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Abstract: The wheel-rail friction coefficient (FC) is one of the critical
parameters in the wheel-rail contact. This study focuses on the wheel-rail
contact and rolling contact fatigue for the low-floor vehicle under the different
FC. Firstly, the dynamic model of the low-floor vehicle is developed. Then,
the area of contact patch, tangential stress, creep force, and normal force as the
important indicators are investigated. Finally, based on the Shakedown
Diagram and Dang-Van criterion, the rolling contact fatigue of traditional
wheelset (TW) and independently rotating wheel (IRW) is studied. The results
show that the superficial fatigue index of TW is always lower than that of IRW
as the radius of the curve increases. The accumulated fatigue damage is more
severe in the FC range of 0.15-0.25, where the accumulated fatigue damage of
TW and IRW is increased by 0.0158 and 0.0311, respectively.
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rolling contact fatigue; wheel-rail contact.
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1 Introduction

With the increasing running speed of urban rail transit and the complexity of the
environment, fatigue damage and wheel-rail contact problems are becoming increasingly
severe. The friction coefficient (FC) is one of the most critical parameters in the wheel-
rail contact problem. The high friction-coefficient will affect the wheel-rail contact, and
accelerate the crack propagation (Xiao et al., 2016). Therefore, studying the influence of
FC on the wheel-rail contact and accumulated damage is of great significance for
increasing the service life of wheels.

Gao et al. (2019) investigated the impact of different rail-cant on the wheel-rail
contact of vehicle by spatial contact geometry algorithm. Zou et al. (2018) analysed the
influence of wheel diameter difference on contact relationship for braking and sliding.
Literature (Lu et al., 2017; Polach, 2016; Kaiser et al., 2020) explored the effects of wear
and structural deformation on wheel-rail geometric contact parameters. Made et al.
(2011) explored the influence of curve passing speed and vehicle weight on wheel-rail
contact. Lei and Wang (2020) studied the wheel-rail interaction under the different
wavelengths. Malvezzi et al. (2013) explored the relationship between adhesion
coefficient and running speed. And they used neural network procedure to identify
adhesion coefficient. In the above researches, the influence of different factors on wheel-
rail contact has been studied. However, the influence of FC on the wheel-rail contact on
different segments of same curved line still needs to be supplemented.

Xiao et al. (2016) found that wheels were mainly fatigue damage under the FC less
than 0.2, while wheels were mainly wear damage more than 0.2. He et al. (2014)
investigated the rolling contact fatigue under different curvature radii. Yang et al. (2021)
found that the defects of the railroad sleeper greatly exacerbated the wheel-rail force, but
it seldom affected distribution of fatigue damage. Wang et al. (2021) pointed out that the
wheel diameter difference leads to asymmetrical tread wear, and increases the wheelset
lateral-movement, resulting in expansion of fatigue area. Liu et al. (2022) studied the
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effect of low adhesion at wheel-rail interface on the rolling contact fatigue of wheels.
Liang et al. (2022) found that rail corrugation with longer-wavelength has a smaller
impact on fatigue damage of wheels. Several authors (Taraf et al., 2010; Alarcon et al.,
2016; Wang et al., 2010; Lin et al., 2015) studied the relationship between dynamic
response, wear rate, fatigue damage, and wheel-rail FC. Eadie et al. (2008) pointed out
that fatigue damage of wheel occurs because of high friction between the wheel and rail.
Dirk and Enblom (2011) studied the influence of wear profiles and stiffness of primary
suspension on rolling contact fatigue of wheels by Archard model and the damage
function. de Paula Pacheco et al. (2023) applied the NSGA-II to optimise the wheel
profiles, and predicted the service life of wheels. A lot of researches use Shakedown
Diagram to study the fatigue damage of wheels. However, the Shakedown Diagram
cannot predict the distribution of fatigue damage to the wheels and the fatigue life.
Besides, the difference between the rolling contact fatigue of low-floor vehicle’ TW and
IRW is not studied deeply enough.

This paper aims to analyse the influence of FC on the wheel-rail interaction and the
difference between rolling contact fatigue of low floor vehicle’s TW and IRW. For this
purpose, a low-floor vehicle dynamics model is developed, and the correctness of the
dynamics model is verified based on field tests in Section 2. In Section 3, the simulation
analyses of the wheel-rail interaction under the different FCs are carried out. In Section 4,
the Shakedown Diagram and Dang-Van criterion are utilised to study the rolling contact
fatigue. Lastly, some conclusions are drawn in Section 5.

2 Establishing the low-floor vehicle model

2.1 Vehicle system motion equation

To reflect the vibration performance of the vehicle as realistically as possible, the six
degrees of freedom of vehicle body, bogie frame and wheelset are considered (Sun et al.,
2020), the differential equation of vehicle dynamics as follows

MX +CX+KX=F (1)

where M, C, K are respectively the mass, damping, and stiffness matrices. X, X, X are
respectively the acceleration, velocity and displacement matrices. F is the load matrix.

2.2  Wheel-rail contact model

Wang et al. (2022) investigated the advantages of Kik-Piotrowski, Stripes, and Analyn
contact models. They found that the accuracy of Kik-Piotrowski model is slightly higher
than that of Analyse model, and the Stripes model is relatively the worst on the curve
segment. Furthermore, Kik-Piotrowski model has the shortest calculation time, 0.25% of
Contact model under the same conditions. Moreover, the calculation time required for
Stripes and Analyse model is larger than that for Kik-Piotrowski model. Li (2020)
pointed out that the calculation accuracy of the Kik-Piotrowski model is close to that of
the Analyse model, and there is no local negative curvature problem in Kik-Piotrowski
model, which can solve the contact problem that Analyse model cannot solve. Tao et al.
(2016) found that the ratio of wear depth of Contact, Hertz, Kik-Piotrowski, Stripes and
Analyn models is 1:0.82:0.92:0.82:0.75. The prediction results of the Kik-
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Piotrowski model are more accurate. Sun et al. (2018) proved that the use of Kik-
Piotrowski can well simulate the multi-point contact and non-Hertz contact behaviour,
and the result is closer to that of Contact model.

Hence, the Kik-Piotrowski model is used in the subsequent simulation analysis. In
wheel-rail contact relationship, the local coordinate system is defined with contact point
as the coordinate origin. x is longitudinal direction, and the positive direction is the
rolling forward direction of wheel. y represents the lateral direction, determined by the
right-hand rule. The method in normal contact problem assumes that the two objects can
penetrate each other. In reality, what occurs when the wheel contacts with the rail is the
elastic deformation of the surface materials. The actual area will inevitably be smaller
than the penetration area. Therefore, empirical coefficient (¢ = 0.55) and the permeability
are used to determine the contact area, and that distribution of compressive stresses
should be consistent with the longitudinal contact boundary. The longitudinal contact
boundary a(y) and normal contact stress distribution p(x,y) are as follows

a(y) =~2R[6 - f ()] 2

PO X
p(x,y)—mXa(y)XJl—Ty) 3

where f(y) is the normal clearance along the lateral direction in vicinity of the contact
point. ¢ is the permeability. R is the radius of the wheel. And PO is the normal contact
stress at the contact origin.

Kalker simplified theory as follows is utilised to solve the tangential problem.

L%:—fx+¢y+sY 4)
ox )
9
&=_5y+¢x+sy (5)
dy

where L is the flexibility coefficient. p, , p, are respectively the longitudinal and lateral
creep forces. s, ,s, are respectively the velocity of creep. &, ,&,,¢ are respectively the
longitudinal, lateral and spin creepages.

2.3 Dynamics model of vehicle

Figure 1 illustrates the dynamics model of the six-module low-floor vehicle. The model
includes four motor vehicle subsystems, two trailer vehicle subsystems and the track
subsystem. The vehicle body, frame, and wheels are represented as rigid bodies. The
wheels are linked with the frame by primary suspensions; while the secondary
suspensions, mainly air spring and damper, couple the bogie to the car body. The
dynamics software UM (Universal Mechanism) is utilised to establish a low-floor vehicle
dynamics model (see Figure 2). In modelling process, the suspension device is replaced
by different forms of force elements. The motor vehicle model adopts the TW, and the
trailer vehicle adopts the IRW. The connection between the motors and the trailer
vehicles relies on the top linkage and the bottom articulation. The connection between the
two modules relies on a buffer coupler. Table 1 shows the parameters of the established
dynamics model of low-floor vehicle.
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Figure 1 Topology diagram of vehicle dynamics model: (a) side view of vehicle; (b) end view of
motor vehicle and (c) end view of trailer vehicle (see online version for colours)
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Figure 2 Vehicle system dynamics model in UM (see online version for colours)

Table 1 Parameters of the low-floor vehicle

Parameter Unit Motor car Trailer
Wheelset mass kg 1500 750 (single wheel)
Frame mass kg 2970 4224
Vehicle body mass t 9 33
Wheelbase m 1.85 1.85
Frame’s moment of inertia in roll kg'm? 1973 2084
Frame’s moment of inertia in pitch kg'm? 1876 1710
Frame’s moment of inertia in yaw kg'm® 3735 3635

Nominal rolling circle diameter m 0.66 0.66
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2.4 Validation of model

As shown in Figure 3(a) is the field test of vibration response for the low-floor vehicle.

To measure the acceleration signals of the low-floor vehicle, some acceleration
sensors are utilised to measure the accelerations at some important locations on the field
test. Here, two types of acceleration sensors are utilised: one has a sensitivity of 50.404
with a test range of 0-100 g, while the other has a sensitivity of 101.828 with a test range
of 0-50 g. Measuring points nos. 1 and 2 respectively are each axle box and bogie frame
directly above axle box (Figure 3(b) and (c)). Firstly, the block with threaded holes is
pasted onto the measuring points during measurement. Then, the acceleration sensors
with external threads are screwed into the block. Finally, the other end of the acceleration
sensor is connected to the acquisition instrument. Due to the requirement of uninterrupted
power supply for data collection, the acquisition instrument is installed in the carriage
(Figure 3(d)). Meanwhile, the acquisition instrument is connected to a laptop through
network cables, and the test data is gathered by the software package COINV DASP in
the laptop.

Figure 3 Data acquisition system (see online version for colours)

The dynamics model of the low-floor vehicle is utilised to calculate the vibration
acceleration under the same running conditions. The results are compared with measured
data on field tests to validate the model’s reliability and ensure subsequent simulations’
accuracy as shown in Figure 4. Notably, there is a slight difference between the
simulation and test results. One important reason is that the electric motor was not
considered in the dynamics model, but in reality, the power is provided by the electric
motor and transmitted through the gearbox. During this process, the vibration generated
by the traction system will be collected by acceleration sensors. Moreover, in the
simulation analysis, the new wheels are used in the dynamics model, but on the low-floor
vehicle under experiment, there will be some wear on the wheels during continuous
running. Nevertheless, the similar variation and the slight difference between maximum
values suggest that the dynamics model can be used for simulation calculations.
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Figure 4 Verification of vehicle dynamics model: acceleration of axle box (a) and bogie frame
(b) (see online version for colours)
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3  Wheel-rail contact

3.1 Dynamic contact points

It is generally believed that the more concentrated the wheel-rail contact location is, the
better the running stability will be (Ma et al., 2018). The wheel-rail dynamic contact
position under the 0.1-0.3 FC is studied on a straight line. Figure 5(a) shows the dynamic
contact point position under the different FCs. The lateral distribution of dynamic contact
points as follows can characterise the running stability of vehicle to a certain extent.

b,=20 (6)

where o is the standard deviation of contact position.

Figure 5(b) illustrates the root mean square and lateral distribution of dynamic contact
point. Obviously, as the FC increases, root mean square and lateral distribution width
gradually increase, which means that the running stability of the vehicle decreases.
Furthermore, as FC increases from 0.15 to 0.2, the root mean square and lateral
distribution width reach the maximum increment of 0.8% and 2.7%, respectively.

Figure 5 Dynamic contact position of wheels under different FCs: (a) time-range curve of the
wheel dynamic contact point position and (b) root mean square and lateral distribution
width (see online version for colours)
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3.2 Dynamic contact performance between wheel and rail

The rail was simulated with CN 60 rail and LM worn-profile tread was applied to wheel
profile. Considering the running environment of low-floor vehicle, the running speed is
40 km/h, and the superelevation is 0.095 m. The parameters of curve line are shown in
Figure 6. The 500 m rail irregularity (see Figure 7) is applied to the established dynamics
model of the low-floor vehicle.

Figure 6 Schematic diagram of curved line (see online version for colours)
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Figure 7 Rail irregularity: (a) vertical irregularities and (b) horizontal irregularities (see online
version for colours)

=4 B A
E 3| [ Lefirai W2 L Leftmail ™
St R . §of e | -l
= EI- TN W 200 {| | j \ l Ml il
Z 91 | f 4 \ & - !
g '\. { I | A [ EJ 0 ‘év.', I"ul I1T"| i.l. .||l‘|‘j .‘,;,{l |Nllfi'.l ‘-|I- .i|.'\
2 of Mt Il AT 2 PP y P
b= _IF_',-'J_ i .I I. ? IRl = A} | r .! |‘ e |
2 oL | i by . § _; i ‘ v
| E . . ; .
=3 100 200 300 400 s0 T 0 100 200 300 400 500
Distance (m) Diistance (m)

Figures 8 and 9 show the contact patches at the midpoint of front straight line segment
and circular curve segment, respectively. It can be clearly seen that there is almost no
change in the profile and area of contact patch at the two locations. There is a certain
creep area in the contact patch in the straight line segment under the FC of 0.1. However,
with the increasing FC, the area of creep declines, and the adhesion area escalates
accordingly. In contrast, the large deviation between the centre of the wheel and track in
the curved segment results in only a creep area within the contact patch. In addition, the
tangential stress is very little affected by the FC on the straight line segment but
significantly affected on the curved segment.
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Figure 8 Contact patch at the midpoint of the front straight line segment: (a) u = 0.1;
® u=0.15(c)u=0.2; (d) u=0.25 and (e¢) u= 0.3

by [|” w | W] (e

Figure 9 Contact patch at the midpoint of the circular curve segment: (a) u =0.1; (b) u = 0.15;
(©u=0.2;(d)u=0.25and (¢) u=0.3
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Figure 10 The variation of indicators under different the FC in each segment: (a) lateral creep
force; (b) longitudinal creep force; (c) area of contact patch and (d) normal force
(see online version for colours)
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However, the contact patch in Figures 8 and 9 cannot intuitively reflect the creep force
and normal force. Therefore, the complete curve crossing simulation is conducted. The
route is divided into five segments. Then, the variation of each indicator in each segment
as studied is presented in Figure 10.

Figure 10(a) reflects the variation of lateral creep force. As can be seen in the results
that in the front and rear straight line segment, the lateral creep force hardly changes with
the varying FC, fluctuating between 3—4 kN; whereas in the transition curve and circular
curve segments, the lateral creep force is positively correlated with FC. The peak lateral
creep forces approach 13.97 kN (front transition curve), 13.46 kN (circular curve), and
9.67 kN (rear transition curve) under the FC of 0.3, 153.6%, 158.1%, and 136.3% larger
than those under the FC of 0.1, respectively.

Figure 10(b) illustrates the variation of longitudinal creep force. Obviously, the
tendency of longitudinal creep force is similar with that of later creep force. The peak
longitudinal creep forces approach 12.61 kN (front transition curve), 11.21 kN (circular
curve), and 11.25 kN (rear transition curve) under the FC of 0.3, 164.7%, 363%, and
196.5% larger than those under the FC of 0.1, respectively.

Figure 10(c) displays the variation of contact patch area. It is worth mentioning that
on the circular curve segment, the area of contact patch varies less under the varying FC,
fluctuating within the range of 42-44 mm”. Additionally, the contact patch area on the
other four segments shows wide range of fluctuation.

Figure 10(d) displays the variation of normal force. When the FC increases by 0.2,
the change trend of the normal force is slight in the front and rear straight line segment,
increased by only 0.15%. Similarly, in the transition curve and circular curve segments,
the normal force shows little sensitivity to changes in the FC.

4 Rolling contact fatigue of wheels

The Shakedown Diagram (Figure 11) is commonly applied to predict RCF (rolling

contact fatigue) of wheels. This map is divided into plastic stability zone, elastic stability

zone, elastic state zone and ratchet effect zone. Ekberg et al. (2002) proposed the

superficial fatigue index (FI;) expressed by equations (7) and (8), based on the

shakedown diagram. FI; represents horizontal distance between the contact point and

ratchet effect curve, which reflects the difficulty of the occurrence of fatigue damage.
2rabk

FIg = u— 3F (7

n

T +T; g
ﬂ—T (®

n

where 7, T, are respectively the longitudinal and lateral force; a, b are respectively the
short and long half shafts of contact patch; k& is taken as 303 MPa here and is the shear
yield strength; F is the normal force.
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Figure 11 Shakedown diagram (see online version for colours)
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Since the low-floor motor vehicles adopt TW while the trailer vehicles adopt IRW, the
performance of these two types of wheels varies when running on different tracks. Based
on the service conditions, four track conditions are set in Table 2. The effect of FC on the
fatigue damage of the wheels is studied separately.

Figure 12 displays the superficial fatigue index of two types of wheels on the R200m
curve. It can be known that the superficial fatigue index is positively correlated with FC.
The superficial fatigue indices of two wheels approach the peak values of 0.271 and
0.266 under the FC of 0.3, 262.7% and 251.3% larger than that under the FC of 0.1.

Figure 12 Time history curves of two types of wheel superficial fatigue index under the different
FC: (a) TW and (b) IRW (see online version for colours)
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Furthermore, the superficial fatigue index is lower than 0 on the straight line. Therefore,
it is difficult for fatigue damage to occur on the wheels (Silva e Silva et al., 2023). But on
the transition curve and circular curve segment, the creep force is larger, and the area of
contact patch is lower. Consequently, the superficial fatigue index increases dramatically
and reaches the peak value, when vehicle enters transition curve segment, resulting in the
increased probability of contact fatigue.
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Table 2 Line operating condition settings

Conditions Track (m) Velocity (km/h) Superelevation (m)
1 Straight line 60 -

2 R600 50 0.05

3 R200 40 0.095

4 R50 25 0.145

Figure 13 depicts the superficial fatigue index under the different FCs on the four track
conditions. For the IRW, the superficial fatigue index is minimally affected by curve
radius, as the curve radius changes from R600 to R50, the range of the superficial fatigue
index is only 0.0072, with an increase of 2.7%. But for TW, the superficial fatigue index
is increased by 35.3%. The superficial fatigue index is positively correlated with FC on
the R50 and R200 curves. The rolling contact fatigue of TW is lower than that of IRW on
the R600 curve. When the FC increases by 0.2, the superficial fatigue index of TW is
increased by 0.137, 71.4% of that of IRW. Moreover, the superficial fatigue index of TW
is always lower than that of IRW as the radius of the curve increases.

Figure 13 The superficial fatigue index of two types wheels under the different running conditions
(see online version for colours)
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The shakedown diagram calculates the fatigue damage from a probabilistic perspective.
However, the shakedown diagram cannot predict the accumulated damage of the wheel
and the damage distribution. Therefore, the fatigue damage of the wheel is analysed by
UM-RCF module and Dang Van criterion.

The Dang-Van criterion (Ekberg, 1996) is represented by two inequalities

Tpor = T,(0) + 0, 0,(0) > 7, )
Tron =17,(t)-0,,0,(0) <-T, (10

where 7,(¢) is the time-dependent value of the shear stress. o, (¢) is the time-dependent
value of the hydrostatic stress.7, is the material parameter. ¢, is the Dang Van
coefficient, equal to the tangent of the slope angle of the cyclic fatigue diagram. The
criterion is numerically equal to the length of the segment OC cut off by the line parallel
to the inclined line of the diagram passing through point A with the coordinates o, ()
and 7, (¢) presented in Figure 14. The inclined straight line passing through the point D
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cuts off a short segment on the 7,(¢) axis. If the line intersects the 7,(¢) axis at the point
with the negative value of the criterion, the criterion is 0. If only the absolute value of the
shear stress 7,(¢) is taken into consideration in calculations, then only the upper part of
the diagram can be used. The Dang-Van criterion can be represented in equation (11).

Ty =7, (0| + 01,0, (1) (11)
The value of the coefficient in this paper is 0.38 (Bernasconi et al., 2005).

Figure 14 Determination of safety factor using fatigue diagram
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Figure 15 shows the distribution of two types wheels after the vehicle running 20,000 km
under the FC of 0.3. The x-axis origin in the diagram represents the nominal rolling circle
of the wheels. It is notable that the maximum accumulated damage of TW is distributed
near the nominal rolling circle. However, it is difficult to form effective torque due to
IRW’s almost zero longitudinal creep force. As a result, under the excitation of the rail
irregularity, the automatic centring ability of IRW is weak (Li et al., 2019), which
generates wear near the wheel flange. Therefore, there is equally large accumulated
damage near the wheel flange.

Figure 15 Fatigue damage of two types wheels under the FC of 0.3: (a) TW and (b) IRW
(see online version for colours)
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Figure 16 displays the peak accumulated damage of two wheels under the different FC.
The simulation results indicate that the accumulated damage is positively correlated with
FC. The accumulated damage is more severe in range of 0.15-0.25, where the
accumulated fatigue of TW and IRW is increased by 0.0158 and 0.0311 respectively.
Besides, the increase in fatigue damage is more significant for IRW. When the FC
increases by 0.2, the fatigue damage of the TW is increased by 20.8%; while for IRW, it
is increased by 37.6%.

Figure 16 Peak values of fatigue damage for two types of wheels for different FC conditions
(see online version for colours)
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5 Conclusions

A dynamic model of low-floor vehicle is established using the theory of vehicle-track
coupled dynamics in this paper. The effect of the FC on wheel-rail contact and rolling
contact fatigue of wheels is studied, and the difference in fatigue damage between TW
and IRW is specifically compared. The analysis results can provide useful references for
wheel-rail lubrication of low-floor vehicles and increasing the service life of wheels.
Main conclusions can be drawn as follows:

1 On the straight line, the creep area of the contact patch declines and the adhesion
area increases with the increasing FC. On the curved segment, the creep forces are
positively correlated with the FC, but the normal force fluctuates less under the
different FC.

2 The superficial fatigue index of TW is increased by 0.137 on the R = 600 m curve,
71.4% of that of IRW. Moreover, the superficial fatigue index of TW is always lower
than that of IRW as the radius of the curve increases.

3 The weak automatic centring ability of IRW could result in large accumulated
damage near the wheel flange. The accumulated fatigue damage is more severe
within the FC range of 0.15-0.25.
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