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Abstract - In order to study the evolution law of wheel profile wear of heavy-haul freight wagon
and the influence of worn wheel profile on wheel-rail contact relationship, taking C80 heavy-haul
freight wagon as the research object, the dynamic model of heavy-haul freight wagon and the
prediction model of wheel wear were established by UM multi-body dynamics software. Based on
vehicle-track coupling dynamics theory, Kik-Piotrowski wheel-rail contact algorithm and Archard
wheel wear prediction model, wheel wear simulation research was carried out. Firstly, the
correctness of the wheel wear method is verified by measuring the maximum wheel wear, and the
wheel wear profile under different mileages is further predicted, and the wear under the wear
profile and the variation law of wheel-rail contact parameters are analyzed. The results show that
with the increase of running mileage, the wheel wear width increases, and the tread wear width of
1st wheelset is wider than that of 2nd wheelset, and it is close to the root of the wheel. At 70,000
km, the wear width of the 1st wheelset is [- 40 ~ 40 mm], while the 2nd wheelset is [- 40 ~ 36
mm], and the 1st wheelset has serious flange wear, and the flange wear rate of the 1st wheelset is
0.178 mm / 10,000 km higher than that of the 2nd wheelset, and is 2.39 times that of the 2nd
wheelset. When the wheel runs up to 50,000 km, the wheel-rail contact point will jump. It is
suggested that the wheel flange or rail side should be lubricated when the vehicle runs for 40,000
km in the early stage, and the wheel should be repaired when it runs for 50,000 km in the later
stage.
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Equivalent conicity.

1. Introduction

As a pillar of freight transportation, heavy haul
railway plays a very important role in the field of
railway transportation. The opening of 30,000 tons
of train transportation on China 's Daqin heavy haul
railway not only marks the goal of railway
transportation towards a strong transportation
country, but also improves energy emissions such as
carbon dioxide to a certain extent [1-2]. As an
important part of heavy haul railway transportation,
the increasing load and frequent transportation of
heavy haul freight wagon will lead to more and more
serious wheel wear. The contact relationship
between the worn wheel profile and the rail will
affect the service life of the wheel and rail [3-5].

In recent years, many researchers have carried
out in depth research on wheel-rail contact
algorithm and wheel wear prediction. Auciello et al.
[6], Meymand et al. [7] and Fang et al. [8] discussed
the research of wheel-rail contact dynamics, wheel-

rail contact model and wheel-rail non-Hertzian
contact model in multi-body dynamics simulation,
and proposed an analytical method for detecting
wheel-rail contact points. Roma-no et al. [9] and
Marques et al. [10] analyzed the wheel-rail abnormal
rolling contact behaviour, and proposed a three-
dimensional wheel-rail contact calculation method.
Li et al. [11] established a vehicle dynamic model
considering wheel wear based on Simpack software,
studied the evolution law of wheel wear and
dynamic performance of heavy haul freight wagon,
and pointed out that the increase of wheel wear will
deteriorate the dynamic performance of vehicles.
Polach et al. [12-13] demonstrated the behaviour of
wheel-rail contact non-linearity at the limit of
vehicle stability, and gave the relationship between
characteristic parameters and vehicle behaviour. A
nonlinear parameter was proposed to evaluate the
change of wheel-rail contact point and wheel wear.
Aiming at the problems of complex simulation
setting, low computational efficiency and insufficient
calculation accuracy of wheel-rail contact algorithm
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in dynamics, Liu et al. [14-15] proposed a non-
Hertzian contact model and a modeling method of
conformal wheel-rail rolling contact. Burgelman et
al. [16] created a wheel-rail contact model
considering creep force based on MATLAB software.
Hao et al. [17-18] used the trace method to study the
variation law of equivalent conicity between wheel
profile evolution and turnout profile, and analyzed
the influence of worn wheel profile on the position of
wheel-rail contact point. Aiming at the problem of
wheel wear prediction modeling, Butini et al. [19]
developed a modeling method considering wheel-
rail wear and rolling contact fatigue prediction.
Wang et al. [20] established a wheel wear prediction
model considering the interaction between abrasive
block and wheel. Jin et al. [21] studied the wear
behaviour between the flange and the gauge angle
based on the double-disk tester, and established a
predictive wear model considering the wheel-rail
contact stress. Based on the finite element model of
wheel and rail, Miao et al. [22] and Kaiser et al. [23]
studied the influence of flexible wheel structure on
wheel wear prediction and wheel-rail contact
parameters respectively. Based on the neural
network model in machine learning, Singh et al. [24],
Shebani et al. [25] and Pires et al. [26] predicted the
changes of wheel-rail contact parameters, wheel
wear and wheel-rail force respectively. Gao et al.
[27], Molatefi et al. [28] and Pacheco et al. [29]
optimized the wheel profile. The optimized wheel
profile can improve the wheel wear performance,
reduce the wear index and reduce the maintenance
cost.

The above research has carried out a lot of work
on the wheel wear problem of heavy-haul freight
wagon from different angles, revealed the evolution
law and dynamic correspondence of wheel wear, and
also pro-posed corresponding solutions. However,
the research on the matching characteristics of
wheel wear profile and rail and the wheel-rail
contact relationship of heavy-haul freight wagon has
not been deepened. In view of this, this paper
establishes the dynamic model of C80 heavy-haul
freight wagon, carries out the simulation research of
wheel wear, and analyzes the wheel-rail contact
relationship of wheel profile after wear, and dis-
cusses the evolution of wheel wear and the change
law of wheel-rail matching characteristics, so as to
provide reference for mastering the evolution law of
wheel wear and the optimization of wheel-rail
profile of heavy-haul freight wagon.

2. Heavy-Haul Freight Wagon Dynamics
Model

2.1 Freight Wagon Model and Line Condition

Setting

Based on the basic parameters of the freight
wagon dynamics model Table 1 and the multi-body

dynamics theory, the heavy-haul freight wagon
dynamics model is established in the UM software as
shown in Figure 1. The C80 freight wagon adopts a
three-piece bogie, including two side frames, one
bolster, four wedges, two cross support rods and
other components. The bogie and the car body are
mainly connected by the center plate, and the
contact force element is used for dynamic modeling.
Elastic side bearings are installed at both ends of the
bolster to suppress the hunting motion of the bogie.
The bolster and the side frame are connected by a
spring device and a friction wedge damping device,
with a total of 162 degrees of freedom [30-31].

Table 1. The related information of heavy-haul freight
wagon dynamics model

Parameter Value Unit
Axle load 25 t
Mass,Car body 90.297
Mass,bogie 4.8 t
Mass,wheelset 1.171 t
Bogie wheelbase 1.83 m
Vehicle distance 8.2 m
2ndary suspension transverse
1.98 m
span
Rolling radius 420 mm
Distance between backs of
wheel 1353 mm
Profile of wheel LM —
Track gauge 1435 mm
Profile of rail 75 kg/m

Igu 1 rﬁckrak coupling dynamics model

As shown in Figure 2, the track uses a moving
mass rail model. The model adds a moving mass
block under each wheel, which has equivalent mass
and rotational inertia, and considers three degrees of
freedom of the rail Y, Z direction translation and X
direction rotation [32-34]. The transverse force F'Ny
and the vertical force F'Nz between the rail and the
ground are shown below.

Fw :_Kly(Ayl_Ayz)_Cly(AYl_A}é) (1)
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F,=-K,(AZ -AZ,))-C,(AZ - AZ,) 2)
In the formula, Kiv, Kiz, Civ, Ciz, AYi, /AZi are
the lateral and vertical stiffness coefficient, damping
coefficient and rail deflection of the rail, respectively.
Koy, Koz, Cav, C2z, AY2, AZz are the lateral and
vertical stiffness coefficient, damping coefficient and
rail deflection of the sleeper, respectively.

Sleeper

Cyz Kz
Ground

Figure 2: Moving mass rail dynamics model

The Da-Qin Railway is the first double-track
electrified heavy-haul coal transportation line in
China. It starts from Datong in Shanxi Province in the
west and ends in Qinhuangdao in Hebei Province in
the east. It is the main channel for ' west-east coal
transportation . The total length of the line is 653
km, and the straight line accounts for 77.71 %, of
which the 800 m curve radius accounts for 12.48 %.
In this paper, based on the route distribution and
driving speed statistics of Daqin line, the simulation
conditions are set as shown in figure 3 [35]. The
track excitation represents the track geometrical
states of the existing lines, and the China Main Line
irregularity spectrum is selected [36]. The horizontal
and vertical amplitudes fluctuate within + 8 mm, as
shown in Figure 4 below.
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Figure 4: Example of China main line irregularities

2.2 Wheel Wear Prediction Model

For the prediction of wheel wear, it is necessary
to further determine the internal relationship
between wear and wheel-rail contact force. Archard
model is the most mature method [37]. The model
assumes a linear relationship between wheel wear
volume and wear work [38] :

W =k,A 3)

v

k=t 10 )

P
In the formula, W is the volume of wear [m3], A is
the wear work [ ] |, kv is the volume wear coefficient
[m3 /]], km is the mass wear coefficient [mg /] ], p is
the material density, and the mass wear coefficient
[39-40] is selected as shown in Figure 5 below.
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Figure 5: Wear map of the Archard model

By introducing the relationship between wear

work and normal force, sliding distance, etc., it can
be obtained [41] :

Wk NS (5)
H

In the formula, N is the normal force, s is the
sliding distance, and H is the hardness.
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Within a time, integration step At, the formula
for calculating the wear volume of each contact
element in the wheel-rail contact patch is:

r,UE,
w, =kV;|wI.ijj (6)
H

In the formula, pnij is the normal stress in the
contact element, AF; is the area of the contact
element, wj is the center creep rate of the contact
element, and A x;is the length of the contact element
along the X axis.

Finally, the wear volume corresponding to each
unit in the contact spot is accumulated and summed
to obtain the total wear volume of the entire contact
spot.

2.3 Methods of Wheel Wear

The track length of the discrete vehicle in the
simulation process is divided into a series of wear
steps. At the end of each wear step, the wear depth is
scaled according to the mileage assigned to the wear
step to enlarge the wear. The scaling is based on the
fact that the small amount of material removed by
wear is almost linear, and the amount of wear
depends on the distance travelled by the vehicle
[42]. The scaling factor formula is as follows:

vakmwep
c= (7)

Moving mass
rail model

In the formula, c is the scale factor, Nws is the wear
step, which is the number of contour updates in an

iteration, kmsep is the mileage allocated to the
wear step, Si is the track length of the rail vehicle
during the simulation, and S is the track distance at
the beginning of the wear calculation.

The wheel wear process is shown in Figure 6. The
dynamic data are input to establish the dynamic
model of heavy-haul freight wagon and the moving
mass rail model. The weight factors of vehicle
running speed and track line conditions are
introduced to set the weight factors. The specific
parameters are shown in Figure 3 above. The initial
wheel profile of the freight wagon is LM profile ( see
Figure 6 of the wheel profile coordinate system, the
coordinate origin is the nominal rolling circle contact
point of the wheel profile, corresponding to the
midpoint of the abscissa profile, the abscissa axis y is
parallel to the wheelset axis and points to the flange,
and the Z axis is vertical ). The wheel-rail contact
parameters are calculated by Kik-Piotrowski, and the
cumulative tangential creep rate of the wheel is
obtained. Then, according to the Archard wheel wear
model, the cumulative wear depth is calculated. The
wheel profile is updated and returned to the initial
wheel profile to complete the iterative calculation of
wheel profile wear simulation. The rail base slope is
1/40. In order to improve the computational
efficlency and reduce the amount of simulation
calculation, it is assumed that the front and rear
bogies are symmetrical and the left and right wheels
are symmetrical.
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Figure 6: The technique diagram of wheel wear

3. Wheel Wear Simulation Results
3.1 Wheel Wear Method Verification

Based on the measured maximum wear depth
data of the wheel, the simulation results are
compared. In the wheel wear simulation, 5,000 km is
used as the iterative running mileage, with a total of
7 iterations, and the maximum running mileage is
35,000 km. Due to the large number of measured

data and the large difference in some data changes,
the measured data are interpolated and fitted by the
cubic spline linear interpolation method, and the
error value between the measured data and the
simulation data is calculated.

Figure 7 (a) shows the comparison between the
simulation and the measured results of the 1st
wheelset. When the running mileage is 0 ~ 20,000
km, the maximum wear depth of the simulated wheel
is lower than the measured result. When the running
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mileage is 15,000 km, the maximum error is 0.113
mm. When the running mileage is 20,000 ~ 35,000
km, the overall simulation results are in good
agreement with the measured results. When the
running mileage is 35,000 km, the minimum error is
0.002 mm. Because the 1st wheelset is the guide
wheelset, the wheel wear is relatively bad in the
early stage of operation, so the simulation results
may be lower than the measured results. It can be
seen from Figure 7 (b) that the maximum error of
the 2nd wheelset is 0.217 mm at 10,000 km, and the
simulation results are very close to the measured
results at 25,000 km to 35,000 km. In summary, the
simulation data and the measured data are roughly
linearly increasing, and the error value is relatively
small, which meets the requirements of the
subsequent wheel wear simulation.
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Figure 7: Comparison of measured data and
simulation

3.2 Wheel Profile and Wear Amount

Based on the above wheel wear simulation
method, the wheel wear simulation iterative running
mileage is set to be 10,000 km, and the wheel wear
simulation profile and wear amount of 70,000 km
are obtained as shown in Figure 8. With the increase
of vehicle running mileage, the width of wheel wear
becomes larger. When the 1st and 2nd wheelsets are
at 10,000 km, the width of wheel wear is distributed
between [-30 ~ 35 mm] and [-30 ~ 30 mm]. At
70,000 km, the width of 1st and 2nd wheelsets is
distributed between [- 40 ~ 40 mm] and [- 40 ~ 36
mm]. As the running mileage of the vehicle increases,
the wear of the 1st and 2nd wheelsets moves
relatively large to the end of the wheel, moving about

10 mm, and moving about 5 mm to the root of the
wheel.

Due to the effect of the wheel flange, the wheel-
rail contact point moves more widely to the end, and
the uniform wear is at the tread [- 40 ~ -30 mm]
position, while the wheel-rail contact point range is
relatively concentrated at the flange position, and
the wear amount increases at the [30 ~ 35 mm)]
position, resulting in serious wear at the flange
position.

In the early stage of vehicle operation, when the
vehicle is 0 ~ 40 000 km, the wheel wear increases
greatly, and then changes slowly, among which the
wear at the flange [20 ~ 40 mm] position is the
largest. The wear of the 1st wheelset is closer to the
flange root than that of the 2nd wheelset, and the
wear is higher than that of the 2nd wheelset.
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Figure 8: Wheel profile and wear variation

3.3 Wheel Wear Parameters

Figure 9 gives a schematic diagram of wheel wear
parameters. The longitudinal variation at the 0
position of the nominal rolling circle is selected as
the tread wear, which is called Tw; the transverse
variation of 22 mm upward from the bottom of the
flange is the flange wear, which is called Fw, and the
wheel profile is divided into three main distribution
areas. The root area of the wheel profile is near the
flange side [20 ~ 70 mm]. The tread [-20 ~ 20 mm)]
is the midportion area of the wheel profile, which is
the most concentrated area of wheel-rail contact.
The tread [-70 ~ -20 mm)] is the terminal area of the
wheel profile.
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Figure 9: Wheel profile wear parameter diagram

Figure 10 shows the change of wheel tread and
flange wear. There is little difference in tread wear
between 1st and 2nd wheelsets. When the distance
is between 10,000 and 60,000 km, the tread wear of
2nd wheelset is higher than that of 1st wheelset.

2.0

When the distance is between 10,000 and 50,000
km, the difference of tread wear is roughly normal
distribution. When the distance is 30,000 km, the
maximum difference is 0.032 mm. The increase of
flange wear of 1st wheelset is very obvious, and the
overall growth rate is higher than that of 2nd
wheelset. The maximum growth rate is 1.930 mm at
20,000 ~ 70,000 km. The change range of 2nd
wheelset is not large at 0 ~ 40,000 km, which is
roughly stable. The maximum growth rate is 0.895
mm at 40,000 ~ 70,000 km. The difference of flange
wear increases linearly with the running mileage,
and the difference of flange wear increases the most
at 20,000 ~ 40,000 km, from 0.207 mm to 1.004 mm.
It can be seen from the above that under the running
mileage of 70,000 km, the maximum wear of the 1st
and 2nd wheelsets flange is 2.144 mm and 0.898 mm
respectively, and the maximum flange wear
difference is 1.246 mm.
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Figure 10: Variation of wheel wear parameters

4. Analysis of Wheel-Rail Contact

Relationship
4.1 Wheel-Rail Contact Point Distribution

Table 2 shows the changes of wheel tread contact
points under different mileages. When the initial LM
wheel profile is matched with the CHN75 rail, the
contact point of the wheel is in the area between [-35
~ 40 mm], and the contact line is most concentrated
in the position of [0 ~ 28 mm]. The distribution of
the contact line at the position of [28 ~ 40 mm] on
the flange side of the wheel profile is sparse. The rail

is mainly concentrated on the right side [11 ~ 35
mm] where the contact line is the most concentrated.

With the increase of running mileage, the contact
lines of the 1st and 2nd wheelsets move to the end of
the wheel, and the distribution range becomes
wider. Among them, the contact lines of the 1st
wheelset at the flange position [16 ~ 36 mm] are
sparsely distributed at 10,000 ~ 30,000 km.
Subsequently, there is no con-tact line at the wheel
[16 ~ 38 mm] position under 50,000-70,000 km,
while there is no contact line at the 2nd wheelset [15
~ 35 mm] position under 60,000-70,000 km.
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At this time, the wheel-rail contact point jump
phenomenon may occur. The reason is that due to
the serious wear of the wheel flange, the wheel tread
at this position produces concave wear. Under
70,000 km, the wheel profile contact line is
concentrated in the position of [- 40 ~ 20 mm], and
the rail profile contact line is concentrated in the
position of [- 14 ~ 14 mm)].

Table 2. Change of wheel tread contact point

Operating

mileage 1st wheelset 2nd wheelset

(10,000km)

4.2 Equivalent Conicity

Figure 11 shows the change of equivalent conicity
of different wheelsets. The equivalent conicity of the
initial wheel profile increases significantly in the
range of 3 ~ 7 mm, and the other positions tend to
be stable. In the range of 0 ~ 10,000 km, the
equivalent conicity of the 1st and 2nd wheelsets is
higher than that of the initial profile in the range of 0
~ 3 mm. With the increase of running mileage, the
equivalent conicity value of 1st wheelset decreases,
but it increases between 8 mm and 10 mm, and is

lower than the equivalent conicity of the initial
profile as a whole. The overall 2nd wheelset will
increase between 7 ~ 10 mm and is higher than the
equivalent conicity of the initial wheel profile. From
the change of the nominal equivalent conicity value,
it can be seen that the 1st and 2nd wheelsets will
increase in the early stage of operation, and decrease
with the increase of the running mileage. The
nominal equivalent conicity value of the 2nd
wheelset is lower than that of the 1st wheelset.
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Figure 11: Change of equivalent conicity

4.3 Dynamic Wheel-Rail Contact Point

It can be seen from Figure 12 that when the
heavy-haul freight wagon passes through the small
radius curve, the centrifugal force of the car body
will cause the outer wheel flange to contact with the
rail most closely, resulting in the most serious wheel
flange wear and rail side wear. The front bogie
includes 1st and 2nd wheelset, which 1st wheelset
contact the curve rail, and then the bogie returns the
wheel-rail contact point to the initial position due to
the swing of the car body. Based on the above line
statistics, it can be seen that the wheel wear is the
most serious when the freight wagon runs on a small
radius curve of 500 m. Therefore, the dynamic
change law of wheel-rail contact point on wheel
tread when different wheel wear profiles are too
small radius curves is explored. This index reflects
the fluctuation of lateral range of wheel-rail contact.
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The operating conditions are set as follows: the
running speed of the freight wagon is 70 km / h, the
radius of the curve is 500 m, the superelevation is 85

A Schematic diagram of vehicle crossing curve

HY,

YH

: Straight line to transition curve

HY: Transition curve to circular curve
YH: Circular curve to transition curve

mm, the straight line is 30 m, the transition curve is
60 m, and the circular curve is 400 m, as shown in
Figure 12.

7H  HZ: Transition curve to straight line
30m 60m 400m 60m
\
4L | 3L s b
7 Outer rail vehicle body

4R | 3R

4th wheelset 3rd wheelset 2nd wheelset  1st wheelset

Inner rail v >

Figure 12: Vehicle passing curve and wheel-rail contact diagram

It can be seen from Figure 13 that when the
vehicle passes the curve, the contact point of the
outer wheel tread of the 1st and 2nd wheelsets is
between the nominal rolling circle and the flange
root. When the wheelset passes the ZH point, the
contact point moves from the rolling circle position
to the flange root. When the wheelset passes through
the HY point, there is a phenomenon that the root of
the flange contacts the rail, and the wheel-rail
contact points fall on the flange. After the wheelset
passes the YH point, with the increase of the running
distance, the contact point slowly returns to the
nominal rolling circle position from the root of the
flange. On the circular curve, the contact point of the
initial profile of the 1st wheelset fluctuates around
15.1 mm on the tread. With the increase of the
running mileage, the contact point moves to the
nominal rolling circle position. Among them, the
contact point of wheel profile under 10,000 km
fluctuates at 14.8 mm of wheel tread, and the contact
point of wheel profile under 20,000 km fluctuates at
14.6 mm of wheel tread. Finally, with the increase of
running mileage, the contact point of wheel profile
fluctuates little, and the whole fluctuates at 14.3 mm.
The contact point of the initial profile of the 2nd
wheelset fluctuates greatly on the circular curve, and
fluctuates at the position of the wheel profile [5.5 ~
13.5 mm]. The contact point of the wheel profile
under 10,000 km moves to the root of the flange, at
the tread position [6.8 ~ 14.5 mm], and the contact
point of the 20,000 km wheel profile is at the tread
position [9.2 ~ 14.5 mm]. With the increase of

running mileage, the lower limit value of contact
point moves to the flange position, and the upper
limit value is stable at about 14.5 mm. The contact
point of 70,000 km wheel profile fluctuates at the
tread position [12 ~ 14.5 mm].

It can be seen from the above that the wheel
profile wear rate is faster in the early stage of
operation, and the 1st wheelset plays a guiding role
when passing the curve. The contact point is close to
the nominal rolling circle, and the wheel profile wear
is serious. The wear of the wheel profile of the 2nd
wheelset is smaller. With the increase of the running
mileage, the contact point will move to the flange
position, which is attributed to the bogie cross bar.
The fluctuation of the contact point of the 2nd
wheelset is greater than that of the 1st wheelset, and
the wear of the vehicle profile is more uniform, while
the wear of the 1st wheelset is more concentrated,
which may produce concave wear.
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Figure 13: The change of the position of the lateral
contact point of the wheel tread when the vehicle
passes through the small radius curve

5. Conclusions

In this paper, the vehicle-track coupling dynamic
model is established based on UM software. The Kik-
Piotrowski contact algorithm and Archard wear
prediction model are used to simulate and predict
wheel wear. The evolution law of wheel wear and
the influence of worn wheel profile on wheel-rail
contact relationship are analyzed, and the following
conclusions are obtained.

(1) With the increase of running mileage, the
wear width of the wheel increases. The 1st and 2nd
wheelsets move about 10 mm to the terminal of the
wheel, resulting in uniform wear at the tread [- 40 ~
-30 mm] position, and move about 5 mm to the root
of the wheel, resulting in serious wear of the wheel
flange at the [30 ~ 35 mm] position, and wheel
concave wear will occur. The wear rate of 1st and
2nd wheelsets flange is 0.306 mm / 10,000 km and
0.128 mm / 10,000 km.

(2) When the running mileage of the 1st and 2nd
wheelsets reaches 50,000 km, the wheel-rail contact
point will jump at the position of [15 ~ 38 mm)], and
the wheel will suffer serious concave wear. On the
circular curve, with the increase of running mileage,
the fluctuation range of the dynamic contact point of
the 1st wheelset is more concentrated, while the
fluctuation range of the 2nd wheelset is wider. Due
to the cross bar of the bogie, the dynamic wheel-rail
contact point of the 1st wheelset moves to the rolling
circle position, and the dynamic wheel-rail contact
point of the 2nd wheelset moves to the flange
position.

(3) It is suggested that the wheel flange or rail
side should be lubricated in the early stage of vehicle
operation (0 ~ 40 000 km) to reduce the wear rate.
When the wheel runs to 50,000 km, the contact point
jump will occur at the root [16~38mm] of one wheel
set, and the wheel should be repaired.
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