pulp being 4 000 kg. The weight is shifted unevenly during motion
putting a higher pressure on one pair of the wheels (Figure 2). The operation being characterized as
heavy haul due to the high load and low transportation speeds.

Figure 2: Simplified model of a transportation trolley.
The four wheels carrying the trolley are flange wheels with a flat tread. Technical drawings received
from SCA (Appendix 2) show that the wheels have a total thickness of 64 mm and a tread diameter of
250 mm including the 13 mm thick flange with a height of 24 mm. The wheels appear to be locked in
position, with no allowed angle of twist. Wheels are manufactured from steel (S355J0) and operate
under dry conditions. From visual examination, the rail appears to be mounted straight into the
ground at a 90-degree angle with a seemingly flat contact surface (Figure 3). The wheel tread is wider
than the rail surface.

Figure 3: Simplified model of the position between the wheel and rail.
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1.2 Problem Statement
Two rail mounted transportation trolleys experience an unusual amount of wear in their wheels and
rail. There have been instances of derailment if the trolleys wheels are not changed frequently,
generating concern for safety and unnecessary cost associated with production interruptions. The
amount of wear increased significantly after trolleys made the transition from manual to automatic
operation. Increasing the frequency of wheel changes and overall costs of maintenance. Through the
initiation of this bachelor degree project SCA is searching for a solution that can decrease wheel wear
and thus contribute toward a decrease in derailment accidents.

1.3 Project Objective


Determine the cause of failure resulting in heavy wear rates of wheels and derailment
accidents by generating a realistic damage hypothesis, supported by scientific research.



Generate a mechanical design solution that improves current design performance by
reducing wheel wear and increases life durance of trolleys, while being safe and cost
efficient.

1.4 Restrictions
Wear problems can quickly become complex, due to the amount of factors that can be taken into
consideration. Therefore, this project solely focuses on improving the current system design without
changing factors such as vehicle and production operations. With the trolleys actively in use during
the project duration no physical experiments will be performed, or any other actions that might
disturb the manufacturing process. The project results will be presented as recommendations to SCA
but the final solution won’t be implemented during the projects duration.
Estimations concerning the material, vehicle operations, and wheel-rail interference will be made to
account for lack of background data. Information concerning the materials properties will be
obtained mainly using the material database MatWeb.

1.5 Overview
Chapter 1 begins with an introduction of the problem background, defining the goals and limitations.
Chapter 2 presents the theoretical background of this project, with a focus on wear mechanics.
Chapter 3 describes the methods used during this project and instructions on how to replicate them
for educational or scientific purposes.
Chapter 4 summarizes and discusses the obtained results. The final concept is presented.
Chapter 5 evaluates the projects outcome and future work.
Chapter 6 presents the project conclusion.
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2. Theory
2.1 Normal Contact Problem
Contact mechanics is a research field within solid mechanics referring to the interaction of touching
deformable bodies with a shared contact zone. When speaking of bodies subjected to contact they
are considered to be linearly elastic. Hertz’s contact theory is considered the defining theory of static
contact, often referred to as the normal contact problem. This theory states that two linear elastic
bodies pressed against each other will form a compressed contact area due to elastic deformation,
limiting the stresses (Kalker, 1990).
For a wheel pressed against a flat surface the contact area is deformed into a rectangular shape, the
type of contact is called linear contact. The contact area between a wheel and a rail forms a thin line,
implying that the load is supported on a near-zero contact area (Figure 4). However, the high contact
pressure causes micro plastic deformation increasing the area of contact significantly. The stress
distribution in the contact area is referred to as Hertz contact stress (Collins, et al., 2009).

Figure 4: Illustration of a wheel rolling over a surface resulting in linear contact and Hertzian pressure.
Hertz contact theory concludes that the size of the contact area is affected by both bodies’ material
properties. The bodies’ elastic modulus (E1, E2 [N/m2]), Poisson´s ratios (v1, v2) and the normal force
acting on the system have a direct effect on the acting pressure. Due to both surfaces consisting of
different materials an effective elastic modulus (Eeff [N/m2]) is established (Collins, et al., 2009).
𝐸𝑒𝑓𝑓 = 2 [

𝑣1 − 1 𝑣2 − 1 −1
+
]
𝐸1
𝐸2

(1)

The width of the contact area (𝐷𝑥 [𝑚]) between a wheel and plane is calculated using the wheel
radius (𝑅 [𝑚]), the load distributed over the contact line (q [N/m]) and the effective elastic modulus.
8𝑞𝑅
𝐷𝑥 = √
𝜋 𝐸𝑒𝑓𝑓

(2)

The maximum Hertz pressure (Pmax [N/m2]) is obtained with the same variables (Collins, et al., 2009).
𝑞 𝐸𝑒𝑓𝑓
Pmax = √
2𝜋𝑅

(3)
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2.2 Rolling Contact Phenomena
Rolling contact occurs when two elastic bodies of revolution are pressed together by their axles
handles, this creates a point of contact area between them. During rotation the point of contact
moves along both body's surfaces, generating an elastic field of displacement, strains and stress in
the bodies. Making it a dynamic contact problem. The shape of the contact area can aside from the
normal contact boundaries also vary due to rolling dynamics (Jacobson & Kalker, 2000).
There exists more than one state of rolling contact with two main possibilities, either the velocity of
both bodies in contact is equal or both differ to a certain degree. When speaking of rolling or pure
rolling it refers to the state of bodies with equal velocities at the contact area. The other state when
two bodies with varying velocities meet at the contact area being referred to as rolling with sliding or
sliding (Jacobson & Kalker, 2000).
Pure rolling doesn’t occur in nature due to interference from resistance forces opposing the natural
motion of bodies. Unlike the friction force (𝐹𝑓 ) present during sliding contact, the touching surfaces
during rolling or rolling with sliding experiences normal and tangential resistance forces called
traction (Jacobson & Kalker, 2000).

Figure 5: Drawing of a free body diagram of a cylinder and a block moving at
a velocity along a straight surface. Demonstrates the different forces acting
during a) Rolling with sliding b) Sliding (Zhu, 2013).
The cylinder depicted in Figure 5 is set to motion with a torque (T) and the block by a pulling
force(F). The normal force(Fn ) and gravity force(Mg ) act on both bodies. The applied torque
accelerates, decelerates or maintains the angular velocity of the cylinder around its axis (𝜔) that
causes the reactive tangential force(𝐹𝑡 ). The tangential force in the contact area referred to as
adhesion in the longitudinal direction (Zhu, 2013). Traction can be also referred to for driving wheel
and adhesion for breaking wheel but in scientific literature it is referred to as adhesion in both
instances (Lewis & Olofsson, 2009).
The most notable phenomena occurring in rolling contact is the velocity difference(∆𝑣) observed
during the acceleration or when a body has to overcome losses of driving at constant speed and
achieve a positive tangential force (𝐹𝑡 ) (Lewis & Olofsson, 2009). The velocity on the surface of the

(4)
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cylinder (𝜔𝑟) will always be greater than the cylinders body velocity(𝑣) (∆𝑣 = 𝜔𝑟 − 𝑣 ). Resulting
in a phenomena called creepage (𝜉) (Zhu, 2013).
𝜉 = (

𝑣 − 𝜔𝑟
) 100 %
1
(𝑣 + 𝜔𝑟)
2

2.2.1 Wheel-rail interference
The contact of wheel and rail interference is described with three directions, the traveling direction
(longitudinal), transversal direction (lateral) and rotation about an axis perpendicular to the contact
area called spin. Wheel-rail operations are classified as rolling with sliding. The contact area formed
between rails and wheels are generally no bigger than a fingernail, typically 1 cm2 in trains (Lewis &
Olofsson, 2009).
The positioning of wheel-rail contact depends on the curvature of tracks, it is generally divided into
two types of contact modes, one point contact (wheel tread-rail head contact) present along straight
tracks and double point contact (wheel flange-rail gauge) often observed along curved tracks (Lewis
& Olofsson, 2009). Wheels exposed to a two point contact experience larger friction forces causing
higher wear rates. Therefore, designing wheel profiles with a one point contact is recommended for
wear prevention (Markine, et al., 2007).

2.3 Wear mechanics
Wear refers to the process of undesired change in dimensions by gradual removal or displacement of
material from a contact surface. There are five accepted subcategories of wear: adhesive, abrasive,
corrosive, surface fatigue and deformation wear. The various modes of wear often occur, not as one
singular process but an accumulation of processes (Collins, et al., 2009).

Figure 6: Adhesive wear from the rubbing
together of relatively smooth surfaces
(Neale & Gee, 2001).

Figure 7: Abrasive wear from hard particles
trapped between moving surfaces (Neale &
Gee, 2001).

Adhesive wear occurs in the contact between two relatively smooth surfaces, where the material is
removed from the surface producing flakes. The surfaces have high spots called asperities where the
rubbing occurs. These small local areas experience concentrated contact loads and adhesion forces,
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tending to adhere to each other and drag the material away. Surfaces subjected to adhesive wear
tend to have polished surfaces generating fine flakes, can show surface damage or seizure (Figure 6).
This wear is found in mechanic machine components and non-lubricated surfaces (Collins, et al.,
2009).
Abrasive wear occurs between two rough surfaces. Abrasive wear is when material is removed from
the surface by a cutting action, could occur when hard particles are trapped between two smooth
surfaces rubbing together. The damage appears as fine scratching to deep gouges (Figure 7), while
ductile material such as steel the wear flakes can be spiral. Very hard materials tend to generate
wear debris in form of chips, generated by brittle fracture of the material. Abrasive wear is said to
approximately contribute to the cost of wear by 63% (Collins, et al., 2009).
The way a material experiences wear depends on its properties and of the tribo-systems acting on
the contact area (Lewis & Olofsson, 2009). Both creep and adhesion are the so called tribo-systems
and they themselves depend on motion and speed of operation, number of contact cycles,
environmental conditions, contact area and acting forces. A great representation of the relationship
between wear and these factors is shown in Figure 8.

Figure 8: The factors affecting wear rates obtained from (Garg & Dukkiputi, 1984).
The increase of wear rates was also found to be proportional to the increase of the acting pressure as
well as the creep. The same study determined with lab experiments and machine simulation that the
wheel (referred to as driving roller) experiences wear differently compared to the rail (the driven
roller) at the longer scale. Rail and wheel differed fundamentally in their wear process due to their
subsurface material layers being exposed to different stresses, resulting in varying hardening levels
(Proksch & Deters, 2005).
Wear mechanism are present in all contact to a certain degree and a distinction is made between
mild and severe wear. There are no numerical values categorizing wear rate, only guidelines based on
the observation that when increasing either the normal load, sliding velocity or temperature will at
some point results in sudden jump in the wear rate. Additionally a third, catastrophic wear state
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exists and is used when expressing instances of complete failure caused by wear (Lewis & Olofsson,
2009). Catastrophic wear was observed at a 5% creep in a study of wheel flange and rail wear
simulations (Zakharov, et al., 1998). The criteria for mild, severe, and catastrophic wear are
showcased in Table 1.
Table 1: Estimated values of wear rate and debris diameter obtained from testing R8T material by
Lewis and Dwyer-Joyce (2004) obtained from (Lewis & Olofsson, 2009).
Characteristics

Wear rate
mg/m

Debris
diameter

Mild wear

Smooth surface – even smoother than
before

10−4 − 10−3

100 nm

Severe wear

Rough and deeply torn surface – rougher
than before

10−3 − 10−2

0.01 mm

Catastrophic
wear

Rough and deeply/fully torn surface –
rougher than before

> 10−2

> 0.01 mm

2.3.1 Wear prediction models
The benefits of using prediction models is the speed of testing and economic advantage compared to
laboratory testing. Wear prediction models have become standard for testing wheel-rail systems.
Archard’s model is widely used for predicting wear rates in rolling contact systems experiencing
sliding. The model is most common for prediction of adhesive wear.
The worn off material volume (𝑉𝑤𝑒𝑎𝑟 [𝑚3 ]) is calculated using sliding distance(𝑠𝑑 [𝑚]), the normal
force (N[𝑁]), (H[𝑁/𝑚2 ]) and the wear coefficient (k).
𝑉𝑤𝑒𝑎𝑟 = 𝑘 [

𝑠𝑑 𝑁
]
𝐻

(5)

Archard’s model can be applied locally to wheel-rail contact by replacing the normal force for the
Hertzian contact pressure (𝑝[𝑁/𝑚2 ]), finding the wear depth (∆𝑧[𝑚])for each contact element. The
contact element referring to one singular point on the wheels surface the size of the area of contact
developed between wheel and rail.
Δ𝑧 = 𝑘 [

𝑠𝑑 𝑝
]
𝐻

(6)

Field tests have proved that the wear coefficient varies with the rate of the sliding velocity
experienced in the slip zone (Olofsson & Telliskivi, 2003). The wear coefficient is mostly obtained
through performing laboratory testing, in recent years a new method of prediction has been
developed. Previously determined wear coefficients are displayed in so called wear maps (Figure 9),
as a function of sliding velocity and Hertzian contact pressure (Jendel & Berg, 2002).
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Figure 9: Wear map for dry rolling conditions determined from lab experiments by Jendel (2002), the
0.8H represents the material hardness of the softer material used in Jendel’s experiment.
Estimating coefficients of wear using wear maps has shown to give similar results as the coefficients
obtained with laboratory testing. Therefore, wear maps have been accepted for predicting wear
rates (Jendel, 2002).
2.3.2 Approach for solving wear problems
Neale and Gee (2001) recommend a seven step approach for solving wear problems. The first step is
based on the premise that wear mechanism exist to a degree in every operation. However, presence
of wear doesn’t always imply a wear problem. There are three criteria that help determine if a wear
problem is present. If the wear causes risk of accidents resulting in injury, interruption of machine
service causing customer dissatisfaction and financial losses due to wear, it is classified as a problem.
Identifying the presence of a wear problem is important since it might indicate possible design
changes in the later stages of wheel profile development (Neale & Gee, 2001).
The second step identifies the dominant wear mechanism that is causing the most damage to the
system. The dominant wear mechanism is indicated by the operating conditions and requires visual
and laboratory examination of the contact surface to clearly identify it. Following with the third step
of deciding on the actions to be taken to decrease wear. These actions could be any changes to the
current system such as material selection for example. To choose an appropriate wear test is the
fourth step to solving wear problems. The factors considered when choosing the wear test is the
dominant wear mechanism, type of contact, and environment condition. This step depends on the
resources available (Neale & Gee, 2001).
The fifth and sixth step consist of planning and performing the wear test. It is of importance to allow
for small variations in the test conditions to expose their contribution to the wear rate. In the final
step the results are evaluated and changes that lead to a new wheel profile that is cost effective and
safe are implemented (Neale & Gee, 2001).
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3. Methodology
3.1 Project structure
This project was structured after the mechanical design process model proposed by Ullman (2016)
angled primarily towards products for commercial use. The developed time plan was created with an
overestimate of time, to account for possible delays. The plan alongside the actual proceedings are
presented in a timetable created in Microsoft Excel (Appendix 1).
The mechanical design process (Figure 10) is divided into four stages, with defining criteria and
course of action for each stage. The first stage being “Project Specification”, where the project is
structured and planned with a degree of flexibility. Ahead of making the decision of which methods
and data is most suitable for obtaining results, an extensive literature review is to be performed.
Researching competitors is also recommended. In instances of developing solutions for a specific
case it is recommended to perform an extensive case study (Ullman, 2016).
The second “Solution Specification” stage, in which the aspects of the new product are identified
through researched customer requirements. Leading up to a product design specification (PDS). The
third stage “Concept generation”, where concepts are generated using brainstorming methods then
evaluated based on previously established criteria. The concept generation phase implements all
collected data from previous phases, simultaneously allowing the designer freedom for creativity.
Finally, the stage of “Solution Development” in which further areas of improvement are identified
and implemented into the final solution. This phase is manly focused on evaluating the plausibility of
the solution and further development. Combination of solutions are tested together and compared
to the original product (Ullman, 2016).

Figure 10: The four stages of the mechanical design process adapted for structuring the project
inspired by (Ullman, 2016).
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3.2 Literature review
To identify the knowledge gaps and provide a theoretical background, literature reviews had a
constant presence alongside the project duration. Familiarity with the field of study, and finding
suitable approaches as well as methods with high probability to solve the problem was of
importance. Reviewing conclusions from others work that support the acquired findings and
proceedings was another method used to elevate the validity of the performed work. A common
literature review method (Figure 11) was implemented and performed four times in total, once
during each phase of the mechanical design process (Figure 12) (Hart, 1998).

Figure 11: A common literature review method. Sources are ranked according to relevance, reliability,
method used to achieve result and the database’s reputation.

Project Specification: Initial literature review
Contact mechanism in rolling

Soulution specification: Exploratory literature review

Wheel-rail interferance
Wear mechanism
Tribology
Sustainable engineering
Wheel-rail handbooks
Railway standarts
Terminology

Approach for solving wear
problems

Concept generation: Focused literature review
Soulution Development:
Refined literature review

Wear prediction models

Wheel-rail profiles

Improved wear resistance

Briell hardness (HBW)

Wear modeling

Coefficient of wear

Lubrication

Life cycle assesment (LCA)

Heavy-haul operations

Wheel-rail inclination

Wheel profile developement

Wear resistent steel

Flange wear

Effects of wear

Servere wear rates

Flange climbing

Creepage & Sliding

Wear resistance steel

Rolling contact theories

Figure 12: Research keywords used in four literature reviews performed once every project phase.
Partial result of the initial literature review is found in Appendix 3.

13

3.3 Design for sustainability
A modern approach to sustainable manufacturing and engineering is “cradle to cradle design”
making companies responsible for a product’s entire lifecycle even after their product’s disposal
(Figure 13). This ensures that majority of the product is used again or recycled if possible. This
eliminates potential waste and the amount of emission.

Figure 13: The cradle to cradle method for sustainable product development.
Life cycle assessments (LCA) can be adapted to determine the environmental impact of concepts and
support decision making. SimaPro, openLCA, CES Edupack and Umberto are all examples of computer
software that can assist in the assessment. These software’s contain libraries of environmental
impact for materials and processes while also considering the management of materials, emissions
and energy used, to generate a score for each individual concept. This method is good for
comparison of concepts rather than giving a definitive answer if the product is good or bad for the
environment (Herrmann, et al., 2014).

3.4 Case Study
The purpose of performing a case study was to determine the cause of wheel failure resulting in
derailment and obtain data concerning the loading and operating conditions of the trolley. The
operating conditions were used as the foundation for the PDS that was developed in the next stage
of the design process. Following the approach for solving wear problems by Neale and Gee (2001) a
visual examination of two trolley wheels removed at different stages of wear was performed.
A Root Cause Analysis (RCA) was performed to determine the main causes of failure based on the
observations made during the on-site visit and literature review. Further investigation into the acting
stresses on the wheel-rail system was performed.
3.4.1 On-site visits
The on-site visit was made to gain insight into the problem acquiring information from a first-hand
source. The goal of the visit was to generate a report of observations documented on-site. Methods
and recommendations for efficient note taking were found. Lawrenz, et al (2003) recommends to
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distinguish between descriptive information and reflective information. A decision to gather only
descriptive information during the on-site visit was made, thus preventing rushed assumptions.
Two wheels, one moderately damaged and one severely damaged, were provided for visual
examination by SCA. The development of wear and plastic deformation was observed by comparing
the moderately damaged wheel to the severely damaged wheel. The appearance of the wheels’
surfaces was photographed and sketched for later comparison to images of wear mechanism.
Only a few items came of use during the on-site visit, the items being: a camera, questions prepared
beforehand (Appendix 4) and notepads. Preparations also included reviewing theory of wear
mechanics and wheel wear modules described by Lewis and Olofsson (2009) in the wheel-rail
interference handbook.
3.4.2 Root Cause analysis
There are various methods for performing a Root Cause Analysis. The Cause and Effect diagram, also
known as Ishikawa diagram, was used. Five different areas of failure were considered along with
their responding causes and subclasses. The goal of the method is to identify “root causes” that show
up in multiple categories in the diagram, deeming them the most likely reason of malfunction.
Common causes of wheel wear used in the root cause analysis were obtained from the wheel and rail
handbook by Lewis and Olofsson (2009).
3.4.3 Calculating wheel-rail contact and the acting forces
Due to the load distribution being uneven some of the wheels should experience larger forces. In
order to calculate the maximum force acting on the wheels, two equilibrium calculations were
performed. Two load positions were analysed, one during drop-off and one during transport. Lastly
the contact area (Eq. 2) was calculated for the wheel and rail interference.

3.5 Evaluation methods and design specifications
Once the project specification stage was concluded and the case objectives were established the
solution specification stage began, the first step being developing a PDS. SCA wanted a solution that
improved three factors safety, cost, and overall performance of the trolley system. Questionnaires
were sent to SCA containing questions about unknown parameters such as wheel-rail geometry,
design specifications and maintenance cost (Appendix 5 & 6)
A second, exploratory literature review was performed researching studies of wheel profile
improvement. Two studies were identified in successfully improving safety and performance of the
wheel profiles. Both becoming references of realistic improvement rates that could be obtained
through applying similar methodology.
Since the project was limited and no physical tests could be performed another method had to be
found for evaluating proposed concepts and solutions. A theoretical prediction model was
implemented and further developed into a simple program using the software MATLAB. This
program allowed the user to input parameters of a wheel-rail profile and its material properties in
order to calculate the wear depth and travel distance until a desired amount of wear was achieved.
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3.5.1 Product Design Specification
The product design specification (PDS) contains the requirements along with wishes for the products
function, appearance and quality of performance. Serving partly as an agreement between all
involved parties about what is to come out of the new design, and partly as a way for the assignee to
investigate if the proposed concept has achieved the goals of the product (Ullman, 2016).
Safety, cost, the environmental impact and performance were the main determining factor chosen to
measure the success rate of a solution based on the customer’s motives behind the project. These
factors were ranked in priority and used to evaluate the final wheel profile.
To compensate for knowledge gaps in the design specifications two articles were used that managed
to improve a wheel profile design in terms of wear, safety and life duration. They were used as
guidelines of realistic improvements when evaluating future concepts.


A case study of freight cars successfully generated a reduction in flange wear by one third of
the old profile (Leary, et al., 1991).



Piotrowski J (1998) developed a wheel profile for low speed industrial locomotives that
showed an increase of operating time by 20%.

3.5.2 Factor of Safety
When defining a factor of safety, it is generally referred to as a stress-based factor depending on the
certainty of the engineering calculations. The standard formula for ductile material consists of the
factor of safety (FS) being equal to the yield stress divided by working stress (𝐹𝑆 = 𝜎𝑦 / 𝜎).
Ullman (2016) describes a simple method for calculating a suitable factor of safety considering five
different risk areas. The areas are ranked depending on the amount of impact they could have on the
product, and converted into multiples that are used to obtain the Factor of safety. The multiples are
given a value between 1 and 1.6 depending on how reliable and impactful the area was perceived.
𝐹𝑆 = 𝐹𝑆𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∗ 𝐹𝑆𝑠𝑡𝑟𝑒𝑠𝑠 ∗ 𝐹𝑆𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 ∗ 𝐹𝑆𝑓𝑎𝑖𝑙𝑢𝑟𝑒−𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 ∗ 𝐹𝑆𝑟𝑒𝑎𝑙𝑖𝑏𝑖𝑙𝑖𝑡𝑦

(7)

Throughout the later stages in this project it became apparent that the method by Ullman (2016)
didn’t take into account all parameters within the failure analysis that were of importance for the
project. Therefore, an additional method for determining the factor of safety by Collins, et al (2009)
was used. Ullman’s factor of safety was however still used as a reference in the MATLAB code to
offer an alternative FS for calculations in which the level of certainty is higher.
The factor of safety by Collins, et al (2009) is referred to as the design factor of safety (𝑛𝑑 )
throughout this project. To determine the design factor of safety, rating numbers (RN) are assigned
to the following eight rating factors.
1. The accuracy of determining the loads, forces, deflections, or other failure inducing agents.
2. The accuracy of determining the stresses and other loading severity parameters from the
acting forces.
3. The accuracy of determining the failure strength or other measures of failure for the selected
material.
4. The need to conserve material, weight, space or money.
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5.
6.
7.
8.

The seriousness of the consequences of failure in terms of human life or property damage.
The quality of workmanship in manufacture
The operating conditions.
The quality of maintains and inspection during operation.

Rating numbers range by (−4 ≤ 𝑥 ≤ +4 ), where positive numbers represent the need to increase
the safety factor due to lack of certainty and negative numbers the decrease of factor of safety. Four
signifies extreme, three is strong, two is moderate and one is mild need to modify the factor of
safety. Rating numbers of zero represent lack of knowledge or no relevance on factor of safety. The
next step is to calculate an algebraic sum of rating numbers (𝑅𝑁𝑠𝑢𝑚 ).
𝑛𝑑 = 1 +

(10 + 𝑅𝑁𝑠𝑢𝑚 )2
100

𝑓𝑜𝑟 𝑅𝑁𝑠𝑢𝑚 ≥ −6

𝑛𝑑 = 1.15 𝑓𝑜𝑟 𝑅𝑁𝑠𝑢𝑚 < −6

(8)

(9)

3.5.3 Morphological and Pugh matrix
Pugh matrixes were used to compare solutions or concepts with each other and the original wheels.
In the first two matrixes five different categories were used to evaluate the concepts “Mechanic”,
“Economic” “Environmental”, “Other” as well as “Reliability”. Each of the different categories had
their own subcategories that related to the goals stated in the PDS. The original wheels were given a
score of 0 (zero) in every category and the other concepts a score between -3 and 3, depending on if
the concept led to improvement or a degradation. The sum of all categories was calculated and a
higher score indicated a better concept. To account for the uncertainty of the predictions for the
solutions, the results were multiplied by a factor of uncertainty between 0.7 and 1. In the first matrix
all concept except the highest scoring were eliminated, contrary to the second matrix which ranked
the solutions from best to worst letting them all be considered in the next step.
With both intentional and randomized combinations, the Morphological matrix was used to combine
suggested solutions into concepts. This method allowed the chosen concept to be compared to other
potentially “winning concepts”. The final Pugh matrix used the values from the previous matrixes,
counting the categories established as most important twice to give the concepts a conclusive score.
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3.6 Wear prediction program
The focus of the project was shifted towards developing a wear prediction program to allow fast
testing of concepts, preservation of resources and offering SCA a method for wheel evaluation.
The program was created implementing a methodology for theoretical wear prediction similar to
Orvnäs (2005). The modified Archard’s prediction model was used (Eq.6) and programed in MATLAB.
The flowchart for this program can be found in Appendix 7 and the result can be observed in
Appendix 8.
The MATLAB program was intended to allow the user to input wheel and rail geometry, material
properties and vehicle speed. The program would first calculate the maximum Hertzian pressure
(Eq.3) then the sliding velocity (Eq.10). Once the program calculated the sliding velocity and Hertzian
pressure the user has to manually choose a suitable wear coefficient. The coefficient of wear is
obtained from the wear map for dry rolling contact (Figure 9).
Then the program would calculate the time one contact element is in contact with the rail for a
certain travel distance. This element comes in contact with the rail once every wheel rotation.
The program calculates the wear displacement length and removes the displacement from the
wheel’s diameter in a loop until the wheel displacement reached a certain wear depth, defined by
the user. For this project it was intended to use Eq.4 to calculate the creep percentage however the
equation needed the surface velocity of the wheel which was unknown. Since there was no available
resources to measure it manually, the creep rate was estimated as 1% negative similarly to another
wear test for dry conditions (Franklin, et al., 2005).
The amount of loops would be outputted to the user representing the theoretical travel distance
before reaching the designated wear depth. Lastly, the program evaluates the wheel profile against
both safety factors.
All variables are changeable however to simplify the result, 1000 m was set as default travel distance
in Eq.13 so that when the program outputs the number of loops, each loop represents one km.
3.6.1 Sliding distance calculations
Orvnäs (2005) calculated sliding distance trough multiplying the sliding velocity (𝑉𝑠 [𝑚/𝑠]) with the
time one element was in contact with the rail (𝑡𝑒 [𝑠]).
𝑆𝑑 = 𝑉𝑠 ∗ 𝑡𝑒

(10)

Sliding velocity (𝑉𝑠 ) can be expressed as a vector of the creep and displacement in two traveling
directions. For this project it was limited to only one traveling direction. 𝑉𝑠 is equal to the vehicle
speed (𝑉𝑣 [𝑚/𝑠]) times the creep (𝜉) in the (longitudinal) direction of travel (Orvnäs, 2005).
Vs = Vv ∗ ξ

(11)

To obtain the value of 𝑡𝑒 , three mathematical relationship were developed independently from
Orvnäs’s method. Beginning by calculating the frequency of contact per one element (𝐹𝑟𝑒 ) in relation
to the wheel surface. Dividing the Hertzian contact width (𝐷𝑥 ) by the wheel circumference (2𝜋𝑅).
(12)

18

𝐹𝑟𝑒 =

𝐷𝑥
2𝜋𝑅

The travel time for the entire wheel (𝑇𝑤ℎ𝑒𝑒𝑙 [𝑠]) had to be established based on the imputed vehicle
operations. The following formula was developed were the travel distance (𝑠[𝑚]) was divided by the
realistic speed of the wheel, by removing the slipping velocity.
𝑇𝑤ℎ𝑒𝑒𝑙 =

𝑠
(𝑣𝑣 − 𝑉𝑠 )

(13)

Once the travel time was established it was multiplied by the frequency of the element contact,
resulting in the time of contact per one element(𝑡𝑒 ). Giving the total duration of contact per one
element after the wheel travelled the distance 𝑠. The time element is then inputet into Eq.10.
𝑡𝑒 = 𝑇𝑤ℎ𝑒𝑒𝑙 ∗ 𝐹𝑟𝑒
(14)

3.7 Solution and concept generation
Once the solution specification stage was concluded and the concept generation stage began it was
decided that further investigation into possible design actions was necessary. Following the third
step of Neale and Gee’s (2001) approach, possible changes to the entire vehicle system were
analysed based on their effect on wheel wear. Additionally, a third more focused literature review
was performed with the intent to find approaches for generating new wheel profiles and research
material recommendations for heavy haul operations.
3.7.1 Brainstorming and sketching
The lotus blossom (Figure 14) is a brainstorming method that was used to categorise and focus idea
generation. The process began with identifying the main problem, which in turn was divided in to
eight different sub problems. This was notated in a 3x3 matrix where the main problem was stated in
the middle and the sub problems around it. Each sub problem was given their own 3x3 matrix where
they were in the centre, and suggested solutions are annotated in the surrounding squares.
The method was chosen to ensure that solutions were assigned to all aspects of the problem, at the
same time as it limited the amount of solutions in a way that guaranteed that not too much time and
effort was wasted on only one part of the problem.
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Figure 14: Standard Lotus Blossom formation.
The lotus blossom was supplemented by brainstorming to identify both the solutions and the subproblems. Since sketching has been shown to have a positive effect on creativity (Cross, 2006), it was
used as the main medium of idea communication. To further include sketching and methodise the
generation process “Braindrawing” was included as described by (Wikberg-Nilsson, et al., 2016)
3.7.2 Industry recommendation
Leary et al (1991)used two approaches for wheel profile development in a case study of freight carts.
The first approach generates a new more stable wheel profile trough implementing a geometry
similar to the one of a worn wheel. Another approach called the rail shape expansion method
develops a new wheel profile based on a given rail profile, in an attempt to ensure single point
contact.
Industry guidelines describe common rail vehicle operations and how to adapt the wheel profile
accordingly. The guidelines contains wheel and rail design dimensions, material recommendations
and lubrication options for heavy haul operations (Rail Corp, 2013). Material suggestions are
presented in (chapter4.2.3).
Multiple different articles were studied to find potential wheel and rail materials. Criteria’s that were
considered during selection were recommendation, how well the materials were tested and
potential economic advantages.

3.8 Solution development
To make up for the limited variety of materials found for heavy haul operations during the concept
generation phase, an additional step was taken to find suitable materials. The software CES EduPack
was used to find competitive materials with similar properties to the material that achieved the best
results in the wear prediction program. The material properties were entered to show similar
materials ranked by price and yield strength.
Additionally, implementing an inclination between the wheel and rail as well as an increased flange
radius was revived and optimized following the approach of Leary et al (1991) by modelling wheel
profiles after their worn predecessor.
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4. Result and Discussion
4.1 Observed wheel and rail wear
During the on-site visit and visual examination of two detached wheels, several critical areas
concerning the wheel and rail damage were identified. The rail was similarly to the wheels worn
down in the contact area. Corrosion could be observed on the rail gauge along with signs of heavier
scratching on the gauge face (Figure 15).
The flange root was visibly worn down, implying contact between the wheel flange and rail gauge
occurring during motion (Figure 16). Concluding, that the wheels transition during operation from a
single-point contact into a two-point contact. In comparison to the wheel tread, the flange root
appeared to experience higher wear rates.

Figure 15: Photographed rail at SCA factory.
Debris can be observed scattered around and
inside the rail.

Figure 16: Photographed flanged wheel
operating at SCA factory.

The most notable observation during the on-site visit was the amount of debris scattered around and
inside the rail, detached from the wheel surface (Figure 15). Presence of fine metal flakes indicated
adhesive wear. Due to some particles being larger than 0.01 mm the wear was classified as severe.
This was further supported by the wheels and rail developing roughness on their smooth surfaces, an
indicator of severe wear (Lewis & Olofsson, 2009).
Visual examinations revealed that in addition to wear, the flange also experiences deformation. The
course of wheel flange deformation was observed by comparing a moderately damaged wheel (A) to
a severely damaged wheel (B). Both wheel A and wheel B were illustrated in Figure 17. Wheel A had
visible marks along the wheel tread that resemble surfaces experiencing adhesive wear (Figure 6)
with minor signs of spalling. The spalling being the result of trapped metal debris between the wheel
and rail surfaces. Early signs of plastic deformation in the flange root could be observed due to the
radius being slightly worn down, likely starting to cause a stress concentration in the corner.
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Figure 17: Sketch representing a) Moderately damaged b) Severely
damaged, flanged wheel provided by SCA.
The severely damaged wheel B had a completely deformed and plasticized flange that now bends
over the wheels side. The flange material also seems to be spread over the tread area towards the
field side. Resulting in an elongated wheel width and concave tread shape. Wear paths and spalling
markings are significantly less visible than the ones on Wheel A. The tread appears more polished.
Additionally, it appears that the forces acting beneath the surface have lifted the hardened outer
layer off the material on the field side. This could also be due to the floor and the wheels field side
surface being in contact which would generate a different wear process due to the varying floor and
rail surface frictions.
4.1.1 Cause of failure
Following Neale & Gee (2001) approach the dominant wear mechanism was identified as adhesive
wear. The wear rate accelerated significantly once material particles originating from the wheel
became trapped between the wheel and rail surfaces. Causing abrasive wear in addition to the
dominant wear mechanism.
The root cause analysis (Appendix 9) identified several probable causes behind the wheels failure.
However, the wheel material was deemed the main cause of failure since it doesn’t prevent the
current high levels of wear and deformation.
The trolleys recent increase in operating time contributed to the worsening of wheel wear. Another
problem associated with the new circumstances is the reduced number of opportunities for the
trolleys to readjust their position. In addition the accumulation of metal particles around the rail
develops at abnormal speed, despite reasonable maintenance practices.
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4.2 Proposed solutions and concepts
Through consultation with SCA and given the project circumstances it was concluded that a complete
redesign of the trolleys would not be implemented. The possibility of the complete redesign failing is
very likely with the limited data, time restraints and unpredictable costs. Even from a sustainable
perspective, production of innovative replacement products requires resources and creates waste in
form of older products (Herrmann, et al., 2014). Thus, performance improvement and component
redesign should prove more beneficial. However, one concept was made an exception to motivate
the decision of preserving the trolley system.
The wear rate of wheels depends primarily on six parameters (Figure 8). Due to project limitations
the vehicle dynamics and rolling speeds had to be discarded, leaving the possible design changes to
the current system as wheel-rail geometry, normal loads, material properties and surface conditions.
With the wheel geometry and material properties being the most promising design change due to
easiness of testing and implementation. However, reducing wear by further distributing the normal
load and reducing stress experienced by each wheel was also considered as a possibility. Surface
conditions refers to implementing lubrication and maintenance practices, changes of that nature
could be applied to any wheel design.
4.2.1 Evaluation of design changes
The first Pugh matrix (Table 2) was used to decide which of the generated concepts (Appendix 10)
was superior, the second to determine what change in design features would contribute the most
towards a better solution. The final Pugh matrix was used to determine which combinations of
features, put together in the Morphologic matrix, would lead to the best solution.
Table 2: Pugh matrix describing the evaluation of generated concepts (Appendix 10).
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The results from Table 2 imply that the only two solutions that achieved a positive score (meaning
that they would have a positive impact) were to either design new improved wheels or implement a
system with metal tiers. Improving the wheels and rail scored higher than the tier concept, and it was
considered easier to achieve a desirable result. The concept that scored the worst was to replace the
trolley system into an automated production line. The swap would likely resolve the problem, but on
the other hand become too costly and waste resources. The option was included to further motivate
why the trolley system should be kept. All concepts except the winning concept were eliminated.
To improve the existing wheel-rail interference, a combination of research and brainstorming was
used to come up with eight different areas of improvement. The wheel geometry can be separated
into two categories, the flange and tread. The flange parameters can be categorized into thickness,
height, and flange root. Additionally, the tread parameters were categorized into outer diameter,
width, and curvature. Wheel-rail interference could be improved by increasing the contact area and
adding an inclination. Adding inclination prevents formation of two point contacts and is known to
minimize wear (Lewis & Olofsson, 2009).
The areas of improvement in Table 3 were evaluated similarly to Table 2, except solutions were only
evaluated to determine which attributes could have the largest impact. The solutions were ranked
from best (1) to worst (8) the highest score was achieved from changing the material and the lowest
from changing the radius of the wheel. Primarily, because a major change in wheel radius would
require changes in the trolley design that could be avoided using other solutions.
Table 3: Pugh matrix evaluating improvable aspects of the wheels
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Since most of the solutions were potentially compatible, Table 4 was created to generate possible
combinations of solutions. Six different concepts were created including a concept with the highest
possible score using the results from Table 3, the remaining concepts were however randomly
combined. Combinations of heat treatment and laser treatment were avoided since these methods
were believed to be incompatible.
Table 4: Morphologic matrix combining solutions into concepts

To account for the main determining factors of the project (Chapter 3.5.1) Table 5 was created. The
concepts were evaluated with a combined score of all included solutions similar to Table 4 but with
an emphasis on the wear and cost reduction which resulted in “concept 1” slightly beating the
previous winner (concept 5). Concept 1 was therefore chosen as the final concept, reasoning that the
difference of an angled rail could have a significant impact on the flange wear.
Table 5: Pugh Matrix evaluating the concepts with an emphasis on wear and cost reduction

4.2.2 Rail and wheel profile recommendation
Based on industrial recommendations for heavy haul operation a test rail profile was chosen to use
when evaluating the wheel profile (Leary, et al., 1991). A rail with a flat contact surface and a larger
gauge radius than the currently rail was determined to be desirable, since it increases the contact
area and thus decreases possible stress concentrations (Fröhling, 2003). The original profile was
based on EMIRAILS (2019) and can be viewed in Appendix 15, in the end different measurements
were used.
4.2.3 Material suggestions
A selection of tested materials compared to the old materials can be viewed in Table 6.
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Lewis, et al (2016) investigate the influence of rail hardness on the wear of wheels and rails. Lewis
states that while the rail is softer than the wheel, an increase in rail hardness leads to decreased rail
wear but an increase in wheel wear. However, while the rail is harder than the wheels an increase in
rail hardness still leads to an improvement in rail wear, but the wheel wear stays the same. The
article also states that in both cases the overall system wear decreases.
Based on this information it would be an advantage of using a rail that has a higher Brinell hardness
than the one of the wheels. At the same time following Archard’s model an increased hardness
would lead to a reduction in wear. Many studies and articles mention the European standards of rail
materials, some including Lewis, et al (2016) and Stolarski & Tobe (2000). It could be an advantage of
standardised rail steels considering that it has been thoroughly tested and is likely to have a
beneficial selling price compared to specially ordered steel adjusted to the specific purpose. The
standard materials used in freight train wheels in Europe are ER7 and the corresponding rail material
for heavy loaded purposes are R350HT, they both have superior mechanical properties compared to
the previous materials. The standardised materials are resistant to wear and have a far superior
hardness which will ensure that the wear decreases.
The rail material R350HT is the heat treated (head hardened) version of the R260 rail steel commonly
implemented on European rails. The head hardened R350HT are preferred in heavy haul
transportation since its increased hardness reduces the wear rate. Other materials exist that
outperform R350HT one example would be the Japanese rail steel CM64, it is however mainly used in
high-velocity vehicles.
Table 6: List of old and suggested wheel materials
Material (steel
grade)

Tensile strength,
Yield (MPa)

Ultimate Tensile,
ultimate (MPa)

Module of
elasticity (GPA)

Brinell
Hardness
(BHW)

Poisons ratio

Wheel materials
S355J0

330

530

190

150

0.29

S355J2G3+N

388

543

200

158

0.29

ER7

520

820-940

200 (Estimated)

240min

0.30

(Original)

(Suggested)
Rail materials
SA355J2G3

275-325

450-630

200

235

0.29

--

1175

200 (Estimated)

350-390

0.30

(Original)
R350HT
(Suggested)
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4.3 Calculations
4.3.1 Equilibrium calculations
Equilibrium calculations (Appendix 11) showed that during transport the right wheels (𝑉𝑏1 ) as seen
from the side of the trolley are exposed to higher loading. The normal force of both right wheels was
calculated and then divided by two, obtaining the maximum force present while loading. For the
theoretical prediction model this force was used to recreate the loading conditions in wear
simulations. The following formula was obtained:
𝑉𝑏1 =

(7𝑃 + 3𝑀𝑔 )
6

(15)

The second equilibrium calculations showed that the maximum force acting on one wheel occurred
during the loading and unloading of carriage. The unloading scenario was analysed with the highest
force acting on the right wheels (𝑉𝑏2 ) as seen from the right. The following formula was obtained:
𝑉𝑏2 =

(8𝑃 + 3𝑀𝑔 )
6

(16)

The mass of the trolley 1910 𝑘𝑔 and the load weight 4 000 𝑘𝑔 were multiplied by the gravity
acceleration of 9.81 𝑚/𝑠 2 (𝑔) giving the values 18.74 𝑘𝑁(𝑀𝑔 ) and 39.24 𝑘𝑁 (𝑃). Once imputed in
Eq. 15 and Eq. 16 it gives the following values:
(17)
𝑉𝑏1 = 55.15 𝑘𝑁
𝑉𝑏2 = 61.7 𝑘𝑁

(18)

4.3.2 Wheel and rail contact
The obtained contact area of the wheel and rail interference calculated using the results from Eq. 18
along with parameters and material properties of the original wheel design inputted in to Eq. 2
was 0.36 𝑐𝑚2. The determined area of the wheel-rail contact was less than half of the average
contact area in locomotives (1 𝑐𝑚2) (Lewis & Olofsson, 2009). Fröhling (2003) specifies that
increasing the size of the contact area between rail and wheel is likely to reduce the wear.
4.3.3 Factor of safety
The factor of safety(𝐹𝑆)calculated with the formula from (Ullman, 2016) was determined to be:
𝐹𝑆 = 1.1 ∗ 1.15 ∗ 1 ∗ 1.2 ∗ 1.25 = 1.9

(19)

Two examples are the FSmaterial that was determined as 1.1 due to the values being taken from manly
material library’s not giving it a perfect 1 that only could have been achieved through testing, and the
FSstress which was determined as 1.15 due to the uncertainty if there had been changes performed on
the trolleys resulting in extra load. The calculated Factor of safety was calculated to be 1.9 according
to this method.
Using the formula attained from (Collins, et al., 2009) the Factor of safety were determined to
be 𝑛𝑑 = 2,44, the associated calculations can be viewed in Appenix 12
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4.3.4 Wear prediction results
The written MATLAB program (Appendix 7 & 8) was used to test multiple different wheel sizes
A Draft of the result is shown in Table 7. The program was run until the wheels reached a wear depth
of 3 mm, that was chosen to resemble the wear on the severely worn wheel provided by SCA. In the
first calculation the original material and wheel were evaluated, the achieved result showed that the
pressure was close to the ultimate yield strength causing the wheel to fail the applied safety factor. A
change to the ER7 material gave an improvement of performance by approximately 60% however
the wheel still didn’t pass the factor of safety. In the last row of the table, the wheel rail contact
width was increased to a state where the wheel could manage the load even with the large factor of
safety applied. This modification resulted in an improvement of running length by above 300%
Table 7: Result from the wear prediction calculations

Factors such as creep and assigned wear depth that were used in the program have an effect on the
validity of wear and running length prediction. However, it didn’t affect the ability to determine the
superior wheel. Due to the fact that the level of error would be applied equally throughout all tests.

4.4 Final concept and solution
4.4.1 Modelled wheel profile
A digital 3D model (Figure 18) was created as a new wheel profile suggestion it were modelled to fit
the suggested rail and with the measurements and material from the calculations. It was created
with a larger and thicker flange to prevent any plastic deformation from occurring and it had the
same inner measurements and shape as the original wheel to avoid unnecessary changes to the
trolleys. Engineering drawings and specifications could later be created from this model.
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Figure 18: Final wheel profile suggestion
To determine if the final concept met all the requirements stated in the beginning of the project it
was compared with the PDS (Appendix 17). Although the wheel profile concept did not fail in any
specific category there were areas where more information was needed to determine if the
requirement had been met. It was determined if the concept had accomplished the criteria or not, or
if further work or testing was required. Some of the criteria’s that needed further testing were cost
and environmental impact, where the concept could be estimated to have had a positive impact, but
more exact figures was required to determine for sure. Concluding the evaluation of the concept it
could potentially accomplish all the requirements, but further testing and work is needed before a
solution is installed on the trolleys.
4.4.2 Similar material recommendations from CES
The material properties of ER7 were entered into CES Edupack and the following Figure 19 was
obtained. The summarized materials are listed in Appendix 14.

Figure 19: Similar materials to ER7 obtained from CES Edupack.
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5. Project Evaluation
Throughout the projects course focus was shifted towards developing tools that can aid SCA in their
search for a solution. Project limitations heavily affected the certainty of providing a singular credible
solution. The project could not ensure or evaluate whether it provided a safe and reliable solution
with a guarantee it will function properly and be a superior competitor to the current system.
Therefore, carrying out the project without compromising ethical values of the failure prevention
perspective wasn’t possible. In order to ensure that the project would be beneficial foremost to the
customer, the wear prediction program was further developed (Collins, et al., 2009).

5.1 Project limitations
The main hindrance that halted the work progress was delayed information, affecting the original
time plan to an unpredictable extend. Preparations were made for economic calculations of
maintenance alongside a questionnaire concerning current manufacturing costs (Appendix 6) which
was left without reply.
Much time went into researching methods of calculating the sliding velocity and creep rates of
current wheels. Since no actual testing on site was possible, values for creep had to be obtained from
alternative sources. Additionally, lack of material recommendations for heavy haul operations
resulted in a very limited amount of materials to be evaluated with the wear prediction program.
Another area where further testing was needed was to perform a LCA. Access to an assessment tool
or at least a LCA database was required to determine the environmental impact of concepts. Going
into the project it was expected to perform an LCA using a software such as SimaPro, but it wasn’t
available. Nevertheless, a similar program CES Edupack was accessible and could potentially be used
to perform the assessment. The software was however discovered too late to give enough time to
perform the LCA before the final deadline.
Limited customer communication was expected to become a challenge at some point throughout the
project, the involvement of three parties and additionally the long distance would severely limit the
amount of in person interactions. The biggest problem in communication was that only one on-site
visitation was made to SCAs factory. The security measurements at the factory and scheduling
prevented additional visits.

5.2 Future work
Due to heavy project limitations much potential for further solution development remains to be
uncovered. The most beneficial project continuation would be implementing flange wear prediction
within the wear prediction program, considering flange failure is known as a leading cause behind
derailment accidents. However, Hertzian stress prediction in the wheel flange and rail gauge contact
doesn’t provide reliable approximations due to the normal contact assumptions not being applicable
(Cadwell, et al., 1980). Additionally, flange deformation was a larger contributor than material
removal, concluding that Archard’s prediction model wouldn’t be suitable given the circumstances.
The usage of FEM (Finite element method) could be implemented to determine what position on the
wheel root develops the highest stress concentration during contact. Especially interesting would be
dynamic simulations of the wheel-rail system with free rolling wheels rather than fixed.
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The intent of developing a wear prediction program was for further testing of geometries and
materials. Therefore, future work also includes further testing of materials and geometries for SCA.
Due to the wearing process, the wheel geometry and surface properties changes and so does the
tribological factors acting within the contact area such as creep, spin and adhesion. The program
takes into consideration the reduction of thread diameter, Hertzian pressure and contact width.
However, the remaining tribo-factors among others potential attributes weren’t taken into account,
leaving areas of further improvement. SCA expressed a need of designing a mounting jig are also
potential areas of further work.
5.2.1 Testing vs prediction
Throughout this project there were many instances were testing would provide more trustworthy
results than estimations and theoretical prediction models. Even if determining the dominant wear is
possible through visual observation without proper laboratory testing and microscopic surface
analysis it comes with a level of uncertainty. Analysing the size and direction of surface markings,
material hardness state and debris appearance in laboratory could provide information on the wear
mechanism (Neale & Gee, 2001). Especially interesting is weather the material flaking was originally
caused by internal pressures and fatigue or external forces such as adhesion. Visual examination
cannot supply observations on the microscopic level. Therefore, it cannot be fully determined if the
particles are removed due to microscopic surface unevenness, the outer material layer hardening
leading to spalling and cracking, or potentially both.
Estimating microscopic parameters such as sliding velocity and creep is impossible through only
visual observations, and they have a direct effect on the wear rate (Jendel.T, 2000). In order for the
calculations performed in this project to be trustworthy it would make a difference if the creep rate
wasn’t estimated (Neale & Gee, 2001). A lot of the estimated values and material suggestions were
obtained from standards for high speed locomotives, and might not suit the given application.
At the beginning of the project plans were made to perform tests inside SCA factory that would
determine if the trolley experiences small displacements during loading. The fact that trolley wheels
shift from single point contact to double point contact at some time is known, but the rate at which
this transition occurs is unknown. Considering the lack of any inclination that would allow natural
repositioning, if the trolley displaces at alarming rates then perhaps a redesign of the trolleys would
be necessary. Another potential solution would be implementing regular routine stops that serve the
purpose of repositioning the trolleys.

5.3 Technology, Society, and the Environment
SCAs case highlights the economic ramifications of implementing wheel-rail systems that aren’t
modelled after operating conditions. The amount of wear in the trolley wheels increased significantly
after SCA made the transition from manual to automatic operations, increasing the frequency and
overall costs of maintenance. Both trolleys were originally customized after SCAs production
requirements. However, once a change was made to the system, the once functioning solution
became deficient. Similar cases aren’t uncommon, especially during current times of what some
describe as the fourth industrial revolution. Manufacturers begin adapting new technologies and IT
systems in order to survive on a hyper competitive market with decreasing amounts of natural
resources. SCA being the largest private owner of timberland in Europe specialize in generating
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revenue by processing timber. Due to the time limitations of growing natural resources SCA
understands the value in optimizing existing solutions and making every tree count for maximum
profit. SCA has even pledged to reduce the environmental impact caused by their operations partly
by being certified by the International Organization for Standardization (ISO). The company applies
ISO 14001 and ISO 50001 for environmental and energy management (Svenska Cellulosa
Aktiebolaget SCA, 2019).
The highly competitive market has required companies to adapt alternative methods that are cost
efficient and reliable, in terms of wear prevention. Adjusting the wheel-rail interference and material
choice requires performing wear tests, however it is time consuming and costly. Theoretical
prediction models along with virtual simulations are becoming the future of wear prevention. This
isn’t exclusively within the field of tribology, computer simulation in general are becoming more
reliable and accessible. In addition, new materials are being developed with outstanding wear
resistance properties. However, as mentioned before, practical testing is still a powerful tool that
provides much more accurate results.
Despite all, there is a limited amount of progress that can be made, and although many helpful
discoveries has been made in recent years, there are certain area of wear development that cannot
be simulated even with the latest technologies. For example, the wheel flange and rail gauge wear
prediction remains a poor approximation of reality.
Even if information exists manufacturers using wheel-rail systems might not implement it due to
difficulties navigating the excessive amount of information. This can be especially problematic for
heavy haul operations since the majority of wear studies are aimed at high speed transportation. This
project required an extensive amount of research due to the amount of information. Access to data
is also important and without a solid background it is hard to develop reliable conclusions/solutions.
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6. Conclusions
The main cause of failure was determined to be the double point contact on the wheel flange and rail
gauge that resulted in the flange deforming. The wheel profile and its material were deemed
insufficient for heavy haul operations. The material was changed, and the wheel-rail contact area
increased. The wheel rail inclination was increased as well as the flange root due to a previously
insufficient radius. From the results from the theoretical prediction model program in MATLAB a
solution that decreased the amount of tread wear and increased operation time. The results were
mainly achieved through a change in material and wheel width.



The wheel tread wear was reduced by over 50%
Operating distance increased by 300%

Safety precautions to minimise flange wear and other potential damage risks was taken, and an
effort to ensure that the solution is more sustainable both environmentally and economically than its
predecessor. Furthermore, a new rail matching the suggested wheels would be needed before
implementation in the factory. The suggested solution could potentially solve the objectives stated in
this thesis however, further investigation and testing needs to be done to determine the exact
results.
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Appendices
Appendix 1: Work Breakdown and Time Plan
Original time plan:

Actual time plan:
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Appendix 2: Technical drawings of SCA wheels
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Appendix 3: Initial literature review
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Appendix 4: Questionnaire for On-site visit
The following questions were prepared for the on-site visit (31-01-2019) and the unanswered
questions were send to SCA for completion. Translated from Swedish to English.
Unknown Parameter

Obtained
Y/N/A4

Trolleys

Source of information
On-site
visit

Technical
drawings

Accuracy of information

SCA completed

x

Comments

Rating
(1-5)

-

5

Assumed from on-site observation, could be easily adjusted
in MATLAB-code

2

Braking and acceleration is known to have an effect on slip
and wear rates and it would have been useful.

-

Wasn’t necessary in calculations but could have been useful.

-

Weight

Y

Vehicle speed

A

x

Acceleration and braking
speed

N

-

Travel distance

N

Construction material

N

-

-

-

Wasn’t important

-

Manufacturing process

N

-

-

-

Would have been useful in project for cost calculations

-

Type of wheel

Y

x

x

Geometry of wheel

Y

Weight

N

Construction material

Y

Manufacturing process

N

Frequency of wheel changes

-

-

x

Wheels
5

x

x

The technical drawings of wheels didn’t fully correspond
with the trolley drawings.

4

-

-

Weight calculations based on material properties obtained
from material database gave an unrealistic weight. This
would have been helpful information.

-

x

x

-

-

-

Would be useful.

-

N

-

-

-

Would have been extremely useful.

-

Cost of material

N

-

-

-

Would be useful.

-

Environment conditions

Y

x

Construction material

A

Geometry

N

-

Frequency of rail changes

N

Manufacturing process
Environment conditions

-

5

4

Rail

4

Assumed values

x

The given material was for a purchased rail by SCA not sure
if it is the one in use during on site visit.

2

-

-

-

-

-

-

-

-

-

N

-

-

-

-

-

Y

x

4
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Appendix 5: Questionnaire for PDS
Question
Objectives

answered

Possibility of achievement

Y/N

Comments

Rating
(1-5)

Expected scale of
improvement in terms
of wear, durability and
cost?

N

-

-

Other objectives?

Y

Another objective was introduced
halfway through the project to develop a
mounting jig for the trolleys. This was
deemed a wish since the time scope
wasn’t large enough and too little was
known concerning the wheel changes
operation.

-

Economical
expectations

N

-

-

Other expectations

N

-

-
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Appendix 6: Questionnaire concerning cost
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Appendix 7: Flowchart Wear prediction program
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Appendix 8: Matlab program
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Appendix 9: Root Cause Analysis
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Appendix 10: Drawings of creative concepts
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Appendix 11: Equilibrium calculations
𝑉𝑎 and 𝑉𝑏 represent two wheels located on the same shaft. The load is symmetric from the side
therefore by dividing 𝑉𝑎 and 𝑉𝑏 by two the individual force acting on the wheel will be obtained.
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Appendix 12: Design factor rating
Rating factor

Rating number
(RN)

Comment

Nr.1

+2

The loads and vehicle operations could be estimated with
certainty but other failure indecent agents of the wheel-rail
interference such as creepage and sliding velocity were strongly
uncertain.

Nr.2

+1

The theory used for calculation of stresses and wear from acting
forces does provide a small level of uncertainty, but it is minor.

Nr.3

+2

The available information was limited and certain factors of
material properties gave estimates or unrealistic values.

Nr.4

−2

There was no limitation for preserving weight or material. The
only minor preservations were necessary in space and money.

Nr.5

+4

The failure of wheels causing derailment is a big safety hazard
and especially costly for SCA.

Nr.6

±0

Couldn’t be evaluated therefore left at 0.

Nr.7

─3

The operating conditions were obtained with good estimates of
the most important aspect, weight. Other estimates such as
vehicle speed aren’t affecting the results or safety to a critical
extent.

Nr.8

─2

The amount of inspections is known to be high, but the quality
is unknown.

Total (𝑅𝑁𝑠𝑢𝑚 )

2
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Appendix 13: Results from MATLAB calculations
The results from the MATLAB calculations.
Material
properties

𝝈𝒖

𝑯𝒔𝒐𝒇𝒕𝒆𝒔𝒕

𝑷𝒎𝒂𝒙

𝑫𝒙

𝒌

𝑽𝒘

∆𝒛

𝑺𝒘𝒄

MPa

HBW

MPa

𝒎 ∗ 𝟏𝟎−𝟒

𝟏𝟎−𝟒

𝒎𝟑

e-6

km

H

S355J0 (OG)

e-10

Improvement
of traveling
distance

Approved
safety
(Y/n)

Approved
FS 1.9
(Y/n)

%

530

150

390

9.18

1

2.18

3.1

965

63

N

N

543

158

395

8.9

1

2.04

2.95

1016

72

N

N

820

240

397

8.9

1

1.34

1.94

1543

161

N

Y

530

150

499

12

1

2.78

5.07

591

Na

N

N

543

158

499

12

1

2.64

4.8

622

5

N

N

820

240

495

11

1

1.71

3.17

945

60

N

N

(Wheel width
49mm)
S355J2G3+N
(OG)
(Wheel width)

ER7
(Wheel width)
S355J0 (OG)
(contact
width 30mm)
S355J2G3+N
(OG)
(contact
width)
ER7
(Contact
width)
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Wheel profile
suggestions

𝒅𝒕𝒓𝒆𝒂𝒅

material

𝒕𝒕𝒉𝒊𝒄𝒌

𝑷𝒎𝒂𝒙

𝑫𝒙

𝑽𝒘

∆𝒛

mm

𝑺𝒘𝒄
km

Improvement
to contact
width %

Approved
safety
(Y/n)

Approved
FS
(Y/n)

original

250

ER7

0.049

001

250

ER7

0.072

002

003

004

005

006

007

008

250

250

250

260

270

300

270

ER7

ER7

ER7

ER7

ER7

ER7

ER7

0.077

0.100

0.130

0.049

0.049

0.049

0.072

328

316

244

243

389

380

362

315

7.4

7.1

5.5

5.5

9.1

9.3

10

7.7

1.1

1.3

e-10

e-6

1.07

1.23

e-10

e-6

9.4

9.5

e-11

e-7

8.25

7.33

e-11

e-7

1.32

1.87

e-10

e-6

1.2

1.80

e-10

e-6

1.22

1.61

e-10

e-6

1.06

1.22e-6

e-10

2267

284

N

Y

2424

310

Y

Y

3148

432

Y

Y

4093

593

Y

Y

1605

171

N

Y

1668

182

N

Y

1855

213

N

Y

2451

315

Y

Y
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Appendix 14: CES Edupack material recommendations
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Appendix 15: Rail profile
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Appendix 16: New wheel profile
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Appendix 17: Product design specification

