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Abstract: Flanges are critical parts of railway wheels that
guide the wheels on the track and prevent them from
derailing. However, curved tracks have a great influence
on wheel flange wear, which leads to increased mainte-
nance costs, passenger discomfort, poor ride quality, and
increased noise and vibrations. This research aims to ana-
lyze the effect of curved tracks on wheel flange thickness
reduction using the multi-body simulation software SIMPACK.
The wheel flange wear was calculated to determine how
much material is lost in terms of the area of material loss
for different curve radii of 50, 100, and 200 m. The obtained
results show that at curved track sections of smaller radius,
for example, 50 m, the occurrence of wheel flange thickness
reduction is higher than that of curved track sections with
larger radii. Also, high speeds such as 40 km/h, especially at
the track curved sections with small radii, lead to an increase
in wheel flange thickness reduction compared to track curved
sections with large radii. The results of wear indices obtained
using SIMPACK and VAMPIR closely matched with a small
percentage error difference of 1.94%. The matching of these
results validated the effectiveness of the methods used in this
research to calculate wear. Therefore, these conclusions will
assist maintenance personnel in developing countermeasures
to minimize wheel flange thickness reduction, ensure proper
re-profiling, and reduce maintenance costs.

Keywords: railway vehicle dynamics, railway track geo-
metry, wheel-rail interaction, contact forces, wheel flange

* Corresponding author: Celestin Nkundineza, African Railway Center
of Excellence, Addis Ababa Institute of Technology, Addis Ababa
University, Addis Ababa, Ethiopia; Department of Mechanical and Energy
Engineering, University of Rwanda, Kigali, Rwanda,

e-mail: c.nkundineza@ur.ac.rw

Zainah Namayanja: African Railway Center of Excellence, Addis Ababa
Institute of Technology, Addis Ababa University, Addis Ababa, Ethiopia
Behailu Mamo Zewdie: African Railway Center of Excellence, Addis
Ababa Institute of Technology, Addis Ababa University, Addis Ababa,
Ethiopia; Department of Mechanical Engineering, Technische Universitat
Darmstadt, Darmstadt, Germany

wear, multibody system simulation, creep forces, cree-
pages, curved track section, wear

1 Introduction

The railway field is among the greatest deployed means
of transportation on land because of low energy consump-
tion per passenger/km, low pollution to the environment,
safe, comfortable, low traffic congestion, increased speeds,
a high number of passengers and goods carried, decreased
transport costs, and reduction in land use [1]. However,
for the railway industry to remain competitive, passenger
comfort, safety, service provision, and cost must be the
top priorities [2]. Therefore, the quality and security of
the transport system require an effective and proper main-
tenance system to prevent accidents and incidents. Similar
to many other cities, the introduction of a railway system
leads to a significant improvement in the transport system
in terms of cheap fares, better ride comfort, safety, and faster
means of transport for the increasing urban population.

Wheels are critical components of the running gear in
railway transportation systems. The uniform motion and
safety of rolling stocks largely depend on their perfor-
mance; therefore, they must be regularly monitored [3].
Any damage to the wheels found just in time can help
prevent severe damage to the train and also keep passen-
gers safe. Hence, periodic inspection of the wheels can lead
to efficient and effective operation, improving the relia-
bility and availability of railway transport systems [4].
One of the safety concerns is wheel damage caused by
wear on the wheel running surface and flanges.

Different types of wear are associated with the wheels.
For example, tread wear (damage to the tread) and flange
wear (wheel flange thickness deterioration/reduction) grooves
are created on the surface of the wheel flange [5]. Gradual
flange wear leads to material degradation, limits the lifespan
of the wheels, and leads to rail vehicle instability [6], poor ride
quality, passenger discomfort, increased maintenance costs,
increased noise, and vibration, wear of other vehicle compo-
nents, and increased damage to rolling stocks and tracks [7].
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The wheel flange guides the wheels on the track and prevents
the wheels from falling off while running on the rails. A dete-
riorated wheel flange can cause train derailment. However,
wheel flange thickness reduction is inevitable and intensive,
particularly on curved tracks [8].

Numerous studies have investigated the root causes of
wheel flange wear and explored measures to mitigate this
problem. The primary factors influencing the wheel flange
wear originate from the dynamic forces acting on the
wheelset.

Various factors that affect rail vehicle dynamics con-
tribute to the generation of dynamic forces and moments
on the wheelset. These factors include tractive force and
torque, running resistance, running speed, track geometry,
rail surface conditions, centrifugal forces, vehicle weight,
and primary suspension forces and moments from the
vehicle body and bogie. These elements generate axial,
radial, and longitudinal forces as well as yaw and roll
moments on the wheelset. The resulting forces on the
wheelset create creep forces and creep moments at the
interfaces of the wheel and rail, including the interface
between the wheel tread and rail running surface, as well
as the wheel flange and rail gauge interface. Additionally,
they induce creep at other jointed parts of the rail vehicle,
such as the interfaces between the wheel and wheelset axle
[9], brake disk and brake pads, brake pads, and wheel
treads.

Other factors influencing wheel flange wear processes
include the adhesion coefficient, environmental conditions
(such as water, humidity, dryness, dust, temperature, sands,
etc.), material properties, lubrication, temperature, speed,
and track and wheel geometry (curve radius, irregularities,
switch and crossing sections, and wheel equivalent conicity).
Equivalent conicity is a determinant parameter of how the
wheel and rail geometric profiles match the proper wheel-
rail interaction [10,11]. Concerning environmental condi-
tions, the adhesion coefficient of the contacting surfaces
behaves very differently, for example, under wet and dry
conditions, as observed in experimental tests [12,13]. The
material properties, such as the hardness ratio of the con-
tacting parts, significantly influence the wear behavior [14].
Also, it is known that the temperature can change the mate-
rial mechanical properties, such as the yield strength, which
can influence fatigue and abrasive wear.

The wheel flange wear mechanisms partly consist of
abrasive and fretting phenomena similar to those that
occur in other rail vehicle mating parts. This includes fret-
ting wear of mating parts of the rail vehicle axle and wheel,
which is caused by the friction phenomenon in the push-fit
joint [9]. Fretting wear formation mechanisms consist of
material build-up due to adhesion, surface abrasion, and
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micro pits, shearing of micro-irregularities, plastic defor-
mation of the mating sleeve part top layer, and micro-
cracks on the sleeve top layer [9]. However, it is noted that
the fretting wear phenomenon between the wheel flange and
rail gauge does not usually involve the adhesive phenom-
enon. An experimental study of Kowalski [15] reported that
CrN + a-C:H:W coatings effectively mitigated the fretting
wear. The fretting wear between mating components sub-
jected to sliding oscillatory motions exhibits characteristics
similar to the wear mechanisms observed between the rail
gauge and wheel flange of rail vehicles operating on straight
tracks. Lubrication is commonly utilized to mitigate wear on
both wheel flange and tread surfaces. Increasing the wheel
conicity is often employed to further reduce wheel flange
wear on the curves. However, an increase in wheel coni-
city can elevate hunting frequency and train instability
on straight tracks. Consequently, wheel reprofiling and
wheel profile optimization are conducted to achieve balance
with the aim of minimizing wheel wear on curves while main-
taining stability on straight tracks [16]. Research has demon-
strated that longitudinal and lateral forces and spin moments
contribute significantly to wheel flange wear when a rail
vehicle negotiates curves, with these forces being highly depen-
dent on the curve radius. On straight tracks, the impact of these
forces is typically considered in the computation of wheel tread
wear but is generally regarded as having minimal influence on
wheel flange wear, assuming that hunting phenomena are not
pronounced. This study focuses on examining wheel flange
wear in relation to vehicle speed and track curve radii.

When the wheel flange consistently contacts the rail
gauge corner on a curved track, substantial creep forces
and creep moments develop between the wheel flange and
rail gauge corner, initiating wheel flange wear mechan-
isms and processes. The forces and moments that initiate
the wear are known as creep forces and creep moments,
respectively (Figure 1). The resulting wear processes due
to the creep forces and moments, combined with other
mechanism factors, such as those mentioned earlier, ulti-
mately lead to a reduction in the wheel flange thickness.
The wear mechanisms in the wheel-rail interface occur in
three regimes (mild, severe, and catastrophic), and the wear
on the wheel flange and rail gauges is expected to occur in
two regimes: severe and heavy wear regimes [17]. The
heavy-wear regime is the transition regime between the
severe and catastrophic regimes.

With regard to wheel flange wear, very limited studies
have been conducted on the influence of curved tracks on
wheel flange thickness reduction. Studies have been con-
ducted on the influence of curved tracks on the wear of the
rail and wheel but without establishing a rigorous, detailed
influence of varying the curve radius on the wheel flange
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Figure 1: (a) Wheelset on the curved track section and (b) wheel/rail interface.

wear depth in response to various speeds. Also, optimized
rail or wheel profiles have been designed with rail or
wheel wear alleviation, among other objectives [18-24].
However, one question remains: how does flange wear
and flange thickness reduction in an optimized wheel-rail
profile respond to various radii of the curved track?

Thus, it is necessary to clearly understand how varia-
tions in the curve radius and speed lead to wheel flange
thickness reduction on the curved track. This understanding
will lead to measures to improve the ride quality and pas-
senger comfort, reduce maintenance costs, increase the life
span of the wheel, and prevent safety issues such as derail-
ment. In the literature, several studies have mentioned the
causes of wheel flange wear [11,25-31] but did not detail how
each of them leads to wheel flange thickness reduction.

Previous studies have been devoted to developing
wheel profiles to reduce the wheel flange thickness reduc-
tion, for example [32]. An improved wheel profile design
predicted a reduction in flange wear of at least 25% com-
pared to the existing standard wheel profile.

Several studies [33-39] have been conducted on the
influence of curved tracks on rail wear. Optimized rail
profiles have been developed, and sound remedies have
been recommended to overcome this problem. Choi et al.
[40] designed a new wheel profile to reduce the wheel
flange wear and surface fatigue on a curved track. They
utilized VAMPIRE software to perform railway dynamic
analysis [41]. To optimize the new wheel profile, they used
a fast, nondominated sorting genetic algorithm, NSGA-II [42].
The optimized wheel profile generated better perfor-
mances with regard to lateral force and derailment and
also decreased the wheel flange wear and/or surface
fatigue compared to the initial wheel profile.

Despite extensive research on railway wheel wear,
there is limited literature addressing the impact of the
track curved section radius on wheel flange thickness
reduction at varying speeds. Therefore, this study aims to
analyze wheel flange wear under the influence of curve
radius and rail vehicle speed at a curved track using
numerical analysis and simulation.

2 Wheel-rail interaction

Good performance of the wheel-rail interface is the main
focus of all successful railway transportation. The wheel—-
rail interaction includes the contact actions between the
wheel and rail. Wheels and rails are crucial components
of railway vehicles. The wheel-rail interaction performs
functions, such as guidance, to ensure that the deviations
of the vehicle running in curves are maintained within
tight boundaries and to ensure that in a straight track,
the lateral deviations of the vehicle are kept at a minimum.
Also, the wheel-rail interaction performs a load-bearing
function whereby it ensures that the load of the rail
vehicle, as well as passengers and goods, is transmitted
to the ground. Finally, the wheel-rail interaction system
executes traction and braking functions [43].

Wheel-rail interaction can be classified as lateral/long-
itudinal interaction or vertical interaction. Lateral/longitu-
dinal interaction involves forces that act in either the
longitudinal or lateral direction as a result of flange forces
or wheel-rail creep forces. Vertical interactions involve
vertical forces between the wheel and the rail. These ver-
tical forces are caused by the weight of the vehicle [44].
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There are various parameters that influence the dynamic
interaction between the wheel and rail, including track
alignment, curves, axle load, train speed, mechanical prop-
erties of the track and rail vehicle, and the condition of the
wheel-rail interface.

2.1 Wheel-rail contact

At points where the wheel contacts the rail, a contact patch
develops. The shape and size of the contact patch between
the two elastic bodies in static contact are based on Hertz's
theory and can be calculated from the normal force, mate-
rial properties, and geometry of the wheel and rail in the
contact region. Since the wheel and rail materials differ in
the chemical composition of steel, the shape of the contact
patch formed between them is elliptical [45].

The size of the contact patch between the wheel and
the rail is small, that is about 1 cm? compared to the overall
dimensions of the wheel and the rail. The shape of the
contact patch depends on the wheel and rail geometry,
the lateral position, and the angle of the wheel relative to
the rail. The wheel and rail profiles, the degree of curva-
ture of the track, and bogie design influence the exact
position of the contact patch. In the curved track, contact
occurs on the wheel flange and rail gauge corner, whereas
in the straight track, contact occurs on the wheel tread and
railhead.

Wheel/rail contact occurs in three main regions, as
shown in Figure 2.

Region A: Contact occurs between the wheel tread and
railhead. This contact occurs when the vehicle runs on
straight tracks and curves with large radii. This region
produces the lowest contact stresses and lateral forces.

Region B: In this region, wheel flange and rail gauge
corner contact occur. The contact patch is very small com-
pared to region A. In this region, the wear and contact
stresses were much higher.

_

Region C

Region A

/ RegionB

Figure 2: Wheel-rail contact regions [46].
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Region C: Contact between the field sides of the wheel
and rail occurs in this region. High contact stresses are
induced when contact occurs in this region and may lead
to undesirable wear features, causing incorrect steering of
the wheelset.

2.2 Wheel-rail contact forces

The dynamic behavior of a rail vehicle on straight as well
as curved lines is significantly affected by the interactive
forces between the wheel and rail because such forces are
extremely high. These forces depend on the adhesion,
creep, and wear characteristics. The forces acting on the
contact patch are known as tangential and normal forces.
The wheel/rail contact forces are developed due to cree-
pages arising from the contact patch. These creepages ema-
nate as a result of traction, braking, and acceleration due
to the relative motion of the wheel on the rail.

2.3 Mathematical formulation

The reduction in the wheel flange for a rail vehicle nego-
tiating a curve can be computed using the lost friction
energy or modified Archard wear model, which utilizes
creep forces and creepages as the main dynamic quantities
of wheel-rail interaction. Therefore, to accurately compute
the variables contributing to the wear depth, it is crucial to
analyze the wheelset dynamics on a curved track. This
involves deriving and solving the equations of motion of
the wheelset to obtain instantaneous displacements in five
degrees of freedom: roll, lateral, yaw, longitudinal, and
vertical, as well as their corresponding velocities. If the
lift of the wheelset is absent, the roll and lateral displace-
ments depend on each other. Therefore, only four degrees
of freedom remain for the wheelset: lateral/roll, yaw, long-
itudinal, and vertical displacements.

Creepage is calculated based on the relative velocity
between the rail and wheel at contact points compared to the
nominal rolling velocity. Utilizing Kalker’s Linear Theory, cree-
pages are used to determine creep forces. These forces are
critical for understanding the wheel-rail wear mechanisms.

On curved track sections, the wheel flange wear depth
can be determined whenever the lateral displacement
equals or exceeds the clearance between the wheel flange
and rail gauge. The analysis of wheelset dynamics is
detailed in the study of Garg and Dukkipati [47], although
they did not focus on the wheel flange, or wear depth.
However, this general approach is applicable.
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The free-body diagram of the wheelset moving on a
curved track section, with all resultant forces acting on it,
is illustrated in Figure 3, where ¢, is the track superele-
vation angle and ¢ is the roll angle of the wheelset. The
wheelset also undergoes yaw motion, defined by 1. The
forces acting on the wheelset include the resultant normal
and creep forces on the left and right wheel-rail contact
patches, suspension forces, and external forces due to the
wheelset weight, railcar body weight, air resistance, and
railcar body centrifugal force [47]. Two reference frames
(Figure 3(a)) can be considered during the analysis: the
track reference frame, [i, j,fk,f]T, which originates at the

kws .ws
A 4J

A
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centerline of the track, and the wheelset reference frame,
[iwsj,sKws]', whose origin is located at the center of the
wheelset. The two reference frames are related by a rota-
tion matrix M, such that

[iws jwskws]T = Mrot[irf jrfkrf ]T; @

where, after considering small angles of roll and yaw
motion,

1 v 0
Mot = "P 1 ¢
0 -¢ 1

(b)

Figure 3: (a) Track centered reference and wheelset coordinate systems [47]. (b) Wheel set free body diagram [47].
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The equations of motion for a single wheel set passing
through a curved track can be derived using the following
Newton’s law:

EF = mays, 2
dH

YM=—— 3

M a’ 3

where } F is the sum of forces acting on the wheelset, a,,s is
the acceleration kinematics of the wheelset, m is the mass
of the wheelset, and H is the angular momentum of the
wheelset. Referring to Figure 3(b), the sum of forces and
sum of moments are given as

YE=Fr+F +E+Ng+ N +E, 4)

YM=Rg x (Fg + Ng) + Ry x (F, + Np) + Mg + Mg
+ML+Me:

6)

where Fg, and F; are the resultant creep forces acting on
the right wheel and left wheel contact patches, respec-
tively; Ng and Ny are the normal forces acting on the con-
tact points between the rail and the right and left wheels,
respectively; F; is the resultant force from the suspension
acting on the wheelset; and F, is the resultant force due to
centrifugal and gravitation effects. Mz and My, are the creep
moments acting at the contact patches; M; is the moment
produced by suspension forces; Rz and R;, are the displace-
ments of wheel-rail contact centers at the right and left
sides; M, is the moment produced by external forces.
FE, is given by

E =

- (W + M/e)¢sup]jrf
(6)

w,v2
W+ M/e + er)sup]krf‘

The contact point displacements and external moment
vectors are given by

L . L.
Rp = Ewlrf =y - RK;z, (7a)
L . L,
R, = -Ed)lrf + Sy - 1Ky, (7b)
M, = ~hWy(¢; — @iy, (7c)

where ¢, is the deficiency in the cant angle, and h is the
distance from the center of the wheelset to the center of the
external load application.

The wheelset acceleration kinematics of the wheelset
is given by

Ays = arp + Wy X Ryps + 2007 X Rys + Rus, @)

where
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L. 14 v
Wy = ¢suplrf + Ed’sup]rf - Ek”f’ (%)

2

Ve, L. V?
arf = —Tlrf + [qusup + ?d)sup]krf’ (9b)

Ry = Xiyf +yjrf +(Z + r)kyy. (9¢0)

Recalling that H = [,w wsxiws + stywwsy jws +
Lys;0y5:Kys, the rate of angular momentum is given by
dH

dt = IWSO:)WSXiWS + IWSwaSy jWS + IWSZd)WSZkWS

10)
+ Waxis X H,
where w,xis is obtained as

Wys = Wwsxls + WiszKus,

and Wysy, Wysy, and wy, are obtained from the following
equation:

wWS = (¢ + ésup)iws + (Q + Se)jws + (l/} - V/R)kW51 (11)

where 66 is the perturbation of the wheel roll angle from
the nominal one.

Next, we substitute Equations (9a)-(9¢) into Equation
(8) and substitute the result along with Equation (4) in
Equation (2). The results give us the force vector components
in the reference coordinate system. These relations are given
by Equations (12)—(14). Also, we substitute terms in Equation
(11) after performing the differentiation in Equation (10), and
substitute Equations (6) and (7a)-(7c) in Equation (5). After
algebraic manipulation and comparing the results in Equa-
tion (10) and results in Equation (5), we obtain the resultant
creep moment vector component equations written as per
the reference coordinate by equations.

Longitudinal equation:

mx = Fgy + Fpy + Fx + Npx + Nix. (12)
Lateral equation:
m( - ofgy,) = (W + Wedpy = Fry + Fry + Fy + Npy 13)
+ Nyy.
Vertical equation:
m[z + %d).supl + (W + w;,)[l + %2¢Sup] 1)
= Ipy + Frz + Npz + Nz + F.
Roll equation:
Tun(§ + Gup) = hiy(@ + 6é)[w - 2| - mg, - )
(15)

= rR(FRy + NRy) + rL(FLy + NLy) + Mpy + Mpy + My

L
+ E(FLZ - FRZ + Mz - NRz)-
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Yaw equation:

IWX[I,[) - VE

1

E” = Liy(Q + 80)(@ + )

L L (16)
= E(FRX - Fy) + Ew(FRy = Fpy + Ngy = Ny) + My,
+ Mg, + M.
Spin equation:
LS80 = —rRFry = IiFix + Myy + Mgy + My, (17)

The normal force vectors can be eliminated in Equations
(12)-(17) by substituting in the following equations:

Ny = =Ny sin(8; + @)j,r + N cos(6, + Pk,  (18a)

Ng = Ng sin(6z - ¢)jrf + Npcos(6g — @)kyr,  (18D)

where N, and Ny are the magnitudes of the normal force
vectors on the right and left sides of the wheelset. Therefore,

Npy = =Ny sin(6;, + ¢), (19a)
N;; = Ny cos(6 + ¢), (19b)
Ngy = Ng sin(6z - ¢), (19¢)
Ng, = Ni cos(6g - ). (19d)

Substituting Equations (19a)-(19d) into Equations (14)
and (15), Nz and N; can be solved in terms of unknown
displacements ¢, &6, z, and ¥. The creep forces remain
unsolved. In the next sections, we show the procedure
of eliminating creep forces using creepages equations
through Kalker’s Linear Theory, which is applicable to
small creepages.

2.4 Creepages

From Equations (12)-(17), the displacements and corre-
sponding velocities can be solved after the creep forces
and moments are eliminated. These displacements and
velocities form the basis for calculating the creepages,
which in turn are used to calculate the creep forces and
wear in the form of creep energy loss.

2.4.1 Longitudinal creepage

The longitudinal creep exists when there is a difference in
the rolling radii of the wheels on the wheelset. This was
because the wheel profile was coned. Therefore, the long-
itudinal creepage is given by

A= Vaw = V)V, (20)

Impact of curved tracks on wheel flange thickness reduction = 7

where V,,, is the longitudinal forward velocity of the wheel,

Vi is the longitudinal forward velocity of the rail, and v

is the pure rolling forward velocity (at the contact point).

Based on the derivation in the study of Garg and Dukkipati

[47], the longitudinal creepages are given as follows:
Right wheel:

L . .
~U - rzéo
a1 kom0 g
2R Ih) v
Left wheel:
L . .
~U + 160
AxL=1+£—E——2¢ L . 22)
2R 1y v

2.4.2 Lateral creepage

It is defined as the incremental relative lateral velocity
divided by forward speed. Lateral creepage has a signifi-
cant effect on rail corrugations caused by lateral creep
forces. Therefore, the lateral creepage is given by

Ay = (Vyw - Vyr)/V: (23)

where V), is the lateral velocity of the wheel, and Vy, is the
lateral velocity of the rail. The final lateral creepage equa-
tions are given as follows:

Right wheel:

Ayr = sec8L(y — VY + 1pd). (24)

Left wheel:

Ayr, = secSp(y - Vi + ri@). (25)

2.4.3 Spin creepage

The spin creepage is due to the component of the relative
angular motion between the wheel and rail normal to
the contact patch. The angular velocity of the wheel rela-
tive to the rail consists of three components: one perpen-
dicular to the contact plane and two tangential to the plane
of contact. Pure rolling of the wheels is assumed for the
spin or slide to not occur. Thus, the spin creepage is
given by

Ay = (Qu - Q)IV, (26)

where Q,, is the angular velocity of the wheel and Q, is the
angular velocity of the rail. The difference between the
angular velocities of the wheel and rail is called the spin.
The spin divided by the rolling velocity is termed spin
creepage [48]. The spin creepage in terms of unknown
variables is given as follows:
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Right wheel:
1| . . .V
AyR = v sinSp(Q + 60) + cosé‘R[l/) - E]] 27
Left wheel:
1 . . .V
Ayr, = v -siné;(Q + §0) + cos6L[l/) - E]] (28)

2.5 Creep forces

The creep forces originate from lateral, longitudinal, and
spin creepages. They can be determined for small cree-
pages or mild regime wear by using Kalker’s linear theory
as follows [49]:

Longitudinal creep force:

Fo = ~fyyAas (29)
Eq=-f1. (30)

Lateral creep force:
By = ~flyr = fosyrs (3D
By = ~fl = fsAyi- (32)

Spin creep moment:
Myr = ~fysyr = fizyrs 33)
My = ~fs Ay = fiz Ay, (34)

where in Equations (4)-(9a) to (9¢), fi;, foy, fo3, and fi; are
the linear creep coefficients and are given by

fy = GabCy, (35)
£,y = GabCy, (36)
o3 = G(ab)'5Cys, 37)
fis = G(ab)*Cs, (38)

where G is the material shear modulus of steel, a and b are
semi-axes of the elliptical wheel/rail contact patch, and Cy,,
C,,, Cy3, and Cs3 are constant coefficients tabulated in the
study of Kaiker [50].

By substituting Equations (29)—(34) into Equations (12)-(17)
and recalling that the normal force variables are already elimi-
nated, we consider that, in the absence of wheelset lift, the
coordinate ¢ depends on the coordinate y. Assuming that
the external and suspension forces and moments are known,
we have four equations of motion with four unknown vari-
ables ¢, ¥, 80, and z.

Once these displacements are computed, the velocities
can be determined, and subsequently, the creepages can be
calculated. From these results, the creep forces and spin
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moments can be derived. With the creepages, creep forces,
and moments computed, the final step was to calculate wear.

Equations (29)-(34) are valid for small creepages that
lead to a mild wear evolution regime. Nonlinear models
are utilized for large creepages such as those encountered
in severe or catastrophic wear regimes. These models have
been detailed in a review of numerical models for the
computation of wheel and rail profile wear [51,52]. The
transition between wear regimes has been investigated
in the work of Lewisa and Dwyer-Joyce [53], and later in
the work of Lewis et al. [54]. The mild regime to severe
regime transition was found to be caused by a change from
partial-slip to full-slip conditions at the wheel-rail inter-
face. The transition from a severe regime to a catastrophic
regime is driven by an elevated temperature, which decreases
the yield strength of interfacing materials.

3 Wear of railway wheels

Wear is defined as the loss or displacement of material
from the contact surfaces. The location of wear on the
wheel profile depends on the contact position. Also, the
highest wear occurring on the wheels is due to the type
of railway network on which the rail vehicle is running.
Wheel flange thickness reduction is mostly experienced in
railway networks with sharp curves because of the large
angle of attack of the wheelset [55]. Wheel flange wear
occurs whenever the lateral displacement equals or
exceeds the clearance between the wheel flange and
rail gauge.

The life span of the wheel may be lengthened by repro-
filing; however, reprofiling may alter the material proper-
ties of the wheel. In addition, railway wheels can only be
re-profiled three or four times before the wheelset is
replaced, which is very costly. The outrageous railway
wheel wear means that the rails are also prone to prema-
ture deterioration [56]. However, in the case of this study,
the main focus was only on wheel flange thickness reduction.
The major causes of wheel wear are the contact forces (creep
forces) and creepages. The high contact forces are a result of
friction forces during the acceleration and braking of railway
vehicles, track irregularities, and sharp curving [57].

3.1 Wear parameters of a railway wheel

Throughout the course of operation, steel railway wheels
are subjected to wear, and numerous measures have been
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Figure 4: Wear parameters of railway wheels [56].

employed to describe the profile of worn wheels. The
dynamic behavior and stability of rail vehicles are altered
owing to the wear of the railway wheel. The wheel flange
undergoes three commonly used measures to quantify the
severity of the wheel profile wear: flange thickness (Sq),
flange height (Sy), and flange gradient (QR). The other
wear parameters are shown in Figure 3, where D is the
wheel diameter, AD is the deviation of roundness, d is the
wheelset external gauge, and L4, L,, and L3 are reference
quotas for the measurement of wheel wear parameters.

Globally, the railway industry determines wheel wear
based on planned and scheduled measurements of geome-
trical parameters like Sy, Sy, and ¢, as illustrated in Figure 4.
These periodic checks ensure that the measurements satisfy
the minimum safety requirements recommended by the
manufacturer. When the minimum value is reached, the
wheel must be reprofiled. The measurement of wheel
wear parameters such as the flange thickness (Sg) and
flange gradient (qg) allows the anticipation of the effect
of wear state of the wheel profile on the rail vehicle stability.
For example, the wheel flange thickness (Sq) measurement
is significant as it limits the lateral clearance of the wheelset
with respect to the track, which in turn affects rail vehicle
stability. If the flange gradient is too small, the flange will be
almost vertical, which means that transitions (switches
crossing) and flange contacts will occur unexpectedly. As a
result, high contact forces arise, leading to damage to both
the rolling stock and infrastructure [56].

Pombo et al. [56] analyzed the effect of vehicle char-
acteristics, trainset service conditions, and track character-
istics on wheel wear using Vampire software with an
inbuilt wear module. In their analysis, they considered
parameters such as the influence of primary suspensions,
rail cant, traction/braking forces, and vehicle velocity on
wheel wear. Using this computational tool, they concluded
that rail vehicles assembled with softer primary suspen-
sions yielded less wheel wear on both the wheel flange and
the tread. Regarding the influence of the rail cant, the rail
vehicle assembled with wheel profile $1002 running on the
track with rail cant 1/40 has a higher wheel wear growth

Impact of curved tracks on wheel flange thickness reduction = 9

than a track with a rail cant of 1/20. Furthermore, the
influence of the traction/braking forces results in more
wear on the wheel tread than on the wheel flange. Finally,
the influence of vehicle velocity, when the vehicle velocity
is reduced to half of the vehicle service speed, produces an
increment of more than 20% in the distance that the train
is able to travel before requiring the re-profiling of its
wheelset.

Laboratory simulated tests were conducted by Jin et al.
[8] to predict the wear of the wheel flange and rail gauge
corner on a curved track by employing a large twin-disc
test machine with actual profiles of the wheel and rail.
The major parameters considered in this experimental
research included the effect of thrust load (lateral force),
angle of attack, rail hardness, and the presence of water
lubrication on the wear behaviors of the wheel flange and
rail gauge corner. The experimental results showed that an
increase in the angle of attack increased the wear rates for
both the wheel flange and rail gauge corner. In addition,
the increase in the initial rail hardness resulted in a
decrease in the wear rate of the rail gauge corner but led
to an increase in the wear rate of the wheel flange during
the earlier wear process. However, during the late wear
process, the wear rate of the wheel flange decreases as the
initial rail hardness increases. Furthermore, the wear rates
of both the wheel flange and rail gauge corner increased
with an increase in the thrust force (lateral force). Finally,
water lubrication reduced the wear rate of both the wheel
flange and rail gauge corner.

3.2 Wear model

This section focuses on the phases involved in the wheel
flange thickness reduction wear model, including the com-
putation of the area of material loss and the assumptions
considered. The wear model takes into account creep
forces and creepages. In this work, the wear of the wheel
flange thickness is studied by considering the effect of var-
iation in the curve radius and variation in speed on a
curved track. Plastic and fatigue wear were not considered
in the wear model.

3.3 Local wheel/rail contact model

The purpose of the local contact model is to calculate the
local contact variables, such as the normal and tangential
stresses and local creeps. The inputs of the wear model are
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the global contact parameters approximated by the multi-
body vehicle model. The global contact parameters need
to be post-processed from the post-processor interface of
the Simpack Rail software to compute the local wear.
This can be accomplished using the simplified Kalker’s
theory implemented in the FASTSIM algorithm. This theory
makes use of the global creepages (1), normal and tangen-
tial global forces, material properties, and contact patch
dimensions (a,b) to compute the local contact of the normal
and tangential stresses and local creeps across the wheel-
rail contact area. Details of the FASTSIM algorithm can be
found in the study of Kalker [58].

3.4 Wear computation

The wear model assumes that the material loss is propor-
tional to the friction energy dissipated in the wheel/rail
contact patch (Ty ), where Ty represents the sum of indivi-
dual products of local creepage and local creep force for
longitudinal, lateral, and spin creep components. This can
be represented as follows:

Ty = |[EA| + [BAy| + [MAy|, (39

where F and Fy, are the longitudinal and lateral creep
forces, M, is the spin moment, and A, 4,, and Ay are the
corresponding creepages, respectively [59]. Once the wear
index is computed, the corresponding amount of worn
material on the wheel flange thickness can be computed
based on the wear function developed by British Rail
Research (BRR). According to the BRR wear law, the wheel
flange thickness reduction occurs in severe or catastrophic
regimes, as shown in Table 1 [41].

Assumptions considered in the wear model computation:
* Dry contact conditions
* Maximum creep forces and creepages.

Initial vehicle, track,
wheelset, bogie input
parameters

—_—

wheel flange

Figure 5: Schematic view of the overall methodology.

Vehicle- track
SIMPACK
MODEL

Wear computation for the
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Table 1: Equations for the BRR wear function [41]

Wear regime  Wear index Area of material loss on the
(Ty) profile (mm?)

Mild Ty <100 0.25 Ty

Severe 100 <Ty <200 25/D

Catastrophic Ty = 200 (119 Ty - 154)/D

4 Methods of computing wear of
the wheel flange using a
multibody system simulation

This section details the method used to fulfill the main
objectives of this study. A rail vehicle-track model was
set up, and a dynamic analysis simulation of the model
was performed by varying the curve radii and speed to
analyze their effect on the wheel flange thickness at the
curved track.

We used the multibody system simulation software
SIMPACK to analyze the effect of variations in curve radius
and speed. Figure 5 illustrates the information flow from
setting up the multibody dynamic model to performing the
computation. The multibody system simulation of a rail
vehicle has been shown to be a powerful method for pre-
dicting wheel wear [60,61].

4.1 Procedure for modeling the rail vehicle
in SIMPACK software

The first step was the realization of a multibody model of a
complete railway vehicle and track combination. The input
parameters for the multibody model of the rail vehicle
system were the geometry, stiffness, damping, and inertial
properties of the considered railway vehicle. Tables 2—4 list

Coupling dynamics
of vehicle and track
Simulation

Dynamic analysis
output
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Table 2: Main inertial properties of the vehicle model
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Table 3: Main linear stiffness properties of the vehicle model

Parameter/ Mass (kg) Moment of Moment of Moment of

body inertia (I,,) inertia (I,) inertia (I,;)
(kg/m?) (kg/m?) (kg/m?)

Wheelset 880 176 76 176

Bogie frame 4,200 1,215 1,875 2,182

Motor car A 17,500 4,375 8,750 8,750

Trailer car B 12,325 3081.25 6162.5 6162.5

Motor car C 17,500 4,375 8,750 8,750

the rail vehicle system model parameters, which were
drawn from the Addis Ababa Light Rail Transit systems
and operation parameters. These include curve radii, track
geometric dimensions, vehicle component dimensions, lamp
parameter values, and operational speeds.

The vehicle was divided into bodies, joints, and force
elements, which were defined in the modeling process. The
major components of the vehicle model included wheel-
sets, bogie frames, and car bodies, as shown in Figure 6,
and were all modeled as rigid bodies connected to each
other by means of primary suspensions, dampers, sec-
ondary suspensions, and articulation components.

In the modeling, the reference axes were set in an
appropriate wheel/rail perspective, with the Z-axis pointing
downward. The track was created using a standard gauge of
1,435 mm. Wheelsets were then created by describing the

Table 4: Design parameters for rail vehicle and track used for validation

Parameter Value Unit
Primary suspension

Stiffness coefficient Cx 580,000 kN/m
Stiffness coefficient Cy 580,000 kN/m
Stiffness coefficient Cz 1,450,000 kN/m
Damping coefficient dz 125,000 kNs/m
Secondary suspension

Stiffness coefficient Cx 300,000 kN/m
Stiffness coefficient Cy 350,000 kN/m
Stiffness coefficient Cz 500,000 kN/m
Damping coefficient dy 200,000 kNs/m
Damping coefficient dz 400,000 kNs/m

mass, moment of inertia, and their respective positions.
The standard selected for the wheel type was $1002, with
a wheel flange thickness (Sq) of 21.21 mm and a wheel flange
angle of 70°. The standard selected for the rail type was
UIC 60.

After creating the wheelsets, the bogie frames were
created. The bogie frame firmly supports the car body
with the help of secondary suspensions, and the wheelset
is connected to the bogie frame through primary suspen-
sions. Force elements, such as primary suspensions, dam-
pers, and secondary suspensions, with their respective
stiffnesses, were created. Finally, the car bodies were mod-
eled, as illustrated in Figure 6.

Specification Value
Mass of the car body 42,100 kg
Height of the car body center of gravity from the rail 2,300 mm
level

Mass of the bogie frame 3,820 kg
Height of the bogie frame center of gravity from the 450 mm
rail level

X-stiffness of the primary spring 5,400 kN/m
Y-stiffness of the primary spring 5,400 kN/m
Z-stiffness of the primary spring 1,350 kN/m
Flange back distance 1,354 mm
Rail gauge 1,435 mm
Wheel profile Conical type 1/20 profile
Wheel diameter 860 mm
Rail profile KS60 kg
Rail inclination 1740

Wheel load 68.6 kN
Axle load 137.2kN
Wheelset mass 1,640 kg
Vehicle speed 70 km/h

Track

25 m straight track, 77 m of transition curve, 98 m of curved R350 track, 77 m of the
transition curve,

and 223 m straight track
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Figure 6: A solid representation of the vehicle-track model.

The car bodies were connected through articulation
components, which helped them run together on both
straight and curved tracks.

Articulation components were categorized as lower
fixed articulations, upper fixed articulations, flexible articu-
lations, and fixed articulation dampers. These components
were all modeled using CATIA V5 software.

4.2 Conditions for simulation

The conditions considered during the simulation of the rail
vehicle-track model include the following:
i. The wheelset, bogie, and car body masses were con-
sidered rigid.

Contact Point Connections Wheel and Rail

Wheelsel Lype. Wheeksel Type_1 Fal prolie. 1AC_$0

ii. The coefficient of friction under dry conditions was
considered to be 0.4 between wheel/rail contact and
wheel-simulation.

The track was considered a standard gauge.

The wheel profiles, primary and secondary suspen-
sions were considered identical.

v. Track irregularities were considered.

vi. The axle box was assumed to be an integral part of the
wheelset, and its weight was combined with the wheel-
set’s mass.

A bogie bolster was assumed as the integral part of the
car body combined with its mass.

iii.
iv.

vii.

Figures 7 and 8 show the wheel-rail contact and
wheelset contact geometry at the maximum load and
minimum radius R50 at a maximum speed of 20 km/h at

Wheet profie. SI002 Right wheel
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Figure 7: Wheel/rail contact.
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Wheelset Contact Geometry
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Figure 8: Wheel contact geometry.

the curved track. After the simulation, both figures show
the wheel-flange contact on the rail.

4.3 Validation of SIMPACK simulation results

In this section, the results obtained from our adopted simu-
lation software are verified by comparing them with the
results obtained in the study of Choi et al. [40], in which the
Vampire software was used. Their simulation results were
validated experimentally using a wheel/rail test rig [62]. In
both studies, the Vampire software was used to simulate
the wear of the components in contact; however, in the

Wheelsel—Type. WheelselType_1
Yom-inge ps = & ODE+0D (deg)
Equivalent Conicity

harmonic (y ot rail haad, phi negected)
equwalent (EMSI02)

' 10 «00 600 5% 000
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A500
T azm
To|————— — T
£
§.
= fght profig
%.' KfL peofie
. diference
3z

=l 000

y = =10 [mm]

TS
X ||[“[||'t"\
1 |l[l||'-_f right profie

Norn'rv;l ‘Wheel Rodiys
33000 [ram)

latter publication, the software was validated and proved
to be sufficiently accurate. The latter study focused on the
wear of the rail at the curved track, and the validation of
the software indicated that it can also be used for the wheel
flange. The speed, rail vehicle, and track parameters used
in this validation were documented [40].

Similar procedures and conditions for simulations
were used during the validation, as used in (the already
validated) the study of Jin et al [8]. The wear index is
calculated similarly, as shown in Equation (39). It can be
seen from Figure 9 that both simulations have similar
results, and the wear indices attained have a slim percen-
tage error of 1.94%.
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Figure 9: Wear index of the wheel.

represents the distance traveled by the rolling stock, and
the vertical axis represents the area of material loss on the
5.1 Influence of the variation in the curve \.Nhe.el flange (wheel flange thickness reduction), as shown
. . in Figure 10.

radius on the wheel ﬂange thickness As indicated in Figure 10, at a distance of 33.78 m, the
reduction at the curved track rolling stock is in the transition curve, and the area of
material loss increases progressively due to an increase

The simulation is conducted for the sharpest curve radius  of Jateral forces. Around 50 m, the graph takes on a saw-
of 50m at a speed of 40km/h. The horizontal axis tgoth-like shape, with the highest peak of the area of

5 Results and discussion

275

Area of material loss (mmz)
o
T

0 50 100 150 200 250 300 350 400 450
Distance (m)

Figure 10: Area of material loss against distance for curve radius of 50 m at a speed of 40 km/h.
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Figure 11: Area of material loss against distance for variation of curve
radius at a constant speed of 20 km/h for curve radii of 100 and 50 m.
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material loss, which is 2.9 mm? at this point, rolling stock is
running through the curved track. The sawtooth-like shape
occurs because there is no perfectly smooth curve. Around
163 m, the rolling stock goes through another transition
curve, leading to a decrease in the area of material loss
as the distance increases to 194 m. This occurs because of
the reduction in the lateral forces between the wheel
flange and rail. Beyond 194 m, the rolling stock passes
through a straight track, and the area of material loss on
the wheel flange is almost constant because of low and
constant lateral forces. As the rolling stock approaches
another curved track, the area of material loss on the
wheel flange increases with increasing travel distance in
a sawtooth-like shape with a larger pitch and a maximum
peak of 0.87 mm?.

Area of material loss (mm2
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Figure 12: Area of material loss against distance for variation in the curve radius: (a) constant speed = 30 km/h for curve radii of 100 and 50 m;

(b) constant speed = 40 km/h for curve radii 100 and 50 m.
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Figure 11 shows the area of material loss against dis-
tance for curve radii of 50 and 100 m at a constant speed
20 km/h. The highest area of material loss on the wheel
flange of about 2.89 mm? at curve radius 50 m. This is
because of the high lateral forces caused by an increase
in the speed of the rolling stock on a sharp curve. In con-
clusion, curves with small radii lead to an increase in the
area of material loss on the wheel flange compared with
curves with large radii.

Figure 12 shows the area of material loss against the
distance of curve radii of 100 and 50 m for a constant speed
of 30 km/h (Figure 12(a)) and a constant speed of 40 km/h
(Figure 12(b)). It can be observed from both figures (a) and
(b) that the area of material loss on the wheel flange is very
high when the curve radius is 50 m compared to when the
curve radius is 100 m. At a curve radius of R50 m, the area
of the material when the speed is 30 km/h is 2.9 mm? and
when the speed is 40 km/h, it is 2.93 mm? This is because
when the rolling stock runs through a curved track with a
small radius, it experiences high lateral forces compared
with when it passes through a curved track with large radii.
Hence, the wheel flange thickness reduction is more pro-
nounced on a curved track with small radii than on a curved
track with large radii.

Parametervariation Results: y =
$o_¥Y1_Displacemet

f{ p2. pl.
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5.2 Influence of variation in speed on the
wheel flange thickness reduction at the
curved track

The influence of speed on the wheel flange thickness
reduction on a curved track is simulated by varying the
speed from 10 to 40 km/h with four variations of speeds
and a coefficient of friction of 0.4. The stability of the rolling
stock was determined by the lateral displacement of the
wheelset. From Figure 13, it is obvious that increasing the
speed of the rolling stock causes the wheelset to approach
the outer rail of the curved track, thus increasing the
instability of the rail vehicle on the curved track. In the
curved track, the wheelsets are displaced laterally toward
the outer rail, as much as needed, so that the difference in
rolling radii corresponds to the difference in the traveled
length on the outer and inner rails. Because no sufficient
difference in the rolling radii is achieved, the lateral displa-
cement increases until it is limited by the flange contact on
the outer wheel. In conclusion, the lateral displacement of
wheelsets increases with increasing curving speed. There-
fore, the higher the lateral displacement of the wheelsets,
the more the wheel flange contacts the rail side, leading to a
reduction in the wheel flange thickness. The area of material
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e

B
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-
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—2.0090
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Figure 13: Lateral displacement of the wheelset at different speeds.
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Figure 14: Area of material loss against distance for the effect of variation in speed on the wheel flange thickness reduction at a curved track of 50 m.
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Figure 15: Area of material loss against distance for the effect of variation in speed on wheel flange thickness at a curved track of 100 m.

loss of the wheel flange against the distance at different
speeds is shown in Figure 14.

Figure 14 shows the area of material loss on the wheel
flange against distance for the influence of speed variation
on the wheel flange thickness reduction on a curved track.
It can be seen from Figure 14 that at a speed of 40 km/h, the
area of material loss on the wheel flange is the highest,
with a value of about 2.9 mm? and at a speed of 10 km/h,
the area of material loss on the wheel flange is lowest, with
a value of 278 mm? In conclusion, increasing the train
speed leads to a reduction in wheel flange thickness on a
sharply curved track.

According to Figure 15, the highest area of material
loss on the wheel flange with a value of approximately
1.48 mm? occurs at the lowest speed of 10 km/h, and the lowest
area of material loss on the wheel flange with a value of about
111mm? occurs at a speed of 40 km/h. This is because the
rolling stock takes a longer time to negotiate the curved track
at the lowest speed than at the highest speed. In the long run,
wheel-flange contact occurs on the rail. However, because of
the excessive contact time between the wheel and rail, high
lateral forces were generated. The high lateral forces between
the wheel flange and rail cause a reduction in the wheel flange
thickness on a curved track.
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6 Conclusions

In this research, a detailed analysis of the effect of the
curved track on the wheel flange thickness reduction is
presented. This analysis is performed based on different
parameters, such as the variation of curve radius, varia-
tion of train speed, and variation of trainload. The wear of
the wheel flange thickness was also calculated in the form
of the area of material loss using the BRR wear law.

Based on the results from the variation of the curve
radius, it is evident that sharp curves such as 50 m lead to
the occurrence of wheel flange thickness reduction com-
pared to when the curve radius is large. This is because
when the train negotiates curves with small radii, high
lateral forces are generated, which in turn results in con-
tact between the wheel flange and the rail, thus leading to a
reduction in the wheel flange thickness.

The study on the influence of variation of train speed
reveals that the higher the speed (50 m) of the train as it
passes through the curved, the more pronounced the
wheel flange thickness is, especially in sharp curves com-
pared to curves with larger radii. In addition, a very low
speed also leads to a reduction in the wheel flange thick-
ness because of excessive wheel-rail contact.

In this research, a comparison between the wear index
results obtained using VAMPIRE by Choi et al. [40] and
SIMPACK was performed. The results are very closely
similar with a percentage error in the wear index of 1.94%.

The obtained results are necessary for developing coun-
termeasures to overcome the repercussions of wheel flange
thickness reduction and for carrying out proper re-profiling.

To reduce the occurrence of wheel flange thickness
reduction at a curved track, it is recommended that the
speed when the train passes through the curved track
must be less than 20 km/h to be precise at 15 km/h to pre-
vent delay at sharp curves. In addition, the speed of the
train to negotiate through a curve with large radii must be
moderately high (30 km/h up to the maximum operating
speed of the rolling stock at the curved track) in order to
overcome the wheel flange thickness reduction.

However, because changes in the curve radius of the
track are very expensive to implement, it is recommended
that better lubrication systems be used and serious mon-
itoring of the rolling stock speed be considered to reduce
the catastrophic wheel flange thickness. It is a good prac-
tice to prevent wheel flange thickness reduction to reduce
maintenance costs; however, there are very limited studies
on wheel flange thinning due to track curved sections.

Based on the research conducted in this study, recommen-
dations for future work can be suggested. They include, for
example, research to deeply understand the effect of the
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material of both the wheel and rail in relation to flange thick-
ness reduction, an investigation on the connection between
motor cars and trailer cars in relation to wheel flange thick-
ness, and studies on the influence of track alignment and track
irregularities on wheel flange thickness reduction.
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