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In this study, we developed a wheel wear prediction technology for railroad wheels using
a 1/10-scaled wheelset roller test rig and multi-body dynamics simulation, and also devel-
oped a wheel tread profile optimization technology to generate wheel tread profiles with
superior wear resistance performance based on baseline wheel tread profiles. In the wheel
wear prediction technology, wheel wear is predicted using wheel wear characteristics ob-
tained from wheelset roller rig tests, and it was shown that the wheel wear conditions of the
vehicle test can be reproduced. In the wheel tread profile optimization technology, wheel
specimens with optimized wheel profiles are fabricated and subjected to the wheelset roller
rig test to verify the effect of optimization, and it was shown that the wheel profile has supe-
rior wear resistance compared to conventional wheel profiles.

1. Introduction

The railway vehicle wheel is worn through the repetition of the
rolling contact with a rail, and the contact surface with the rail is
called tread or flange, and their profiles change during service. The
change in the profiles due to wear exerts a great influence on the du-
rability, the vehicle curve negotiation performance, and derailment
safety. Accordingly, it is important to evaluate the transition of the
wear of a vehicle wheel under various running conditions. Further-
more, suppression of the wheel wear is important because it contrib-
utes to the enhancement of the aforementioned wheel durability, the
vehicle curve negotiation performance, and derailment safety. As
the evaluation method of the wheel wear, generally, vehicle tests are
conducted, the cross-sectional profile of the wheel is measured peri-
odically, and the change in the cross-sectional profile vs. travelling
mileage is investigated." However, this method requires a very long
time and huge cost. Therefore, wear simulations predicting the
cross-sectional wheel wear profile are used.>* For the wear simula-
tion, the law of wear proposed by Lewis et al.* or Archard et al. is
often employed, and the wheel wear characteristics are crucial in
these laws of wear. The wheel wear characteristics show the rela-
tionship between the wear material weight loss corresponding to the
rolling contact mileage of the wheel with rails and the factors which
influence the wear such as the tangential force on the contact sur-
face, slip ratio, and the area of contact. However, since the wheel
wear characteristics vary depending on the contact conditions with

rails,? it is difficult to derive the wheel wear characteristics precise-
ly. Therefore, in this research, we developed the wheel wear predic-
tion technology by the combined use of the convenient, time and
cost saving 1/10-scaled wheelset roller test rig and the multi-body
dynamics simulation (hereafter referred to as MBD simulation)
which enables the reproduction of the state of contact of a running
vehicle wheel with a rail. Furthermore, on the basis of the baseline
wheel tread profile, we developed the optimization technology
based on the genetic algorithm” (hereafter referred to as GA) which
generates a tread profile excellent in wear resistance. In order to
verify the effect of optimization, wheel specimens having the tread
profile obtained were prepared, and the evaluation of wear was per-
formed by the wear test using a wheelset roller test rig. Such a test is
hereafter referred to as the wheelset roller rig test.

2. Wear Characteristics of Wheel

In this chapter, for the purpose of obtaining the rolling distance,
wear material weight loss, tangential force on the contact surface,
slip ratio, and the contact surface area required for the wheel wear
prediction, the method to derive wheel material wear characteristics
by using the wheelset roller test rig is explained.

2.1 Overview of wear characteristics
The wear characteristics are obtained with the following proce-
dure along the flow shown in Fig. 1.
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(D Conduct a wheelset roller rig test, and measure the rolling dis-
tance D and the wheel wear material weight loss M. —
(2 Develop an MBD simulation model taking into account the
contact of the wheel with the roller, and calculate the parame-
ters (tangential force T between the wheel and the roller, slip
ratio y, contact area 4) required for deriving a wear map ex- J \)
pressing the wear characteristics.
(3 Develop a wear map by using the tangential force 7, slip ratio y,
and the contact area 4 obtained by the MBD simulation and
the rolling distance D and the wear material weight loss M ob- TV
tained by the wheelset roller rig test. Wheel rim Specimen
Details of this flow are explained hereunder.

Fig.3 Overview of wheel specimen sampling method

2.2 Wheelset roller rig test
2.2.1 Test specimen cross-section

The material of the specimen conforms to the Class C wheel
steel (0.7% C) specified by the Association of American Railroads

Standard (hereafter referred to as the AAR Standard), and the hard- 145 1

ness is HV 330. Figure 2 shows an optical microscopic photograph
of the microstructure of the wheel steel. This material has a fine
pearlite structure. As described later, in this test, in order to simulate
the state of the wheelset, two wheel specimens and two roller speci-
mens were used. As shown in Fig. 3, wheel specimens were taken
from the rim of a real wheel, and the roller specimens were made
from the same material as the wheel by machining after quenching
and tempering. Figures 4 and 5 show the specimen dimensions and
the cross-sectional profiles, respectively. The wheel specimen has
the same profile as the AAR Standard wide-flange wheel,® with a
scale ratio of 1:10. The diameter of the wheel specimen is 120 mm
and its thickness is 14.5 mm. The roller specimen has the same ge- cross-section
ometry as the 136RE type rail” of the standard defined by the
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$120
4180

(a) Wheel (b) Roller
Wear test Fi i i i
. g.4 Specimen dimensions
(Scaled roller test rig)
‘ Worn profile -
g
MBD £ 58
Simulation DM 3 59 o
g 60
. TyA T 6Ly
- S 62
Evaluation of 5
Wear Map = 8T
;_g‘ 64 1 1 1 1 L L L
Fig. 1 Flow of deriving wear characteristics ~ -8 -6 -4 -2 0 2 4 6 8
Axle coordinate (mm)
(a) Wheel
B
\g 102
@101 |
£100
’g 99
S 98
s 97
"g 9 ! L L L L L L
A 8 6 -4 2 0 2 4 6 8
Axle coordinate (mm)
% e R . e (b) Roller
Fig. 2 Microstructure of test material Fig. 5 Specimen cross-section profile

-59-



NIPPON STEEL TECHNICAL REPORT No. 133 MARCH 2025

tion (AREMA) (hereafter referred to as the AREMA Standard) with
a scale ratio of 1:10. The diameter of the roller specimen is 200 mm
and its thickness is 20 mm.

2.2.2 Test condition

As shown in Fig. 6, the test is conducted by first bringing the
two roller specimens into contact with the left and right wheel speci-
mens respectively, and then by driving them. Next, to the axle shaft
with a wheel built in on either side (hereafter referred to as the
wheelset), a vertical load of 3.12 kN is exerted at its center, and a
lateral load of 1.3 kN or 0.65 kN (hereafter referred to as the lateral
force) is exerted. Herein, the two conditions of the lateral force were
decided assuming that the vehicle runs on a small radius curved
track and a medium radius curved track, respectively. Furthermore,
assuming that the wheel on the upstream side of the lateral force di-
rection contacts the rail on the outer side of a curved track, the
wheel on the outer side rail is therefore termed as the outer wheel,
and that the wheel on the opposite side contacts the inner side rail of
the curved track, the wheel on the inner side rail is therefore termed
as the inner wheel. The outer wheel contacts the outer rail at the
throat section and the flange section, and the inner wheel contacts
the rail only at the tread section. Herein, as Fig. 7 shows, the contact
section having a contact angle equal to or above 45 degrees is de-
fined as the flange section, the one having a contact angle less than 3
degrees is defined as the tread section, and the section having a con-
tact angle outside of the above is defined as the throat section as the
contact section.? The roller specimen was rotated at 300 rpm, and
the test was conducted under a dry condition. Furthermore, in this
test, in order to simulate the angle of attack which takes place be-
tween the direction of the wheelset and the direction of travelling of
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the wheelset when a vehicle passes on a curved track section, the
relative angle of the roller with respect to the wheelset is adjusted
on the roller side. In this test, the per rolling distance interval of
3.75 %103 m, the weight of the wheel specimen, and the wear profile
of the wheel specimen were measured. At the time of measurement,
R.P.M, displacement, load, and torque were measured for a sam-
pling time of 1 ms. Table 1 shows the summarized test conditions.

2.2.3 Rolling distance and wheel wear material weight loss

As a representative example, in Fig. 8, the relationship between
the wear material weight loss and the rolling distance of a wheel
specimen tested under the condition of Case 1 is shown, and in Fig.
9, the wheel cross-sectional wear profile at each rolling distance step

Table 1 Test conditions
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of the wheel specimen is shown. The wear material weight loss of
the wheel specimen is calculated as the difference in the wheel
weight between those of before and after the test. This figure shows
that the wear material weight loss of the outer wheel is larger than
that of the inner wheel. As above mentioned, the relationship be-
tween the rolling distance D and the wear material weight loss M
was obtained for each of the two wheels of the inner wheel and the
outer wheel.

2.3 MBD simulation

MBD simulation was executed using SIMPACK™ software (ver
2019) under the conditions shown in Table 1. The simulation model
is a rigid body model as shown in Fig. 10, consisting of one wheel-
set and two rollers based on the specifications in Table 2. In the
wheelset model, displacement in the front-back direction and the
angle of rotation around the z axis are constrained likewise in the
test machine. In the meantime, in the roller model, only the rotation-
al angle around the y axis is allowed, and its rotational speed is set
by the constraint of drive. Hertzian contact'” is assumed at contact
points of the simulation model, and for the evaluation of creep force,
the FASTSIM algorithm is applied.'” By using the cross-sectional
profile obtained per the rolling distance step shown in Fig. 9, the
simulation is executed, and the tangential force 7, slip ratio y, and
the area of contact 4 at every contact point of the wheel are ob-
tained.

2.4 Wear map
Several wear maps targeting wheels are proposed.*® In this arti-
cle, among them, the wear map proposed by Lewis et al.¥ is em-
ployed. The wear map is organized by 7y/A taken on the horizontal
axis and the wear rate  on the vertical axis, and is expressed by
Formula (1) below.?
M Ty
/4 ( 1 ) @)

Where, M: wear material weight loss, D: rolling distance, 4: area
of contact, T: tangential force, y: slip ratio, and K: wear rate given
by a function of 7, y, and 4. The wear maps of the inner wheel and
the outer wheel are expressed by Formulae (2), (3), and Fig. 11 is
obtained by using the tangential force 7, slip ratio y, and the area of
contact 4 obtained by MBD simulation, and by using the rolling
distance D and the wear material weight loss M obtained by the
wheelset roller rig test of this time.

Outer wheel wear rate (ug/m/mm?)

5.3 Ty/4 for 0< Ty/4 <16.55 Nmm?

-1 Kl

W=18172 for  Tyd>1655 Nnm> P
Inner wheel wear rate (1g/m/mm?)
5.3 Ty/A for 0< Ty/4 <3.39 Nmm?
118 for  TyA=339 Nnm: O

3. Wheel Wear Prediction
3.1 Overview of wear prediction
The wheel wear is predicted through the following procedure
shown in Fig. 12.
(D Prepare the initial wheel profile for wear prediction in the form
of sequence of point.
(2 Develop an MBD simulation model taking into account the
contact of a wheel with a rail, and obtain the output of the
MBD simulation of the parameters required for the calculation
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Table 2 MBD simulation model conditions
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Fig. 11 Wear rate vs. Ty/A for roller rig wear test (wear map)

of the wear of the wheel (tangential force between a wheel and
arail 7, slip ratio y, area of contact of a wheel with a rail 4, and
distance of travel D).

(® Calculate the wear depth by using the parameters obtained in
(2) above and the wear map shown in the preceding chapter.

(@ Unless (3 above has reached the target running distance, reflect
the updated profile in the MBD simulation, and repeat steps (2),
(3, and @ until the target distance is reached, and the wear
wheel profile is finally output.

Details of this flow are explained hereunder.
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3.2 MBD simulation

MBD simulation is executed by using the wheelset - roller model
described in Section 2.3. The number of revolutions of the roller,
vertical load, lateral load, and the angle of attack are set based on
the track conditions of the vehicle test, measurement results of run-
ning speed,vertical force, and lateral force, and the information of
the angle of attack obtained from the analysis of vehicle motion.

3.3 Calculation of wear depth
The wear depth is calculated as follows. The contact area of one
point of a wheel on the roller is assumed to be of an elliptical shape
having a major axis of @ and a minor axis of b as shown in Fig. 13.
In the area divided into a grid, the wear depth increment AZ (x,, y/.)
at the grid point (x,, yj) after calculation step time At is expressed by
Formula (4) below.
Ti/'ylf/‘) VAt

AZw(xi’yj):K(TU. T “4)

Where, p is the density of material, V' is the the wheel traveling
velocity, and K (YEfyif/Ai/_) is the wear rate given as a function of tan-
gential force T, slip ratio Vi and the contact area 4.

The wear rate used in the wear prediction of this time was calcu-
lated by using the wear map obtained by the wheelset roller rig test
mentioned in Section 2.2. The average wear depth in a contact area
is assumed to be AZv (), which is obtained by integrating Formula
(4) from 7a(yj) to a(yj) along the x axis, the integrated value being
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Fig. 12 Flow of wheel wear prediction
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divided by the peripheral length of the roller 2z (y,) for balancing,
and expressed by Formula (5) below.

= _ 1 VAt 20 Ty,
AZw(yj) B 27z'r(y/_) P .L(y/) K( A )dx
4. Reproduction of Wear Form of Real Wheel in
Vehicle Test
In this chapter, reproduction of the wear form of a real wheel in
the vehicle test was attempted by using the wear prediction technol-
ogy explained in the preceding chapter.

Q)

4.1 Vehicle test

The vehicle test was conducted on the vehicle test track of a 4.34
km circuit called the High Ton Loop (hereafter referred to as
HTL)™ which is one of the pluralities of test tracks at the Facility
for Accelerated Service Testing (hereafter referred to as FAST)
owned by the Transportation Technology Center Inc. (hereafter re-
ferred to as TTCI) in Pueblo in the State of Colorado, USA. As Fig.
14 and Table 3'>'9 show, HTL consists of three curves having a
curvature of 5 degrees, one curve having a curvature of 6 degrees,
and the straight sections connecting the curve sections. The vehicle
consists of two bogies and one car body. The vehicle conditions and
the cross-sectional profiles of the wheel and the rail used in this test
are shown in Table 4 and Fig. 15, respectively. The wheel profile is
of the wide flange type of the AAR Standard. The rail profile is of
the 136RE type of the AREMA Standard. The vehicle reverses its
direction of running at every 200 rounds of travelling on the track,
and travels 11000 km in total, both eastbound travelling around the
circuit track and westbound travelling around the circuit track inclu-
sively. In this test, the running speed, vertical force, lateral force,
and the derailment coefficient when it runs on the track of Sections
7 and 25 are measured by using the equipment called the Truck Per-
formance Detector (TPD).'> In Table 5, an example of the measure-
ment results of the vehicle test is shown. In addition, after the test,
the wheel profile of the first wheelset in front of the vehicle was
measured.

4.2 Prediction of wear
The wear prediction was performed according to the flow in Fig.

Section 31
o
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@%\»«w““

Section 3
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Fig. 14 Vehicle test track in TTCI (HTL)”

Table 3 HTL track conditions'"'"

Section Curvature Superelevation
3 5 Deg 4 inches
7 5 Deg 4 inches
25 6 Deg 5 inches
31 5 Deg 4 inches
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12. Firstly, focusing on the cross-sectional profiles of the wheel and
the roller shown in Fig. 5 (a) and (b), MBD simulation is executed
under the conditions shown in Table 6 decided based on the track
conditions of the vehicle test shown in Table 3, the results of the
measurement of the vehicle test shown in Table 5, and the angle of
attack obtained from the analysis of vehicle movement mentioned in
Reference!®. Next, wear depth is calculated based on the wear map
shown in Fig. 11 and Formula (4), and finally, the wheel profile is
updated until it reaches 11000 km equivalent to that in the vehicle
test, and the wear profile is obtained.

test vehicle and the wear prediction technology by the wheelset roll-
er rig test are shown. These results show that the wear prediction re-
produces the wear form of the real wheel in the vehicle test compar-
atively well, and the validity of the wear prediction technology is
confirmed. With this technology, evaluation of wheel wear is possi-
ble without conducting a vehicle test.

Table 6 MBD Simulation conditions

Lateral
Time| Attackangle | Lateral load | . atera
4.3 Comparison of wear profiles of vehicle test with wear pre- No Type (s) (mrad) N) displacement
diction (mm)
In Fig. 16, the cross-sectional wheel profiles obtained from the 1 Straight 23 0.0 - 0.0
2 | Transition curve | 5 l l |
Table 4 Vehicl diti 3 Curve 9 -1.75 =550 -
e chicie conditions 4 | Transition curve | 3 l l !
Item Value 5 Straight 25 0.0 - 0.0
Vehicle total weight [kg] 142900 6 | Transition curve | 6 l l |
Distance between two bogies [m] 12.344 7 Curve 43 -3.50 —799 -
Wheel base [m] 1.8288 8 | Transition curve | 5 l l |
Wheel diameter [m] 0.965 9 Straight 11 0.0 - 0.0
Gage [m] 1.435 10 | Transition curve | 5 l l 1
11 Curve 16 1.75 302.0 -
12 | Transition curve | 5 l l |
510 13 Straight 4 0.0 - 0.0
g 500 L 14 | Transition curve | 5 l l !
g4go L 15 Curve 60 -1.75 —645.0 -
Sas0 | 16 | Transition curve | 3 l l !
Saro | 17 Straight 3 0.0 - 0.0
460 |
o
450 . . . . . .
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Fig. 15 Cross-section profile o )
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Table 5 Vehicle test output e
5 15
Section § 20
7 25 ® 5 L
©
Outer Inner Outer Inner € 39 . . .
Vertical force [kN] 195 165 200 160 0 5 10 15 20 25 30 35 40
i -1
Lateral force [kN] 35 30 72 56 Ale coordinate (x107 mm)
Derailment coefficient [] | 0.18 0.18 036 0.35 (b) Wear prediction
Running speed [km/h] 68 Fig. 16 Wear profile of wheel throat and flange area (Left side wheel)
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5. Optimization of Wheel Tread Profile
5.1 Overview of optimization

Optimization of the wheel tread profile is performed in the fol-
lowing procedure along the flow shown in Fig. 17.

(D Prepare the initial profile of the subject wheel in the form of
the sequence of point.

(2 Develop an MBD simulation model taking into account the
contact of the wheel with the roller, and obtain the output of
the MBD simulation of the parameters required for the calcula-
tion of the wear of the wheel (tangential force between the
wheel and the rail 7, slip ratio y, area of contact of the wheel
with a rail 4, and distance of travel D).

(3 Calculate the wear depth of the wheel by using the parameters
obtained in @) above and the wear map derived from the
wheelset roller rig test, and calculate the wear material weight
loss from the wear depth and the material density.

(@ Calculate as an objective function of the minimum value of M
of the wheel wear material weight loss of the revised profile (in
the case of the first flow, the wheel wear material weight loss
of initial profile M) divided by M, of the wheel wear material
weight loss of the initial profile. When the optimization calcu-
lation reaches the target times of execution, output the updated
profile as the optimized profile.

(® Optimize calculation based on GA to be performed by using
the objective function obtained in (4) above.

(6 Update the wheel tread profile based on the optimization cal-
culation of (5 above, reflecting the latest updated profile in the
MBD simulation.

5.2 Calculation of wheel wear material weight loss

The entire wheel wear material weight loss M is expressed by
multiplying the wear volume produced by the difference in the
wheel radius between before and after of the wear by the material
density p, namely by Formula (6) below.

M=pry {r(yj)z ~(r@) —AZW(yj))Z}AL ()
=
Where, AL is the unit length of the whole width of the wheel

(DInitial wheel profile

IRV

(®Update wheel profile ‘
=>|  @MBD Simulation

1&
A 4

®GA Optimization @ O0bjective function*
calculation calculation
@Target Objective
No function
Soctvefct
Minimize: M /My Yes

(M- Materillossofupdatewheel profie
My: Materidllossofinitialwheelprofi)

Optimum wheel profile

Fig. 17 Flow of wheel tread profile optimization

(length in the axial direction) divided by the number of division 7.

5.3 Optimization calculation based on GA

GA is a search method based on the biological evolution (selec-
tion, crossover, mutation, etc.),” which generates many candidate
solutions (individuals) to a target optimization problem and applies
various genetic operations to the population of candidate solutions
(population set). By repeating this operation, an individual with a
highly adaptive objective function is selected and the optimal solu-
tion is obtained.

Optimization of the wheel profile is performed in the three steps
shown in Fig. 18. First, the existing wheel curvature change point is
used as the design variable. Next, by using GA based on the objec-
tive function under certain restricting conditions, the design vari-
ables are moved in the radial direction. Finally, by spline-interpolat-
ing the sequence of point of data in the optimization range, the final
profile is obtained.

5.4 Result of wheel profile optimization calculation

A wheelset roller rig test shown in Section 2.2 was conducted on
the wheel having the optimized profile obtained from the optimiza-
tion calculation of this time under the condition of Case 1 of Table 1.
The worn optimized profile is shown in Fig. 19 together with the
baseline profile. The optimized profile has, shown as the initial pro-
file in (b) of the figure, a convex portion in the throat section. The
outer wheel wear material weight losses of the baseline profile and
the optimized profile both sought by simulation are shown in Fig.
20. With this figure, it is confirmed that the wear material weight
loss of the optimized profile is smaller than that of the baseline pro-
file. The reason for wear material weight loss being smaller is due to
the characteristics of the optimized profile shown earlier. With the
setting of a convex portion in the throat section, lateral load is re-
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ceived by the two parts of the flange section and the throat section,
and the load is dispersed thereby. As stated above, the wheel with
the optimized profile has wear-resistance characteristics superior to
that of the wheel with the baseline profile, and the validity of the
optimizing technology has been confirmed. This technology is ap-
plicable to the development of long-life wheels.

6. Conclusion

This article described the development of the wheel wear predic-
tion technology using in a combined manner the 1/10-scaled wheel-
set roller test rig and the multi-body dynamics simulation, and the
development of the optimizing technology which generates the
wheel tread profile excellent in wear-resistance characteristics based
on the baseline wheel tread profile.

In the wheel wear prediction technology, firstly, we proposed the
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method of deriving the wheel wear characteristics by using the
wheelset roller test rig, and the wear characteristics at the contact in
the tread section and the contact in the throat-flange section focus-
ing on the AAR Standard wheel were obtained. Next, we developed
the wear prediction technology which estimates the wheel wear pro-
file based on the wear characteristics obtained as above from the
wheelset roller rig test and the information obtained in a vehicle test.
Furthermore, we performed the wheel wear prediction for the vehi-
cle equipped with the AAR Standard wheel which actually travelled
for the test on the TTCI test track. As a result, we confirmed that the
wheel wear profile of the vehicle test and the predicted wheel wear
profile showed good agreement with each other.

In the wheel tread profile optimization technology, firstly, we de-
veloped the wheel tread profile optimization technology based on
the genetic algorithm subject to the wheelset roller rig test. Further-
more, we performed the profile optimization for AAR Standard
wheels, conducted the wear test of the wheel with the obtained opti-
mized profile and the wheel with the baseline profile by the wheelset
roller test rig, and as a result of comparing the wheel wear profiles,
the wheel with the optimized profile is superior to the wheel with
the baseline profile in wear-resistance characteristics, and we con-
firmed the validity of the optimization technology.

The railway wheel wear prediction technology developed this
time enables the evaluation of the wheel wear without conducting
the vehicle test. Furthermore, the wheel tread profile optimization
technology is applicable to the development of long-life wheels.
Hereafter, we are determined to utilize these technologies for the
design and development of railway wheels.
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