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Abstract

The assessment of railroad wheel wear has been the focus of many projects, for
example, in the Shift2Rail project NEXTGEAR, a framework for comparative
life-cycle cost LCC studies has been proposed to work towards a more efficient
approach to the problem. At this stage, most of the assessment methods are
iterative methods, which can guarantee the accuracy of the assessment but are
very time consuming. But using the non-iterative method, it is difficult to
guarantee the accuracy. In this paper, from this position, we study how to
improve the efficiency of iterative method, and in this direction, we go further
to explore the relationship between wheel wear and running distance, and also,
based on this, we derive a more accurate equation of non-iterative. In addition,
the advantages and disadvantages of various methods are also investigated and
compared to provide reference directions and methods for continuing to
promote the efficient calculation of wear in the future.

Keywords
Railroad wheel wear, iterative methods, non-iterative methods, efficiency
improvement.






Sammanfattning

Bedomningen av hjulslitage pa jarnvagar har varit fokus for ménga projekt, till
exempel i Shift2Rail-projektet NEXTGEAR, dar ett ramverk for jamforande
livscykelkostnadsstudier (LCC) har foreslagits for att arbeta mot ett mer
effektivt tillvagagangssiatt for problemet. I det hiar skedet ar de flesta
bedomningsmetoderna iterativa metoder, som kan garantera att bedomningen
blir korrekt men som ar mycket tidskravande. Men om man anviander den
icke-iterativa metoden ar det svart att garantera noggrannheten. I detta
dokument, frdn denna position, studerar vi hur man kan forbattra
effektiviteten i den iterativa metoden, och i denna riktning gar vi vidare for att
utforska forhéllandet mellan hjulslitage och lopstriacka, och baserat pa detta
harleder vi ocksa en mer exakt ekvation av icke-iterativ. Dessutom undersoks
och jamfors fordelarna och nackdelarna med olika metoder for att ge
referensriktningar och metoder for att fortsatta att framja en -effektiv
berakning av slitage i framtiden.

Nyckelord
Slitage pa jarnvagshjul, iterativa metoder, icke-iterativa metoder,
effektivitetsforbattring.
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Background and Introduction

In the Shift2Rail project NEXTGEAR[1], a framework for comparative
research on Life Cycle Cost LCC was produced. This framework evaluates
innovations in different railroad systems and stakeholders therein. The KTH
wear rate calculation for wheels and rails uses an iterative approach, which is a
continuous updating process: a set of characteristic curves is dynamically
simulated, and the estimated wear rate is produced, then the curves are
updated, and the updated curves in turn influence the dynamic simulation.
This process is cumbersome in its steps and therefore less efficient.

One of the proposals in the NEXGEAR project, the wear of wheels and tracks
in the UCM is not calculated iteratively but is extrapolated by performing a
single set of dynamic simulations. This simplified approach is time-efficient,
but also problematic. For example, the wear can be concentrated in a
concentrated area of the wheel and rail, resulting in localized peaks that do not
correspond to the actual situation. In the actual wear process, when wear
occurs at one location, the wheel-rail contact point leaves that location and no
contact occurs in the wear hole. To improve the non-iterative method to have a
more realistic wear prediction, we can distribute the total amount of wear to
the contours as it is, for example, by using the contour measurement method.
This project consists of i) a literature review ii) To investigate and suggest



possible ways to improve the efficiency of wear prediction. iii) a study of the
benefits and drawbacks of representing the wear in this way, especially when
using dynamic simulations to compare the performance of different vehicles.

Currently, there are many wear prediction models, including the Ward, Lewis,
and Dwyer-Joyce technique[2], the Kalker and Li method[3], the
Chudzikiewicz method[4], and the Jendel method[5]. Both of them
theoretically fall under the category of iterative procedures, although they do
so in distinct ways. The following section will provide a detailed account of the
techniques used. However, individuals are actively seeking a more effective
approach for wear prediction, regardless of the specific technology used. For
instance, neither approach takes into account the effect of plastic deformation.
Kalker and Li calculate wear in the rail. Chudzikiewicz used the FASTSIM
technique as a substitute for contact analysis, despite the trade-off in accuracy,
etc. These strategies to enhance efficiency align with our idea since they aim to
enhance the non-iterative methods by developing a more effective wear
prediction system that is both efficient and accurate. All the strategies I
described before have a comparable impact on our objective.

Nowadays, the Jendel method constructs vehicle models in MBS and modifies
input data to predict wear. So, we can choose this method for the baseline and
consider what method we could use to improve efficiency first. For example,
could we set or change any parameter to compare the simulation results and
efficiency, i.e., the wear step numbers, the simulation time, and the accuracy of
the results compared to the original setting. By analyzing these outputs, we can
ensure that the new or changed parameter considers the wear prediction
efficiency and accuracy. This is just a simple assumption, but I will introduce
the content relevant to wear prediction and discuss how we can improve the
efficiency of the Jendel model. And then move into non-iterative methods.

Enhancing the efficiency of the iterative method provides valuable insights into
wear prediction. These theories and experiments provide us with greater
opportunities to explore non-iterative methods. Overall, regardless of the
method we employ, an advanced wear prediction method that is both efficient
and accurate consistently meets our objectives.









Basics and methods

Enhancing the effectiveness of wear calculations involves a number of factors.
This chapter will start with the basics of wear, including wheel wear, rail wear,
wheel profile, wear prediction methods, and the methodology we will use.

2.1 Wheel-rail wear

When wear occurs between the wheel tracks, the geometry between the track
changes and thus the dynamic forces between the tracks change. These
changes may affect the performance of the vehicle and may also result in track
breakage, which may lead to early track replacement and updated adjustment
of the wheel profile.

2.1.1 Definition and affecting factors

e Train wheels and rails gradually lose and deform their contact components
as a result of friction and contact, a process known as wear between wheels
and rails. The following elements are the primary causes of this wear:

e Friction: Friction between the wheels and rails is the main cause of wear
and occurs mostly during train operation.

e Contact stress: Material fatigue and wear can also result from stress
concentration at the point of contact between the wheel and the track. This
stress effect is particularly evident in the case of heavy and fast trains.



Slip and skidding: When a train starts, brakes, or corners, there is a chance
that there will be slip or skidding between the wheels and the track. This
can worsen wear.

Environmental factors: Wear can also be impacted by temperature,
humidity, and other weather-related conditions. Rain and snow, for
instance, can worsen the amount of slippage that occurs between the wheel
and the track, leading to more wear.

Material characteristics: The hardness, toughness and other characteristics
of wheel and track materials also affect the degree of wear. Harder
materials are more resistant to wear, while tougher materials are better
able to resist fatigue wear.

Wear can lead to uneven surfaces on wheels and rails, which in turn affects
the smooth running of trains and increases maintenance and replacement
costs. Therefore, railways usually control and slow down the occurrence of
wear through regular inspections, maintenance and wear reduction
measures (e.g. lubrication, use of wear-resistant materials, etc.).



2.1.2 General classification of wheel wear

Wheel wear can be measured and judged by the following coefficients.
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Figure 2-1 The quantities of wheel.

« Thickness of flange, tf.

« Height of flange, hf.

« The angle of the flange, qr.

In Figure 2-1, these quantities are defined. These numbers are frequently used
to calculate when the wheel needs to be turned, or re-profiled.

2.1.2.1 Wheel tread wear

The following variables are often responsible for wheel tread wear:

e Normal creepages and creep forces combined with the normal force
between the wheel tread and the rail top surface.

e Together with significant creepages and creep forces (in traction and non-
tread braking), there are normal forces between the wheel tread and the
rail top surface.

e Braking pressed on the wheel tread is known as tread braking.

The wheel tread rises to the flange. Turnouts and crossings may have issues if
the flange height hf, as shown in figure 2-1, grows excessively big. Nonetheless,
wheel tread wear is typically milder than flange wear. Typically, a 500,000—



1,000,000 km travel distance may be reached before the flange surpasses the
limit value.

2.1.2.2 Out-of-round wheels

Eccentricity, wheel flats, corrugation. Etc. Out-of-round wheels can occur due
to several reasons. See reference [6]. Eccentric wheels are one type of out-of-
round wheels. The eccentricity may be due to a non-centered wheel position
during profiling. Wheel flats occur when the wheels are stuck while braking
rather than rotating. This kind of wheel flaw is common. It is prevented by
using anti-slip gadgets that work well.

One way to think about a particular type of wheel wear is as waves around the
wheel circumference. There are usually two to fifteen waves. The waves might
have amplitudes of up to one millimeter. The wheel-rail system's vibrations,
which result in changes in the wheel-rail forces, are most likely what create the
waves.

Particularly on wheels equipped with tread brakes, corrugations develop.
Corrugations are regular patterns surrounding the wheels that resemble the
waves above, but they have shorter lengths and lower amplitudes (3-6 cm and
up to 0.01 mm, respectively). Certain areas of the wheel tread heat up more
during tread braking, which is followed by expansion and noticeable wear. The
wheel cools down after braking, which reduces the rolling radius of the hotter
areas. Corrugations may also be introduced by the tread brake shoes'
inappropriate material.

2.2 General classification of rail wear
Rail wear can be divided into:

2.2.1 Top surface wear

Figure 2-2 Wear at rail top [7].

10



Fatigue may result from top surface wear as well as the vertical stress on the
inner rail. Shelling, or the loss of rail head parts, can happen sometimes. Next,
the rails need to be grounded. "Head checks," or cracks in the rail surface, can
also be problematic.

2.2.2 Guage corner wear

Track gauge increases because of gauge corner wear. The rail head's material
strength and allowable gauge expansion set a limit on acceptable gauge corner
wear.

To mitigate this kind of wear, outer rails in severe bends m

occasionally be made with rails with a greater tensile strength—1000-1100
MPa, for instance, rather than goo MPa.
Using lubricant is another way to lessen gauge corner wear.

2.2.3 Wear on the rail end

Wear at the 4
end of rails dl

Figure 2-3 Wear at the end of Rails.

It is discovered that the wear on rails occurs at their ends and is significantly
more than the wear at their tops. The vehicle's wheels must jump at the
expanding gap, and in the process, they strike the rail ends with a blow. The
primary reason why rails at ends deteriorate is this blow. The ends of the rails
are beaten from multiple impacts.
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2.2.4 Wear at the side of head of rails

On the rails installed on bends, this is the most damaging kind of wear. Various
factors can lead to side wear on rails, including;:

Wheel flanges on the inner side of the rail head grind against one another
because of centrifugal force acting along the curvature.

When travelling over a curve, the cars do not conform to the curvature. As a
result, wheel flanges bite into the inner side of the outer rail head.

Wheel slippage on curves is the primary cause of wear on the inner side of the
inner rail head. Since "pq" is greater than "rs", the outer wheels must go a
greater distance than the inner wheels. However, because of the tight
connection between the two wheels, they travel the same distance, causing the
inner wheel to slide over the inner rail and wearing down the inner side of the
inner rail's head.

r
Inner wheel —» Outer wheel

Inner rail ——»
P
d
S

Outer rail

Figure 2-4 Wear at the side of head of rails.
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2.3 Wheel profile

The wheel tread and flange designs of a train wheel are often referred to as the

wheel's profile, which is the cross-sectional form or contour of the wheel. The

effectiveness and safety of train operations depend heavily on this profile

design. The wheel profile's primary elements are as follows:

Flange: The flange is the portion of the wheel's edge that protrudes, and
its primary purpose is to keep the train from derailing. The flange meets
the track's side as the train is moving down it, ensuring that the wheel
stays on the track.

Tread: Usually conical or sloping, this is the portion of the wheel in
direct contact with the track. To minimize wear between the wheel and
the track and to produce the right amount of friction, the rolling surface
was created. Conical rolling surfaces are seen on a lot of train wheels,
and their purpose is to aid in self-centering while turning. The conical
wheels of a train can assist it turn more smoothly by adjusting to the
varying rolling radius when it enters a curve. The radius of the inner
and outer tracks differ.

Transition Zone: This is the area where the flange and rolling surface
meet. It is often smoothed down to allow the wheel rim that is in touch
with the track to transition smoothly, minimizing wear and impact.

Wheel Profile
0.03

Figure 2-5 Schematic of Y25 wheel profile behind the left wheel created by MATLAB.

The wheel profile is the most visually appealing way to depict wear data and is
crucial to the wear calculation process. Wear on the wheel profile will alter the
simulation process, influencing factors such as wheel-rail contact location,
contact angle, and contact force. The wheel profile is constantly changing
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under the influence of many factors. In this case, it is also indispensable to
change the shape of the wheel profile during the simulation.

2.4 Iterative and non-iterative methods

Iterative or non-iterative methods can be used to calculate wheel and rail wear
in railway systems. The intricacy and precision of the computation process are
the primary distinctions between these two approaches.

2.4.1 Iterative methods

To more precisely simulate the wear in between wheel tracks, an iterative
procedure known as the iterative approach is employed. Using this approach,
the initial wear of the wheel tracks is predicted by running a number of
dynamic simulations. The form (or profile) of the wheel rails is changed to
account for wear-related changes in shape based on the outcomes of these
simulations. The wear prediction is then further improved by using the
modified contours in the subsequent set of dynamic simulations. This
procedure is carried out repeatedly, using the most recent contour data for the
simulation each time, until a set of predetermined requirements (such as very
little wear variations) are met, at which point the simulation's output is
thought to be reasonably accurate. Iterative techniques are time-consuming
and computationally costly, but they can provide wear simulations with more
precision.

2.4.2 Non-iterative methods

The non-iterative approach reduces complexity by running the dynamic
simulation just once and using the results to determine the wear of the whole
profile. This method significantly reduces computing time and resource usage
by doing away with the requirement to continuously update the profile and re-
simulate the stages. The non-iterative technique's drawback is that it is less
accurate than the iterative approach as it is unable to precisely alter and
anticipate the gradual change in shape that occurs with wear. Furthermore, as
genuine wear may cause the contact point positions to vary to avoid
continuous wear at the same site, the non-iterative technique may result in
uneven wear distribution on the contour, generating deep and narrow wear
zones. This is unlikely to happen.

14



The following approaches can be taken into consideration when trying to
address the drawbacks of non-iterative:

e Increase the wear model's accuracy by conducting wear sampling and
experimental validation.

e Using dynamic models and nonlinear elements such material nonlinearity,
contact nonlinearity, etc., enhance the wear model.

e Employ non-iterative Multibody Dynamics.

To more accurately predict wear, Multibody Dynamics is combined with non-
iterative methods to analyse the contact force distribution and sliding velocity
under various conditions, as well as the vehicle's dynamic response and the
impact of track irregularities on wear.

The iterative approach can forecast wear in later work and, after collecting
more accurate findings, can offer a better reference and result comparison for
the succeeding non-iterative procedure.

2.5 Wheel-rail wear prediction

In the previous section we discussed some important concepts about wear
calculations, and in this section, we discuss the relevant wear calculations.

The prediction can be divided into simple wear prediction and advanced
prediction, although intermediate types of prediction approach also exist.

2.5.1 simple wear prediction

The most common way to predict wear is to produce results with a single wear
number or friction indices. We can get wear numbers this way, but we can't
point the wear to a specific location on the wheel or rail, nor can we get a
specific shape of the wear. This method cannot be applied to compare different
types of wear. An example of a method is to establish a linear or non-linear
equation for wear by energy dissipation in the contact area of the wheel and
rail, and to obtain the wear value by energy dissipation.

As an example, a simple wear index might assume a linear relationship
between energy dissipation and wear. The energy dissipation at the wheel-rail
contact is usually defined as the loss per meter of distance travelled by the

15



wheel (vehicle). The following is the relationship equation for calculating
energy dissipation.

The energy dissipation £ can be expressed as:

E= ngg + FnUT] + M{qb (2-1)

Where F;, F, are the creep forces, and M; is spin moment. v; , v, , ¢ are
creepages and spin in the contact area.

2.5.2 Advanced prediction

Wear can be associated with energy dissipation in basic wear prediction.
However, several combinations of creep forces and creepages can produce the
same energy dissipation, thus it's still unclear if wear can be associated with a
single energy dissipation. Therefore, it is still up for debate whether wear can
be linked to a single energy dissipation. As such, the practice of basing wear
prediction on wear-related tribology is gradually gaining traction. Material
wear accumulates to produce the wear of the wheel track profile, and wear
estimations are made based on the vehicle track's operating circumstances.

speed v
iy s

Figure 2-6 Contact Patch Variables for calculation of energy
dissipations.
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2.5.3 Wear prediction tools

2.5.3.1 Ward, Lewis and Dwyer-Joyce

A railway wheel wear prediction model was created by Ward, Lewis and
Dwyer-Joyce. This was primarily done because it would aid in the design of
wheels with the least amount of wear by assessing new materials, improving
wheel profiles, and suspension systems on vehicles. The vehicle and contact
conditions at the wheel-rail interface are simulated using multi-body dynamics
through the interface of the model with ADAMS/Rail. To estimate the wear of
the wheel profiles, the wear model integrates the results of ADAMS/Rail, the
wear coefficients discovered during twin disc testing, and Kalker's simplified
theory of rolling contact. Plastic deformation has not been taken into
consideration when developing wheel profiles. Four primary components
comprise the modelling process for wheel profile wear prediction (refer to
Figure 2-6).

e ADAMS/Rail's Multi-Body Simulation was used to determine contact
position, force, and slide.

e Analysis of Local Contacts. used to determine the distributions of pressure,
traction, and slide in the wheel/rail contact.

e Using the wear coefficient as a starting point.

e Evolution of the Wheel Profile Prediction. To calculate the change in
profile, the overall wear is added together. Following that, ADAMS/Rail
receives the worn profile, which updates the contact analysis.

17
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[ }
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Lo e 1

Figure 2-7 Ratlway wheel wear modelling scheme of Ward, Lewis and Dwyer-Joyce.

The wear modelling approach is based on an energy approach. According to
Equation (2-2), this presupposes that the wear rate is correlated with the
amount of work done at the wheel/rail contact.

(2-2)

kg
m ksTv
Wear rate( '"2) ===
mm A

where:
T = tractive force (N)

v= total creepage at the wheel/rail interface (-)
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ks = wear coefficient (ug /Nm)

A = contact area (mm?)

The wear coefficient was calculated using measurements obtained from twin
disc testing. Based on the factor 7v/4, the results show that there are three
distinct wear regimes. For every regime, a wear coefficient has been
established. It is assumed in the contact model that an ellipse may roughly
represent the contact between the wheel and rail. To ascertain the wheel
profile's progression, the wheel profile was divided into circumferential strips.
Separation of the contact ellipse into longitudinal strips matching the wheel
strips was also performed. Then, each strip inside the ellipse was split into cells
of the same size. To ensure that the profile wears evenly throughout the wheel,
the wear on each strip (in the rolling direction) might be added together to
determine the wear for that area of the wheel profile. The local contact analysis
uses the normal force, traction, and semi-axes (a and b) for each elliptical
contact patch as input from ADAMS/Rail. As shown in Figure 2-8, the contact
analysis determines the traction 7, pressure p, and slip vfor each cell.

I!VI I Tov

X (rolling direction)

Figure 2-8 Output from Local Contact Analysis [2].

The wear volume per cell was computed using the relevant wear coefficient, kg,
for each wear regime. Next, we get the following equation, which gives the
depth of wear per cell, WDcer:

v kg Vvehi;le'ﬁt (2-3)

WDcey = 2

where At is the contact duration, p is the wheel steel density, and Vienicte is the
rolling velocity. There is a wear depth unique to each cell in the contact ellipse.
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Each strip's wear may now be added up and subtracted. An estimated 100-
kilometer simulation has been run using the model. One form of curve with a
large radius was present in the track, along with transition curves before and
after the circular portion and straight sections before and after the transition
curves. There was no flange contact because of the track's enormous radius of
curvature. The worn profile compares quantitatively to data that has been
released.

2.5.3.2 Chudzikiewicz

Chudzikiewicz conducted research using several wheel-rail contact models and
dynamic models [4]. One of their findings was that the reduced theory of
rolling contact, together with the FASTSIM method, is sufficient for predicting
wear. Substituting the program CONTACT with FASTSIM would result in a
reduction in simulation time. The findings obtained by utilizing CONTACT and
FASTSIM were validated. The conclusion reached was that the FASTSIM
findings were deemed satisfactory.

The wear model is derived from the correlation between the amount of
material removed per unit area of the contact patch and the amount of work
done due to friction in the contact between the wheel and the rail:

m,, =C-Wr(2-4)

where:
m,, is the mass removal per contact patch area (ug/mms2),
C is the rate of wear (ug/N mm), 1*104 ug/(N-mm) < C < 1¥10°2 ug/(N-mm).
Wr is the frictional work (N/mm).
1

W, = fvslip(x' }’)T(X. y)dx (2-5)

Vyehicle

where:

7(x, y)is the tangential traction (N/mma?).

Vaip (%, y) is the slip velocity (m/s).

x represents the displacement of the wheel along the rail (m).

Vyenicie 1S the vehicle speed (m/s).

20



The research has not taken into account plastic deformation. The vehicle
model comprises a solitary wheelset with three degrees of freedom, including
lateral, yaw, and pitch movements. The simulations are conducted on a linear
track with quantified track imperfections, defined by four functions: level,
alignment, cant, and gauge. These abnormalities were disturbances in the
motion of the wheelset. The simulations were conducted using the wheel
profile DB II and the rail profile UIC 60. Based on the findings, Chudzikiewicz
determined that including track imperfections is essential for achieving more
accurate results. Additionally, there is around a 10% variation in the projected
wear of the wheel profile between the Hertz/FASTSIM and CONTACT
theories. No comparisons are conducted using measured wheel profiles. In
their work, Chudzikiewicz provides a comprehensive analysis of the latest
theoretical and practical research conducted about wheel and rail wear models.
The primary findings he has drawn [4] are:

e All models use Archard's fundamental premise of a direct relationship
between frictional work and wear in abrasion-type wear.

e A crucial issue is to the selection of wear coefficients in the models.

e [t is difficult, and often impossible, to determine the exact composition of
used lubricants due to the presence of various impurities such as old oil,
dirt, and other pollutants. These contaminants may vary greatly and are
challenging to anticipate or forecast.

e The coefficient of friction is a variable quantity that is subject to
uncertainty due to its dependence on seasonal variations. It may vary from
0.1 or lower on wet days to 0.5 or higher on bright summer days. The
magnitude of the creep and creep forces, as well as the wear, are
significantly influenced by this.

e Additional factors like tread brakes and traction play a role in the
estimation of wheel wear.

2.5.3.3 Kalker and Li

A technique is introduced in [3] for computing the wear of railway wheels. The
findings are compared to the measurements of the wheels in the Amsterdam
Metro. Kalker and Li neglected to consider the impact of flange wear.
Furthermore, this research did not consider the impact of plastic deformation
on the evolution of the wheel profile. In this study, the researchers reduced the
scenario by using a single rail profile. The track's wear is disregarded. The
contact between the wheel and rail is computed using the simplified theory,
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using the FASTSIM numerical technique. The contact area and normal
pressure conform to the Hertz hypothesis. When examining a minute particle,
P, of the wheel that moves over the contact area from point A to point B over a
short distance, the contact area remains relatively constant. The contact area
remains constant. As the particle traverses the contact region from point A to
point B, it accumulates the whole amount of effort done by friction, which is
then converted into wear. According to:

WP) =7 T vapdt = [ T % (2-6)

Where:

T is the tangential traction.

Vgip 1S the relative velocity vector between rail and wheel.
x is the distance travelled by the wheel over the rail.
Vyenicie 1S the rolling velocity.

W (P) is the frictional work per unit surface which in one wheel revolution is
stored in particle P in the form of wear.

In this context, "wear" is defined as the extent to which a component has been
worn down, measured in mm. The amount of wear is directly proportional to
the amount of frictional effort that has been exerted on the surface unit. The
worn away mass has been calculated using the proportionality constant C:

Mass (ug) = C(ug N "mm=1) x frictional work (N*mm) (2-7)

Lehna[8] has obtained the C value, and the expression is M revolution of
wheels related to single unit wear step: CM =16.5 (ug N* mm?), which need to
be kept a reasonable scale to avoid the inaccurate value.

They quantify wheel-rail wear regardless of its kind (abrasive, adhesive, and
fatigue wear) using the following method:

Viear = k1 dFT =k,W (2-8)
Where:
Vyear (M3) is the volume of material worn away.

k, is a coefficient.
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d (m) is the sliding distance.

T () is the frictional force.

H is the hardness of the material.
kw=k1/H is the wear coefficient.

W =T-d (N-m) is the frictional work.

The wear coefficient k,, is influenced by several factors, including the materials
of the wheel and rail, their hardness, lubrication and the qualities of the
lubricants, the pressure and traction in the contact, and the amount of slip. The
values of k,, may be determined by laboratory experiments or by analysing
data received from field trials. Figure 2-9 displays the flow chart illustrating
the simulation procedure. The result of the vehicle-track dynamics study
should include the lateral displacement, yaw angle, creepages, and loads,
which should be simulated under operating circumstances. This research does
not include any comparisons using measured wheel profiles.

given W/R profiles

yaw angle, * -
lat. displ. 44 search for contact point ‘
:

creepage,

vert. & lat. —:-‘ solve the contact problem ‘
loads

I, constant,
material_ hard.
lubric.
dependent

Figure 2-9The simulation flow chart [3] of Kalker and Li method.
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2.5.3.4 Jendel

Jendel created a wheel profile wear prediction tool and used it on an X10 car
that ran on Stockholm's commuter rail system [5][9]. The instrument has been
restricted to forecasting wear alone, meaning that the impact of plastic
deformation on the wheel profile's shape has been disregarded (as have all the
writers mentioned above). The GENSYS MBS software incorporates the vehicle
model [10]. The employed technique determines a series of dynamic time-
domain simulations based on a load collective idea. For the cars in question,
these models accurately depict the train network. Based on parametric
research, the load collective design is determined by computing the
distribution for a single wear step and adjusting the input load collective. This
allows for the study of the impact of various curve radius discretization, rail
profiles, track imperfections, and coefficient of friction on the wear
distribution. The following is a summary of the parametric studies' findings:

» The wear distribution's form is significantly influenced by the curve radius
discretization.

« For narrow bends (R < 1000 m), more than one rail profile must be included
in the load collective. The wear distribution is evened out in this way.

« Since the coefficient of friction has no effect on the wear distribution's form,
an average value of 0.3 can be employed.

« For the data from the vehicle-track simulations, a sample distance of two to
three meters (about one wheel rotation) is adequate.

It has been possible to obtain a curve radius discretization from parametric
research and experience. Since smaller radius curves contribute
proportionately more to the total wear distribution, the curve radius intervals
are narrower. The mean radius, mean length (transition and circular section),
and mean cant for all curves in the interval of the application at hand are
calculated to yield a so-called “type curve” for each of the curve radius
intervals. The total length of all the curves inside the interval will be used to
weight the wear distribution calculation for each kind of curve. This means that
the entire wear distribution is influenced proportionately by each curve radius
interval and their total length. The wheel-rail geometry functions in GENSYS
are determined in a pre-processor. The lateral location of the wheel with
respect to the rail determines all of these functions. These are:
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« Lateral variation in curvature between wheel and rail.
« Vertical translation of the wheel.
« Contact angle.

« Change in wheel radius.

The Hertzian theory (elliptical contact) combined with tabulated data
computed using Kalker's simplified theory (FASTSIM) for the tangential
solution models the wheel-rail interaction. Utilizing the Hertzian/FASTSIM
model has certain restrictions. The tangential traction distribution and
Hertzian contact pressure distribution in many genuine wheel-rail contacts
deviate significantly from the actual ones, and the contact patch form is far
from elliptic. For this reason, the more "exact" software CONTACT is
compared to Hertzian/FASTSIM, where the contact surface's shape can be
freely chosen. After comparing the wear patterns of the two programs, the
following conclusions might be drawn:

« Although the overall form is similar, there are minor differences in the wear
distribution between Hertz/FASTSIM and CONTACT. Given how closely the
observed and anticipated wheel profiles coincide, it appears that some
averaging effects are at work to offset the differences.

« Because of the lengthy simulation times, using CONTACT is not very useful.

A wear model's input is formed from the vehicle-track simulations' outputs.
The wear has been computed using Archard's wear model. The following is a
description of the model:

Vvear = k=7 (2-0)

where:

V, ear 1s the wear volume (m3).

s is the sliding distance (m).

N the normal force (N).

H the hardness of the worn material (N/m?2).

k is the wear coefficient.
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Since there is no sliding distance inside the adhesion zone of the contact
surface, Archard's wear equation predicts that there won't be any wear there.
The 50 x 50 elements of the contact ellipse are separated to offer a smooth
wear distribution. One may compute the wear depth of an element using the
following formula:

Al = k”TAS (2-10)

Where:

pis the contact pressure.

AU is the wear depth in an element.

As is the sliding distance for an element.

K (wear coefficient) was determined by laboratory measurements.

The wear depths for each element for each of the contact surface's longitudinal
strips can then be added to determine the overall wear distributions.

A wear chart, with sliding velocity on the horizontal axis and contact pressure
on the vertical axis, describes the wear coefficient. Figure 2-10 shows the four
distinct wear coefficient regions on the wear chart.

4 4
p [Pa] k10
300-400
0.8 H
1-10 30-40 1-10
0 .
0 0.2 0.7 Vsiip [m_,-"g]

Figure 2-10Wear chart for the wear coefficient k based on laboratory measurements with wheel and rail
steels [9].

However, all measurements in the lab were made in dry conditions. In
actuality, the applied lubricant, weather conditions (rain, temperature, snow,
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ice, etc.), and pollution all cause significant variations in the contact
environment. The wear coefficient is reduced in lubricated narrow curves (just
the outer rail) and considerably for the remainder of the track to account for
natural lubrication to account for these effects. To offset the braking, which is
believed to occur primarily on straight track, an amplifying factor is also
considered for straight track. These parameters have been ascertained in part
by comparing the simulated wheel profiles with the measured profiles for the
current application, and in part by field measurements from prior applications.
The wheel profiles and the observed profiles have been compared after a
200,000 km running distance simulation. Figure 2-11 shows how well the
results appear. The wheel profile's nominal running circle is located at x=0 on

the x-axis.
ok — ==
-10} Simulation ' :
— — — Measurement N \ |
-20F - e——— Start profile : \\\ 1
-30t : : , &
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Figure 2-11Simulated (solid line) and measured (dashed line) wheel profile and wear distribution after
200000 km running distance on X10B-3149. Simulated results are for wheels of wheelset 1 and 4.
Measured results are for the left wheel in wheelset 1. Units in m [5].
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2.6 Methodology

The advanced prediction method we use is Jendel's wear prediction's
methodology. Considering the possibility that we might track a train vehicle's
wheel as it travels across a certain rail network and see what experiences it has.
Each wheel profile, or cross-section of the wheel, comes into contact with the
rail at a frequency determined by the wheel's circumference and the speed of
the vehicle. The location and size of the contact patch(s) on the wheel will vary
with each revolution in a complex way, depending on the vehicle suspension,
track design geometry, imperfections in the track, different rail profiles, and
other factors. This intricate relationship between a wheel and the rails has to
be somehow mimicked in order to forecast wear. The current tool's technique
flow chart is shown in Figure 2-12.

2.6.1 Some possible ideas

2.6.1.1 |Iterative method

] Start wheel profiles ]
Vehicle traffic conditions

+ design geometry
I Load collective design |‘__ Track data: { rail profiles
track irregular.

Coefficient of friction
Braking and acceleration

> Vehicle-track simulations
< —Lv:hich-mk interaction model I
Wheel-rail contact response
l Wear calculation }‘—— Wear odel, wear date
Environmental parameters
Profile updating
Desired di attained?

No (new wear step)
¢ Yes (finished)

Figure 2-12 The wheel profile wear prediction tool's flow chart [5]
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Improve the efficiency of the iterative method to achieve a state that is both
efficient and accurate. The goal of our project is to improve the accuracy of
non-iterative methods, and in a way, improving the accuracy of non-iterative
methods has a similar effect as improving the efficiency of iterative methods.
So, we can try to apply the ideas to the iterative methods we described in the
previous section, in some ways to reduce the time and improve the efficiency of
wear assessment.

2.6.1.2 Non-Iterative method

A non-iterative method process:

Extract the wheel profile

Calculate the total wear of the wheel profile

Assign wear onto the different wheel profile position based on wear weighted coefficients

Figure 2-13 A non-iterative method process.

The wear weighted coefficients are proportionality coefficients based on the
degree of wear at different locations on the wheel. It is usually obtained from
experiments and experience. By multiplying the total wear by the wear
weighted coefficients, the wear values for the different positions of the wheel
can be obtained.

Regarding the non-iterative method, the second step to get the total wheel
profile wear is difficult to ensure accuracy under the non-iterative method. The
third step to determine the wear weight coefficients at different locations on
the wheel profile is also a complicated task.
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The iterative method, on the other hand, has a simpler and more intuitive idea
and is suitable as the very first entry point. So, it is better to start with the
iterative methods and transition to the non-iterative methods afterwards.

2.6.2 Critical process

In the iterative process, we all understand that the length of each iteration, i.e.,
the length of the wear step, affects accuracy and efficiency.

Here, a scaling factor can be introduced, dzaiiowed. dZallowed is the maximum
depth of wear allowed per wear step in the radial direction of the wheel-rail
contact surface. I mentioned a similar concept in the previous section on wear
step size. By adjusting the size of the dzallowed, the simulated running time and
running distance for each wear step can be changed. To facilitate the
calculation, the following formula is modified:

dZg10wea = RD,,s(wear step) X max(max(wWty,, wty3)) (2-11)

Where:

RD,,s(wear step) is the running distance of a wear step.

wt14 is the unit wear depth generated by the wheel corresponding to axle 14.
wt23 is the unit wear depth generated by the wheel corresponding to axle 23.

max(max(wty4, Wt,3)) is the unit maximum wear generated on axle 14 or axle
23.

__ Di(i)xdz axlesy4

Wt14_ - L(l) (2’]2)

__ Di(i)xdz axles,3

Wty = s (2-13)

The rough flowchart is shown below:
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Figure 2-14 A flow chart of how scaling factor dzaiiowed works

Scaling factor
d=aliowed

Scaling times

Unit wear
depth

Figure 2-15 A graphical representation of the scaling factor dzaiiowed Operation

In the graphical representation of the role of the scaling factor, we can see that
the scaling factor determines the length of each wear step and the running
distance of each wear step. At the same time, setting the scaling factor in this
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way has the obvious advantage that the scaling times are numerically equal to
the running distance of the wear step.

2.6.3 Simulation division

Prior to simulation, I determined the range of dzaiiowed settings by adjusting the
dZallowed Value to observe the maximum dzaiiowed value at which the simulation
could be run properly.

When the dzaiiowed value reaches 0.07mm, the simulation program starts to
have problems and is no longer working properly, so I used dZaiiowed =0.06mm
as the last simulation, and the different dzaiiowed values settings are shown in
table below:

dZaliowed (Mm) | 0.01 | 0.012 | 0.014 | 0.016 | 0.018 | 0.02 | 0.03 | 0.04 | 0.05 | 0.06

Table 2-1 The division setting of dzallowed for different simulation.

Regarding the reasons for this situation, it could be:

o If the value of dzaiowed is too large (e.g. 0.07 mm), this may cause the
RD,,s(wear step) result to be too large or abnormal.

e If RD, (wear step)is too large, the scaled wear depth may become very
large, which may lead to unreasonable wear profile, and thus lead to the
subsequent interpolation or plotting error.

2.6.4 load collective design

2.6.4.1 definition of a load collective

It is not practical in a general case to simulate the vehicle-track interaction on
an entire rail network. Therefore, a load collective must be designed. The load
collective is designed prior to the simulations and is kept constant throughout
the wear simulation process (for instance the lifetime of a wheel). Many
parameters affect wheel wear and must thus be considered in the load
collective. The design of the load collective is here based on parametric studies,
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analysis of the track and vehicle operating conditions and on experience. The
parametric studies are performed by varying the input load collective and
calculating the wear distribution for one wear step. The effect on the wear
distribution from different curve radius distributions, rail profiles, track
irregularities and other parameters can thus be studied. For details about the
parametric studies and a general "recipe" on how to design a load collective,
see [5][9]. When we select the reference load collective, the main task is to find
the minimum number of curve radius intervals. More information about the
reference load collective can be found in [7].

The next part is some examples about the load collective design of this project.

2.6.4.2 Reference load collective design

2.6.4.2.1 Track design geometry

The design geometry is divided into four categories:
0 = straight track

1 = transition curve up (increasing curvature)

2 = circular part

3 = transition curve down (decreasing curvature)

Cat. L (m) R (m) h (m) R;(m)
0 464 0 0 0

1 96 0 0 2000
2 77 2000 0.100 0

3 96 0 0 2000
0 1547 0 0 0

1 184 0 0 -1062
2 144 -1062 0.150 0

3 184 0 0 -1062
0 563 0 0 0

Table 2-2 Typical track geometry information [3].

Here:
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L is the track part length,
R is the radius; h is the cant in circular curves.
R:1is the radius of the circular curve that the transition curves connect to.

A minus sign for the radius indicates a left-hand curve.

In our simulation, we have 14 track sections, and the specific load collective
data is shown in the following table:

Track section number | Percentage of each track section (D;) | Mean radius (Rm, m)
1 2.356799% 350
2 0.325868% 495
3 0.752526% 594
4 1.152289% 696
5 11.144272% 793
6 3.314820% 904
7 2.943519% 1002
8 0.948621% 1088
9 2.265932% 1201
10 6.745053% 1468
11 3.908068% 1869
12 1.892281% 2276
13 3.636511% 2841
14 58.613442% 1e14 (Straight track)

Table 2-3 The track geometry data input.
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2.6.4.3 Symmetric railway track

The position of the wheelset in the present four-axle vehicle is important since
the creepages and creep forces in the wheel-rail contact are generally higher in
a leading wheelset (wheelset 1 or 4) compared to a trailing wheelset (wheelset 2
or 3). Thus, there are often wear differences between the wheelsets in a vehicle.
If we assume that the track is roughly an ideal symmetric S-shaped curve and
the vehicle travels back and forth on this track, then the load collective can be
much simplified. In this case the four wheels of wheelsets 1 and 4 will wear in a
similar shape and the four wheels of wheelsets 2 and 3 will wear in a similar
shape, see Figure 2-16. So, when we are only taking right-hand curves into
account in the load collective, we also know the amount of wear for the left-
hand curves, if the railway network is symmetric. In this way the first wheelset
will experience when travelling one-way similar things to what the fourth
wheelset will experience when travelling the other way. The same is valid for
the second and third wheelsets. So, when assuming that the railway network is
symmetric, the load collective can be simplified. Thus, it will be sufficient to
simulate the vehicle response in, for example, only right-hand bends and one
direction of travel, and then save data from the outer (wheelsets 1 and 4) and
inner wheelsets (wheelsets 2 and 3) left and right wheels. Consequently, a
wheel may be found in the vehicle in four different wheel positions, and the
overall wear distribution that a wheel will encounter is the result of adding the
wear distribution from these four places together.

C_1 C_]
| L =
L1 L]

4 3 2 1 Wheelset

Symmetric S-curve

| |

Distance

Vehicle travels back and forth
“+—>

Figure 2-16 Diagrammatic illustration of symmetric railway track [7].

Figure 2-16, If the railway network is symmetric, as it would be for an ideal S-
curve, and the vehicle travels back and forth wheelsets 1 and 4 (black) and
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wheelsets 2 and 3 (white) would give identical wheel profiles respectively. In
that case it is sufficient to simulate the vehicle response in a right-hand curve
only (for instance) and in one direction and use data from the four
corresponding wheel positions in the simulation to obtain the complete wear
distribution for those wheels [5].

2.6.4.4 Vehicle speed

In this project, the following speed groupings are set up, considering various
practical situations:

Track section Speed (km/h)
1 105
2 118
3 133
4 140
5 151
6 161
7 176
8 180
9 187

10 200
11 200
12 200
13 200
14 200

Table 2-4 The vehicle speed data input.
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Data on other load collectives are not covered here.

2.7 Simulation basics

Vehicle-track simulations can be run when the load collective has been
established. To conduct the vehicle-track simulations, the GENSYS MBS tool is
utilized. GENSYS allows for the simulation of braking by the application of
forces or moments to the respective wheelsets. Wheel wear will therefore be
impacted by an increase in the longitudinal creepages and creep forces in the
wheel-rail contacts. A wear prediction tool's modelling of the wheel-rail contact
is crucial. The Hertzian theory for the normal contact issue and Kalker's
simplified theory are used in GENSYS to simulate the contact. The KPF
program in GENSYS creates the wheel-rail geometry functions. From
measured or planned wheel and rail profiles, it generates the functionalities.
The software scans wheel and rail profiles from files that have specified data
organization. The software TSIM is used in GENSYS to carry out time-domain
simulations. It is necessary to define the integrator that will be utilized in the
time integration analysis. Heun's approach has led to the selection of an
integrator. The length of a step in the integrator is determined by the rate at
which the error grows or reduces between two successive time steps. The
integrator has changeable steps. It is not required to record output data at each
time step to generate wear distributions that are smooth and believable.
According to parametric research [7], data may be saved with an output time
step equivalent to two to three meters, or around one wheel rotation.

2.7.1 Modelling of X2000 vehicle and $1002 wheels

We chose the X2000 model train as our simulation object. We use S1002
wheel as the wheel subject, the comparison of S10002 wheel profile and
normal profile figures are shown below:
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Figure 2-17 Normal wheel profile and S1002 wheel profile (top figure) and profile angles (bottom figure)
[7].

2.7.2 Wheel profile measurements

Wheel profile measurements were carried out by Nilstam between 1991 and
1995. Every measurement was taken on the X2000 trains' wheels while they
were travelling along the Stockholm—Goteborg track. Two of the X2000 trains'
intermediate cars were used for these measurements. Over the course of 19
months, measurements on the S1002 wheel profiles have been made three
times in total. There was just one intermediate car utilized in these tests [11].

2.7.2.1 Track modelling

Figure 2-17 displays the track's model. Four masses make up the track: grd
(ground), ral_I (left rail), trc (track), and ral_r (right rail). While mass trc has
a lateral degree of freedom, mass grd has no degrees of freedom. There are
lateral and vertical degrees of freedom for the rail masses ral [ and ral r.
Figure 2-17 indicates that the stiffness and damping between the wheel and rail
are represented by knwr and cnwr (not shown). Knfr (cnfr) enables two-point
communication. The vertical stiffness and damping between the rail and the
track are represented by the values kzrt and czrt, respectively. In addition to
the contributions from ballast and soil, the values for the spring and damper
coefficients relate to the vertical flexibility of the rail pad and rail fasteners. The
lateral stiffness and damping between rail and track are represented by kyrt
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and cyrt. The lateral stiffness and damping between the track and the ground
are represented by kytg and cytg. The lateral stiffness of the soil and ballast is
indicated by the spring and damper coefficients.

o [ "

ral |

knwr
1]
kart czn
kytg

0 g

grd

Figure 2-18 Track modelling [7].

2.7.2.2 Wheel-rail contact modelling

In order to calculate the wear, we must have insight into a rolling contact
theory [3]. Many rolling contact codes have been developed over the years; the
most successful codes are (1) Kalker’s linear theory (2) the theory of Shen et al.
[12], (3) Kalker’s complete theory, implementation CONTACT [13], and (4)
Kalker’s simplified theory, implementation FASTSIM [14]. Each method has
different advantages and disadvantages. This paper adopts Kalker's simplified
theory, implementation FASTSIM method, is a consistent with the wear
calculation, and more efficient methods.

2.7.2.3 Coordinate system

The coordinate systems for the wheel profile and the local contact surface will
be introduced first. The definition of the wheel profile is given by the Cartesian
coordinate system x-y-z, where y is the lateral axis defined positive towards the
wheel flange, z is the vertical axis defined positive upwards, and x is the
longitudinal axis defined positive in the travel direction (see to Figure 2-18). A
Cartesian coordinate system &-1n-Cis defined in the contact surface; Figure 2-19
shows that 7 is defined in the contact plane normal to the rolling direction, {is
perpendicular to the contact surface, and € is defined positive in the rolling
direction [7].
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Figure 2-19 Coordinate system for the wheel profile (x-y-z) and for the contact surface (§-n-Q [7].

2.7.2.4 Wheel-rail contact geometry functions

In GENSYS wheel-rail contact geometry functions are calculated with the pre-
processor KPF (Kontakt Punkt Funktioner). Since the wheel profiles vary, the
contact geometry functions must be calculated for every possible combination
in the load collective as well as for each wear step. This is because they are only
valid for a specific wheel and rail combination. The wheel-rail contact
geometry functions calculated in KPF are as follows:

e Aris the rolling radius change.
e Azis the vertical translation of the wheel called wheel lift.

e yisthe contact angle.

e AC, = RL + RL, is the difference in lateral curvature between contact
wy ry

surfaces of wheel and rail.

Running circle

. A

Figure 2-20 Wheel-rail contact geometry [15].
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The contact problem is usually divided into a normal contact problem and a
tangential contact problem.

In the normal contact problem, we usually consider the contact between the
wheels and rails as a steady state because the wheel-rail In normal contact
problem, we usually regard the contact between wheels and rails as steady
state, because the wear between wheels and rails is a low-frequency
phenomenon [7]. Wheels and rails are made of steel, and both have the same
material properties such as Poisson's ratio and Young's modulus. So,
compression occurs in their contact region, forming an elliptical contact
surface. We can make reasonable assumptions about the contact surface to
make it eligible for the use of Hertz's law. Since the semi-axis ratio of the
ellipse is independent of the normal load (the load only affects the size of the
ellipse), we can tabulate the shape of the contact surface so that we can easily
locate changes in lateral displacement between wheels and rails. The normal
force of the contact can then be calculated in the step of the simulation.

The situation is a little more complicated in tangential contact forces, where
there are usually friction and creep forces. We first have to consider the slip
velocity between the wheels and rails. The slip velocity is divided into the slip
velocity in the direction of motion (vg), the slip velocity perpendicular to the
direction of motion on the wheel-rail contact plane (v;), and the angular
velocity (w) about an axis perpendicular to the contact plane. The relevant
creepage can be calculated from the following equation:

i v, = My = —2 (2-14)

Vvehicls ¢ Vvehicls

U peniets
Where:

v¢ and v,, are the average longitudinal and lateral sliding velocities (1m/s).
w is the angular sliding velocity (1/s).

Vyenicis 1 the vehicle speed (m/s).

vgand v, are the longitudinal and lateral creepages (-).

V¢ is the spin creepage (1/m).
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The tangential traction and the resulting total force and moments of the
coordinate axes in a linear theory of rolling contact are linear functions of
creepage and spin. This linear model consists of the following three equations:

Fr = —c*GCyyvg (2-15)
E, = —c*GCyov, — c*GCy3v; (2-16)
M; = —c*GCspv, — c*GCs3v; (2-17)
where:
¢ = Vab, a and b are the semi-axes of the contact ellipse.
G The combined shear modulus.

Cij The creepage and spin coefficients. They are dependent of the ratio a/b and
the combined Poisson’s ratio.

Vg, Uy, U Longitudinal, lateral and spin creepages.

F¢, F, Total force components in x (rolling) and y (lateral) directions, exerted

on the wheel body (longitudinal and lateral creep forces).

M, Moment exerted on the wheel about the -axis, the axis perpendicular to
the contact area and pointing into the wheel body.

Based on Coulomb’s law, the contact area can be divided into two parts: The
adhesion area and the sliding area. Here s a graph of the area showing;:

}
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Figure 2-21 Creep force characteristics [16].
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To determine the amount of wear the following quantities must be known for
each element in the slip zone of the contact surface [5]:

« Contact pressure, p (N/m2).
» Wheel-rail slip velocity vector, vsip (m/s).

« Sliding distance magnitude, s (m).

The slip velocity vector for a specific element inside the slip zone is shown in
Figure 2-22. For every element, the Hertzian contact pressure is already known.
We can determine if an element is in the adhesion zone or the slip zone
straight from the FASTSIM method.

te

Adhesion zone

AN

Slip zone

Figure 2-22 Definition of quantities in a contact ellipse. The elements in the adhesion zone do not
contribute to the wear according to Archard’s wear equation, see Section 7.1 [5].

The relative slip velocity for steady state rolling and linear elasticity can be
written as [5]:

Ustip = Vvenicle [(uf —Un, Uy + u(f) - 66_{ (u§, u,,)] (2-18)
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Where :

Uvehicle 1S the vehicle speed (1m/s).

&, n are the local coordinates in the contact surface (m).

Ug, U, (-) and u; (m™) are the longitudinal, lateral and spin creepages.

u (& 1)=(ug, u,) is the elastic displacement vector of the surface (m).

The equation below can be used to calculate the sliding distance As after the
slip velocity vector has been identified. This is done by multiplying the slip
velocity magnitude vg;, by the time At for each element that is in contact with
the rail.

As = v, At = —2— (2.19)

Vyehicle

2.7.2.5 Wear modelling
A brief description of the Archard's wear model we use here.

The main parameters in Archard’s wear model Error! Reference source
not found. are the normal force N, the sliding distance s and the hardness H
of the softer material, giving the wear as:

Vvear = k% (2-20)

where:

V. ear is the volume of wear (ms3).

s is the sliding distance (m).

N is the normal force (V).

H is the hardness of the softer material (N/m?).

k is the wear coefficient (-).

Since the Hertzian normal contact theory will be used, the contact pressure
distribution can be written according to

o =2 - (- ()
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Where:
¢ is the local longitudinal coordinate of the contact ellipse.

n is the local lateral coordinate of the contact ellipse.

Combing the formula with AA = AéAn, the equation for an element inside the
slip region can be written as follows:

AA)A
Vwear = k @ H) : (2'22)

Since

Vivear = A§ANAL (2-23)

the formula can be written as follows:
A8 = k22 (2-24)

Now, by adding the wear depths A along the longitudinal direction (§) of the
contact surface, we can find the perpendicular wear distribution corresponding
to a wheel revolution, called we(n).

Figure 2-23 shows a numerical example of a wear distribution.
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Figure 2-23 Example of wear distribution for a wheel-rail contact calculated with Hertz and FASTSIM.
The lower figure shows the wear distribution wc(n), which is calculated by adding the wear depths A
along the longitudinal direction & for each area A&An [12].

2.7.2.6 Calculating the total wear distribution

We mentioned Lggpmps in the previous section, and we set its value to 277,
where 1o is the radius of the wheel, and Ly, is the distance of one revolution
of the wheel. We set the length of the type of curve as L;, and the total
simulation length of the four wheels as Lg;,, ;= 4L. Sometimes, in a track radius
interval, there will be multiple simulations due to different track profiles or
track irregularities, and the number of simulations can be expressed as N;. So,

we can get:

With
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Lsimreal,i =N; 7T_‘rol'sim,i (2'25)
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Lsample =2mry = Lsim‘rsal,i =N;- Lsim,i (2-26)

The wear w(y) over the whole wheel is the sum of the wear values wc(n) for the
individual contact surface (possibly two-point contact). Each simulation
contains n; Lsgmpie, then

L

n; = (2-27)

Lsample

After that the wear equation can be written as:

w;(y) = 27;1 2:21 Wiz ik (V) + Wig jie (V) + Wap jk (V) + Wag ik (V) (2-28)

Where the 1st and 4th axles are taken as an example, L and R denote the left
and right wheels, respectively.

After that, we need to weight the different intervals. For a single interval, the
weighting is done as the total length of the curve in the interval over the upper
simulated length, i.e.

Wy (V) = —25w,(y) (2-29)

Lsimrsal,i

Afterwards, the wear radial to the contact surface can be given the expression:

Weor (V) = X1 ww,i (¥) (2-30)

And the total track length:

Lior = Zi( Ltot,i (2'31)

2.7.2.7 Profile updating

An important concept for updating the wheel profile is the contact angle y. y is
the angle formed between the contact surface and the y-axis of the wheel
profile. During operation, y remains constant within the contact surface and is
used to calculate vertical wear. In each wear step, y cannot be used to update
the profile because y remains constant and wear is calculated from several
different local y. This is where we use the wheel profile angle I'(y), which
varies consistently during operation, to update the wheel profile. The wheel
profile consists of the y-z coordinates in the y-direction. The wheel profile
consists of y-z coordinates with a scale of 0.05mm in the y-direction, and the
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coordinates are moved to a new position depending on the wear depth and the
wheel profile angle, as shown in the following calculations and diagrams:

by = Wwearstep ) -sinT'(y) (2-32)

6z = Wwearstep (y) - cos F(Y) (2-33)

The formula for the updated wheel profile can be written as:
Yupdate =Y + dy=y+ Wwea‘rstep(y) -sinT'(y) (2-34)

Zypdate — Z +6z=z+ Wwearstep ) - cos T'(y) (2-35)

Wasearsasp (V)

3

.‘\

{
\

Figure 2-24 Updating of the wheel profile. A certain y-z coordinate of the wheel profile is moved 6y and
6z to the updated location based on the wheel profile contact I'(y)and the wear depth distribution wear
step (y), defined perpendicularly to the profile [12].

The new profile coordinates must then be interpolated to restore their laterally
equal distance.

2.7.2.8 smoothing

It is inevitable that the simulated wheel profiles will not be as smooth as the
actual ones since the load collective is a discretization of reality. Smoothing has
to be used to produce wheel profiles that make sense physically. In addition,
the wheel-rail contact geometry pre-processor KPF is prone to failure (crash) if
the wheel profiles are not smoothed. It is possible for numerical issues to arise
when simulating the vehicle-track. Thus, smoothing is done at the conclusion
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of every wear stage. The greatest outcomes have been obtained by first
updating the wheel profile, then smoothing the new wheel profile, and lastly
smoothing the wear distribution [5]. Jendel [5] calculated the appropriate
amount of smoothing. Wheel profile smoothing has the biggest smoothing
impact.
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Results

3.1 Simulation Results

After several simulations, refer to the previous table with the factors, we
generate different outputs. We can compare the typical outputs and some
important factors during simulation to test whether the scaling factor dzaowed
plays a role in affecting simulation efficiency. This study aims to examine the
ultimate wear of several simulations in order to create a comparative graph.
And plot the maximum simulated depth generated on the wheel flange and
wheel tread for each wear step and running distance in each simulation.
Additionally, it will depict the area formed by the depth of wear on the wheel
profile versus the length of the wheel (horizontal axis) for each wear step and
running distance.
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3.1.1 Comparative graph of final worn graphs of different simulations

Wear depths of Wheel(14)

Wear depths of Wheel(23)

Figure 3-1 The comparison of final wear depth value curves of different dzallowed both for
wheel (14) and wheel(23).

Wear Total KPF Total Parallel
Total elapsed . .
dzallowed step elapsed elapsed ) Total running distance(km)
. . time(s)
numbers time(S) time(s)

0.01mm 99 1201 1.4 878 7319.330322 | 20230.81812 2.003911E+05
0.012mm 87 8831.988093 5711.161149 14543.14924 2.006129E+05
0.014mm 74 7124.11238 4872.800267 11996.91265 2.001792E+05
0.016mm 69 7659.95877 4592.000394 | 12251.95916 2.024926E+05
0.018mm 58 6364.588047 4067.0148 10431.60285 2.004492E+05
0.02mm 51 5537.404689 3572.518811 9109.923500 2.014708E+05
0.03mm 35 3507.732443 | 2369.408724 5877.141167 2.067664E+05
0.04mm 28 3502.222426 1929.603139 5431.825565 2.170038E+05
0.05mm 21 3531.858336 1588.290601 5120.148937 2.099099E+05
0.06mm 20 3311.952548 1493.24664 4805.199188 2.135922E+05

Table 3-1 Simulation parameters when dzaiiowed =0.01MmM
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Based on the comparison of different results with increased dzaiiowed, there is a
finding that the wear step numbers, and the total elapsed time decreased, both
in Total KPF elapsed time and Total Parallel elapsed time.

When comparing the outcomes, it is seen that dzaiiowed has an impact on the
accuracy of the results. However, this impact does not follow a consistent
pattern of decline as dzailowed increases. The variation in dzalowed results in
various wheel profiles being created for the same wear step in different
simulations. Consequently, this causes a change in the contact state between
the wheel and rail for the subsequent wear step, resulting in wear occurring at
different places. However, as the iterative process continues, the accumulation
of wear resulting from simulations with different dzaiiowed values is not uniform.
Although the overall trend remains consistent, the specific value at a given
point with dzailowed =0.1mm does not exhibit the characteristic of increasing
deviation as the dzaiiowed value increases. Hence, if we are willing to tolerate a
certain margin of error, we may enhance the efficiency of the simulation by
augmenting the value of dzaiiowed.

By comparing the simulation results for different values of dzaiiowed with the
simulation results for dzaiiowed = 0.01 mm, I summarized how much error is
generated at most at a given point, see the table below:
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Maximum difference Maximum difference
between a position in the | rate(Maximum difference
dZallowed(mm) x-axis and the divided by the y-value X-axle position
corresponding value here here for dzaliowed = 0.01
with dZatiowed =0.01mm. mim)

0.01 0 0 0
0.012 0.086264 8.428169% 41.3
0.014 0.026921 4.684691% -21.3
0.016 0.132232 14.469327% 41.5
0.018 0.258242 28.257820% 41.5
0.02 0.031208 5.628245% -2.5

0.03 0.177938 20.867313% 41.6
0.04 0.597625 70.085161% 41.6
0.05 0.519046 56.795958% 41.5
0.06 0.438031 47.931059% 41.5

Table 3-2Maximum difference and rate of difference (maximum difference divided by the y-value when
dZallowed =0.01mm) between different wear depth curves at a certain position on the x-axis and the
corresponding value when dzatiowed =0.01mm on wheel(14) .
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Maximum difference Maximum difference
between a position in the | rate(Maximum difference
dZallowed(mm) x-axis and the divided by the y-value X-axle position
corresponding value here here for dzaliowed = 0.01
with dZatiowed =0.01mm. mim)

0.01 0 0 0
0.012 0.080677 7.882308% 41.4
0.014 0.056613 9.851582% 41.3
0.016 0.110420 12.082576% 41.2
0.018 0.220587 24.137467% 41.4

0.02 0.162687 29.339987% 41.4

0.03 0.194797 20.517359% 41.4

0.04 0.390050 39.162975% 41.3

0.05 0.430755 41.530601% 41.2

0.06 0.201267 17.588507% 40.7

Table 3-3 Maximum difference and rate of difference (maximum difference divided by the y-value when

dZallowed =0.01mim) between different wear depth curves at a certain position on the x-axis and the

corresponding value when dzatiowed =0.01mm on wheel(23).

Compared to dZaliowed =0.01mm, the maximum error generated at one point
reaches 41.530601% which is generated at wheel (23) when dzaiiowed =0.05mm.
Analysis reveals that for values of dzaiiowed below 0.016mm, the maximum error
falls within a range of 20 percent. Conversely, for values of dzaiowed beyond
0.016mm, the maximum error exceeds 20 percent. The analysis shows that
when the value of dzaiowed varies, it has an impact on the simulation results
(compared to the results at allowed = 0.01 mm). However, if these results are
within the measurement interval of the actual measured values, the simulation
is justified for these different dzaiowed values.

In order to better observe the relationship between wear and running distance,
I conduct more relationship studies.
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3.1.2 Comparative graphs of the maximum simulated depth generated on the
wheel flange and wheel tread in each simulation

By plotting the maximum depth of wear versus wear step, the relationship
between depth of wear and running distance can be converted later. For better
observation, I have divided it into two parts: wheel flange and wheel tread.

3.1.2.1 Wheel flange

Summary plot of the maximum wear depth values generated on the wheel flange for each wear step in different simulations (Wheel14)

Max Wear Depth Values (Wheel14]
T

=
2
i

50
Wear Step

Summary plot of the maximum wear depth values generated on the wheel flange for each wear step in different simulations (Wheel23)

Max Wear Depth Values (Wheel 23]

50
Wear Step

Figure 3-2 The wear depth versus wear step generated on wheel flange.

Plot of the maximum depth of wear generated on the wheel flange versus running distance in different simulations(Wheel 14)

Max Wear Depth Values
I

Running Distance(kmi 10°

Plat of the maximum depth of wear generated on the wheel flange versus running distance in different simulations(Wheel 23)

Max Wear Depth Valuas
)
(1
f

Running Distance(km) «10%

Figure 3-3 The wear depth versus running distance generated on wheel flange.

56



It can be seen that there is a clear segmentation characterizing the changing
situation.

on the wheel flange. This indicates that the wear on the wheel flange is not a
stable change, which may be related to the structural characteristics of the
wheel flange, the characteristics of train operation. When the profile of the
wheel flange is updated, the contact position and the stress may be changed
greatly before and after, so it shows a segmented state.
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3.1.2.2 Wheel tread

All Plots For Wheel 14 Profile Wear Area
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Figure 3-5 The wear depth versus wear steps generated on wheel tread.

Combined Plot of All Opened Figures

Summary plot of the maximum wear depth values generated on the wheel tread vs running distance in different simulations (Wheel 14 )

dz=0.01mm
dz=0.012mm
0z=0.014mm
9z=0.016mm
dz=0.018mm

d7=0.06mm

25
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ba_ Summary plot of the maximum wear depth values generated on the wheel tread vs running distance in different simulations (Wheel 23}
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Figure 3-4 The wear depth versus running distance generated on wheel tread.

Unlike wheel flange, the change in wear on a wheel tread is more stable and
closer to linear. This represents a steadier and smoother change in wear on the

wheel tread.
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3.1.3 Comparative graphs of the maximum simulated profile wear area in each
simulation

The profile wear area is the area bounded by the depth of wear on the profile at
the length determined by the wheel, and the relationship between the profile
wear area and the running distance is plotted to further observe the
characteristics of wear.

All Plots For Wheel 14 Profile Wear Area

dz = 0 D4mm

o === ‘I‘ | | |

Wear Steps

All Plots For Wheel 23 Profile Wear Area

m?

Profile Wear Area

pLEm—— 1 | | |
0 10 20 30 40 50 B0 70 80 90 100
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Figure 3-6 The profile wear area versus wear steps.
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Figure 3-7 The profile wear area versus running distance.
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The relationship between profile wheel area and running distance also showed
a relatively smooth change.

3.1.4 Further study of data relationships

Through preliminary observation of the results, I found that profile wheel area
has a better linear relationship with running distance among all the
relationship plots.

Since in a real situation we are thinking more about the wear situation in
relation to the wear distance, I am taking a deeper look at this. For a better
comparative analysis, these curves can be subjected to further linear analysis
and correlation coefficient analysis, which will allow a better understanding of
the relationship between wear and running distance and can provide a basis
for non-linear wear analysis.

3.1.4.1 Linear relationships analysis

In order to better investigate the relationship between wear generation and
running distance, a linear study can be performed. The linear study may also
inform the non-iterative approach.

3.1.4.1.1 The linear analysis for wear depth on wheel tread

Rinads 1R i Wiedd Dajilh 56 Whael Tread (Whesl 1]

T T I
it i .AJ.A-.J.-
n-d-J-JJJJJAJJJJJ;IA A
i

e

Rineas 1A Fis Ve Dugrlh On Wheel Tread (Bhesl 131

Y
.‘;;Aiﬁlﬂ-“‘nh

Figure 3-8 Linear fitting for wear depth generated on wheel tread.
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This is a summary of different plots of linear fits to different simulations about
the relationship between wear depth and running distance. Given that the y-
coordinate value is significantly smaller than the x-axis coordinate value, the x-
axis value will be decreased by a factor of 10”5 in the subsequent Linear
relationships analysis plotting process. For example, a value of 2e5 will be
reduced to 2.

This table is a table for evaluating the results of the linear fit, including the
basic fitting equations, the Mean Squared Error (MSE), Root Mean Squared
Error (RMSE) and Coefficient of Determination (R2).

The MSE is the average of the squared differences between the predicted
values of the model and the actual values. The RMSE is the square root of the
MSE and provides a measure of the error in the same units as the original data.
R2, on the other hand, quantifies the extent to which the model can account for
the variability in the data.

These evaluating parameters can assess the quality of the linear fitting.
MSE =23, (v = 9% (3-1)
Where:
e nisthe number of data points.
e y;is the actual value (real data).

e ¥;is the model predicted value.

RMSE = VMSE (3-2)

2 = q _ L= 90? o
R 1 Z?:l (yi_y)z (3 3)

Where:

e Y™, (y; — ;)% is the Residual Sum of Squares (RSS, Residual Sum of
Squares), i.e., the sum of squares of the errors between the predicted
and actual values of the model.
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™, (y; — ¥)? is the Total Sum of Squares (TSS, Total Sum of Squares),
which represents the total variation of the data from the mean.

y is the mean of the actual values.



Simulation Linear Simulation Linear
on wheel Fit MSE RMSE R? on wheel Fit MSE RMSE R?
(14) equation (23) equation
y= y=
0.33405x 0.31522x
dz=0.01mm 0.00062 | 0.02481 | 0.98516 | dz=0.01mm 0.00044 0.02092 0.98811
+ +
0.04471 0.04024
y= y=
0.33125x 0.31434x
dz=0.012mm R 0.00032 | 0.01777 | 0.99230 | dz=0.012mm R 0.00021 0.01434 0.99442
0.03259 0.02597
y= y=
0.34045x 0.32363x
dz=0.014mm 0.00008 | 0.00919 | 0.99794 | dz=0.014mm 0.00005 0.00673 0.99878
+ +
0.02048 0.01563
y= y=
0.36268x 0.34512x
dz=0.016mm 0.00017 | 0.01322 | 0.99635 | dz=0.016mm 0.00010 0.01015 0.99762
+ +
0.02102 0.01828
y= y=
0.33154x 0.31388x
dz=0.018mm 0.00010 | 0.01009 | 0.99744 | dz=0.018mm 0.00008 | 876.28709 | 0.99784
+ +
0.02536 0.02069
y= y=
0.31919x 0.30283x
dz=0.02mm 0.00019 | 0.01364 | 0.99511 | dz=0.02mm 0.00013 0.01140 0.9962
+ +
0.03097 0.02470
y= y=
0.30714x 0.29025x
dz=0.03mm 0.00036 | 0.01910 | 0.99037 | dz=0.03mm 0.00031 0.01758 0.99086
+ +
0.04261 0.03709
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y= y=
0.30851x 0.29554x
dz=0.04mm 0.00052 | 0.02283 | 0.98678 | dz=0.04mm 0.00034 0.01848 0.99052
+ +
0.03995 0.03171
y= y=
0.31806x 0.31079x
dz=0.05mm 0.00089 | 0.02989 | 0.97604 | dz=0.05mm 0.00061 0.02474 0.98269
+ +
0.04951 0.03917
y= y=
0.30662x 0.29616x
dz=0.06mm R 0.00100 | 0.03158 | 0.9727 dz=0.06mm R 0.00074 0.02715 0.97825
0.05129 0.04238

Table 3-4 Evaluation parameters for linear fit for wear depth on wheel tread.

After that, we can compare the slopes of the lines fitted by the different
simulations and go to see if the simulations that have been altered by adjusting
the dzalowed value have a large change in the fitted slopes.
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Table 3-5 Slopes of the Max Wear Depth Values lines after linear fitting on wheel tread.
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By comparison we can see that the fitted slopes are more similar for the rest of
the simulations, except for a small increase in the slope of the fitted line when
dZallowed =0.016mm. wheel14, wheel23 has a similar variation.

3.1.4.1.2 The linear analysis for wear depth on wheel flange

Comparatively, the wheel flange issue is distinct. After making an initial
assessment of the correlation between wearing depth and running distance, it
appears that a single linear fitting is insufficient to capture the entire trend of
the curve. Therefore, the curve can be split into two segments: 0-0.9e5 km and
0.9e5-2e5 km. These two segments are then fitted separately using linear
regression. It is so partitioned because in each of these two intervals, the
change in the line is close to a linear change.

Linear Fit For Wear Depth On Wheel Flange (Wheel 14)

mm)

Max Wear Depth Values
)
i

Running Distance (x10%km)

@2=0.01mm (0-0.9. Siope: 1.10093)
d 25, Siape: 0.

Linear Fit For Wear Depth On Wheel Flange (Wheel 23)

T R R R

Max Wear Depth Values (mm)

93669)
0.17043)

9. Sioy
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Figure 3-9 Linear fitting for wear depth on wheel flange.
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Evaluation parameters table for linear fit:

Simulations Segment (1075 KM) Fitting Equation MSE RMSE R?
dz=0.01mm (Wheel 14) 0-0.9 y=1.12885x +0.16178 | 0.00313 | 0.05593 | 0.96837
dz=0.01mm (Wheel 14) 0.9-2.5 y =0.08870x + 1.01152 | 0.00009 | 0.00943 | 0.90442

dz=0.012mm (Wheel 14) 0-0.9 y =1.18180x + 0.15284 | 0.00250 | 0.05004 | 0.97593
dz=0.012mm (Wheel 14) 0.9-25 y =0.04495x + 1.03007 | 0.00000 | 0.00081 | 0.99690
dz=0.014mm (Wheel 14) 0-0.9 y=1.17987x +0.15392 | 0.00229 | 0.04787 | 0.97989
dz=0.014mm (Wheel 14) 0.9-2.5 y =0.04612x + 1.09923 | 0.00000 | 0.00112 | 0.99451
dz=0.016mm (Wheel 14) 0-0.9 y=1.20171x +0.15723 | 0.00245 | 0.04953 | 0.97682
dz=0.016mm (Wheel 14) 0.9-25 y =0.14715x + 0.96059 | 0.00013 | 0.01139 | 0.95025
dz=0.018mm (Wheel 14) 0-0.9 y =1.16957x + 0.16453 | 0.00303 | 0.05503 | 0.97146
dz=0.018mm (Wheel 14) 0.9-25 y =0.23658x + 0.89743 | 0.00003 | 0.00552 | 0.99525
dz=0.02mm (Wheel 14) 0-0.9 y=1.14821x +0.16223 | 0.00308 | 0.05553 | 0.97158
dz=0.02mm (Wheel 14) 0.9-2.5 y =0.05193x + 1.10036 | 0.00009 | 0.00934 | 0.77084
dz=0.03mm (Wheel 14) 0-0.9 y=1.15726x +0.16639 | 0.00212 | 0.04604 | 0.97901
dz=0.03mm (Wheel 14) 0.9-25 y =0.08230x + 1.09016 | 0.00020 | 0.01428 | 0.82299
dz=0.04mm (Wheel 14) 0-0.9 y =1.14552x + 0.18037 | 0.00226 | 0.04753 | 0.97970
dz=0.04mm (Wheel 14) 0.9-2.5 y =0.34154x + 0.96619 | 0.00169 | 0.04105 | 0.91254
dz=0.05mm (Wheel 14) 0-0.9 y=1.16398x + 0.20062 | 0.00257 | 0.05072 | 0.97740
dz=0.05mm (Wheel 14) 0.9-2.5 y =0.28958x + 0.98921 | 0.00027 | 0.01630 | 0.97956
dz=0.06mm (Wheel 14) 0-0.9 y =1.12483x + 0.20843 | 0.00256 | 0.05058 | 0.96475
dz=0.06mm (Wheel 14) 0.9-2.5 y =0.32253x + 0.86198 | 0.00049 | 0.02209 | 0.96910
dz=0.01mm (Wheel 23) 0-0.9 y=1.10093x + 0.15893 | 0.00316 | 0.05618 | 0.96651
dz=0.01mm (Wheel 23) 0.9-2.5 y =0.11029x + 0.92925 | 0.00002 | 0.00440 | 0.98531
dz=0.012mm (Wheel 23) 0-0.9 y=1.14678x + 0.15413 | 0.00252 | 0.05024 | 0.97427
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dz=0.012mm (Wheel 23) 0.9-2.5 y =0.12288x + 0.96225 | 0.00005 | 0.00704 | 0.96943
dz=0.014mm (Wheel 23) 0-0.9 y =1.13334x + 0.18440 | 0.00221 | 0.04700 | 0.97901
dz=0.014mm (Wheel 23) 0.9-2.5 y =0.08864x + 1.02029 | 0.00001 | 0.00376 | 0.98344
dz=0.016mm (Wheel 23) 0-0.9 y =1.14095x + 0.16672 | 0.00256 | 0.05058 | 0.97329
dz=0.016mm (Wheel 23) 0.9-2.5 y =0.14262x + 0.96723 | 0.00005 | 0.00739 | 0.97707
dz=0.018mm (Wheel 23) 0-0.9 y=1.07521x+0.19421 | 0.00141 | 0.03752 | 0.98410
dz=0.018mm (Wheel 23) 0.9-2.5 y =0.20378x + 0.92650 | 0.00015 | 0.01215 | 0.96975
dz=0.02mm (Wheel 23) 0-0.9 y=1.12949x + 0.19274 | 0.00177 | 0.04202 | 0.98298
dz=0.02mm (Wheel 23) 0.9-2.5 y=0.11159x + 1.04194 | 0.00004 | 0.00657 | 0.96915
dz=0.03mm (Wheel 23) 0-0.9 y=1.11542x + 0.22431 | 0.00132 | 0.03637 | 0.98581
dz=0.03mm (Wheel 23) 0.9-2.5 y =0.14874x + 0.99108 | 0.00005 | 0.00683 | 0.98517
dz=0.04mm (Wheel 23) 0-0.9 y=1.10876x + 0.26116 | 0.00108 | 0.03280 | 0.98958
dz=0.04mm (Wheel 23) 0.9-2.5 y =0.23339x + 1.00625 | 0.00028 | 0.01659 | 0.96757
dz=0.05mm (Wheel 23) 0-0.9 y =1.02704x + 0.27968 | 0.00094 | 0.03074 | 0.98921
dz=0.05mm (Wheel 23) 0.9-2.5 y =0.30873x + 0.89919 | 0.00012 | 0.01086 | 0.99191
dz=0.06mm (Wheel 23) 0-0.9 y =0.93669x + 0.33020 | 0.00086 | 0.02934 | 0.98258
dz=0.06mm (Wheel 23) 0.9-2.5 y=0.17043x + 1.01131 | 0.00040 | 0.01992 | 0.91502

Table 3-6 Evaluation parameters for linear fit for wear depth on wheel flange.
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Slopes comparison graph:
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Table 3-7 Slopes of the Max Wear Depth Values lines after linear fitting on wheel flange.

3.1.4.1.3 The linear analysis for profile wear area.

There are similar analyses for the profile wear area vs running distance graph.
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Figure 3-10 Linear fitting for profile wear area versus running distance.
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Evaluation parameters table for linear fit:

Simulation Simulation
Linear Fit Linear Fit
on wheel . MSE | RMSE R? on wheel . MSE | RMSE R?
equation equation
(14) (23)
y= y=
dz=0.01lmm 14.3596x | 0.3779 | 0.6147 | 0.9955 dz=0.01lmm 14.3564x | 0.3792 | 0.6158 | 0.9955
+1.5868 +1.5797
y= y=
dz=0.012mm | 14.1814x | 0.3407 | 0.5837 | 0.9953 | dz=0.012mm | 14.1820x 0.341 | 0.5839 | 0.9953
+2.0042 +1.9916
y= y=
dz=0.014mm | 14.3024x | 0.5492 | 0.7411 | 0.993 dz=0.014mm | 14.3022x | 0.5499 | 0.7415 | 0.9929
+1.9455 +1.9350
y= y=
dz=0.016mm | 13.1769x | 0.6406 | 0.8004 | 0.9908 | dz=0.016mm | 13.1741x | 0.6425 | 0.8016 | 0.9908
+1.9473 +1.9419
y= y=
dz=0.018mm | 13.5888x | 0.3248 | 0.5699 | 0.9953 | dz=0.018mm | 13.5781x | 0.3284 | 0.5731 | 0.9952
+1.3885 +1.3880
y= y=
dz=0.02mm 14.6613x | 0.1001 | 0.3165 | 0.9987 dz=0.02mm 14.6556x | 0.1006 | 0.3172 | 0.9987
+0.9074 +0.9049
y= y=
dz=0.03mm | 15.0572x | 0.1194 | 0.3456 | 0.9986 | dz=0.03mm 15.0530x | 0.1193 | 0.3454 | 0.9985
+0.6531 +0.6537
y= y=
dz=0.04mm | 14.0326x | 0.7115 | 0.8435 | 0.9902 | dz=0.04mm 14.0283x | 0.7109 | 0.8432 | 0.9902
+1.4286 +1.4286
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y= y=
dz=0.05mm | 14.2844x | 0.2145 | 0.4631 | 0.997 | dz=0.05mm | 14.2805x | 0.2157 | 0.4644 | 0.997
+1.0573 +1.0555
y= y=
dz=0.06mm | 13.7455x | 0.4225 | 0.65 | 0.994 | dz=0.06mm | 13.7404x | 0.4235 | 0.6508 | 0.994
+1.1062 +1.1077

Table 3-8 Evaluation parameters for linear fit for profile wear area versus running distance.

Slopes comparison graph:

In this series of investigations, the slopes of the linear fits on wheeli4 and
wheel23 exhibit a high degree of proximity, resulting in a strong visual overlap
in the 2D representation. But the two lines don't overlap. The data is different.
To enhance the intuitiveness of the visualization, I have included a 3D plot to
highlight the contrasted impact between the two.
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Table 3-9 2D plotting of Slopes of the Profile Wear Area values lines after linear fitting.
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Table 3-10 3D plotting of Slopes of the Profile Wear Area values lines after linear fitting.

Through these comprehensive analyses, no matter the value of MSE, RMSE
R2, the linear analysis plotting of profile wear area versus running distance has
better performance, so comprehensively, the linear analysis plotting of profile
wear area versus running distance can be selected as the basement of non-
iterative method.

3.2 Non-iterative method

After performing the linear analysis, we can use the results to select the
formula for the non-iterative method.

Since it is very difficult to accomplish an accurate wear assessment directly
from a single simulation, the non-iterative method usually needs to be based
on actual measurements or on the results of the iterative method, which we
choose the later one here.

The non-iterative method can be done by the following steps in this case:

e Based on the results of iterative methods, or other practical data, as a
basis for derivation.

e Selection of appropriate plotting for linear analysis yields the linear
equation.

e Parameter comparisons are made and appropriate equations are
selected.

e Eventually the equations for the non-iterative method are derived.
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In the previous section we have performed the linear analysis and parameter
comparison, after which we can obtain the equation for the non-iterative
method.

3.3 Further result and verification

3.3.1 Iterative method result

From the simulation results, increasing the value of dzaiowed reduces the
number of wear steps and also shortens the elapsed time of the simulation. The
table below summarises the wear step numbers, elapsed time and running
distance parameters for each simulation.

Total MBS Total Parfor .
. ) Wear step Total elapsed Total running
simulation elapsed elapsed . .
numbers . . time(s) distance(km)
time(S) time(s)

dz=0.01mm 99 12912 7319.3 20231 2.003911E+05
dz=0.012mm 87 8832 5711.2 14543 2.006129E+05
dz=0.014mm 74 7124.1 4872.8 11997 2.001792E+05
dz=0.016mm 69 7660 4592 12252 2.024926E+05
dz=0.018mm 58 6364.6 4067 10432 2.004492E+05
dz=0.02mm 51 5537.4 35725 9109.9 2.014708E+05
dz=0.03mm 35 3507.7 2369.4 5877.1 2.067664E+05
dz=0.04mm 28 3502.2 1929.6 5431.8 2.170038E+05
dz=0.05mm 21 3531.9 1588.3 5120.2 2.099099E+05
dz=0.06mm 20 3312 1493.3 4805.2 2.135922E+05

Table 3-11 summarises the wear step numbers, elapsed time and running distance parameters for each
simulation.
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From the table, it can be seen that the total elapsed time is gradually
decreasing in all cases except from dz=0.014mm to dz=0.016mm, where there
is a slight increase in Total elapsed time. This may be due to the fact that the
simulation is in a more complex condition at dz=0.016mm. For example, at a
certain wear step, the update of the wheel profile is more complicated. It may
also be related to the operation environment of the computer when running
the simulation.

Total running distance varies somewhat because the wear depth is used as a
scaling factor. simulation stops when Total running distance is greater than or
equal to 2e5 km.

This suggests that the efficiency of the simulation can be improved by raising
the value of dzaiiowed.

3.3.2 Non-iterative method

Simulation Fit Quality: By comparing these equation metrics, it can be
observed that in most cases, the simulation fits are relatively good for different
dZallowed Values.

Wheel Profile Wear Area vs. Running Distance: The results of the linear fit for
the wheel profile wear area versus running distance are better than the fit for
maximum wear depth versus running distance. And the linear analysis does
not need to be done in segments.

Non-Iterative Approach Consideration: Further consideration of the non-
iterative approach can focus on the wheel profile wear area, as it provides
better fitting results.

So I take the plotting of Wheel Profile Wear Area vs. Running Distance as the
basis, and choose the simulation when dzaiiowed =0.01, and the relevant data are
shown in the table:
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Simulation on Linear' Fit MSE RMSE R2
wheel (14) equation
y =14.3596x +
dz=o. . .6 .
Z=0.01mm 15868 0.3779 0.0147 0.9955
Simulation on Llnear‘ Fit MSE RMSE R2
wheel(23) equation
= 14.356.
dz=0.01mm Yy =14.3504x + 0.3792 0.6158 0.9955
1.5797

Table 3-12 The relavant parameters of the liner plotting when dzallowed=0.01.

Then we get the non-iterative method equation:
Equation on wheel 14:

v =14.3596x + 1.5868 (3-4)
Equation on wheel 23:

y = 14.3564x + 1.5797 (3-5)

This method is based on the iterative approach and is completed with linear
plotting in the previous section. choosing a line with better linear results
ensures the accurate nature of the non-iterative approach.

3.4 \Verification

3.4.1 Iterative method verification

To verify the accuracy of the results, we can compare them with actual
measurements. Since the non-iterative method is based on the derivation of
the iterative method, we can focus on the iterative method. When performing
actual measurement data validation, this can be done in the following ways.
For example, measuring the change in flange height, a value that corresponds
to the maximum wear generated on the wheel flange.
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Figure 3-11 The measurement data of flange height for wheel(14).
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Figure 3-12 The measurement data of flange height for wheel(23).

Above is a picture of the data from Dirk’s thesis [7], making a general
assessment based on this data picture.

And then obtaining the flange height values change data and make a
comparison, showing in the table below.
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Data range (mm) Simulation Measurement

Wheel 14 0.6-0.7 0.3-0,8

Wheel23 0.55-0.7 0.2-0.7

Table 3-13 A rough comparison of simulation and measurement for a run distance of 200kkm.

Regarding the result judgement, if the simulation result falls largely within the
range of the actual result, it means that the simulation is more credible, and
vice versa.

It can be shown that the results of the simulation fall within the range of
measurements, which proves that it is feasible to change the simulation
efficiency by adjusting the value of dzaiiowed.

3.4.2 Non-iterative method verification

Regarding the non-iterative method, we will not repeat it here, because the
relevant test values in the previous sections, such as MSE, RMSE, R2, etc., have
good performance, then it shows that the equations derived from the non-
iterative method are very close to the results of the iterative method, and they
have a high degree of accuracy.
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Conclusions

4.1 Iterative Approach

Increased efficiency is demonstrated by the iterative method when the scaling
factor dzailowed is modified. It has been demonstrated that increasing dzaiiowed is
legitimate and compatible with real measurements, successfully decreasing
wear steps and overall elapsed time in simulations. According to slope analysis,
the wheel tread shows constant slopes throughout simulations, suggesting a
high level of dependability. And the slope variances are more noticeable for the
wheel flange, particularly between 0.9e5 km and 2.5e5 km, indicating that
variations in dzaiowed have a major impact on wheel flange wear. The method is
further validated by the wheel profile wear area, which exhibits constant slopes
and strong fitting performance throughout simulations.

4.2 Non-lterative Approach

For wear prediction, the non-iterative method has significant benefits in terms
of efficiency and accuracy. This approach simplifies the procedure while
guaranteeing good predicted accuracy by using fitted equations generated from
wear prediction data. Wear prediction efficiency is greatly increased without
sacrificing accuracy thanks to the non-iterative approach's simplicity.
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Points of perspective

5.1 Problems

One key limitation of the iterative approach lies in the use of increased dzaiiowed,
as there is currently no comparison with the latest measurements.
Furthermore, because it was difficult to gather enough baseline data, the fitted
slopes have not been directly compared to actual wear data. The non-iterative
approach's applicability and generalisability are limited by its dependence on
iterative simulation results, which limits its usefulness to particular scenarios.
Additionally, the simulation setup itself has limitations because it lacks
validation across a variety of vehicles and railway sections and concentrates on
a single vehicle type and fixed track.

5.2 Further Study

To enhance the persuasiveness of the simulations, more detailed validation
work is necessary to bolster credibility. Expanding the scope of simulations by
including different vehicle types and railroad sections will make the results
more generalizable and applicable. For the non-iterative approach, future
efforts should aim to broaden its applicability beyond a single case, reducing its
dependence on iterative simulation results to improve its overall utility and
flexibility.
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