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STUDY ON THE INFLUENCE OF THE MODELLING
STRATEGY IN THE CALCULATION OF THE
WORN PROFILE OF RAILWAY WHEELS

NICOLA BOSSO*, MATTEO MAGELLI" & NICOLO ZAMPIERT
Politecnico di Torino, Department of Mechanical and Aerospace Engineering, Italy

ABSTRACT

As changes in the wheel and rail profiles strongly affect vehicle dynamics, running stability and safety,
maintenance operations such as wheel turning and rail grinding are necessary. The availability of
numerical models for wear prediction can be a huge support to optimize the scheduling of such
operations. Thanks to the computational power of modern computer architectures, allowing
parallelization and co-simulation, the typical strategy is based on a dynamic module performing the
vehicle dynamics simulation, usually developed in commercial multibody (MB) software packages,
and on a wear module for the calculation of the worn material. The latter can be implemented in the
same MB code or in a separate software, such as Matlab/Simulink, which exchanges data with the MB
code. Wear modules rely on wear laws relating the amount of worn material to the normal load and
sliding distance or to the energy dissipated at the contact interface. Both types of law can be applied
locally, calculating the worn depth in each cell of the discretized contact patch from the contact
pressures and sliding speeds, or globally, hence calculating the worn volume or mass starting from the
global forces and creepages. In the latter case, the worn material is calculated on the whole contact
patch rather than only on the slip zone, and a proper distribution is required to relate the worn depth to
the worn volume. The present work aims to further investigate the differences between the two
approaches in the computed worn profiles in a specific case study in terms of reference vehicle and
track, carrying out the dynamic simulations through the Simpack MB code. The paper is intended to
highlight the differences in both the numerical results and computational efforts, comparing the wear
computed by a local model with the outputs of the Simpack wear module.

Keywords: wheel wear, worn profiles, wheel—rail tribology, wheel—rail contact, Archard wear law,
dynamic simulation, multibody simulation.

1 INTRODUCTION

Uniform wear, i.e., the change in the wheel transversal profile shape due to wear, has a strong
impact on the running behaviour of railway vehicles. To ensure safety, the wheel profiles
undergo periodical maintenance so that the original profile shape can be restored thanks to
machining operations. Such maintenance operations are typically scheduled at fixed travelled
distances, but this strategy neither prevents possible premature failures of the wheel nor it
ensures that turning is indeed necessary when performed. Therefore, modelling the wear of
the wheel transversal profile is crucial to predict the damage of the wheels and to optimally
schedule the maintenance interventions, with obvious economic benefits.

Currently, the typical strategy adopted to predict wear of wheel profiles is based on
numerical tools that include a module for the vehicle-track dynamic simulation, usually
implemented in a commercial multibody (MB) software package, and a module that
computes the worn profile starting from the outputs of the dynamic simulation [1]. In the
past, the wear module was implemented in the MB code used for the dynamic simulation in
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the form of a user-written routine, while nowadays several wear computation tools rely on
co-simulation approaches, with the wear module implemented in a different computational
environment [2]. Moreover, all commercial MB codes are currently provided with add-ons
for the calculation of the wheel worn profile. These built-in modules ensure a fast setting of
the wear computation thanks to user-friendly graphical interfaces (GUIs). Commonly, wear
is computed at discrete steps, so that the wheel profile is considered unchanged during a
single dynamic simulation, but at the end of each step of the wear calculation the profile is
updated and fed back to the dynamic simulation module. This strategy is far more accurate
with respect to the simplified approaches adopted in the past, in which the wheel profile was
updated at discrete steps without launching new dynamic simulations [3], [4].

The amount of worn material is computed as a function of the main contact patch
quantities by means of wear laws obtained from experimental campaigns. Two main types of
wear laws are available in the literature, namely laws that relate the worn material to the
normal load acting on the contact patch and laws that relate wear to the dissipated energy.
The most common wear law based on the normal load is the Archard law [5], [6], while
examples of wear laws based on the dissipated energy include equations proposed by British
Railway Centre (BRR) [7], University of Sheffield (USFD) [8], Krause and Poll [9] and
Zobory [10].

Most of the above-mentioned wear laws can be applied either globally or locally. In the
first case, the worn material is computed directly from the global forces and creepages acting
at the contact patch, while with the second approach, the wear depth is computed in each cell
of the contact patch grid. Clearly, the first approach ensures a faster computation, but it
requires the development of a strategy to spread the worn material along the profile
transversal coordinate. On the other hand, the second solution allows to directly compute the
wear depth locally, but it demands a local contact module that performs the discretization of
the contact patch to obtain the distribution of the tangential pressures and slip velocities.

In a recent paper, Peng et al. [11] suggested that a global application of the wear laws is
not suitable when the wear computation focuses on irregular wear along the circumferential
direction (“wheel polygonization™), due to the generation of sharp points in the wear depth
distribution. Nonetheless, for what concerns uniform wear of the wheel profile, different
works in the literature indicate that the global approach might be the best compromise
solution in a trade-off between numerical accuracy and computational efficiency.
Researchers from USFD and Alstom Ferroviaria found that that the wheel worn transversal
profiles computed with local and global applications of the USFD law were in good
agreement with each other, with a maximum error of 20% [12]. Nevertheless, the
investigation was not extended to other wear laws, therefore there is still a lack of knowledge
for what concerns different equations.

Furthermore, based on the authors’ experience and industrial collaborations, there is still
a big need to assess the validity of the wear computed by the built-in modules implemented
in commercial MB codes. This aspect was not addressed by USFD and ALSTOM
researchers, as both global and local approaches were implemented in a post-processing in-
house Matlab routine. To gain further insights into the problem, Ignesti et al. [13] compared
the results computed by the Simpack wear module, which adopts a global approach, with the
outputs of a local wear model implemented in a user-written Matlab routine. The authors of
the cited reference found a generally good agreement between the two models, with Simpack
predicting slightly larger wear. However, the main drawback of this work is that while the
Simpack global wear model used the Krause—Poll law, the local wear model relied on the
USFD wear law. Therefore, the cited reference did not directly compare the implementation
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of the same wear law in a global application of a MB code and in a local application in a
user-written routine.

The present work aims at gaining a better understanding of the differences due to global
and local applications of wear laws in the calculation of the wheel worn profile, adopting the
Simpack wear module as the reference for the global calculation. The wear law considered
in the present paper is the Archard wear law in the implementation of the Swedish Royal
Institute of Technology (KTH). Such law is available in the Simpack wear module and it can
be applied locally.

Often, when using local approaches, the dynamic simulation calculates the wheel-rail
forces by means of fast heuristic methods [14]-[16], while the discretization of the contact
patch is carried out only by the local contact model implemented in the wear module.
Nonetheless, this approach can lead to inconsistent results as different algorithms for the
computation of the tangential forces rely on different relations between forces and creepages,
and correction factors should be introduced in the local contact model to improve accuracy
[17], [18]. Therefore, in the present paper, the tangential forces are computed implementing
the FASTSIM [19] algorithm in both the dynamic simulation and in the local wear model.

The paper is organised as follows. The next section describes the numerical model of the
vehicle and track considered in the present work, also giving focus to the algorithms adopted
to compute the worn profile with global and local approaches. Then, the results of the
proposed numerical activity are shown and discussed, and finally a last section highlights the
main conclusions and suggests possible future developments of the proposed activity.

2 NUMERICAL MODEL
2.1 Vehicle-track dynamic model

The vehicle considered in the present work is the diesel powered Aln 663 railcar, which is a
vehicle running mainly on secondary lines. The railcar is equipped with a hydromechanical
5-gear manual transmission, and it reaches a maximum speed of 120 km/h. The vehicle
includes two FIAT bogies, with primary and secondary suspensions realized with helical
springs. For each bogie, the inner wheelset is powered, while the outer one is trailed.

The railcar model was developed in the Simpack MB software package, and it consists of
one coach, two bolsters, two bogie frames, four wheelsets and eight axle-boxes. A sketch of
the model structure is given in Fig. 1. Each axle-box features a single degree of freedom
(d.o.f.), i.e., the relative rotation with respect to the corresponding wheelset, and it is
connected to the bogie frame via two force elements. The first force element is a flexicoil
spring, with axial and shear stiffnesses, while the second force element is used to simulate
the rubber joint connecting the axle-box control arm to the bogie frame. The secondary
suspension is simulated by introducing another set of flexicoil springs, that connect the bogie
frame to the bolster. Each bolster is rigidly connected to the railcar coach via proper bushing
elements, with large stiffness values along each direction except for the rotation along the
vertical direction, which is free. Moreover, the secondary suspension incudes two lateral
bumpstops that provide a reaction force when the lateral displacement between the bolster
and the bogie frame exceeds a prescribed threshold value. Finally, two lateral and two vertical
linear dampers are added between each bolster and bogie frame, as a part of the secondary
suspension.

Since the scope of the present work is the comparison between the local and global
approaches in the calculation of the worn wheel profile, the simulated track is a simplified
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Figure 1: Sketch of the MB model architecture (powered wheelsets are coloured in grey).

track rather than a real track. The simplified track includes four different curves, with
prescribed superelevation values, that are faced in both left and right-hand direction. All
curves are separated by straight sections. Fig. 2 shows the curve radius along the track and
the speed profile superimposed to the vehicle, while Table 1 presents the values of curve
radius and superelevation for each curve. To directly compare the global and local approaches
in wear computation, the track is modelled without irregularities and the rail profiles (UIC60)
are considered as unworn along the whole reference track length. Please note that since
curves are faced in both left and right-hand direction and that the wheel profiles (S1002) are
considered as unchanged during the simulation, the wear of the left and right wheels
belonging to the same wheelset is extremely similar. In the present work, wear is computed
on the right wheel of the leading wheelset, which is a non-powered axle. The speed profile is
followed by applying braking torques to the powered axles of the vehicle, thus simulating
dynamic braking operations. The value of these torques is computed during the simulation
taking into consideration the adhesion limit.

The determination of the wheel-rail contact points and the solution of the normal problem,
i.e., the computation of the normal force and of the shape and size of the contact patch, is
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Figure 2: Speed profile and curve radius along the simulated track.
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Table 1: Curves included in the simulated simplified track.

Main curve parameters

Curve radius (m) Superelevation (mm) Vehicle speed (km/h)
1000 150 120
800 150 100
600 160 90
400 160 70

carried out by means of Simpack built-in algorithms. The normal problem is solved using the
equivalent elastic approach [20], which transforms the actual shape of the contact patch,
obtained using the Kik—Piotrowski method [21], into an equivalent ellipse. The tangential
problem, i.e., the calculation of the tangential forces, is solved using the FASTSIM algorithm
by Kalker, directly available in Simpack. The profiles of wheels and rails are the standard
S1002 and UIC60 profiles, respectively, and the friction coefficient is assumed constant and
equal to 0.4, so that falling friction [22]-[24] and adhesion recovery phenomena [25]-[27]
as well as curve lubrication are neglected.

2.2 Wear computation

The worn wheel profile is computed using the Archard wear law in both global and local
forms. The global computation of wear is performed using the Simpack wear module, while
the local computation is carried out by means of a dedicated Matlab routine, which reads the
contact patch data obtained from the dynamic simulation.

The Simpack wear module computes the worn volume AW in each contact point position
for each time step according to eqn (1), in which N is the normal load, H is the hardness of
the softer material, s is the total sliding distance and karch is the wear coefficient, which is a
function of sliding speed and contact pressure. The wear coefficient is obtained from the
KTH wear map as a function of the contact pressure and of the sliding speed, with a reduction
of the nominal values by a factor 7 to account for natural contamination at the wheel-rail
contact, as suggested by Jendel [28] and Jendel and Berg [29]. Fig. 3 shows the Archard wear
map and the wear coefficients adopted in the present work. The hardness of the wheel and
rail steels is assumed to be equal to 300 HB.
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Figure 3: Archard map adopted in the present work.

WIT Transactions on The Built Environment, Vol 213, © 2022 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



70 Computers in Railways XVIII

When the Archard law is applied globally in the form of eqn (1), a distribution of the
normal wear depth along the contact patch lateral coordinate must be assumed a priori. The
algorithm implemented in the Simpack wear module is transparent for the user, as it is
intellectual property of the software house. However, from the total worn volume, Simpack
calculates the removed area in a radial section of the wheel A4 with eqn (2), in which R, is
the wheel radius at the contact point position. Finally, the normal worn depth Az, in each
lateral position of the contact patch y is calculated introducing an a priori distribution, which
unfortunately is not specified by the software developers. In the present work, a global wear
algorithm was developed and implemented in a dedicated Matlab routine to compare its
results with the outputs of the Simpack wear module. The normal wear depth distribution
considered in the in-house Matlab algorithm is semi-elliptic, see eqn (3), in which b is the
lateral semi-axis of the contact ellipse and ¢ is the contact angle.

N
AW = Kpren = (1)
AW
AA = P~ ()

Mzn(y) = 2o 1= (y/b)2~ G)

To avoid the introduction of an a priori distribution of the wear depth along the contact
patch and to increase the numerical accuracy, the Archard wear law can be applied locally in
the form of eqn (4) to directly compute the normal wear depth Az, in each point of the contact
patch, identified by the local coordinate set (x,)), as a function of the normal contact pressure
p-and of the sliding distance s.; of an element in the contact patch grid. Please note that the
local form of Archard law expressed by eqn (4) is derived from eqn (1) by dividing the left-
hand and right-hand sides by the area of an element in the contact patch grid. The sliding
distance and sliding speed in each element of the contact patch are computed from by means
of a dedicated Matlab function implementing the FASTSIM algorithm.

pz(x.y)sez(x,y). (4)

Az, (x, Y) = Karcn H

To obtain a uniform wheel worn profile, the normal depth distribution is summed along
each longitudinal strip and then spread along the circumferential direction, see eqn (5), in
which Z, represents the summation along the longitudinal strip, V,.ris the wheel translational
speed and finally At¢ is the sampling time of the output results.

Mz (y) = B0V, (5)

Once the distribution of the normal wear depth along the lateral coordinate of the wheel
profile is obtained, either with the local or global approach, the wear depths along the lateral
and vertical directions AY and AZ can be calculated according to eqns (6) and (7), in which y
is the local profile gradient. Finally, the worn profile can be obtained by applying the worn
depths to the proper profile lateral coordinates, and the vertical wear depth can be interpolated
with respect to the original array storing the profile lateral coordinate. The vertical wear depth
can then be multiplied by a wear multiplier or distance factor, which magnifies the amount
of worn material to speed up the simulation time.

1

AY = Azy =, (6)
AZ = Az, J# @)
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3 RESULTS

The current section presents the results of the investigation on the effects of local and global
approaches in the computation of the wheel worn profiles. The dynamic simulation was run
considering the vehicle and track described in the previous section, and the computation of
the worn profile was carried out using both the Simpack wear module, implementing a global
algorithm, and the dedicated Matlab routine for the direct computation of the worn depth in
each cell of the contact patch. Furthermore, an additional computation of the worn profile
was carried out with the in-house Matlab global wear model, relying on a semi-elliptic
distribution of the normal wear depth along the contact patch lateral direction. The in-house
global model was developed as an alternative to the Simpack wear module with the aim to
be used in future works in which the worn profile is fed back to the dynamic simulation, in
order to improve the numerical stability of the computation, using a strategy similar to the
one described by Bosso and Zampieri [2].

The wear depth computed from the dynamic simulation was magnified introducing a wear
multiplier equal to 20, as if the wear computed on the simulated track, with a length of
3.77 km, could be extended to a track with a length of 75.4 km. Obviously, the introduction
of wear multipliers can lead to a loss of accuracy of the method and to numerical instabilities,
because wear is always assigned to the same positions on the wheel profile. Nonetheless, as
the goal of the present work is the comparison between global and local approaches in the
same scenario, the wear multiplier is just adopted as a mean to increase the wear depth.

Fig. 4 shows the results of the wear computation performed with the three models, namely
the Simpack global module, the in-house Matlab global model and the in-house Matlab local
model, while Table 2 presents the worn volume computed by the three methods. Please note
that the Simpack wear module does not provide the value of the total worn volume as an
output, while the local algorithm directly provides the wear depth rather than the removed
volume. Nonetheless, the worn volume can be estimated from the Z coordinates of the
original (Z,,) and worn (Z,.) profiles according to eqn (8), in which Y; and Yy are the limit
coordinates of the wheel profile and R,, is the wheel radius evaluated in each lateral position
Y.

AW = [ [Z6y(Y) = Zuyora (V)] - 27R,, (V)Y ®

As noticeable from Fig. 4(a), all three models compute the maximum wear depth in the
zone near the flange, where large creepage values arise during curve negotiation. Fig. 4(b)
shows a zoomed view in the flange zone, while Fig. 4(c) presents a zoom in the tread zone.
The local model is the one that computes the largest peak in the flange zone, while in the
tread zone, the global approaches calculate higher values of wear depth, and this explains
why the local model is the one that computes the lowest worn volume. The explanation to
this behaviour can be given by observing the wear regime calculated in each element of the
contact patch grid for a contact position in the flange zone, see Fig. 5(a), and for a contact
position in the tread zone, see Fig. 5(b).

The wear regime computed for both cases by the global wear model corresponds to zone
I of the KTH wear map, see Fig. 3. As shown in Fig. 5(a), in the flange contact point, one
element in the contact patch falls in the catastrophic regime. As the coefficient for the
catastrophic regime is 10 times higher with respect to the coefficient of the mild zone, a local
generation of catastrophic wear can indeed lead to a wear peak. On the other hand, in the
tread contact, see Fig. 5(b), a large portion of the contact patch is in full adhesion conditions,
and wear zone I is detected for a small number of elements, while the global wear model
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Figure 4:  Results of the wear computation. (a) Wear depth along the lateral coordinate;
(b) Zoomed view in the flange zone; and (c) Zoomed view in the tread zone.

Table 2: Worn volume computed by the three algorithms.

Model Worn volume (mm?)
Simpack wear module 57.9
Matlab global model 56.3
Matlab local model 47.0
a)
4 I Zone IV
3 ]
T2 Zonelll E
£ £
E | : E
2 f ! 2
2o —F—F— Zone Il o
s / =
G -1 4 5
o [o]
) I Zone | 2
3 1
4 No wear

-6 -4 2 0 2 4 6
x coordinate (mm)

x coordinate (mm)

Figure 5:  Wear regime computed in the contact patch. (a) Contact near the flange; and
(b) Contact in the tread zone.
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considers a wear loss on the whole patch. Therefore, the wear depth computed with the local
approach is lower with respect to the wear depth computed with the global model for a contact
position in the tread zone. Please note that another source of discrepancy between the global
and local approaches is the assumption of the distribution of the traction bound. In the global
approach, the Hertzian pressure is used to determine the wear regime, while in the local
approach, a parabolic distribution is assumed. The parabolic distribution is preferred over the
elliptic one as it gives a more accurate division between the adhesion and slip zone in the
contact patch when using the FASTSIM algorithm [30].

Focusing again on Fig. 4, the global model developed by the authors is in excellent
agreement with the wear depth provided by Simpack in the tread zone, while in the flange
zone the Matlab global algorithm misses the wear peak computed by the Simpack algorithm
at the lateral position of —0.028 m. This discrepancy can be mainly related (but not limited)
to the two possible reasons listed below:

1. The a priori distribution of the wear depth adopted by the Simpack wear module is not
known and it may differ from the semi-elliptic distribution implemented in the in-house
Matlab wear module, especially in case the Simpack module considers the penetration
distribution and the real shape of the contact patch.

2. The Matlab global wear routine uses interpolation strategies that may differ with respect
to the ones adopted by the Simpack algorithm.

Finally, for what concerns the computational times, several runs were launched with both
the Matlab global and local algorithms, as the code is not run in real-time, and the global
method proved to ensure a speedup by a factor equal to 1.58. Obviously, the global method
is faster because it saves the time required to discretize the contact patch.

4 CONCLUSIONS
The main outcomes of the numerical activity presented in the previous sections are
summarized in the following bulleted list.

e The application of the Archard wear law in the global form overestimates wear in the
tread zone, while slightly underestimating wear in the flange.

e The generation of catastrophic wear in even a small number of elements in the contact
patch grid can lead to high wear peaks, because the wear coefficient in the catastrophic
regime is ten times higher compared to the wear coefficient in the mild regime.

e In the tread zone, the global approach calculates wear on the whole extension of the
contact patch, but a local analysis shows that typically only a small number of elements
produces wear, as most of the contact patch is in full adhesion.

e The global method developed by the authors provides results in good agreement with the
outputs of the Simpack wear module, although in the flange zone a wear peak is missed,
probably due to differences in the interpolation strategies and in the wear depth
distributions.

e The global approach speeds up the computation by a factor equal to approximately 1.58
compared to the local method. As the local approach is clearly more accurate, because it
distinguishes between slip and adhesion zones in the contact patch and it directly
computes the wear depth, the local approach is the better choice when the goal of the
simulation is a detailed prediction of the wheel life. On the other hand, if the computation
only aims at assessing the influence of several parameters on wear, the global method
can be a reliable solution to ensure fast simulation times.
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To gain a better understanding of the problem, further investigations, should be carried out,
see the bulleted list below.

(4]

(3]
(6]

The numerical activity performed in the context of the present work should be extended
to consider different types of vehicles and different track layouts.

The comparison between local and global approaches should be extended to the Krause—
Poll law, which is the energy-based wear law available in Simpack. To the authors’
knowledge, the adoption of the Krause—Poll law in local form is currently not witnessed
in the literature, but the authors recognize that this wear equation can be easily written
in local form if the dissipated energy is computed locally in each cell of the contact patch
grid.

Numerical simulations relying on a loop of dynamic simulations with worn profiles
should be performed, to investigate how the differences between local and global
approaches increase during the simulation.
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