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Reducing wheel wear from the
perspective of rail track layout
optimization

Yunguang Ye1 and Yu Sun2

Abstract

Wheel wear (W-wear) is one of the most critical issues affecting vehicle-track performances and operating costs.

Currently, the works on W-wear behavior and W-wear reduction are mainly based on four aspects: wheel-rail (WR)

tribology, WR profile, vehicle structure design and active control of vehicle suspensions. Little attention has been paid to

the effects of track layout parameters, such as superelevation, gauge, and cant. To supplement the existing research, this

work aims to investigate the relationship between W-wear and track layout parameters and ultimately reduce W-wear

through optimizing track layout parameters. The framework consists of a series of steps. Firstly, a multibody dynamics

simulation (MBS) model of an Sgnss wagon with 55 degrees of freedom (DOFs) is built. Then, taking a 375-m-radius

curve as a case, the influence of track layout parameter (superelevation, gauge, and cant) on W-wear and vehicle

derailment safety is investigated based on Kriging surrogate model (KSM). Finally, based on optimized results obtained

by KSM and particle swarm optimization (PSO), two optimal regions and three reasonable suggestions concerning the

layout of a 375-m-radius curve are given from the perspective of reducing W-wear. This study is promising for the

parameter setting of those dedicated lines, on which the train speed is usually fixed, such as metro, light rail, and tram.
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Introduction

Existing methods to reduce W-wear

The increase in railway vehicle speed, axle load, and

traffic volume exacerbates W-wear, which shortens
the wheel re-profiling mileage and deteriorates
vehicle-track performances.1,2 Reducing W-wear,

therefore, has been a topic of great interest. At pre-
sent, the works on W-wear behavior and W-wear
reduction are mainly based on four aspects: WR tri-

bology, WR profile, vehicle structure design and
active control of vehicle suspensions.

WR tribology. The WR tribology is the most funda-
mental factor that influences W-wear. An effective
way to reduce W-wear is to use materials with excel-

lent wear-resistance properties, such as high hardness
materials, or laser surface treatments to steel wheels,
including laser dispersion quenching and laser clad-

ding.3–5 The material with excellent wear-resistance
properties, however, is likely to show high sensitivity
to rolling contact fatigue (RCF). Also, a relatively

small number of standardized steel grades are allowed

for wheel manufacturing. The second possibility to
reduce W-wear is to change the friction properties
of the WR interface. For instance, low friction modi-
fiers or lubricants, such as oils, greases, water, etc.,
are used to reduce the friction coefficient between
wheel flange (WF) and rail gauge corner (GC)
(Region B in Figure 1) and keep this value, usually,
below 0.2. Then, the wheel flange wear (WF-wear)
can be significantly reduced when the vehicle is run-
ning on small-radius curves.6,7
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WR profile. WR contact form is the most critical geo-
metrical factor affecting W-wear. As shown in
Figure 1, the WR contact region consists of three
sub-regions: (1) Region A: wheel tread–rail head
(WT-RH). When the wheel rolls on straight tracks
or large radius curves, the WR contact usually
occurs in this region. This region yields the lowest
contact pressures and lateral forces, which results in
the most moderate WT-RH wear. (2) Region B: wheel
flange–gauge corner (WF-GC). The WR contact
tends to occur in this region when the wheel rolls
on small-radius curves. This region produces severe
WF-GC wear because the contact patch is much
smaller than that in region A and the sliding velocity
is larger. (3) Region C: contact between field sides of
the wheel and rail. Contact is least likely to appear in
this region. The appearance of the contact in this
region may cause incorrect steering of the wheelset
and severe W-wear. Therefore, letting the WR contact
occur primarily in region A is the optimal solution to
reduce W-wear, in which, a suitable W-profile plays
an important role. The optimization of W-profiles,
therefore, is a topic of great concern. Up to now,
the methods with different strategies concerning the
optimization of W-profiles can be mainly classified
into three categories:

Bio-inspired optimization algorithm-based profile
designing methods, such as genetic algorithm
(GA),8–11 PSO,12,13 and Covariance Matrix
Adaptation Evolution Strategy (CMA-ES).14

Target-based techniques, such as target rolling radius
difference (RRD),15,16 target conicity,17 target WR
normal gap,18 and target contact angle19;
Wear model, such as FASTSIM-USFD-based or
FaStrip-USFD-based wheel wear calculation
method.20–23

When designing a profile, several of the listed strate-
gies can be used simultaneously. More information
concerning wheel profile optimization-based wheel
wear reduction can be found in literature.20,24

Vehicle design. Vehicle suspensions and bogie struc-
tures can also affect W-wear. In terms of the vehicle
suspension, Fergusson et al.25 studied the longitudinal
and lateral primary suspension stiffness and the
centre plate friction of a self-steering three-piece
bogie. The results showed that a reasonable combina-
tion of these three parameters could reduce the wear
number by up to 50%. Mazzola et al.26 investigated
the influence of suspension system parameters on the
W-wear of a non-powered high-speed car. In their
work, the longitudinal and lateral stiffnesses of the
primary suspension and the yaw damper coefficient
of the secondary system were investigated. The results
showed that different combinations of these three
parameters had a different influence on the wear
index. In terms of the bogie structure, Mazzola

et al.26 studied the influence of the wheelbase on the

W-wear, the simulation results showed that a shorter

wheelbase yielded a lower wear index. Bideleh et al.27

explored the influence of the arrangement of suspen-

sion systems on the wear number, where an asymmet-

ric suspension system presented remarkable benefits

in wear reduction when the vehicle operated on small-

radius curves. The Lewis2 concluded that the articu-

lated bogie, the bogie with a shorter wheelbase and

the radial bogie could reduce W-wear. The root cause

was that these three structural forms could reduce the

attacking angles of wheelsets as well as the guiding

forces.

Active control of vehicle suspension. Up to now, most of

the studies concerning W-wear reduction are based on

passive vehicles. The active suspension system is more

effective in reducing W-wear since it controls the

attacking angles of wheelsets and the guiding forces.

This technology can greatly reduce the wheel flange

wear (WF-wear) when the vehicle is running on small-

radius curves. For active primary suspensions, P�erez
et al.28 showed that a vehicle with active primary sus-

pensions could reduce the wear index on a curve by a

factor of 5 relative to a vehicle with passive primary

suspensions. For active secondary suspensions, full-

scale tests performed on a bogie using the NTSEL

roller rig test stand in Japan29 showed that the use

of active secondary suspensions could reduce guiding

forces on small-radius curves.

Motivation

In addition to the aforementioned studies, many

other studies have contributed to W-wear reduc-

tion.30–32 The vehicle-track system, however, is huge

and complex; it is difficult to study W-wear system-

atically. Most of these studies have aimed at reducing

W-wear on curves with an ideal radius,33 with little

attention to the track layout parameters, such as

superelevation, gauge, and cant.
Concerning the influence of track layout parameters

on W-wear, Gao et al.34 studied the superelevation

setting for a curve with a 400-m-radius curve of the

China Shen-Shuo railway line based on Hertzian

theory and FASTSIM algorithm. The simulation

Region B
(WF-GC)

Region A
(WT-RH) Region C

Figure 1. WR contact regions.
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results showed that reducing the superelevation appro-
priately could reduce wear power. Based on the simu-
lation result and taking into account the actual
operating condition, they proposed to decrease the
superelevation of the curve by 10mm. Furthermore,
field experiments proved the correctness of this modi-
fication. Pombo et al.35 investigated the influence of
rail cant on W-wear growth, in which the W-profile
S1002 and the rail profile UIC60 were used. The results
revealed that the reprofiling intervals obtained when
running on the track with a rail cant of 1:40 were
larger than when traveling on a track with a rail cant
of 1:20. It indicated that the use of a rail cant of 1:40 is
advantageous in terms of W-wear progression com-
pared with a rail cant of 1:20. Based on the
FASTSIM-Archard model, Li et al.36 analyzed the
influence of track layout on W-wear by taking a
high-speed train with the S1002CN-RF wheel profile
as an example. The results showed that different cant
deficiencies would cause different wear distribution
forms and different wear rates of the wheel.

Besides, as far as the authors know, there are few
other studies on the relationship between track layout
parameters and W-wear, and further research is
needed. More importantly, in practice, to allow the
train to pass through a small-radius curve smoothly,
both the superelevation and gauge of the curve need
to be properly adjusted, such as setting the superele-
vation close to the equilibrium superelevation, or wid-
ening the gauge. Investigating the influence of
simultaneous changes in superelevation and gauge
on the wheel and/or rail wear and ultimately optimiz-
ing these parameters to reduce wear, therefore, is also
a topic of big interest in terms of extending wheel
and/or rail life and reducing operating costs, especial-
ly for the small-radius curved tracks.

Proposed method

For discrete datasets, parameter optimization often
needs to be built on a large amount of sampled
data. Specifically, for multi-body dynamics simula-
tion, a lot of repetitive modeling is required. For
instance, in Firlik et al.,14 to find a wheel profile
that takes into account the wear index, the derailment
coefficient, and the wheel-rail contact patch area, over
50 000 wheel profiles were evaluated. The railway
industry is reluctant to do many deterministic analy-
ses. Besides, the test process involves steps such as
numerical calculation, analysis, etc., involving a
large number of uncertainties. It not only consumes
much human labor but also may increase errors.37–39

Alternatively, the surrogate model (SM) technique
can overcome the above two shortages. It is an
approximate mathematical model with low computa-
tional complexity and high computational accuracy.
It uses a small number of sample points that meet
specific sampling strategies to construct a simplified
mathematical model that approximates the original

complex model. The SM technique, therefore, can

replace the original analytical model and simplify

the calculation process while maintaining high calcu-

lation accuracy. In our work, the KSM technique,40

which is an unbiased estimation model that fully con-

siders the spatial correlation of variables, is used to

model the relationship between track layout parame-

ters and W-wear. After obtaining the response rela-

tionship between track layout parameters and W-

wear, the track layout optimization issue is finally

transformed into an inverse problem of solving the

established KSM, this means that the optimal track

layout parameters can be found by the information of

the lowest W-wear value. To achieve automatic opti-

mization, the PSO41 algorithm is applied.

Contribution and structure of this paper

The main work of this paper is summarized as

follows:

1. A vehicle/track coupled dynamics model is estab-

lished, in which the wheelset and track flexibilities

are considered.
2. Taking a 375-m-radius curve as a case, the influ-

ence of track layout parameters (superelevation,

gauge, and cant) on W-wear and vehicle derail-

ment safety is investigated based on the KSM

technique.
3. A KSM-PSO based track layout parameter optimi-

zation method is proposed, and two optimal

regions for track layout parameter setting for

reducing W-wear are presented.
4. Three suggestions concerning track layout are

given from the perspective of reducing W-wear.

The rest of this paper is structured as follows. In the

next section, a vehicle/track coupled dynamics model is

established. Then, the theory of KSM and the optimi-

zation problem is described. In the ‘Experimental

result’ section, firstly, taking a 375-m-radius curve as

an example, the influence of track layout parameters

(superelevation, gauge, and cant) on W-wear and

derailment safety is studied based on KSM. Then,

the optimal track layout for reducing W-wear is

found based on PSO. Finally, an optimal region and

three suggestions for the track layout setting are given.

In the penultimate section, based on the Hertzian-

FaStrip-USFD wear calculation method, an optimized

track layout is introduced as a case to compare with a

normal track layout. The wear distribution shows that

the optimized track layout can greatly reduce the WF-

wear and make the wheel tread wear (WT-wear) more

uniform. Conclusions and discussion are drawn in the

final section.
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Vehicle/track coupled dynamics model

Vehicle model

The vehicle used in our work is an Sgnss wagon with
two Y25 bogies. The model consists of three substruc-
tures, one for the carbody and two for the bogies.
Since the bogie is the most important part of a rail-
way vehicle from the perspective of dynamics, it is
detailedly described here. As shown in Figure 2, the
bogie has two stages of suspensions, i.e., the primary
suspension and the fake secondary suspension.

The primary suspension, which links the axlebox
with the bogie frame, is made up of:

• Two flexi-coil spring sets (per axlebox), where each
spring set has two nested coil springs, i.e., an inner
coil spring and an outer coil spring;

• An inclined Lenoir link (per axlebox), to connect
the bogie frame and the spring holder;

• A nonlinear longitudinal bump stop (per axlebox), to
limit the longitudinal displacement of the axlebox;

• A nonlinear lateral bump stop (per axlebox), to
limit the lateral displacement of the axlebox;

• A nonlinear vertical bump stop (per axlebox), to
limit the vertical displacement of the axlebox.

There is no real secondary suspension on the Y25
bogie. The fake secondary suspension, which con-
nects the bogie frame and carbody, is made up of:

• Two sprung side bearers, to provide friction damp-
ing in yaw and restraint in roll;

• A spherical central pivot, only allowing three rota-
tional DOFs;

• A nonlinear longitudinal bump stop (per side
bearer), to limit the longitudinal displacement of
the bogie frame;

• A nonlinear vertical bump stop (per side bearer), to
limit the vertical displacement of the bogie frame.

The WR impact forces may contribute to the elas-

tic deformation of the wheelset, which could subse-

quently alter the characteristics of the WR contact

force.42,43 Therefore flexible wheelset is considered

in this work. The wheelset is firstly modeled as a

rigid body in INVENTOR and then imported into

ANSYS to calculate its flexible modes. Finally, the

first 30 eigenmodes belonging to eigenfrequencies up

to 1006.3Hz are imported into SIMPACK via the

finite element multibody systems (FEMBS) interface.

Figure 3 presents some of the flexible mode shapes of

the wheelset together with the corresponding

frequencies.
Finally, the whole vehicle model is made up of 15

bodies (one rigid carbody, two rigid bogie frames,

eight rigid axleboxes, and four flexible wheelsets)

and 90 force elements, with 55 DOFs in total. In

our work, the bogie-related parameters were obtained

from the laboratory tests. All the springs, dampers

and friction elements are modeled using non-linear

characteristics as well as algebraic and logical equa-

tions. Moreover, the accuracy of these parameters

was verified by using the actual test data.44 The

MBS model of the whole vehicle and the bogie, and

the data of interest are shown in Figure 4 and Table 1,

respectively. More information concerning the MBS

model, including the detailed modeling steps and

force elements, can be found in the authors’ previous

work.45–47

Wheelset-track model

The wheelset is supported by two rails, where the

Hertzian contact and FASTSIM algorithms are

used. The track flexibility is also considered in the

model, and the topology diagram of the wheelset-

track model is shown in Figure 5, where the track

model is made up of two rails, discrete sleepers, and

a ground. The stiffness and damping of the fastener

3

1
2

5
4

Figure 2. 3D view of the Y25 bogie.
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are considered between rails and sleepers, and the

stiffness and damping of the ballast are considered

between sleepers and ground. The parameters are

listed in Table 1.

KSM-PSO-based track layout

optimization method for reducing

W-wear

KSM

The basic idea of KSM is to use a small number of

sample points that meet specific sampling strategies to

construct a simplified mathematical model that

approximates the original complex model. This tech-

nique has two main functions:

• The solution of the unknown region is predicted

due to its nonlinear regression ability. Therefore,

it can be used to simplify engineering calcula-

tions.37 This is a forward solution strategy.
• Optimization tool. The optimization target is

considered as the model response, and the

optimization algorithm is used to perform the

optimization calculation. This is a reverse solution

strategy.

In our work, KSM40 is applied as the optimization

tool to model the relationship between track layout

parameters and W-wear, in which, the track layout

parameters and W-wear are considered as input var-

iables and model response, respectively.
Assuming that the response value corresponding to

the sample point group X ¼ x1; x2; . . . ; xnf g is

Y ¼ yðx1Þ; yðx2Þ; . . . ; yðxnÞ
� �

, the relationship

between the input variables and their response can

be expressed37

y xð Þ ¼ fT xð Þbþ Z xð Þ (1)

Torsion mode:
72.92 Hz

Bending mode:
81.98 Hz

Wheel incline same 
direction model:

118.65 Hz

Wheel incline opposite 
direction model:

228.10 Hz

Umbrella model:
214.83 Hz

Umbrella model:
316.40 Hz

1006.30 Hz
Bending modal: 

522.54 Hz
Umbrella model:

330.11 Hz …

Figure 3. Selected vibration modes of the flexible wheelset together with the corresponding frequencies.38

Figure 4. The vehicle model (a); and the Y25 bogie (b).
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where y xð Þ is the predicted response, fTðxÞ is the
regression model founded by the known function
that depends on x, b is an undetermined coefficient,
ZðxÞ is a random Gaussian distribution with a mean
of zero and variance of r2. The covariance matrix of
ZðxÞ for a m-variable design space can be expressed as
equation (2):

Cov Z xðiÞð Þ;Z xðjÞð Þ� �
¼ r2R h; xðiÞ; xðjÞ

� �
; and

R h; xðiÞ; xðjÞ
� �

¼ exp �
Xm
l¼1

hl
���xðiÞl � x

ðiÞ
l

���2
" #

(2)

where xðiÞ and xðjÞ are two sample points in the sample
space, and 1 � i; j � n; R h; xðiÞ; xðjÞ

� �
represents the

spatial correlation between the sample points xðiÞ and
xðjÞ; x

ðiÞ
l � x

ðiÞ
l represents the absolute distance

between x
ðiÞ
l and x

ðiÞ
l ; hl is the lth component of h,

which indicates how active a variable is in the surro-
gate model. Larger values of hl can be interpreted as

high-level of activity while small values of hl indicate
that the variable can be ignored in the surrogate
model, 1 � l � 2 in this paper. Therefore, a correla-
tion matrix between the sample points and their
response values can be obtained, as

R ¼
R h; xð1Þ; xð1Þ
� �

. . . R h; xð1Þ; xðnÞ
� �

..

. . .
. ..

.

R h; xðnÞ; xð1Þ
� �

. . . R h; xðnÞ; xðnÞ
� �

2
664

3
775 (3)

Therefore, the value of h needs to be determined
firstly, it can be calculated by maximizing the likeli-
hood estimate of the response value, as

ln hð Þ ¼ � 1

2
nlnr̂2 þ lnRþ 1

r̂2
Y� fTb̂
� �T

R�1 Y� fTb̂
� �	 


(4)

Table 1. Primary parameters of the vehicle-track model.

Parameter Value Unit

Vehicle frame mass (mv) 70 000 [kg]

Bogie frame mass (mb) 1887 [kg]

Axlebox mass (maÞ 152 [kg]

Wheelset mass (mw) 1121 [kg]

Sleeper mass (ms) 330 [kg]

Carbody roll moment of inertia (Icxx) 7399 [kg m2]

Carbody pitch moment of inertia (Icyy) 1 998 266 [kg m2]

Carbody yaw moment of inertia (Iczz) 2 418 154 [kg m2]

Bogie frame roll moment of inertia (Ibxx) 1188 [kg m2]

Bogie frame pitch moment of inertia (Ibyy) 1484 [kg m2]

Bogie frame yaw moment of inertia (Ibzz) 2582 [kg m2]

Axlebox roll moment of inertia (Iaxx) 2.18 [kg m2]

Axlebox pitch moment of inertia (Iayy) 7.57 [kg m2]

Axlebox yaw moment of inertia (Iazz) 6.71 [kg m2]

Wheelset roll moment of inertia (Iwxx) 592.9 [kg m2]

Wheelset pitch moment of inertia (Iwyy) 96.34 [kg m2]

Wheelset yaw moment of inertia (Iwzz) 592.9 [kg m2]

Pivot distance (2a�) 14.2 [m]

Wheelset base (2aþ) 1.8 [m]

Wheel rolling circle diameter (D) 920 [mm]

Secondary suspension damping (csx, csy and csz) 10 [kNs/m]

Fastener damping (cfy and cfz) 5.5 and 63 [kNs/m]

Ballast damping (cby and cbz) 49 and 94 [kNs/m]

WR contact damping (cc) 10 [kNs/m]

Fastener stiffness (kfy and kfz) 1700 and 280 000 [kN/m]

Ballast stiffness (kby and kbz) 20,000 and 75 000 [kN/m]

Contact stiffness (kc) According to the non-linear wheel/rail

contact model (Hertzian contact)

—

The friction coefficient between wheels and rails (l) 0.35 —

Poisson ratio (t) 0.28 —

Wheel profile S1002 —

Rail profile UIC60e1 —

Track irregularities. ERRI B176
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The estimation of h depends on b̂ and r̂2. b̂ and r̂2

can be calculated using the generalized least square
method, and given as

b̂ ¼ FTR�1Fð Þ�1
FTR�1Yð Þ (5)

r̂2 ¼ 1

n
Y� FTb̂
� �T

R�1 Y� FTb̂
� �

(6)

where F ¼ ½fðx 1ð ÞÞ; fðxð2ÞÞ; . . . ; fðxðnÞÞ�T.
Finally, after determining the input information of

the unknown point x, the corresponding response
value of the point x can be predicted by the KSM
using equation (7):

ŷ xð Þ ¼ FT xð Þb̂ þ r xð ÞTR�1 Y� Fb̂
� �

(7)

where r xð Þ ¼ ½R h; x; x 1ð Þ� �
;R h; x; x 2ð Þ� �

; . . . ;R h; x; x nð Þ� �
�

represents the correlation function vector of the
sample point to be tested and each known
sample point. This term relates ŷ to the absolute
distance between the new point and the sampled
data, so the uncertainty of the predicted value must

be minor if the new point is sufficiently close to one of

the sampled points. On the other hand, the uncertain-

ty of the predicted value for a far-located point is

significant. Here, the Mean Squared Error (MSE),

which is again dependent on r, is used to measure

the uncertainty of the predicted value, see

equation (8):

ŝ2 xð Þ ¼ r̂2 1� rTR�1rþ 1� 1TR�1rð Þ2
1TR�1r

" #
(8)

where the term 1� 1TR�1rð Þ2=ð1TR�1rÞ is often

ignored since it is a higher-order small-term.37 The

square root of equation (8) (RMSE) is usually used

as an index for measuring the accuracy of a surrogate

model over the design space. To achieve the aim of

unbiased estimation, the RMSE value should be kept

to a minimum. If this value is large, it means that the

accuracy of the KSM is low. Therefore, more samples

are required to construct a new KSM model.
Because the KSM has local and global statistical

properties, high-precision fitting effects can be

achieved when solving nonlinear problems.

Figure 5. The topology of the wheelset-track model.
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Optimization problem statement

The Blankenburg-Rübeland line (Figure 6) is located

in the Harz Mountains in Germany, connecting the

companies located there to the railway network, such

as Hüttenwerke and Kalkbranntwerke.48 The line

currently mainly undertakes the lime transportation

task of the Fels-Werke GmbH in Harz. As shown in

Figure 4, this line contains many tight curves which

result in severe W-wear, increasing the maintenance

costs and threatening the running safety.
We found that the wear of train wheels running on

this line was extremely serious. Our work, therefore,

takes a 375-m-radius curve of this line as an example

to study the effects of track layout parameters on W-

wear. The vehicle speed was about 51 km/h. The data

concerning the track and the Sgnss wagon, as well as

the vehicle speed, were supported by the

DynoTRAIN project, which was funded by the

European Commission.

Design variables. When a train is running on a curve,

due to the centrifugal force, the wear between the

wheel and rail is much more serious than when

running on a straight line. To balance the

centrifugal force of the train on a curve, the outer

rail of the curved section needs to be set higher than

the inner rail, i.e. superelevation (Figure 7). The

superelevation S (mm) is determined according to

the curve radius r (m) and the train speed v (km/h).

When the value meets equation (9), the centripetal

force provided by the superelevation can balance

the entire centrifugal force, and the superelevation

at this time is called the equilibrium superelevation.

Setting the superelevation reasonably can reduce

WR wear and prolong the service life of the wheel

and rail. Conversely, too high or too low will affect

operational safety.

Se ¼ 11:8
v2

r
(9)

The tack gauge is defined as the distance between
the inner sides of the rails measured 14mm below the
rolling surface (Figure 7). Currently, there are some
different used gauges worldwide, such as standard
gauge (G ¼ 1.435m), metric gauge (G¼ 1.000m or
G¼ 1.067m) and broad gauge (G¼ 1.524m in
Russia, G¼ 1.672m in Spain). Among them, the stan-
dard gauge is the most widely used. On curves below
400m radius, it may be necessary to widen the gauge
to ease the movement of vehicles and reduce WR
wear. For instance, when the radius is between
350m ⁓ 400m, it is recommended to set the track
gauge to 1.440m for the standard gauge. More infor-
mation concerning this part can be found in
Profillidis.49

In most cases, rails are mounted with an inclina-
tion inwards to fit together with coned W-profiles.
Usually, the rail cant a (Figure 7) varies between
1:40 and 1:20, but in some turnouts, rails may be
mounted with different inclination.35 In the German
railway network, a 1:40 rail cant is usually used.

In our work, the superelevation and gauge are
defined as the design variables of the KSM-based
W-wear model; they range from Se � 0:4m � Se �
Se þ 0:4m and 1.440m � G � 1.460m, respectively.
Besides, the influence of two rail cants (a ¼ 1 : 40,
and a ¼ 1 : 20) on W-wear is also investigated.

Optimization objective. Wear of the wheel is a natural
process in which the material is removed from the
surface of the wheel when the vehicle is running.
Currently, there are some Tc-based models that
have been used to predict the wear amount of railway
wheels,50–55 such as BRR model,50 Zobory model,51

USFD model,52 in which, the first step is to calculate
the dissipated energy in the WR contact patch. This is

Figure 7. Sketch of the superelevation, gauge, and cant of a
curved track.

Figure 6. Rübeland-Bl€ankenburg railway line.
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based on the assumption that there is a direct rela-

tionship between material loss and energy dissipation.

Energy dissipation is expressed as the product of the

tangential force (T) and the creepage (c) in the WR

contact patch, i.e., Tc

Tc ¼ Fxvx þ Fyvy (10)

where Fx and Fy are the longitudinal and lateral creep

forces, respectively; vx and vy are the longitudinal and

lateral creepages, respectively.
Since the 1st wheelset is a guiding wheelset, and

whose WR interaction forces, usually, are greater

than the other wheelsets, the average Tc value of

the first wheelset of the Sgnss wagon after driving

1 km is considered as the optimization target.

Finally, the objective function to reduce W-wear

can be expressed as

fwearjminðTcÞ ¼ 1

st

Z te

ts

Tcl tð Þ þ Tcr tð Þ
� �

dt (11)

where Tc denotes the wear number calculated by

KSM; st represents the full length of the simulated

track, in our work, it is set as 1 km; ts and te represent

the start and end simulation time, respectively; Tcl tð Þ
and TcrðtÞ are the Tc value of the left and right wheel

of the first wheelset, respectively.

Constraint function. For small-radius curves, derailment

safety is extremely important. The constraint func-

tions introduced in our work refer to the standard,56

where the derailment coefficient Y=Q and maximal

lateral force Y are introduced as constraints to

accommodate the dynamic performance of railway

vehicles.
Nadal’s coefficient is used for estimating the

vehicle’s running safety and is expressed as

Y

Q
¼ tana� l

1þ ltana
(12)

where Y is the vertical force on the wheel; Q is the

lateral force on the wheel; a is the wheel flange angle,

and l is the friction coefficient between the wheel and

the rail.
The railway must be designed to avoid or minimize

the occurrence of any lateral force that is detrimental

to the structural safety of the wheel and rail under

standard track conditions. The limit of the lateral

force is defined as

ðY2mÞjmin ¼ P0

3
þ 10 kNð Þ (13)

where Y2m is the lateral force-sliding mean over 2m

of the track, and P0 is a static axle load.

After KSM is established, the optimal track layout

combination for reducing W-wear can be sought by

an automatic optimization method. In this step,

PSO41 is introduced. Finally, the optimization prob-

lem is transformed into

Minimize : fwear

Subject to :
Y

Q
� 0:8

Subject to : Y � 74:9 kN

0:040 m � S � 0:120 m

1:440 m � G � 1:460 m

8>>>>>>>><
>>>>>>>>:

(14)

Experimental result

Study on the influence of track layout parameters

on W-wear and derailment safety base on KSM

When the vehicle is running on a small-radius curve, a

two-point contact tends to occur on the outer wheel,

which makes the WR interaction extremely compli-

cated and difficult to be analyzed by analytical meth-

ods. Therefore, this paper studies the track layout

parameters based on the MBS technique. Figure 8

shows the WR contacts of the 1st wheelset when the

Sgnss wagon negotiates a 375-m-radius curve with a

speed of 51 km/h; it clearly shows that a WF-TH con-

tact occurs on the inner wheel (inner WT-RH con-

tact), while two contacts occur on the outer wheel,

i.e., outer WT-RH contact and outer WF-GC con-

tact. In this section, the wear number of these three

contacts, as well as the total wear number, are ana-

lyzed. Besides, the safety-related indexes, including

the derailment coefficient and maximal WR lateral

force, are also discussed.

Making a sampling plan. The first step in KSM model-

ing is to select samples. The sampling plan should

consider the following two aspects:

• On one hand, as many samples as possible need to

be selected to ensure the accuracy of the KSM.

However, when the number of samples reaches a

certain level, increasing the sample points will

increase the calculation amount instead of improv-

ing the accuracy of the model.
• If a desirable point is located far from the sampled

points, the accuracy of the approximation may

decrease. Therefore, it is necessary to ensure that

the sample points can uniformly fill the entire

design space, thereby reducing the phenomenon

that the local cannot be fitted.

Classical sampling strategies include orthogonal

experimental design,57 Latin hypercube sampling

(LHS),58 uniform experimental design,59 etc. In this
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research, the uniform experimental design sampling

strategy with a 21 � 21 matrix is used, with a total

of 441 sample points, as shown in Figure 9.

Result analysis. Finally, the KSM-based results, when

the rail cant is a ¼ 1 : 40, are shown in Figure 10. It

can be seen that there is a nonlinear and non-

monotonic relationship between W-wear, derailment

safety indicators, and track layout parameters,
Figure 10(a) to (d) shows the result of W-wear

when the rail cant is a ¼ 1 : 40, and the following

phenomena can be obtained:

• In terms of the inner wheel tread wear (inner WT-

wear) (Figure 10(a)), when the gauge is between

1.440⁓1.450m, it increases gradually with an

increase in superelevation and then begins to

increase rapidly at a position near the equilibrium

superelevation (S¼ 0.080 m). However, when the

gauge is between 1.450⁓1.460m, it decreases firstly
and then increases.

• In terms of the outer WT wear (outer WT-wear)

(Figure 10(b)), no matter which range the gauge is
in, overall, it increases as the superelevation
increases. Besides, as the gauge widens, it also
increases.

• In terms of the outer wheel flange wear (outer WF-
wear) (Figure 10(c)), when the gauge is between

1.440⁓1.450m, it gradually decreases first and
then rapidly increases, reaching a minimum when
the superelevation is around 0.068m. When the
gauge is between 1.440⁓1.450m, the wear

number exhibits a phenomenon of consistently
increasing. Also, widening the gauge can signifi-
cantly decrease the outer WF-wear, and when the
gauge is widened to 1.460m, the outer WF-wear is

decreased to about 0.
• In terms of the total wear of the 1st wheelset

(Figure 10(d)), its changing tendency is almost
the same as that of the outer WF-wear.

Figure 10(e) and (f) shows the safety-related indi-
cators when the rail cant is a ¼ 1 : 40, and the follow-

ing phenomena can be obtained:

• In terms of the maximal derailment coefficient
(Figure 10(e)), both the gauge and the supereleva-
tion affect the derailment. Among them, regardless

of the range of the gauge, the derailment coefficient
decreases first and then increases with the increase
of the superelevation. The outer WT number grad-
ually increases with the increase of the supereleva-

tion, reaching a minimum when the superelevation
increases to near the equilibrium value. However,
there is a monotonic relationship between the
derailment coefficient and gauge: it decreases as

the gauge widens.

0.04 0.06 0.08 0.1 0.12
1.44

1.445

1.45

1.455

1.46

Superelevation (m)

G
au

g
e 

(m
)

Figure 9. The sampling plan for the KSM.

(a) (b)

Figure 8. The WR contacts of the 1st wheelset when an Sgnss wagon negotiates a 375-meter-radius curve (v ¼ 51 km=h,
S ¼ 0:080m, G ¼ 1:440m and a ¼ 1 : 40): (a) inner WT-RH contact and (b) outer WT-RH contact and outer WF-GC contact.
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• In terms of the maximal WR lateral force

(Figure 10(f)), its changing tendency is almost the

same as that of the derailment coefficient.
• These two derailment safety indicators meet the

standard56 since the track layout parameters are

only fine-tuned within the scope of safety.

The value of rail cant may be different under dif-

ferent working conditions. The most commonly used

value in Germany is a ¼ 1 : 40, but a ¼ 1 : 20, some-

times, is also used. Therefore, a case with a rail cant

of a ¼ 1 : 20 is also introduced, and the KSM-based

results are shown in Figure 11. It clearly shows that

the results under these two cant values are completely

different, and the use of a rail cant of a ¼ 1 : 20 is

worse in terms of W-wear progression compared

with a rail cant of a ¼ 1 : 40.
Figure 11(a) to (d) shows the result of W-wear

when the rail cant is a ¼ 1 : 20, and the following

phenomena can be obtained:

• In terms of the inner WT-wear (Figure 11(a)), as

the superelevation increases, it increases first.

When the superelevation increases to about the

equilibrium value, it begins to show a slight

decrease, and then continues to increase slowly.

However, as the gauge is widened, it exhibits a

continuous decreasing trend.
• In terms of the outer WT-wear (Figure 11(b)), the

outer WF-wear (Figure 11(c)) and the total wear of

the 1st wheelset (Figure 11(d)), as the supereleva-
tion increases, it first decreases slowly, then sharply
decreases in the vicinity of the equilibrium value,
and then continues to decrease gradually.
However, there is a nearly monotonic relationship
between their values and the gauge; they all
decrease as the gauge widens.

Figure 11(e) and (f) shows the safety-related indi-
cators when the rail cant is a ¼ 1 : 20, and the follow-
ing phenomenon can be obtained:

• In terms of the maximal derailment coefficient
Figure 11(e), as the superelevation increases, it
first increases slowly, then sharply increases in the
vicinity of the equilibrium value, and then continues
to increase gradually. However, there is a monoton-
ic relationship between the derailment coefficient
and gauge: it decreases as the gauge widens.

• In terms of the maximal WR lateral force
Figure 11(f), as the superelevation increases, it
first decreases, then increases in the vicinity of the
equilibrium value, and then decreases again.
However, there is a nonlinear and non-
monotonic relationship between the derailment
coefficient and gauge.

KSM-PSO based track layout optimization

KSM verification. To ensure the correctness of the cal-
culation result, the accuracy of the KSM should be

Figure 10. Calculation results when the vehicle negotiates a 375-m-radius curve with a cant of a ¼ 1 : 40.

Ye and Sun 227



guaranteed firstly, where the absolute value of RMSE

derived from equation (8) is introduced here. Since

our optimization objective is the total wear number

of the 1st wheelset, the RSME values of the 1st wheel-

set under the cant of a ¼ 1 : 40 and a ¼ 1 : 20 are

calculated and shown in Figure 12(a) and (b), respec-

tively. These two figures reveal that the error on the

edges and corners of the design space is larger than

that in the central part. However, these errors can be

negligible relative to the results shown in

Figures 10(d) and 11(d), which means that the

sampling strategy in our work satisfies the designing

requirements described in ‘Making a sampling plan’

section and this KSM model is accurate enough.
To further validate the accuracy of the established

KSM, eight different combinations of track layout

parameters (4 for a¼ 1:40 and 4 for a¼ 1:20), which

are not involved in the sampling plan, are selected to

run dynamics simulations. The total wear numbers of

1st wheelset are generated. Table 2 compares the

results calculated by the KSM method and the ones

obtained from the dynamics simulations. All the

Figure 11. Calculation results when the vehicle negotiates a 375-meter-radius curve with a cant of a ¼ 1 : 20.

Figure 12. RMSE result over the design space.
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errors are lower than 2%. The results thus prove the

correctness of the KSM in estimating the wear

number.

Track layout optimization based on PSO. In this subsec-

tion, according to ‘Optimization problem statement’

section, PSO is introduced to find the optimal combi-

nation of track layout parameters for reducing W-

wear. In the automatic optimization, the value of

the gauge is first selected, and the superelevation cor-

responding to the lowest wear, then, is sought by the

PSO. Finally, the optimal combination of track

layout parameters for reducing W-wear is shown in

Figure 13, where the red line represents the optimal

combination calculated by PSO.
Figure 13(a) clearly shows that in the case of where

the cant is a ¼ 1 : 40, when the gauge is set to

G¼ 1.440m the most suitable superelevation for

reducing W-wear is S¼ 0.068m, and when the

gauge is S¼ 1.450m the most suitable superelevation

is S¼ 0.075m, both values are slightly lower than the

equilibrium value (S¼ 0.080m). If the gauge contin-

ues to increase, the optimum superelevation for

reducing wear is S¼ 0.040m, which is much lower

than the equilibrium value. Figure 13(b) clearly

shows that in the case of where the cant is

a ¼ 1 : 20, the optimum superelevation for reducing

wear is about S¼ 0.120m, no matter which range the

gauge is in. Both of these two rail cant values show

that the W-wear gradually decreases as the gauge

widens, which also shows that a proper widening of

the gauge can reduce wear (Figures 10(d) and 11(d)

show more clearly).
The above results are based on the Sgnss wagon at

a speed of 51 km/h. However, in practice, when set-

ting the track layout parameters, the following two

issues should be considered.

• When running on the same curve, the speed of dif-

ferent trains may vary. For these trains of different

speeds, it is difficult to find a versatile track layout

combination that at the same time minimizes the

wear of all passing trains.
• To provide a sufficient safety margin, the track

layout parameters cannot be changed too large.

Based on the above considerations, and through

the simulation results and engineering experience,

two suggestion regions concerning track layout for

reducing W-wear is given to guide the selection of

Table 2. Comparison of the calculated results by KSM and the simulated results through SIMPACK.

Cant Superelevation (m) Gauge (m)

Wear number

calculated by KSM (N)

Wear number calculated

by SIMPACK (N) Error (%)

1:40 0.054 1.458 109.6 110.2 0.54

0.083 1.451 117.0 115.8 �1.04

0.095 1.450 133.8 131.5 �1.95

0.103 1.444 148.1 149.6 1.00

1:20 0.050 1.457 1095 1098 0.27

0.063 1.455 1104 1122 1.60

0.098 1.449 1072 1075 0.28

0.073 1.444 1178 1175 �0.26

Figure 13. Optimal combination of track layout parameters for reducing W-wear.
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the track layout parameters, which is called as the

optimal region in our work, as shown in Figure 13.

Based on these two optimal regions plotted in

Figure 13, and the results presented in ‘Result analy-

sis’ section, the following three suggestions concern-

ing track layout setting are given:

1. For a 350-m-radius curve with a cant of 1:40, it is

suggested to select the gauge value from

1.440⁓1.450m, and the train is kept in the cant-

deficiency running state, and the cant-deficiency

amount does not exceed 0.020m.
2. For a 350-m-radius curve with a cant of 1:20, it is

suggested to select the gauge value from

1.440⁓1.450m, and the train is kept in the cant-

excess running state, and the cant-excess amount

does not exceed 0.040m.
3. It is suggested to use a cant value of 1:40 on the

curve as it can greatly reduce the W-wear.

A case study of an optimized track layout

Based on the simulation results from ‘KSM-PSO

based track layout optimization’ section, in this sec-

tion, two combinations of track layout parameters are

introduced for comparison, i.e., an optimized track

layout and a normal track layout. Among them, we

select the superelevation S¼ 0.075m, the gauge

G¼ 1.450m, the cant a¼ 1:40 as the optimized

track, and S¼ 0.080m, G¼ 1.440 and a¼ 1:40 for

the normal track. The calculation results, including

the wear number and derailment safety indicators,

are listed in Table 3. The results show that the

W-wear is significantly reduced, with the largest

change being the outer WF wear and the reduction

in wear number by 58.9%. Besides, the derailment

safety is also slightly improved.
To visualize the wear distribution, a wear distribu-

tion calculation method that integrates the Hertzian

normal contact model,60 FaStrip tangential contact

model61 and USFD wear model62 (i.e., Hertzian-

FaStrip-USFD53) is applied here. The wear distribu-

tion after a 1-km journey is shown in Figure 14. When

the optimized track is used, two advantages are

produced:

1. The outer WF-wear is greatly reduced;
2. The inner WT-wear tends to move outward, and

the wear is more uniform.

Base on the comparison results, we can know that

the KSM-PSO based track layout parameter optimi-

zation method is promising for parameter settings of

small-radius curves to reduce W-wear, and of course,

can also be used to select the other track geometrical

parameters.

Table 3. Calculation results of the wear number and derailment safety indicators for the normal track and the optimized track.

Parameters

Normal track (S¼ 0.080m,

G¼ 1.440, a¼ 1:40)

Optimized track (S¼ 0.075m,

G¼ 1.450, a¼ 1:40)

Inner WTwear (N) 29.60 28.95

Outer WTwear (N) 70.27 71.22

Outer WF wear (N) 28.13 11.56

Total wear number (N) 128.00 110.29

Derailment coefficient 0.065 0.055

Maximal lateral force (kN) 7.43 7.58

Outer WF-wear

Inner WT-wear

Figure 14. Wear distribution of the 1st wheelset for the normal track and the optimized track.
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Conclusion and discussion

Reducing W-wear has been a topic of great concern

since the dawn of railway vehicles. At present, most of

the research on W-wear behavior and W-wear reduc-

tion is mainly from four aspects: WR tribology, WR

profile, vehicle design, and active control of vehicle

suspensions. Little attention has been paid to the

effects of track layout parameters on W-wear, such

as superelevation, gauge, and cant. To supplement the

existing research, in our work the effects of track

layout parameters (including superelevation, gauge,

and cant) on W-wear and derailment safety are ana-

lyzed when an Sgnss wagon with a speed of 51 km/

h negotiates a 375-m-radius curve of the German

Blankenburg-Rübeland railway line, and the follow-

ing conclusions are obtained.

1. Taking a 375-m-radius curve as a case, the influ-

ence of track layout parameters (superelevation,

gauge, and cant) on W-wear and vehicle derail-

ment safety is investigated based on the KSM tech-

nique. The results show that the track layout

parameters have a great influence on W-wear and

derailment safety.
2. A KSM-PSO based track layout parameter optimi-

zation is proposed, and an optimal combination

line is presented. However, when running on the

same curve, the speed of different trains may vary.

For these trains of different speeds, it is difficult to

find a versatile track layout combination that at

the same time minimizes the wear of all passing

trains. Besides, to provide a sufficient safety

margin, the track layout parameters cannot be

changed too large. Considering these two aspects

and based on practical experience, an optimal

region concerning track layout setting for reducing

W-wear is presented. This area can provide a ref-

erence for the reasonable setting of the track layout

parameters.
3. An optimized track is introduced for comparison.

The results show that when using the optimized

track, the W-wear performance is greatly

improved. Specifically, the outer WF-wear is great-

ly reduced and the inner WT-wear becomes more

uniform.

Based on the above results, from the perspective of

reducing W-wear, the following measures may be fea-

sible for small-radius curves of rail track.

1. For a 350-m-radius curve with a cant of 1:40, it is

suggested to select the gauge value from

1.440⁓1.450m, and the train is kept in the cant-

deficiency running state, and the cant-deficiency

amount does not exceed 0.020m. This suggestion

is also consistent with the modification suggestion

proposed in Gao et al.34

2. For a 350-m-radius curve with a cant of 1:20, it is

suggested to select the gauge value from

1.440⁓1.450m, and the train is kept in the cant-

excess running state, and the cant-excess amount

does not exceed 0.040m.
3. It is suggested to use a cant value of 1:40 on the

curve as it can greatly reduce W-wear.

This study is promising for the parameter setting of

those dedicated lines, on which the train speed is usu-

ally fixed, such as metro, light rail, and tram. There

are two points worth mentioning here.

1. In this paper, the author only analyzes the rail

track of a radius of 375m. For the selection of

the track layout parameters of curves with differ-

ent radii, further study is needed.
2. Changing the track layout parameters will affect

W-wear. An in-depth analysis of the mechanism

of this phenomenon will be completed in our

future work.
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Appendix

Notation

aþ half wheelset base
a� half pivot distance
cby, cbz ballast damping
cc contact damping
cfy, cfz fastener damping
csx, csy, csz secondary suspension damping
CMA-ES covariance matrix adaptation evolution

strategy
D wheel rolling circle diameter
DOFs degrees of freedom
fwear wear number
fTðxÞ regression model
Fx, Fy creep force
G track gauge
GC gauge corner
GA genetic algorithm
Iaxx axlebox roll moment of inertia
Iayy axlebox pitch moment of inertia
Iazz axlebox yaw moment of inertia
Ibxx bogie frame roll moment of inertia
Ibyy bogie frame pitch moment of inertia
Ibzz bogie frame yaw moment of inertia
Icxx carbody roll moment of inertia
Icyy carbody pitch moment of inertia
Iczz carbody yaw moment of inertia
Iwxx wheelset roll moment of inertia
Iwyy wheelset pitch moment of inertia
Iwzz wheelset yaw moment of inertia
kby, kbz ballast stiffness
kc contact stiffness
kfy, kfz fastener stiffness
KSM Kriging surrogate model
LHS Latin hypercube sampling
ma axlebox mass
mb bogie frame mass
mv vehicle frame mass
mw wheelset mass
ms sleeper mass
MBS multibody dynamics simulation
MSE mean squared error
P0 static axle load
PSO particle swarm optimization
Q wheel-rail lateral force
r track radius
r xð Þ correlation function vector of the

sample point
r correlation matrix
R spatial correlation between the sample

points
R spatial correlation matrix
RCF rolling contact fatigue
RH rail head
RRD rolling radius difference
RMSE root mean square error

Ye and Sun 233



Se equilibrium superelevation
SM surrogate model
t time
T tangential force
USFD University of Sheffield
v vehicle speed
vx, vy creepage
WF wheel flange
WR wheel-rail
WT wheel tread
W-profile wheel profile
W-wear wheel wear
xi a point of a sample
x an input sample
X input sample point group

y xð Þ, ŷ xð Þ predicted response
Y wheel-rail vertical force
Y2m lateral force-sliding mean over 2m of

the track
Y output sample point group
ZðxÞ random Gaussian distribution
a rail cant, or wheel flange angle
b, b̂ undetermined coefficient
c creepage
h active vector
hl the lth component of h
l friction coefficient
t Poisson ratio
r2, r̂2 variance
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