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Abstract

Friction behaviour at the wheel-rail interface is of critical importance for railway operations
and maintenance and is generally characterised by creep curves. The V-Track test rig
was used in this study to measure both the lateral and longitudinal creep curves with
uncontaminated dry interface conditions, utilising contact pressures representative of
operational railway wheel-rail systems. The novelties of this study are threefold. 1. With
proper representations of train/track components, the V-Track tests revealed the effects of
structural dynamics on measuring wheel-rail creep curves in real life. 2. Pure lateral and
longitudinal creepage conditions were produced with two distinct experimental principles—
displacement- and force-controlled—on the V-Track, i.e., by carefully controlling the angle
of attack and the traction/braking torque, respectively, and thus the coefficient of friction
from lateral and longitudinal creep curves measured on the same platform could be cross-
checked. 3. The uncertainties in the measured creep curves were analysed, which was rarely
addressed in previous studies on creep curve measurements. In addition, the measured
creep curves were compared against the theoretical creep curves obtained from Kalker’s
CONTACT. The influence of wheel rolling speed and torque direction on the creep curve
characteristics was then investigated. The measurement results and findings demonstrate
the reliability of the V-Track to measure wheel-rail creep curves and study the wheel-rail
frictional rolling contact.

Keywords: coefficient of friction; creep curve; measurement; uncertainty analysis; rolling
speed; torque direction

1. Introduction

Characterisation of wheel-rail friction (or adhesion) is of great importance to the
railway industry since it influences railway operations and maintenance. Railway vehicles
depend on frictional forces at the wheel-rail contact for braking, traction, and guidance.
Inadequate adhesion can extend stopping distances, potentially resulting in critical safety
incidents, including signal overruns [1], and may result in wheel slips that damage rails
and wheels and thus increase the maintenance cost. Friction forces (or creep forces) acting
at wheel-rail interfaces originate from creep, i.e., the relative speed at the contact point
between the wheel and the rail as rigid bodies [2], and may be affected by factors such
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as interface roughness [3], wheel rolling speed [4], normal load [4], and presence of third-
body layers [1,5]. The variation of friction forces with creepage, i.e., the ratio of creep to
wheel rolling speed, can be represented by a creep curve. Consequently, measurement of
creep curves across varying interface conditions is fundamental to understanding friction
phenomena at the wheel-rail contact.

While measurement of creep curves with operational trains on active tracks provides
the most representative assessment of actual frictional conditions, such field-based exper-
imental approaches typically involve excessive costs and contribute to accelerated rail
degradation. Further, accurate measurement of creepage in either the longitudinal or lateral
direction from a running train is extremely challenging. Longitudinal creepage calculation
requires accurate measurements of both wheel rotational speed and train speed. Conven-
tionally, wheel rotational speed measurements are performed using encoders on the wheel
axles, which are subject to a wide range of error sources such as wheel slips, wheel wear,
and hunting motion [6]. Train speed is usually obtained by measuring the rotational speed
of non-driven axles [7]. However, the method is insufficiently accurate because wheel slip
may also occur at the non-driven axles. Non-contact methods of train speed measurements
such as eddy current-based sensors that detect rail clamps have been proposed, but even in
the best situations, the relative expanded uncertainty of the method was around 1% [8]. All
these factors result in poor accuracy of longitudinal creepage measurement [9]. Accurate
lateral creepage measurement in the field is even more challenging, as the angle of attack
(AoA) between the wheel and the rail is usually much less than 1°, especially on straight
tracks. Measurements of Euler angles (roll, pitch, and yaw) of railway vehicles using
onboard sensors and estimation algorithms (such as various types of Kalman filters and
observers) have yielded accuracy in the range of 5° [10]. Moreover, since it is difficult to
control the wheel-rail contact conditions in the field, the influence of a particular parameter
on the creep curve can hardly be separated from the others and assessed. Due to these
reasons, creep curve measurements are often conducted in the laboratory under controlled
conditions using either downscaled or full-scale test rigs. Twin-disc/roller rig setups have
been commonly employed to generate longitudinal and lateral creep curves under different
contact conditions [1,4,5,11-18] where the wheel and the rail are represented by two discs
pressed together and driven by motors. By controlling the speeds of the discs, certain
creep can be induced in the contact, and the resultant friction forces are measured and
processed to obtain creep curves. However, these setups do not include representations
of the track components below the rail such as rail pads, fasteners, and sleepers, or the
vehicle components above the wheel such as the primary suspension of the rail vehicle. In
the real-life wheel-rail contact, the stiffness and damping properties of these components
can create structural vibrations which may affect the contact forces and creepages. Thus,
the impact of real-life train/track dynamics on creep curve measurement is not captured
by twin-disc/roller rig setups. Moreover, the curvature of the rail disc alters the shape of
the contact patch compared to real-life contacts, where the rail curvature along the rolling
direction of the wheel is infinite. This alters the pressure distribution and the distribution
of stick and slip regions within the contact patch, which may thus affect the creep curve
measurement. In addition, not many studies, besides [19], have provided uncertainty
analysis for the creep curve measurement, and, to the authors” knowledge, studies that
have measured both the longitudinal and lateral creep curves with a single test setup and
then compared them are scarce.

This study investigated the wheel-rail creep curve using the V-track test rig, an
innovative experimental facility developed for studies of the wheel-rail contact under
controlled conditions [20-22]. By precisely scaling both geometry and loads [22], the V-Track
reproduces an elliptical wheel-rail contact patch with identical levels of contact stresses to
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the real-life case. Furthermore, the test rig also incorporates scaled representations of track
components (such as sleepers and fasteners) and vehicle components up to the primary
suspension level, contributing to dynamic similarity [23] and enabling the evaluation
of the impact of structural dynamics arising from these components. The test rig can
accurately control the angle of attack and torque applied to the wheel, whereby wheel-rail
contact with pure lateral creepage, pure longitudinal creepage, or a combination can be
reproduced. In this study, we measured the pure lateral and pure longitudinal creep curves
under clean and dry contact conditions in the V-Track using displacement-controlled and
force-controlled experimental principles, respectively. We proposed a data processing
method through which uncertainty limits for the measured creep curve can be derived. The
influence of wheel rolling speed and torque direction, i.e., traction or braking on the creep
curve characteristics were then investigated. The measured lateral and longitudinal creep
curves were compared with Kalker’s CONTACT solutions, and also cross-checked with
each other in terms of the coefficient of friction (CoF) to show the reliability of creep curve
measurement using the V-Track. Selected results from this study were presented in [24].

2. Materials and Methods
2.1. V-Track Test Rig

The V-Track test rig consists of a ring track on which a maximum of 4 wheels can roll,
as shown in Figure 1a. The ring track comprises four pieces of rails (rail 1, rail 2, rail 3, and
rail 4) with the standard S7 profile that are each bent into an arc covering 90 degrees and
connected by joints. The rails are fixed onto 100 equally spaced sleepers throughout the
circumference of the ring track using fasteners. Rail pads are placed between the rails and
the sleepers. To achieve dynamic similarity to the real-life track structure, rubber pads are
laid underneath the sleepers to represent the stiffness and damping of the ballast layer. In
the configuration used for the present work, only two wheels are present, W1 and W2, as
shown in Figure 1a. The scaled wheels are connected to a set of two vertical springs through
an axle box and a guiding block. These components constitute the wheel assemblies, as
shown in Figure 1b. The springs are compressed to provide the desired vertical forces to
the wheel-rail contact and play the role of the primary suspension of a rail vehicle. The
wheel assemblies are connected to the platform shown in Figure 1a through a steel frame. A
motor drives the platform, pulling the wheel assemblies to travel along the ring track. The
direction of rotation is clockwise from a top view (as shown in Figure 1a). Additionally, the
wheels are also connected to a second torque motor through drive shafts, which can apply
braking or traction torques to the wheels. The AoA between the wheel and the rail can be
varied by rotating the wheel and the axle box around the axle box pivot, and is measured
using a dial gauge mounted to the guiding block that indicates the distance rotated by a
steel beam attached to the axle box, as shown in Figure 1c. The steel beam has a length of
68.45 mm corresponding to a rotation angle of ca. 0.08° for every 1 mm of the dial gauge
reading. For each wheel assembly, a four-sensor piezoelectric dynamometer is placed
between the wheel assembly and the steel frame, which measures the wheel-rail contact
forces in three directions [21]. The directions of the measured contact forces and wheel
torque are indicated by green arrows in Figure 1b. The wheel rolling speed is controlled to
a constant value by setting the rotational speed of the platform in the control software. The
braking or accelerating torque applied to the wheel can also be controlled and measured
by a torque sensor placed in line with the wheel drive shaft. The torque sensor also has
an integrated optical incremental encoder that measures the rotational speed of the wheel.
The main technical parameters of the V-Track test rig are provided in Table 1, and a more
detailed description of its design and contact force measurement capabilities can be found
in [20] and [21], respectively.
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Figure 1. The structure of the V-Track test rig: (a) an overview of the V-Track; (b) a close-up of a
wheel assembly; (c) the AoA measurement setup.

Table 1. Main technical parameters of the V-Track test rig.

Parameter Value/Range
Ring track diameter 40m
Wheel diameter 130 mm

Wheel translational speed up to 40 km/h

Wheel normal load up to 7500 N

Wheel angle of attack between —2 and 2 degrees
Wheel torque between —500 and 500 N-m

Data sampling frequency 16,670 Hz

2.2. Test Procedure

The lateral and longitudinal creep curve measurements conducted in this study, with
a total of nine test cases, are summarised in Table 2. Before running the tests, the vertical
rail alignment was adjusted to within & 5 mm, so that the normal force on the rolling



Lubricants 2025, 13, 287

50f23

wheel would remain relatively constant throughout the circumference of the ring track. The
nominal normal load for the two wheels in the current study was set to 2600 N, which would
give an elliptical contact patch with semi-axes of 1.068 mm and 1.012 mm and a maximum
contact pressure of 1.2 GPa, which corresponds well to the wheel-rail contact pressure
experienced in the Dutch railway. To accurately control the braking and accelerating torque,
only one out of the two wheels, wheel 1 (W1), was connected to the wheel torque motor.
The other wheel, wheel 2 (W2), was allowed to roll freely by disconnecting it from the
wheel torque motor and only being pulled by the steel frame.

Table 2. Test codes and their respective test conditions.

Test Code Type of Test Wheel Rolling Speed
Test 1 v4 Lateral 4km/h
Test 1 v8 Lateral 8km/h
Test 1 v16 Lateral 16 km/h
Test 2 v4 Longitudinal, braking 4km/h
Test 2 v8 Longitudinal, braking 8 km/h
Test 2 v16 Longitudinal, braking 16 km/h
Test 3 v4 Longitudinal, accelerating 4km/h
Test 3 v8 Longitudinal, accelerating 8km/h
Test 3 v16 Longitudinal, accelerating 16 km/h

2.2.1. Lateral Creep Curve Test

For the lateral creep curve test (Test 1 in Table 2), a small traction torque was applied
to W1 to neutralise the braking torque arising from friction in the wheel bearings, which
thus caused a nominal-zero longitudinal wheel-rail contact force, such that pure lateral
creepage contact conditions could be maintained. The AoA was increased gradually from
0.0°. The angle increment was initially in a step of 0.08°, and reduced to 0.04° after an
AoA of 0.32° to capture more data points of the creep curve when approaching saturation.
For each angle step, the wheel-rail contact forces were measured for at least three ring
track cycles. The AoA was increased until friction saturation was observed, when the
recorded lateral force level was found to remain approximately constant with a further
increase in the AoA. When friction saturation was achieved, the coefficient of adhesion
(CoA) could be approximated as the CoF of the V-Track. The interfaces of the rails and
wheels were carefully cleaned with acetone before each AoA increment to maintain clean
and dry contact conditions throughout the test. At each angle step, three rolling speeds of
the wheel were tested, namely, 4 km/h, 8 km/h, and 16 km/h.

2.2.2. Longitudinal Creep Curve Test

For the longitudinal creep curve tests (Test 2 and Test 3 listed in Table 2), the wheel
AoA was set as close as possible to zero to produce pure longitudinal creepage contact
conditions. The braking torque applied to W1 was increased gradually from zero. The
torque increment was set to 20 N-m initially, until a torque of 60 N-m, and then reduced to
3 N-m until friction saturation was achieved. The creep curve close to friction saturation
could thus be more accurately captured. For each torque step, the wheel-rail contact forces
and the wheel and platform rotational speeds were recorded for at least three cycles to
guarantee test repeatability. After three torque steps, the interfaces of the rails and wheels
were cleaned with acetone to maintain clean and dry contact conditions throughout the
test. The same procedure was repeated for the tests with the traction or accelerating torque
applied. Both braking and accelerating torque tests were conducted at three wheel rolling
speeds of 4 km/h, 8 km/h, and 16 km/h.
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2.3. Data Processing and Uncertainty Analysis

When measuring creep curves, creepage and the corresponding CoA need to be
obtained. Data processing in this subsection involves the calculations of lateral and longitu-
dinal creepage and the CoA. An uncertainty analysis of these quantities in the measurement
was also carried out. In the subsequent sections, the data measured from rail 2 are used as
a representative example, as the best control of torque and the AoA was achieved for rail 2.
The measurements on the other three rails exhibited similar trends.

2.3.1. Calculation of Lateral Creepage

Lateral creepage ¢, was approximated as the AoA, considering the AoA was small,
which was measured using a dial gauge, as in Equation (1):

Gy = sin(AoA) = sin (i), 1)

where d is the reading from the dial gauge and L is the length of the steel beam (Figure 1c).
The uncertainty in measuring lateral creepage can be obtained through type B evaluation by
applying the law of propagation of uncertainty [25] to Equation (1). This gives the following:

2 1-¢2)d?
var(&y) = (1 Lfy)var(d) + (Liy> var(L), 2)

where var(X) stands for the variance of X. The variance in 4 and L corresponds to errors in
the measurement of the dial indicator and the steel beam length at the dial indicator contact
point. These are modelled as rectangular distributions with limits equal to the resolutions
of the instruments used for the measurements. The resolution of the dial gauge is 0.01 mm,
that of the calipers used for the measurement of the length of the steel beam—0.02 mm.
The standard uncertainty in the measurement of lateral creepage is the square root of the
variance. The maximum standard uncertainty in the lateral creepage measurement in this
study can thus be calculated via Equation (2) as 0.00422%.

2.3.2. Calculation of Longitudinal Creepage

In the V-track, longitudinal creepage ¢ can be calculated as per Equation (3):

= w ®)
where (2 is the platform rotational speed, w is the wheel angular speed, R is the radius
of the ring track, and Ry, is the radius of the wheel. However, in the current V-track
configuration, the encoder used to measure the platform rotational speed has a significantly
lower resolution, and thus a larger error, than the encoder measuring the wheel angular
speed, which may lead to a large error in the calculated longitudinal creepage. To overcome
this, another approach is used in this study for the calculation of longitudinal creepage,

where only the wheel angular speed measurement is required, as given by Equation (4):

_ |woRy — wWRy|
woRyw

Cx (4)

Here, wy represents the wheel angular speed measured with a nominal-zero longitudi-
nal wheel-rail contact force, i.e., the wheel-rail contact is in a free rolling condition. Because
the wheel circumferential speed wyRy, is theoretically equal to the wheel rolling speed
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29 30

31

QR in the free-rolling condition, and the platform rotational speed (2 is kept nominally
constant during each longitudinal test case, woRy can be used in place of OR,.

An example of the wheel angular speed measured with the wheel encoder is shown in
Figure 2 in the free-rolling condition of Test 2 v8. The bottom horizontal axis represents
the angular position of W1 as it rolls along the circumference of the test rig, and the
top horizontal axis marks the sleeper numbers. The fluctuations of the signal, i.e., high-
frequency variations superimposed on a low-frequency wave, are induced by two types of
errors of the optical incremental encoder used for wheel speed measurement: short-term
errors (also called differential non-linearities), which manifest as high-frequency random
fluctuations in the measured speed signal, and long-term errors (also called integral non-
linearities) that are more prominent at lower frequencies [26,27]. Before the calculation of
longitudinal creepage using Equation (4), the wheel speed signal has to be processed to
reduce the impact of these error sources.

sleeper number
32 33 34 35 36 37 38 39 40 41 42 43 44 45 46

w
w
N

328

326 ‘

324 Hll Measured signal

W1 rotational speed / RPM
w
=
A

|

| | | | | | | | | | | | | | |

W

o [ 1
\Q% \\\- \\"'JTL \\oo?’ N \ \'19~ \3’5~ \n)b?’ \D(Q-

SN N ah 16 a2 b e @
B A \b:\ \5\ \5& \5% \6

position on ring track / degrees

Figure 2. Wheel angular speed signal measured from the encoder.

Reducing Short-Term Errors

Short-term errors are mainly caused by the internal processes within the encoder and
are specified by the cycle error of the encoder. This cycle error is the difference between the
ideal angle turned in one encoder cycle (given by %, where N is the number of pulses or
counts per revolution of the encoder) and the actual angle covered [28]. Since short-term
errors are random in nature, their influence can be reduced by averaging. The number of
datapoints to be averaged can be determined based on the cycle error specifications of the
encoder and the required uncertainty in longitudinal creepage, through a type B modelling
of the uncertainty in longitudinal creepage.

Applying again the law of propagation of uncertainty to Equation (4), we can write
the variance in the longitudinal creepage as follows:

rvar(w)
w2

var(Cx) = 2(1 —&x) (5)

The V-Track uses the period-based method (or T-method) to calculate the wheel rota-
tional speed, where the time period for a certain number n of encoder pulses is measured
using a high-resolution clock signal [29]. In this method, the wheel rotational speed is

calculated as follows:
e ©
At

w =
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where Af is the angle turned by the encoder in one pulse and At is the elapsed time. For an
ideal encoder, A6 = %. However, for a real encoder, the angle turned can be modelled

follows:
as follows 360

N

where 06 is the zero mean variable which denotes the difference in the angle turned due to

nAb + 46, 7)

the cycle error of the encoder. By substituting 766 in Equation (6) with Equation (7), and
applying the law of propagation of uncertainty once again, we obtain the following;:

var(w) _ var(66)
w? (n26)*’

(8)

where var(66) is the variance caused by the cycle error of the encoder and can be obtained
from the encoder specifications. Here, we neglected the influence of uncertainty in the time
measurement. The V-Track uses a high-accuracy field-programmable gate array (FPGA)
clock with uncertainties of the order of 200 ppm, whose error is insignificant compared
to the error in the angle measurement. Substituting Equation (8) in Equation (5) and
rearranging, we obtain an expression for the angle turned by the encoder:

2 _2(1-&)°
var(Gx)

For the V-Track, the encoder specifications state a maximum cycle error (66,,x) of
0.0104° and a typical cycle error (664,,) of 0.004166° [30]. Thus, for the V-Track, 66 can be
modelled as a trapezoidal distribution, whose variance is as follows:

562 501 \ 2
var(660) = ’6”‘” (1 + <59my;) ) (10)

Now, from Equations (9) and (10), we can find the value of 166, for which a certain

(nAd) var(66) )

level of uncertainty in creepage is maintained. In this study, we set the limit for expanded
uncertainty covering 95% of longitudinal creepage values as 0.15% for a nominal value of
1%. With this assumption, the variance of longitudinal creepage can be set as follows:

2
var(&y) = (22'11‘30) =5.625-10"" (11)

From Equations (9) and (11), nd6 is found to be 8.54°, which is rounded up to 10°.
This means that if the wheel rotational speed is measured in an interval of 10° of wheel
rotation, the uncertainty of the resultant longitudinal creepage is within the specified limit,
assuming that the true wheel angular speed has not changed during this interval. Using
this value, a low-pass resampling filter is applied to the measured wheel speed signal. The
filtered signal and the original signal are compared in Figure 3, where the reduction in
high-frequency variations can be clearly observed.

Reducing Long-Term Errors

As shown in Figure 3, a low-frequency fluctuation is also present in the measured
wheel speed signal. The Fast Fourier transform (FFT) of the resample-filtered signal in
Figure 3 is plotted in Figure 4, where we can see that the main contribution is from the
5.53 Hz frequency, very close to the nominal wheel rotational frequency of 5.44 Hz. This
can be due to the eccentricity of the encoder mounting [31]. When the encoder shaft is not
completely aligned with the wheel shaft, the centre of the code wheel inside the encoder
is offset from the rotational centre of the wheel shaft, causing a periodic disturbance in
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the measured wheel speed, at the frequency of rotation. To reduce the influence of this
error, a notch filter is applied to the filtered signal at the frequency of wheel rotation and
its second harmonic. The resultant wheel speed signal is shown in Figure 5, compared to
the resample-filtered signal from the previous step (reducing only short-term errors). We
may see that the influence of long-term errors is mostly reduced. This notch-filtered signal
was finally used in Equation (4) as the measured wheel angular speed w to calculate the
longitudinal creepage.

sleeper number

29 30 3] 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46
S [ T T T T T T T T T T T T T T T T
~
=) 332
B 330
(]
21
w2
Té, 328 Ik
|
§ 326
e
; 324 - mResample filtered B Measured signal

I I ) I 1

\ngb \Qm.b‘ \O® \\\.6 \\cﬁw \\%.%

position on ring track / degrees

Figure 3. Comparison of the measured angular speed signal and the resample-filtered angular
speed signal.

T T T T T T T T T
| 1 | Frequency 5.53 Hz

o
%
T

1

o
o
T

1

Amplitude / RPM

<
~

0.2

10 20 30 40 50 60 70 80 90 100
Frequency / Hz

Figure 4. FFT of the resample-filtered wheel speed signal.

The increase in the calculated longitudinal creepage with applied torque can be visu-
alised in Figure 6, where the average values of wR,, are compared to wyR, across increasing
values of braking and accelerating torques. We can clearly see the increase in slip speed
and creepage from the diverging values between wyRy and wRy.
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Figure 5. Comparison of the resample-filtered angular speed signal and the resampled and notch-

filtered angular speed signal.

1.12

1.118

1.116

Velocity / m/s

1.114

[ | WORw
B wR, in accelerating case
B wR, in braking case

1 1 1 1
0 10 20 30 40 50 60
Applied torque / Nm

1.112

Figure 6. Visualisation of increasing longitudinal creepage with torque; woRy, stays constant through-
out the increasing applied torque, while wRy, diverges from wyRy, in opposite directions for acceler-
ating and braking torques.

2.3.3. Calculation of the CoA

The CoA in each test case was calculated based on the measured longitudinal, lateral,
and normal contact forces via Equation (12):

NGERR
COA - 7 (12)

F,

where Fy, F,, and F; are the longitudinal, lateral, and normal contact forces. Figure 7 plots
the contact forces measured in the lateral creep curve test (Test 1 v8). The last three AoA
cases (i.e., AoA = 0.41°, 0.046°, and 0.50°, all beyond friction saturation) were removed to
improve readability. The saturation of lateral force can be observed in the final few cases
when the AoA > 0.24, as no increase was observed with a further increase of the AoA. By
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carefully adjusting the vertical rail alignment along the ring track to within 4= 5 mm, the
mean value of the normal force, consistent for all the AoA cases, was maintained within
2661.7 &= 20 N. The mean value of the longitudinal force was maintained within 5.7 £ 10 N
so that the contact could be considered under pure lateral creepage conditions.

sleeper number
43 44
| I

150

100

Longitudinal contact force / N

151.2 154.8
position on ring track / degrees
sleeper number
43 44

1000

Smi///\\v//~\LA//qxVA/r\\\J//\\\Jf/\\\Jﬂf\\/J/N\

Lateral contact force / N

0 —
] ]
151.2 154.8
position on ring track / degrees
sleeper number
43 44
T T
2900 |-
Z
' 2800 |
2
]
5 2700 | Y, /
= b
8 2600
= Y N
E 2500
Z
2400 -
1 1
151.2 154.8
position on ring track / degrees
Ao0A 0.00 degrees H AoA 0.08 degrees Ao0A 0.16 degrees B AoA 0.24 degrees
AoA 0.32 degrees W AoA 0.37 degrees

Figure 7. Measured contact forces across the tested AoA range in Test 1 v8.

Figure 8 plots the time histories of the contact forces measured in the longitudinal
creep curve test (Test 2 v8). The last torque case (i.e., 69 N-m) was removed to improve
readability. The saturation of the longitudinal contact force is visible when the torque is
over 63 N-m. The mean value of the lateral force was maintained within 66 -+ 47.6 N, which
at the maximum value was less than 11% of the maximum longitudinal force at saturation.
The contact could thus be considered under pure longitudinal creepage conditions.
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Figure 8. Measured contact forces across the tested torque range in Test 2 v8.

To plot the creep curves, i.e., the CoA given as a function of creepage, a representative
value of the CoA needs to be calculated from the measured wheel-rail contact force time
histories at each creepage level. In this study, we used the average value of the measured
forces, based on which a representative CoA was calculated, as in [1,32,33]. The uncertainty
of the calculated CoA points can be approximately quantified through type B evaluation. An
application of the law of propagation of uncertainty to Equation (12) provides the following:

o\ F, 2 CoA\?
UQT(COA) - <(M*PZZ) Uﬂr(Px) + <(M*Fzz> Uﬂr(Fy) + TZ Uar(Fz) (13)
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The variances in the measured contact forces can be calculated from a static calibration
of the dynamometer as provided in [21], where the error of the dynamometer was estimated
to be 0.95% for Fy, 4.38% for F,, and 0.96% for F,. The calibration was performed with
a load cell, which itself has an error of 0.6%. Combining these error values, we obtain
the following:

2 2
095F, 0.6F;
var(Fy) = < 300 ) - ( 300 ) 4
438F,\2 | (06F, 2
var (Fy) = (73000 + (Woy) , (14)
2 2
var(E) = (%) + (%)

where the errors in the forces measured by the dynamometer and the load cell were

modelled as normal distributions with expanded uncertainty to 99% coverage values equal
to the error values obtained from static calibration. Using Equations (13) and (14), the
approximate uncertainty at every CoA point on the creep curve can be calculated. The
maximum standard uncertainty in the CoA in the lateral and longitudinal creep curve tests
was 0.006 and 0.002, respectively.

3. Results and Discussion

With the processed creepage and CoAs, the lateral and longitudinal creep curves
could be obtained for all the test cases in Table 2. To account for any deviation of the
CoF along a rail of the V-Track, each rail was divided into five divisions, and the creep
curves were plotted for each division. The creep curves were then compared across
wheel rolling speed conditions, between the opposite directions of the applied torque, and
with the theoretical creep curves obtained from the widely-accepted Kalker’s CONTACT
programme [2]. Finally, the lateral and longitudinal creep curves were also cross-checked,
demonstrating the reliability of the V-Track in studying wheel-rail frictional rolling contact.

3.1. Lateral Creep Curves
3.1.1. Measured Creep Curves

The lateral creep curves obtained from Test 1 v8 for each rail division, as well as a
comparison, are shown in Figure 9. At each datapoint in the creep curve, the vertical blue
error bar denotes the variation in the CoA measured in the three repeated cycles at that
creepage point. The error bar length corresponds to 20 times the standard deviation of the
measured CoA values. Although such a high multiplier of the standard deviation was used
to increase legibility, the error bars are still of short length in the figure, denoting excellent
repeatability of the CoA measurement. Additionally, at each point in the plotted creep
curve, a shaded orange region represents the expanded uncertainty of that point to 95%
coverage. The width of the orange region represents the uncertainty in the lateral creepage
measurement calculated via Equation (2), while the height represents the uncertainty in the
CoA measurement, calculated via Equations (13) and (14). Connecting the corners of the
shaded regions, two black dashed curves were drawn, indicating the bounds of the overall
uncertainty in the measured creep curve at 95% coverage. The maximum value of the creep
curve, or the CoA, represents the CoF. The CoF values of all five divisions were found to be
very close to each other, with an average of 0.3823 and a standard deviation of 0.0092. This
indicates an approximately constant CoF along the rail. The CoF measured from the lateral
creep curve test was then used for the estimation of the maximum torque applied in the
longitudinal tests to avoid severe interface damage induced by high longitudinal creepage.

As can be observed from Figure 9, the measured lateral creep curves did not start at
zero, i.e., the measured CoAs were non-zero at the zero creepage. This could be due to the
existence of a small AoA in the V-Track setup, which can hardly be avoided and causes a
small lateral force. Note that the influence of this small AoA on the measured creep curves
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was limited, mainly on the starting point, which can be confirmed by comparisons with
CONTACT solutions later Section 3.1.3.
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Figure 9. Lateral creep curves for Test 1 v8: (a) division 1; (b) division 2; (c) division 3; (d) division 4;
(e) division 5; (f) comparing creep curves of all divisions.

3.1.2. Influence of the Rolling Speed

The combined creep curves, i.e., plotted on the basis of the measurement results from
all five rail divisions, for Test 1 v4, Test 1 v8, and Test 1 v16 are compared in Figure 10. The
uncertainty bounds and error bars were omitted for the sake of legibility. The influence of
the wheel rolling speed on the measured creep curves can be identified in two aspects: a
slight decrease in the CoF value and a reduction of the creep coefficient, i.e., the initial slope
of the creep curve. A reduction of the CoF with an increase in rolling speed in the lateral
creep curve was reported in [18]. In this study, the CoF reduced from 0.4021 for 4 km/h to
0.3822 for 16 km/h of the wheel rolling speed. The dashed lines in Figure 10 represent the
best linear fits of the datapoints in the least-squares error sense, corresponding to the first
three lateral creepage values for each tested speed. The slope of the dashed line is thus an
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estimate of the creep coefficient. In this study, the creep coefficient reduced from 0.7970 %~
for 4 km/h to 0.7501 %! for 16 km/h. A change in the creep coefficient was observed
in an experimental study of the influence of various third-body layers on the creep curve
characteristics [34]. In this study, as mentioned in Section 2.2.1, the lateral creep curves
with three rolling speeds, from low to high, were continuously tested in one go without
stopping the test rig. Some debris of the wheel /rail material may act as a third-body layer
at the wheel-rail interface for the higher speed test cases, which was responsible for the
observed reduction in the creep coefficient.
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Figure 10. Comparison between the lateral creep curves across the tested speeds. The dashed lines
represent the estimated creep coefficients for each test case.

3.1.3. Comparison with CONTACT

The measured lateral creep curves for each speed were then compared with the
theoretical lateral creep curves obtained with the CONTACT programme in Figure 11.
The theoretical creep curves were obtained based on the measured CoF values and the
normal loads. A Poisson’s ratio of 0.27 and a shear modulus of 82.7 GPa were used as the
material properties.
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Figure 11. Comparison between the measured lateral creep curves and the numerical lateral creep
curves from Kalker’s CONTACT: (a) Test 1 v4; (b) Test 1 v8; (c) Test 1 v16.
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We can see an excellent agreement between the experimental and theoretical creep
curves for Test 1 v4, as shown in Figure 11a. The only outlier is the starting point, and
the cause is discussed in Section 3.1.1. The reduction in the creep coefficient caused small
discrepancies between the measured and simulated creep curves for Test 1 v8 and Test 1 v16,
since the applied CONTACT programme does not consider the effect of third-body layers.
The good agreement between the measurements and simulations demonstrates the V-Track
test rig as a reliable and accurate tool for wheel-rail lateral creep curve measurements.

3.2. Longitudinal Creep Curuves
3.2.1. Measured Creep Curves

The longitudinal creep curves obtained from Test 2 v8 (under wheel braking) for
five rail divisions, as well as a comparison thereof, are shown in Figure 12. The vertical
and horizontal error bars denote the variations in the CoA and longitudinal creepage
measured in the three repeated cycles at each torque value. The error bar length in the
vertical direction corresponds to 20 times the standard deviation of the measured CoA
values, while the error bar length in the horizontal direction corresponds to twice the
standard deviation of the measured longitudinal creepage values. As in the lateral creep
curve, the shaded orange regions corresponding to each datapoint in the longitudinal
creep curves represent the expanded uncertainty of that point to 95% coverage, where
its width represents uncertainty in the longitudinal creepage measurement calculated via
Equations (5), (8), and (10) and its height represents the uncertainty in the CoA measure-
ment, calculated via Equations (13) and (14). The black dashed lines, which connect the
corners of the shaded regions, show the bounds of the overall uncertainty of the measured
creep curves to 95% coverage. We may notice that the error bar length and uncertainty in the
vertical direction are small, again suggesting excellent repeatability in the measured CoA
values. Considering the error bar scale in the horizontal direction is 1/10 that of the vertical
direction, a larger deviation was observed in the longitudinal creepage measurement in
comparison to the CoA measurement, because the accuracy of speed measurement was
not as high as that of force measurement. The impact of the uncertainty in the longitudinal
creepage measurement on the longitudinal creep curves was more prominent in the lower
creepage values (below 0.4%), where the initial points are shifted to the right and the black
dashed curves are further apart in the figure.

3.2.2. Influence of the Torque Direction

The influence of the direction of the applied torque, either accelerating or braking, can
be observed by comparing the longitudinal creep curves obtained from Test 2 and Test
3 at three different wheel rolling speeds. Theoretically, no difference in the creep curves
is expected between the traction and braking conditions [2]. This is confirmed by the
measurement results shown in Figure 13, where Test 2 and Test 3 provided quite similar
trends of the creep curves. A larger scatter of datapoints can be noticed in Figure 13c
for the test cases at the speed of 16 km/h. This is because the structural vibrations of
the V-Track at high speeds may affect the wheel angular speeds wy and w, which were
used to calculate the longitudinal creepage via Equation (4). In this study, the scattered
measurement data obtained from the higher-speed test cases could still provide reasonable
trends of the longitudinal creep curve, which could be confirmed when compared to the
theoretical results in Section 3.2.4. In future studies, if “smoother” creep curves are to be
measured, the wheel-rail interface irregularities should be reduced to mitigate contact-
induced structural vibrations.
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3.2.3. Influence of the Rolling Speed

The longitudinal creep curves measured with different speeds are compared in
Figure 14 to examine the influence of the wheel rolling speed on the longitudinal creep
curve. For both the braking and accelerating cases, shown in Figures 14a and 14b, respec-
tively, we can see that the measured datapoints become more scattered when the speed
is increased due to the structural vibrations of the V-Track as mentioned above. We do
not see either the CoF or creep coefficient decreasing with the increase in wheel speeds, as
observed in the lateral creep curve measurement. Regarding the CoF, this could be because
the speed dependence of the CoF usually occurs at high values of the absolute sliding speed
(>1 m/s) [35], and with the rolling speeds (<16 km/h) and longitudinal creepage values
(<1%) used in this study, the absolute sliding speed only reached a maximum of 0.045 m/s.
At these levels, the influence of the rolling speed on the longitudinal creep curve may be
negligible, as reported in [4,11]. This leads to an interesting finding that the lateral creep
curve could be more sensitive to the influence of the rolling speed than the longitudinal
one. Regarding the creep coefficient, since it relies on the accurate measurement of the lon-
gitudinal creepage, especially at the low creepage range (<0.4%), it can be further studied
in the future with the implementation of a high-precision encoder onto the V-Track.
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Figure 14. Comparison between the longitudinal creep curves across tested speeds: (a) Test 2
(braking); (b) Test 3 (accelerating).

3.2.4. Comparison with CONTACT

The measured longitudinal creep curves at all three wheel rolling speeds were com-
pared against the theoretical longitudinal creep curves predicted by Kalker’s CONTACT
in Figure 15 for Test 2 and in Figure 16 for Test 3. Reasonable agreement was achieved
between the measurements and the simulations, especially when the longitudinal creepage
was above 0.3%. The discrepancies below 0.3% were, again, due to the uncertainty of the
wheel angular speed measurement in the current setup. Although the measured datapoints
became more scattered with the increase in speed, the CONTACT curves appear to be good
fits for the points. This demonstrates the V-Track test rig as a reliable tool for wheel-rail
longitudinal creep curve measurements.

3.3. Comparison Between the Longitudinal and Lateral Creep Curves

In principle, considering wheel and rail as isotropic materials, a pure longitudinal
creep curve and a pure lateral creep curve obtained with the same contact geometry, contact
body material, and normal load may saturate at the same CoF value [2]. In this study, the
lateral and longitudinal creep curve tests were independently measured using the V-Track
with different experimental principles. The lateral creep curve tests were displacement-



Lubricants 2025, 13, 287 19 of 23

controlled, with an independent variable of the AoA, while the longitudinal creep curve
tests were force-controlled, with an independent variable of torque. The measured lateral
creep curves were compared with longitudinal creep curves obtained from both the braking
and accelerating tests in Figures 17 and 18, respectively, across all the tested speeds. The
averages of the maximum CoA values measured across all five rail divisions were regarded
as the measured CoFs. The location of the CoF value corresponding to each creep curve is
also indicated in Figures 17 and 18, using a yellow marker for the longitudinal creep curves
and a cyan marker for the lateral creep curves. With a cross-check of the measured CoFs
tabulated in Table 3, we obtained a reasonable agreement, with an approximate percentage
difference of only 2.5% for speeds below 16 km/h. This also shows the reliability and
accuracy of the V-Track for the CoF measurement. A maximum percentage difference of
8.55% at the speed of 16 km/h could be attributed to the increased sensitivity of the lateral
creep curve to the wheel rolling speed as discussed in Section 3.2.3. This will be further
investigated in the future using the upgraded V-Track.
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Figure 15. Comparison between the measured longitudinal creep curves from braking tests and the
numerical longitudinal creep curves from Kalker’s CONTACT: (a) Test 2 v4; (b) Test 2 v8; (c) Test
2 vle6.
a b c
( )0.45 ( )0.45 ( )0.45 e o
04t 204 % ' o4 ®
So03st £ 035 B 035t
2] w wn
2 03¢ % 0.3 2 03
= =
<025} < 0.25 < 0.25
G — ol
2 02t S 02 S 02
8 I 5 5
2 0.15 g 015 2 0.15
£ o1} ol g 01 ® o8 1
3 I m Test 3 v4 2 | Test 3 v8 3 . m Test3v16 |
O 0.05 —CONTACT| © 003 —CONTACT| © 005 — CONTACT
0 0
0 010203040506 0708 09 1 0 010203040506 070809 1 0 01 02 03 04 05 06 07 08
Longitudinal Creepage / % Longitudinal Creepage / % Longitudinal Creepage / %

Figure 16. Comparison between the measured longitudinal creep curves from accelerating tests and

the numerical longitudinal creep curves from Kalker’s CONTACT: (a) Test 3 v4; (b) Test 3 v8; (c) Test
3vle.

Table 3. Comparison of the CoF values from lateral and longitudinal creep curves.

Wheel Percentage Percentage
Translational Test 1 Test 2 Test 3 Difference, Test Difference, Test
Speed 1 vs. Test 2 1 vs. Test 3
4km/h 0.4021 0.4113 0.4111 2.2879 2.2382
8km/h 0.3823 0.3917 0.3924 2.4588 2.6419

16 km/h 0.3822 0.4149 0.4080 8.5557 6.7504
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Figure 17. Comparison between the lateral creep curves and the longitudinal creep curves from the
braking tests across all the tested speeds: (a) 4 km/h; (b) 8 km/h; (c) 16 km/h.
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Figure 18. Comparison between the lateral creep curves and the longitudinal creep curves from the
accelerating tests across all the tested speeds: (a) 4 km/h; (b) 8 km/h; (c) 16 km/h.

4. Conclusions and Future Work

The V-Track test rig was employed in this study to measure the wheel-rail lateral and
longitudinal creep curves under clean and dry contact conditions. The novel contributions
from this study are threefold. 1. With proper representations of train/track components,
the V-Track tests revealed the effects of structural dynamics on measuring wheel-rail creep
curves in real life through the increased variability in creepage measurements. 2. Pure
lateral and longitudinal creepage conditions were produced with two distinct experimental
principles—displacement- and force-controlled—on the V-Track, i.e., by carefully con-
trolling the angle of attack and the traction/braking torque, respectively, and thus the
coefficients of friction from lateral and longitudinal creep curves measured on the same
platform were cross-checked. 3. The uncertainties in the measured creep curves were
analysed, and the creep curves were plotted with the corresponding expanded uncertainty
ranges; this was rarely addressed in previous studies on creep curve measurement. The
conclusions from the comparison of the measured and theoretical creep curves and the
sensitivity study are as follows:

1. For the lateral creep curve: the lateral creep curve tests indicate a slight decrease in the
CoF value and a reduction in the creep coefficient with the increase in the wheel rolling
speed. The CoF decrease with speed was in line with previous studies, while the creep
coefficient reduction was probably induced by the debris of the wheel/rail material
acting as a third-body layer at the wheel-rail interface for the higher-speed test cases.
Excellent agreement was achieved between the experimental and theoretical lateral
creep curves. Small discrepancies were found in the higher-speed test cases because
the applied CONTACT programme does not consider the effect of third-body layers.
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2. For the longitudinal creep curve: the longitudinal creep curves measured with the
accelerating and braking torques showed quite similar trends, corresponding well
to the theoretical results. The speed dependence of the CoF that is often observed
with high values of the absolute sliding speed (>1 m/s) did not occur in this study,
possibly because the rolling speeds (<16 km/h) and the longitudinal creepage (<1%)
values applied in this study produced sliding speeds not higher than 0.045 m/s. Good
agreement was achieved between the measured and simulated longitudinal creep
curves, especially when the longitudinal creepage was above 0.3%. The discrepancies
below 0.3% could be due to the uncertainty of the wheel angular speed measurement
in the current test setup.

3. The agreement between the experimental and theoretical results, as well as the aligned
CoFs measured with the lateral and longitudinal creep curve tests, demonstrated the
reliability of the V-Track for wheel-rail creep curve measurements and its suitability
for studying the wheel-rail frictional rolling contact.

The limitations of the study present opportunities for enhancement and further re-
search. Relatively high measurement uncertainties suggest that the creep curve measure-
ment at low longitudinal creepage values can be improved. Additionally, the pre-set
AoA was assumed to remain constant throughout the complete ring track circumference.
Further research may focus on reducing measurement uncertainty by implementing higher-
resolution encoders and a continuous AoA monitoring system. Better control of wheel-rail
surface irregularities is also needed to minimise the contact-induced structural vibrations
that affect measurement stability at high speed. The upgraded V-Track will then be used
to investigate creep curve characteristics under more complex friction conditions, such
as in the presence of water contamination, leaf layer deposits, lubricants, and friction
modifier applications.
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