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Abstract

Railway infrastructure relies on the dynamic interaction between wheels and rails; thus, assessing wheel wear is a critical
aspect of maintenance and safety. This paper focuses on the wheel-rail wear indicator T-gamma (7y). Amidst its use, it
becomes apparent that Ty, while valuable, fails to provide a comprehensive reflection of the actual material removal and
actual contact format, which means that using only Ty as a target for optimization of profiles is not ideal. In this work, three
different freight wagons are evaluated: a meter-gauge and a broad-gauge heavy haul vehicles from South American railways,
and a standard-gauge freight vehicle operated in Europe, with different axle loads and dissimilar new wheel/rail profiles.
These vehicles are subjected to comprehensive multibody simulations on various tracks. The simulations aimed to elucidate
the intricate relationship between different wear indicators: Ty, wear index, material removal, and maximum wear depth,
under diverse curves, non-compensated lateral accelerations (A,,.), and speeds. Some findings showed a correlation of 0.96
between Ty and wear depth and 0.82 between wear index and material removed for the outer wheel. From the results, the
Ty is better than the wear index to be used when analyzing wear depth while the wear index is more suited to foresee the
material lost. The results also show the low influence of A, on wear index and Ty. By considering these factors together,
the study aims to improve the understanding of wheel-rail wear by selecting the best wear analysis approaches based on the
effectiveness of each parameter.

Keywords Wear index - Wear volume - Wear modeling - Dynamic simulation

1 Introduction profiles significantly impact vehicle dynamic behavior as

worn and damaged profiles can adversely affect vehicle

To maximize the performance of their operations, freight,
passenger, and heavy haul railways continue to increase axle
loads and speeds [1]. Consequently, those severe wheel-rail
(W/R) contacts generate increasing wear, leading to more
intense changes in the wheel profile [2]. Wheel transversal
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traction and braking operations, while threatening running
stability and safety, increasing the risk of derailment [3].
Therefore, there is a strong interest in developing approaches
and methodologies for designing optimal slow-wear wheel
profiles [4].

Two semi-empirical approaches are commonly used to
model wear processes according to [5]. The first approach
relates material loss to energy in contact using the Ty wear
number. The second approach uses tribological models
of material removal integrated with multibody dynam-
ics simulations. Elkins and Eickhoff [6] first defined Ty
as the dot product of creep force and creepage based on
experimental work. This work has shown that the amount of
metal removed through wear is proportional to the energy
expended in the W/R contact [5, 7]. Krishna et al. [8] stud-
ied global methods employing 7y and shakedown map, and
local methods such as the KTH model and Wedge models
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to quantify rolling contact fatigue (RCF). The authors found
that damage increments are significantly lower and concen-
trated in lower Ty regions. The curve radius is directly pro-
portional to Ty, as expected. Energy dissipation, Ty values,
are highest for flange contact cases. Currently, several mod-
els are attempting to quantify wear using the wear index
(Ty/A). The wear index is defined as the energy expended per
unit distance traveled calculated for each wheel-rail contact,
where A is the wheel-rail contact patch area [7, 9, 10]. There
are other less commonly used wear models, such as the wear
concentration index (WCI) proposed by Ye and Hecht [11].
WCI is based on statistical distributions of lateral contact
positions and wear rates over the wheel profile.

When solving W/R optimization problems, it is common
to represent the wear index as an objective function and min-
imize it [12]. Usually, Ty is used as an indicator of optimiza-
tion, due to its low computational cost. According to Ye and
Hecht [11], this approach, however, faces some issues. First,
the wear rate is not proportional to the wear number (7y),
which implies that a small Ty does not necessarily mean a
small material loss. Second, a small Ty value suggests that
wheel-rail contact is likely to occur in the wheel tread. The
optimized wheel profile focused on minimal Ty value, there-
fore, may result in a concentrated distribution of wheel-rail
contact points around the nominal rolling circle, accelerating
hollow wear. This indicates that simply using the Ty value
as the optimization target cannot guarantee that the wheel
profile will show excellent wear performance during long-
term service [13].

These limitations can be evaluated by considering worn
profiles through wear simulations [11, 12]. There are sev-
eral numerical models to calculate wheel wear. In multibody
software, such as SIMPACK ® or VAMPIRE ®, advanced
wheel-rail contact models are used to analyze vehicle behav-
ior and wheel-rail wear [14]. One of the most common strat-
egies involves iterating dynamic simulations with updated
profiles [3]. The Archard wear equation, which states that
wear is proportional to normal force, sliding distance and
inversely to material hardness, is one of the most used in
works on wear [5, 12, 15]. An accurate solution can be
obtained with this method, but it is time-consuming.

To evaluate the effectiveness of the Ty and wear index in
quantifying wear on railway wheels, the present work com-
pares the Ty values with the wear index magnitude, based on
wear area and wear depth obtained with dynamic vehicle on-
track simulations. To extract general information, this paper
considers freight wagons used in different countries (Brazil
and Italy) and running on tracks with different gauges. The
analysis is limited to freight wagons as this type of vehicle
relies on standard bogie architectures, such as the three-piece
bogie and Y25 bogie, which are the bogie types considered
in this paper for the Brazilian and European wagons respec-
tively. The relationship between wear indicators and worn
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material is investigated considering short-run simulations
with new profiles, assuming that the level of wear of the
profiles does not strongly affect the effectiveness of the wear
indicators in estimating wear. A description of the research
methodology is provided in Sect. 2, including details about
multibody simulations and wear calculations. The results
are discussed in Sect. 3, while conclusions on findings are
presented in Sect. 4.

2 Methods

In the railway industry, multibody dynamic software is
widely used to study train/track interaction. SIMPACK®
software is one of the most used because of its flexibility
and coverage, since it cannot only simulate passenger and
freight trains, including locomotives, but also small compo-
nents and the wheel-rail wear, allowing dynamic analysis
through its post-processing system [16].

The process of comparison between 7y and wear index
started with the development of multibody dynamic simu-
lations with three different wagons, two American bogies
widely used in Brazilian railways, with meter and broad
gauge, and a European bogie with standard gauge running
in Italy. The wagons were chosen to verify the generality
of the results obtained. The output of the simulation is the
wear number (Ty), wear index (Ty/A), wear depth, and wear
area. The results for these variables are sent to a code in
MATLAB® where they are processed.

In this section, the dynamic models are presented, focus-
ing on the wear analysis. The section is organized as follows:
The dynamics models of the wagon using the commercial
software SIMPACK® are given in Sec. 2.1. Section 2.2
presents the parameters used in this study, like curves, rail
cant, speed, wheel profiles, etc. Finally, in Sec. 2.3, the wear
analysis for both freight railways in Brazil and in Italy are
presented.

2.1 Dynamic model

For all models, the Discrete Elastic Contact method [17]
was used to guarantee a more faithful representation of the
contact. This is the semi-Hertzian contact method provided
by SIMPACK®. Normal and tangential forces are calculated
based on the actual contact patch shape. The tangential way
to obtain forces is similar to FASTSIM. This method differs
from conventional methods in that all input quantities, such
as creepages, creep reference velocities, normal pressures,
and curvatures, are determined locally within a single dis-
crete slice. For actual elliptic contact patches, the FASTSIM
results are consistent [18].

In all simulations, the wagon speed profile is kept essen-
tially constant along the track. This is achieved by applying
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a traction force acting between the vehicle carbody and a
follow track marker, i.e., a marker defined on the track which
follows the position of a reference body joint. The traction
force only acts in the longitudinal direction so that it does
not provide the lateral forces that may affect the contact
point position in the lateral direction. The traction force F,
is calculated in each time-step ¢ with a proportional control-
ler, giving a force magnitude which is proportional to the
deviation of the actual wagon speed v,, from the reference

speed vy, using a proportionality constant K,

F((1) = K, [Vier = v,(0)]. (1

The proportionality constant was finely tuned to ensure a
stable speed along the track in all simulations without lead-
ing to numerical instabilities or abnormal peaks in the longi-
tudinal force. This approach gives results strongly consistent
with the application of a driven joint with constant velocity
on the carbody, but also allows to simulate the effect of a
tractive force on the wagon connection system. In future
studies, the approach chosen can be upgraded to consider a
more refined model of the coupling elements on both Brazil-
ian and European wagons.

2.1.1 Brazilian railway wagons

The Brazilian railway has an essential fleet of gondola wag-
ons GDE and GDT—Ride Control wagons, meter gauge (1.0
m) and broad gauge (1.6 m), respectively. A wagon with two
bogies of each type was modeled. The simulation model of
the wagons has been built and validated in previous works
[19-23].

The ride control bogie is a three-piece bogie. The loaded
axle weight for GDT is 31.5 t, thus the wagon is considered
a heavy-haul freight car. The GDE loaded axle weight is 27.5 t.
The Ride Control bogie model is shown in Fig. 1a.

(2

Side frame
Bolster

Wheelset

" Friction wedges

In the primary suspension, the wheelset bearing is cou-
pled to the side frame pedestal by a rubber PAD adapter
[25]. In the multibody model, this element was represented
as three connection elements expressing vertical, lateral, and
longitudinal stiffness and damping. All three elements are
aligned, and the middle element features non-linear longi-
tudinal and lateral stiffness characteristics.

Another defining characteristic of this bogie is its second-
ary suspension. In addition to the spring system, a wedge
with constant damping was added. The dry friction between
wedge contact surfaces was modeled using discrete contact
elements.

This type of bogie also uses roller side bearings. Since the
type of balance support modeled is not of constant contact,
the contact model of the roller side bearing was made with
a spring (bushing type).

2.1.2 European wagon

The reference European wagon is a freight wagon equipped
with the Y25 bogie; the typical bogie used by railway freight
wagons running on European lines. Since many different
types of freight wagons can run on Italian lines, the selected
vehicle is a Talns wagon, having a length over buffers of
10.53 m and a bogie spacing of 6.1 m, with both values close
to the ones of the Brazilian wagon, but with a lower axle-
load of 16.4 t. The model is built starting from an existing
validated SIMPACK® model of the Y25 bogie, described in
[24] and shown in Fig. 1b. The model includes four wheelset
bodies, eight axle-box bodies, two rigid bogie frame bodies,
and two half carbodies. All bodies have 6 degrees of free-
dom (DOFs), defined via the general rail track joint available
in SIMPACK®, except for the axle boxes, which are only
allowed to rotate with respect to the corresponding wheelset.
The reference profiles are the wheel S1002 profile and the
UIC60 rail profile with a 1:20 cant angle.

(b)

Bogie frame

Centrepate

Wheelset

Axle box

Primary suspension

Fig.1 Models of a Ride Control bogie (BR) [19] and b Y25 bogie (EU) [24] in SIMPACK®
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The model considers all nonlinearities of the primary sus-
pension stage of the Y25 bogie, which includes a bilinear
stiffness, thanks to load helical springs that only react when
the payload of the wagon is above a threshold value, and the
Lenoir link system for friction damping. The bilinear stiff-
ness is modeled via the definition of a shear spring element
with variable vertical stiffness, while the Lenoir link system
is modeled with stick—slip 2D friction elements. The model of
the Lenoir link also accounts for the bumpstop effect between
the axle box and axle guard in both directions along the lon-
gitudinal axis.

The secondary suspension connecting the bogie frame to
the carbody includes a spherical center plate and side bear-
ers to limit the roll angle. The center plate is modeled with
a bushing element that provides zero rotational stiffness and
with expression elements for the estimation of the friction
torques. On the other hand, the side bearers are modeled
with a combination of linear spring-damper elements and
expression elements for the calculation of the friction forces.
Finally, to model the carbody roll stiffness, the two half car-
bodies are connected with a bushing element featuring high
stiffness in all directions except for roll, where the total roll
stiffness of the carbody is adopted.

2.2 Wear analysis

Wear number (77y) is estimated through energy dissipation in
the contact patch [23, 26]. The wear number is the product
of the tangential force and creepage, shown in Eq. (2) [3].

Ty = [Fo + || + M) @)

where F, F,, and M, are the longitudinal force, lateral force,
and spin moment on the contact area, while v,, vy, and @,
are the longitudinal, lateral, and spin creepage, respectively.
Although SIMPACK® calculates Ty without the spin part,
we use the complete form of Eq. (2) in our analysis.

As already mentioned, wheel-rail wear is typically pre-
dicted using wear coefficient methods, such as the wear
index (T'y /A), where A is the contact area [27]. Wear indexes
are based on the proportional wear work done at the wheel/
rail contact [28].

SIMPACK® simulation environment allows parallel and
discrete wheel wear calculation, from which we can obtain
the wear depth and wheel wear profile [12]. Archard’s
method was used to calculate wear since it is widely used
in this field [29]. The wear volume V in m® is proportional
to the sliding distance As in m and the normal force N in N,
and inversely proportional to the hardness of the material,
H in Pa:

NAs

V=T ®

@ Springer

where k is a non-dimensional wear coefficient that depends
on the contact pressure and slip velocity and is typically
evaluated from experimental maps [30, 31]. The map
adopted in this work is shown in Fig. 2, and the wear coef-
ficients are extracted as the lowest values suggested by SIM-
PACK® documentation in each region. It is important to
remark that the wear module implemented in SIMPACK®
can estimate the wear depth distribution along the contact
patch from the global volume calculated with Eq. (3); so the
final worn profile shape can be obtained, but no information
about this point is given in the documentation, because of
intellectual property reasons. Nonetheless, the authors of the
present paper found in previous activities that when using
the equivalent elastic method, SIMPACK® spreads the worn
volume proportionally to the Hertzian contact pressure [32].

2.3 Design of experiments

This study defined a set of tracks to generate different track
conditions (Table 1). The reference track is composed of
a straight Sect. (100 m), an entry curve transition (160 m)
defined as a linear clothoid equation, a full curve to the
left (200 m in length), an exit curve transition (160 m),
then the same sequence to the opposite side, and a straight
Sect. (100 m) to end (see Fig. 3). The differences between
the tracks remain on the curve radius and cant angle, defined
as a combination of speed and superelevation. The track fea-
tures no external excitation hence no irregularities. Irreg-
ularities are neglected in this paper to avoid the effect of
stochastic parameters in the evaluation of the relationship
between wear indicators, under the assumption that irregu-
larities should not impact the effectiveness of the indicators
in estimating wear.

The three models in this study were subject to the same
track at different speeds to gain negative, neutral, and

0.8H _

L

2

5]

=

‘g Mild 1 Severe Mild 2

‘g k=1X10* k=30X10* k=1X10+*
O

0.2 0.7 0.9

Sliding speed (m/s)

Fig.2 Wear map used in the paper (adapted from Ref. [30])
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Table 1 Runs description

Track R Vinax HG | A V, Ao V3 Al
(m) (km/h) (mm/m) (km/h) (m/s?) (km/h) (m/s?) (km/h) (m/s?)
1 300 77 100.0 49 —-0.36 60 -0.06 78 0.58
2 500 100 100.0 64 -0.35 78 -0.04 100 0.56
3 750 112 75.0 62 —-0.34 82 -0.04 110 0.51
4 1000 117 50.0 46 -0.33 78 -0.02 117 0.57
5 2000 166 50.0 65 -0.33 110 -0.02 120 0.07
6 300 64 50.0 32 -0.23 42 -0.04 64 0.57
7 500 83 50.0 41 -0.23 55 —0.02 83 0.57
8 750 96 37.5 38 -0.22 58 —0.02 96 0.58
9 1000 104 25.0 20 -0.21 55 —0.01 104 0.59
10 2000 147 25.0 29 -0.21 77 —0.02 120 0.31
11 300 48 0.0 30 0.23 40 0.41 48 0.59
12 500 62 0.0 30 0.14 45 0.31 62 0.59
13 750 76 0.0 35 0.13 50 0.26 76 0.59
14 1000 88 0.0 40 0.12 60 0.28 88 0.60
15 2000 125 0.0 60 0.14 80 0.25 120 0.56

Note: R is curve radius, H superelevation, G gauge, and V velocity

(a) (b)
1200 |- 1
0.04
_0.02
| | E
1000 | £
g0
e
§ -0.02
800 - 1t
O 0.04
— -0.06
E 600 - 0
=
(©) 6o
400 - i 40
g o
£
200 - 8 20
=)
5
L0
2
ol 220
40
-400 2200 0 200 -60 -
0

y (m)

Fig.3 An example of the designed a track layout, b curvature, and ¢ superelevation
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-0.06 -0.04 -0.02 0 0.02  0.04

Wheel profile y coordinate (m)

0.06 0.08

Fig.4 Wear results: a normal wear; b wear area

positive non-compensated accelerations. Based on the
ABNT 16810 [33] and the Italian railway administration
(RFI) prescriptions 15/2016 [34], the non-compensated
accelerations (A,.) were limited and the theoretical values
for each track set are shown in Table 1. The minimum curve
radius considered in this paper is 300 m, as tighter curves
are uncommon on Brazilian freight railways. Furthermore,
when the curve radius is below 300 m, the gauge is typi-
cally widened on European lines, while Brazilian lines do
not apply gauge widening, which would make it difficult to
perform a fair comparison between European and Brazilian
wagons. At the same time, tight curves are commonly char-
acterized by lubrication at the wheel-rail contact interface,
which changes the contact conditions. Therefore, modeling
lubrication on tight curves would lead to a difficult inter-
pretation of the wear results for curves with different radii,
observing that this paper aims to investigate the effects due
to vehicle dynamics rather than those related to the condi-
tions of the wheel-rail contact interface.

When the simulation is complete, it is necessary to define
the location and how the data should be collected. The wear
number and wear index are selected as the integral average
in the full region of the curve. The values of interest were
collected on the wheels of the first wheelset, which features
the highest wear.

SIMPACK® calculates wear based on the W/R contact
region and applies it along the wheel profile contour accord-
ing to contact positions and situations during simulation.
An important result channel is normal wear, the amount of
wheel material removed in normal direction to the profile at
the respective lateral position y. The wear depth used in this
work is calculated as the maximum normal wear (Fig. 4a).
SIMPACK® also provides the vertical positions of the dis-
crete profile points for the worn wheel profile. Using the
original wheel profile and the worn wheel profile, the wear
area can be calculated as the integral of the difference of the
original and the worn profile vertical coordinates (Fig. 4b).
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The wear depth and wear area are collected for the right
wheel of the first wheelset and accumulated in the total
length of each curve. In this study, the wear depth and wear
area are related to the flange and tread regions, delimited by
EN 13715 [35] and AAR M-107 [36]. For the European and
Brazilian wheel profiles, the connection between the wheel
tread and the flange zone starts at —26 mm and -23,7 mm
from the tape line, respectively (Fig. 5).

One of the strengths of MBD software is the possibil-
ity to automate actions on the model and post-processing
operations through scripting, i.e., by developing routines
that can be called with external software [37]. We used an
external MATLAB® code that calls QtScript and QSA rou-
tines from batch. The former modifies the model inputs and
runs the simulations (Model and Solver scripting), while
the latter is implemented to perform post-processing tasks
(Post scripting).

3 Results and discussions

We used the correlation matrix to express the relation
between the parameters obtained from all simulations
(Fig. 6). The correlations were calculated according to
the Pearson’s equation [38]. For the outer wheel, the fig-
ure shows a remarkably high correlation (0.96) between Ty
and wear depth for. There is also a positive high correlation
between the wear index and wear depth (0.92). This result
indicates that the Ty is a better index to use when analyzing
wear depth than the wear index. As the Ty value decreases,
wheel-rail contact has a more concentrated distribution
around the nominal rolling circle, increasing wear depth
while reducing contact area [11]. Ty and wear area presented
a correlation of 0.79, while wear index and wear area pre-
sented 0.82. This way, the wear index has shown to be better
than the 7y to analyze the material removed due to wear.
There is also a moderate correlation between Ty of the inner

Railway Engineering Science (2024) 32(3):307-323
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Fig.5 Wheel and rail profiles with flange and tread regions: a GDT and GDE wagons; b European wagon

Ty(N) Wear index (N/mm?)
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Max wear depth (m)
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of tread (m?)
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Fig.6 Correlation matrix from all simulations

wheel and wear depth and wear area. A weak relationship
was found between the wear index of the inner wheel and
wear depth, and the wear index of the inner wheel and wear
area. In short track simulations such as the present work, the
influence of the internal wheel becomes less relevant, and
a poorer correlation is observed on the inner wheel. As the
external wheels receive the most effort on curves, they have
the highest wear indicators and remove the most material.
Especially when you have flange contact. The guidelines
for interpreting the correlation coefficient were taken from

Railway Engineering Science (2024) 32(3):307-323

059 059

[39]. Values between 0 and 0.3 indicate a weak relationship,
between 0.3 and 0.7 a moderate relationship, and between
0.7 and 1.0 a strong relationship.

Figure 7 shows the outer wheel wear depth on the tread
results. In Fig. 7a it is possible to see that Ty increases as
the curve radius decreases. The highest values of Ty are
observed for the broad-gauge wagon, followed by the meter
and then the standard gauge. However, similar maximum
wear depth values were observed for standard and meter
gauge wagons. Furthermore, the Brazilian wagons, broad

@ Springer
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Fig.7 Outer wheel wear depth on the tread: a by wear number and radius; b by wear index and radius; ¢ by wear number and A

index and A,

and meter-gauge, present two distinguish regions, where a
high difference in the Ty is observed; this happens due to
the flange contact in the curves with a small radius, 300 m.
A similar behavior is observed for the wear index (Fig. 7b).
A positive correlation is observed between wear depth and
wear index, while Ty shows a negative correlation. In Fig. 6,
it is possible to see that the wear index and wear depth cor-
relation for the tread is 0.91 while 0.89 for the Ty and wear
depth.

Figure 7c and d show the results by A, .. There seems to
be a small influence of the A, . in Ty and wear index. A high
negative influence in the wear depth is observed, i.e., an
increase in the A, decreases the wear depth. Positive A,
values mean that the wheelset will displace laterally to the
field side; in sharp curves this can generate flange contact,
reducing the tread forces and consequently the tread wear.

Figure 8 shows the contact overview for the Brazilian and
European wagons. The Brazilian W/R contact points on the
tread are more evenly spread as compared to the European

@ Springer
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profiles, this can accelerate the wear of the wheel for the
Italian case. The jump of the contact point and larger dis-
tances between the contact points observed in the European
contact (Fig. 8b) can result in the unstable behavior of the
wheelset [40]. Figure 7 showing the results for the wear
depth on the tread confirm indeed that the wear depth of the
European wagons is comparable with the values recorded
for the Brazilian wagons, despite the lower axle-load. Fig-
ure 8 highlights that for the Brazilian case, the W/R contact
points can be either on the wheel flange or tread, while for
the European profiles, additional contact points can be gen-
erated at the wheel flange-tread transition zone. However,
the SIMPACK® routines for contact detection can deal
with any number of contact points. Precisely, concerning
the outer wheel in the full-curve section, for the Brazilian
wagon a single contact point is detected on the tread in all
curves except for the 300 m radius curve, whereby a single
contact point is obtained on the flange and on the tread.
On the other hand, for the European case, a single contact
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point is detected on the flange in the tightest curves, while
an additional contact point is detected on the tread in the
widest curves. Finally, for the intermediate curves, the SIM-
PACK® routines identify a third contact point in the flange-
tread transition zone.

The results for the outer wheel wear depth on the flange
are shown in Fig. 9. As for the tread, the Ty and the wear
index increase with the decrease of the curve radius. Besides
that, the wear depth also increases with the 7y and wear
index. The Brazilian wagons show the highest values. Dif-
ferent from the tread results, the Ty presents a positive cor-
relation with the wear depth for the flange, while the wear
index, a negative.

It is worth noting that points with a higher wear index
correspond to points with a high negative A, . whilst points
with cant deficiency (higher positive A,.) present a slightly
smaller wear index. An excessively deficient superelevation
on the small radius curve can result in a reduction of the con-
tact area and, thus an increase in the wear index, although
none of the simulations were close to derailment.

Nevertheless, the observed negative correlation in
Fig. 9d, for the 300-m curve (only with flange contact for
the meter gauge and the broad gauge wagons) doesn’t follow
the expected behavior. This is due to the calculation method
for the total wear index, considered in this work, taking the
sum of Ty on the tread and the flange, divided by the sum
of the contact areas, derived from the wear indices for tread
and area. This way, the total wear index is weighted by the
contact areas and, because the tread contact area is higher
than the flange area, simulations with higher flange contact,
hence higher wear depth in the flange, will be weighted by
the flange area and will generate smaller wear indices, even
though presenting the highest wear depths on the flange. We
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note that some analysis excludes the 300-m curve, and this
calculation method does not impact the results. This total
wear index method would be asserted in future wear works
including narrow curves, to determine the most effective way
to weight wear index for total calculation.

Also, the Ty presents a better correlation with the Wear
depth as can be seen in Fig. 5. For the Brazilian models,
except for the results from the 300 m curve, the results are
concentrated in a region with lower values of Ty, under 200
N, while for the Italian model, all results are under 200 N,
making it difficult to draw any conclusions. This is because
for the European wagon, all curves feature a contact point
on the flange on the outer wheel, while for the Brazilian
wagons, the contact point on the flange is obtained only for
the 300 m radius curves. Therefore, it becomes important to
analyze the results separating the data from the 300 m curve.

Figure 10 shows the outer wheel wear depth on the tread
results without the 300 m curve. It is possible to see that,
without the 300 m curve, the standard-gauge wagon pre-
sents the highest values of Ty and Wear Index (Fig. 10a and
b). Furthermore, the standard-gauge wagon presents higher
Wear depth values except for the 500 m curve, where it pre-
sents equivalent results with the broad-gauge. From the fig-
ure is also possible to see that the results from the standard-
gauge wagon present a lower inclination when compared
to the meter and broad-gauge. This result suggests that, as
expected, the flange contact leads to higher creepages and
hence higher values of the Ty wear number. In fact, in the
curves considered in Fig. 10a, the contact point is always
on the tread for the Brazilian wagons, while the European
wagon always features flange contact on the outer wheel.
This can be related to the distinct types and stiffness of
primary suspension on the European and Brazilian freight
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index and A,

bogies. The primary suspension of the European Y25 bogie
limits the yaw angle of the wheelset, thus leading to flange
contact.

At the same time, the larger inclination of the data cor-
responding to the Brazilian wagons is due to the differences
in the axle-load values of European and Brazilian wagons,
since the wear volume is proportional to the normal load,
as stated by Archard’s law in Eq. (3). While the axle load
of the Brazilian wagons is higher compared to the reference
European wagon, similar values of Ty are expected to lead
to higher wear on the Brazilian wagons. Without the 300 m
curve, it is not possible to distinguish a positive or negative
correlation between Ty and Wear depth, and Wear Index and
Wear depth.

Figure 10c and d show the A, results. The same behavior
observed in the results with the 300 m curve is shown by the
standard-gauge wagon, i.e., the Wear depth increases as the
A decreases. Although, the same can not be said about the
meter and broad gauge.
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Figure 11 shows the outer wheel wear depth on the flange
results without the 300 m curve. In this condition, only the
standard gauge wagon presented flange wear. No correlation
is observed for the wear depth and Ty, and wear depth and
wear index (Fig. 11a and b). For the A, results (Fig. 10c
and d) two different behaviors appear, for values of Ty and
wear index higher than 80 N and 0.75 x 10® N/m?, respec-
tively, the highest Wear depth occurred to the highest value
of A,., 0.6m/s”. For values under those, there is no clear
correlation between A, and Wear depth. The reason for this
absence of correlation can be better explained by a deeper
analysis of the outputs obtained from the standard-gauge
European wagon model. From Fig. 12, which shows the
wear area on the flange as a function of the wear number on
that position, most of the simulations feature low values of
wear, with a wear area lower than 0.15x 1078 m?. Only a few
points are characterized by large wear areas, and they can be
graphically split into three groups, numbered I, II, and III.
Detailed data analysis highlighted that all points featuring
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nc*

abnormal wear values correspond to large speed values for
all curves with a radius of 500 m and above. In all these
simulations, the slip speed on the outer wheel while nego-
tiating the curves is above 0.2 m/s, which is the threshold
causing entrance into the severe regime in Archard’s map
(see Fig. 2). Regarding data belonging to groups I and III,
the slip speed is above the threshold value both in the entry
and outlet transitions as well as in the full curve section.
Concerning the two simulations belonging to group II, the
slip speed overcomes the threshold limit only in the entry
and exit transitions, while the contact conditions correspond
to the mild regime in the full curve section. Therefore, based
on these observations, two regression lines were calculated,
namely a regression line for the points belonging to the low
wear group (mild regression line), and a second regression
line for the points falling into groups I and III altogether
(severe regression line). For both regression lines, the cor-
relation factor is close to 1, with values above 0.97. The
ratio of the slope of the severe regression line over the slope

Railway Engineering Science (2024) 32(3):307-323

of the mild regression line is approximately equal to 21.
This is in line with the ratio of the severe over mild wear
coefficients, which is equal to 30. Therefore, it can be stated
that the absence of a unique correlation for the output data
is related to this bilinear behavior, as the combination of
speed, radius, and superelevation may lead to severe wear.
Nonetheless, when the wear regime is identified, a remark-
ably high correlation exists between wear number and worn
material, as expected.

The results obtained for the Brazilian wagon do not show
this peculiarity, because when the curve radius is equal to
500 m or greater the contact point is always on the tread,
where the slip speed is far away from the values that would
cause severe wear. This discrepancy is caused by the main
differences between European and Brazilian wagons, as
bogie types, wheel and rail profiles, and axle load.

Figure 13 shows the inner wheel wear depth on the
tread results. In Fig. 13a, Ty increases as the curve radius
decreases. The Wear depth also increases with the decreasing
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Fig. 12 Bilinear behavior of the outputs collected from the simula-
tions run with the standard-gauge European wagon

in the curve radius. The higher values for Ty are observed for
the broad-gauge wagon, followed by the standard and then
the meter gauge. Similarly, maximum wear depth values
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are observed for standard and meter gauge wagons. For the
Wear Index a different behavior is observed (Fig. 13b), since
the standard-gauge wagon presents the highest Wear Index
values. This can indicate that the standard gauge wagon pre-
sents a smaller contact area. Furthermore, no correlation
with the Wear depth is observed.

Figure 13c and d show the results by A, .. In Fig. 13c
there seems to be a small influence of the A, in the Ty
for the meter-gauge wagon, while for the other two, stand-
ard and broad-gauge, it seems to have a strong correlation,
where a decrease in the A, increases the Ty and wear index.
A high negative influence in the wear depth is observed,
i.e., an increase in the A, decreases the wear depth. For
the wear index (Fig. 13d), only the broad gauge presents a
correlation between wear index and A, .. Furthermore, the
same negative influence in the wear depth is observed for
the wear index.

Figure 14 shows the inner wheel wear depth on the
flange results. In Fig. 14a, the meter and broad-gauge for
the 300 m curve radius presented much higher values of
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Wear depth than the other cases, as expected. It is not pos-
sible to perceive any correlation between the Ty and the
wear depth, except for the case of broad-gauge with 300
m of radius. For this case, the Wear depth decreases with
the increase of the Ty. The same behavior is observed in
the wear index (Fig. 14b).

In Fig. 14c, a negative correlation between the 7y and
the A, is found, i.e., as the A, decreases whilst the Ty
increases. No correlation is observed between the A, and
wear index (Fig. 14d), and A, and Wear depth, except
for the broad-gauge in the 300 m radius curve, where an
increase in the A, is related to a decrease in the wear
index and an increase in the wear depth.

As done for the outer wheel, we analyzed the results
without the 300 m radius curve, (Figs. 15 and 16). Fig-
ure 15 shows the tread results. A negative correlation
between the Ty and the curve radius as well as a posi-
tive correlation between Ty and Wear depth is observed in

Railway Engineering Science (2024) 32(3):307-323

Fig. 15a. In Fig. 15b a negative correlation is also observed
between the wear index and the curve radius. Furthermore,
there seems to be a positive correlation between the Wear
Index and Wear depth, except for the broad-gauge case.

From Fig. 15¢ and d it seems that the higher wear
depths are related to the smallest values of A, but no
clear correlation can be observed. Besides that, no corre-
lation is observed between the wear depth and the 7y, and
the wear depth and wear index.

As shown for the outer wheel (Fig. 11), for the inner
wheel only the standard gauge type presented flange wear
(Fig. 16). From Fig. 16a and b, we observe a negative
correlation between Ty and curve radius, and between
the wear index and the curve radius too. No correlation
between wear depth and 7y, and wear depth and wear index
are observed. Furthermore, no correlation with the A is
observed in Fig. 16c and d). It is important to remark that,
also for the inner wheel, the points characterized by the
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highest values of Wear depth (above 2 pm) correspond to
the simulations featuring entrance in the severe regime of
Archard’s map on the outer wheel, see groups I, II and 111
in Fig. 12. If the outputs of these simulations are excluded,
a good correlation still exists between worn material and
the wear indexes.

4 Conclusions

In this paper, the Ty and wear index derived from the
vehicle-track model simulation are compared aiming to
evaluate the effectiveness in quantifying wear on railway
wheels, focusing on freight wagons, relying on two stand-
ard bogie architectures. The problem was approached by
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performing multibody dynamic simulations of three dif-
ferent wagons, two American bogies with meter and broad
gauge, and a European bogie with standard gauge. The
wagons were chosen to verify the generality of the results
obtained. Different tracks, velocities, and superelevation
were simulated. The main findings are as follows:

e Comparative results obtained from a performance simu-
lation show for the outer wheel a remarkably high cor-
relation (0.96) between Ty and wear depth. This result
indicates that the Ty is better than the wear index to be
used when analyzing wear depth. There is also a correla-
tion of 0.82, between the wear index and wear area. In
this way, the wear index was shown to be better than the
Ty for analyzing material lost through wear.
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e, d by wear index and A

Ty and wear index increases as the curve radius decreases.
There seems to be a small influence of the A, on Ty and
wear index.

Concerning the results including the 300 m radius curve,
wear of the Brazilian wagons is larger with respect to
wear of the European wagon. In fact, on the 300 m curve,
flange contact occurs on the outer wheel of the Brazilian
wagons, thus leading to a larger slip speed. Therefore,
when similar contact conditions occur on European and
Brazilian wagons, the wear produced on the Brazilian
wagon is higher because of the larger axle-load values,
since the wear volume is proportional to the normal load
as stated by Archard’s wear law equation.

Based on the results for the flange excluding the 300 m
curve, a lack of correlation for the European wagon is
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observed due to the combination of speed, radius, and
superelevation that leads in some cases to severe wear.
Nonetheless, when the wear regimes are used to classify
the data, a remarkably high correlation exists between
wear number and worn material, as expected. Brazilian
wagons, however, do not show this peculiarity, because
the contact point is always on the tread when the curve
radius is 500 m or greater. The different behavior of the
wagons can be mainly related to differences in wheel
and rail profiles and differences in primary suspension
between European and Brazilian freight bogies The
European Y25 bogie has a primary suspension that lim-
its the yaw angle of the wheelset, which contributes to
flange contact.
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Finally, the findings of this work contribute to a better
understanding of wheel wear and provide useful informa-
tion for dynamic simulations, especially on its capacity of
predicting wear. Based on the results of this study and the
characteristics of the railway under study, the objective func-
tion for wheel optimization can be defined.
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