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Abstract Full-scale roller rigs are recognized as useful
test stands to investigate wheel-rail contact/damage issues
and for developing new solutions to extend the life and
improve the behaviour of railway systems. The replace-
ment of the real track by a pair of rollers on the roller rig
causes, however, inherent differences between wheel-rail
and wheel-roller contact. In order to ensure efficient uti-
lization of the roller rigs and correct interpretation of the
test results with respect to the field wheel-rail scenarios, the
differences and the corresponding causes must be under-
stood a priori. The aim of this paper is to derive the dif-
ferences between these two contact cases from a
mathematical point of view and to find the influence factors
of the differences with the final aim of better translating the
results of tests performed on a roller rig to the field case.

Keywords Wheel-rail contact - Wheel-roller contact -
Creepage - Contact patch - Roller rig

1 Introduction

The contact between wheel and rail is one of the most
important features of the railway system, and this contact
pair has attracted great attention since the beginning of
railway engineering. Unfortunately, the problems involved
in the wheel-rail contact interface have not been
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completely solved due to the complexity of the problem.
Many attempts have been made from both theoretical and
experimental points of view. Moreover, field experiments
on wheel-rail contact mechanics and dynamics are often
challenging due to the difficulties in adequately controlling
the test conditions [1]. Roller rigs are a good alternative in
this case, thanks to their high controllability and flexibility,
and have been used as experimental tools in railway
application over a long time. A variety of roller rig designs
have been introduced, targeting different research aims,
more detail on this topic can be found in [2-4].
A. Jaschinski et al. [2] performed a comprehensive survey
for both full-scale and scaled model roller rigs on the
application to railway vehicle dynamics. Zhang et al. [4]
reviewed the development history of the roller rig for
railway application and performed a detailed comparison
between rollers and track in terms of geometry relationship
with wheel, creep coefficient, stability, vibration response
and curve simulation. Allen [5] and Yan [6] documented in
detail on the errors caused by scaled roller rigs for the study
of the dynamic behaviour of railway bogies. Keylin et al.
[1] derived explicit analytical expressions for comparing
contact patch dimensions and Kalker’s coefficients for a
wheel moving on a roller and on a tangent track, based on
Hertz and Kalker’s linear theory. Taheri et al. [7] compared
the contact patch formed by a single wheelset when cou-
pled to a roller and to a tangent track under the assumptions
of the Hertz’s theory. Zeng [8] compared the geometry
contact characteristics of the wheel-rail and that of the
wheel-roller based on a three-dimensional contact search-
ing method.

Nevertheless, a systematic analysis of wheel-roller
contact and the differences with respect to the wheel-rail
case are missing in the literature. It should be noted that the
roller rig test will never completely replace the field test
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due to inherent differences caused by the replacement of
the rail by rollers in a roller rig system. Therefore, it is very
important to know the differences between these two sys-
tems and the corresponding reasons in order to efficiently
perform wheel-rail contact study on a roller rig and to
correctly interpret the test results and to compensate for
deviations between the roller rig and a real track. This
analysis should cover in particular

— the geometry of wheel-rail/wheel-roller contact;

— differences in the formation of the contact patch;

— factors affecting the creepages in a test performed on a
roller and their effect on tangential contact forces.

The aim of this paper is to provide a thorough exami-
nation of the differences between these two contact cases
from a mathematical point of view and to find the influence
factors of the differences for better translating the test
results on the roller rig to the field test. To this aim, a new
approach for solving the normal contact problem for the
wheel-roller couple is proposed, and the expressions of the
creepages and spin are obtained for the wheel-roller couple.
The results of this new approach are presented comparing
the case of the wheelset running on a standard track and on
rollers, and the differences between these two cases are
discussed in the light of their effects on surface damage and
degradation occurring in the wheels and the rails.

2 Full-Scale Roller Rigs for Tests on a Single
Wheelset

Among all of the roller rigs existing in laboratory, the full-
scale roller rig for a single wheelset test is one of most
similar systems to a real wheelset-track system from both
dynamics and contact mechanics points of view. The
mechanical layout for a roller rig of this type is shown in
Fig. 1. It consists of a roller with two wheels driven by a
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Fig. 1 Layout of a full-scale roller rig for a single wheelset test

@ Springer

motor. A full-scale wheelset is mounted on the top of two
rollers with real rail profiles and connected through pri-
mary suspensions to a transversal beam representing one
half of the bogie frame. Compared with the roller rig for
test on a complete vehicle, the high controllability and
flexibility of the single wheelset roller rig make it possible
to obtain adequate data on the dynamics of the system and
on wheel-rail contact under various conditions which are
essential for investigating the adhesion and creep of the
wheel over the rail. This configuration of the roller rig
allows to perform studies of wheel-rail interaction and also
tests concerning the dynamic behaviour of a wheelset/bo-
gie, see [9, 10]. However, this paper only concentrates on
wheel-rail contact.

3 Contact Formulation for Wheel-Rail and Wheel-
Roller Systems

From a mathematical point of view, the contact problem
can be solved for both wheel-rail and wheel-roller contact
according to the following four steps [11, 12]. The first
step is to solve the geometrical problem, in which the
locations of the contact points on the contacting bodies are
determined. This is followed by solving the normal con-
tact problem, in which the shape and size of the contact
patch formed in the contact interface due to body defor-
mation and the corresponding pressure distribution over
the contact patch are determined. The third step is to deal
with the kinematic problem, in which normalized kine-
matic quantities, the so-called creepages, are determined.
These quantities measure the relative velocities between
the contacting bodies at the contact points. In the final
step, the tangential problem is solved; this concerns the
prediction of tangential stresses at the contact interface
which is generated by friction and creepages within the
contact zone [11, 13, 14]. All these steps need to be dealt
with differently for the case of wheel-roller contact
compared to the wheel-rail case, as described in the next
section.

3.1 Geometrical Problem

The contact geometry analysis deals with the contact point
searching problem between the contacting bodies, i.e.
wheel-rail and wheel-roller pairs in this case. The location
of contact depends on the dynamic conditions as well as
material properties of the contact pair if body deformation
is considered. There are many approaches for the detection
of the contact points for wheel-rail contact as documented
in [11]. Most of the approaches available in the literature
assume that the yaw angle of the wheelset against the track
is very small and negligible when solving the geometric
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contact problem so as to form the so-called bi-dimensional
methods [14]. This assumption largely simplifies the cal-
culation, leading to fast solutions that can be implemented
in rail vehicle online dynamics simulation. However, the
replacement of the rail by a roller makes the geometric
contact problem more complicated, and the traditional bi-
dimensional methods may not be applicable any longer due
to the considerable yaw influence on the contact location in
the case of the wheel-roller contact. To deal with this
problem, a three-dimensional model is needed. Some
existing approaches for wheel-roller geometry contact
analysis can be found in [4, 8, 15].

It is clear that the geometric contact condition between
the wheel and rail/roller is the same for zero yaw angle
conditions assuming the contacting bodies to be rigid. The
comparisons on the geometry contact relationship between
the wheel-rail and wheel-roller contact pairs are available
in the literature, for instance [4, 8, 12]. Therefore, no fur-
ther discussion is needed here, but one typical case study is
shown in Fig. 2 for the completeness of this study. The
calculation conditions are as follows: profile combination
is new S1002/UIC60 with 1:20 rail inclination, the radius
of the roller is 1 m and the yaw angle of the wheelset is
60 mrad.

It is interesting to note in Fig. 2 that two-point contact
occurs when the wheelset is shifted by 5 mm approxi-
mately in lateral direction for wheel-rail contact, but this
value is slightly different on the roller rig due to the
curvature of the rollers. Obviously, the differences can be
decreased by increasing the radius of the roller, but the
dimension of the roller is limited in practice considering
the increased cost and difficulties related with the man-
ufacturing and installation of the rig. It should be also
noted that 60 mrad is a quite large yaw angle for the
wheelset and that smaller differences are found for
smaller yaw angles.
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3.2 Normal Problem

The well-known Hertzian theory [16] is widely used for
solving the normal contact problem in rail vehicle
dynamics simulation for its simplicity and calculation
efficiency. However, Hertzian theory is valid based on
half-space assumption and elliptic contact condition. In
order to obtain more realistic contact information for the
purpose of comparison between wheel-rail and wheel-roller
contact (especially in terms of shape and size of the contact
patch and of pressure distribution), the use of a more
advanced contact model is required. The most elaborate
contact model to date can be established by finite element
method [17, 18] which is quite complicated and time
consuming. The same problem can be dealt with using the
boundary element method as done, e.g. by Prof. Kalker’s
algorithm CONTACT [19] and by the model proposed by
Knothe and Le The in [20]. The so-called approximate
contact methods represent a trade-off between efficiency
and accuracy in the solution of the normal problem and
therefore are generally considered as best suited for both
local contact analysis and for online dynamics simulation.
Well-known approximate models include the Kik—Pio-
trowski model based on virtual penetration concept [21—
23], the STRIPES model proposed by Ayasse and Chollet
[24] and Linder’s model [25]. Some interesting surveys of
the existing approximate methods and the comparison and
analysis among them can be found in [22, 26].

The Kik—Piotrowski model has been chosen as the basis
for this study. Some modifications have been introduced to
extend the original method to deal with both wheel-rail and
wheel-roller contact conditions. The Kik—Piotrowski model
is a fast and non-iterative method to calculate normal
contact problem. An outline of this method will be given in
this section, for more details the reader is referred to [21—
23]. The idea of this method is presented in Fig. 3. When
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Fig. 2 Comparisons of the contact location on wheel in lateral (a) and longitudinal (b) directions with 60 mrad yaw angle
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undeformed wheel profile

undeformed rail/roller profile

interpenetration region contact zone

Fig. 3 Contact zone determined with virtual interpenetration method,
adapted from [21]

the undeformed surfaces of wheel and rail/roller, touching
in the geometrical point of contact O which is determined
from geometric contact analysis, are shifted towards each
other by a distance 9, called the penetration, they penetrate
and intersect on a closed line, whose projection on the
x-y plane is called the interpenetration region. On the basis
of some similarity of shapes of the contact zone and
interpenetration region, the contact zone is determined by
scaling the interpenetration depth J, = & with an
approach scaling factor of ¢ = 0.55 and the resulting
interpenetration region is taken as the real contact zone.
In order to solve the problem numerically, a coordinate
system Oxyz representing the contact reference system is
defined firstly with the x-axis pointing along the rolling
direction of the wheelset, and the y-axis parallel to the
wheel axle. The undeformed surface with the same x, y
coordinates in contact reference system is assumed as

1 1 »?
) =500+ (g 1) 5 )
where subscript yz stands for the function defined in y—z
plane and Ry, and R, are the principal radii of the wheel and
rail/roller, respectively, at the geometrical point of contact
in rolling direction. For wheel tread and rail top contact R,
goes to infinite, while this is not the case for the wheel-
roller contact case. The separation of profiles f,.(y) =
Zy(y) + 23.(y) is obtained from the sum of the cross-sec-
tions zy.(y) of the wheel rolling surface and z),,(y) of the rail
surface by x = 0 in the contact plane. To proceed with the
presentation of the method, the interpenetration function of
the profiles is defined in the contact plane as

gyz()’) = { 30 _f)’Z(y) 11ff]];Vj(()))]>) § fs(()) @
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where g is the virtual interpenetration. The width of the
contact patch can be determined by solving Eq. (2). It
should be mentioned that the contact shape can be cor-
rected by adjusting the interpenetration function, cf. [22,
23], but no shape correction is applied in this study for
simplicity.

The contact zone is determined by the x coordinates of
its leading and trailing edges described by formula (3) in
the original method based on the assumption that the
wheel-rail contact problem is stated in terms of two bodies
of revolution with their axes laying in the same plane. The
same assumption was made by Linder [25].

X (v) = —=x.(y) & \/2Rugy:(y) (3)

where subscript xz means that the function is defined in the
x-z plane and superscripts 1 and ¢ indicate the terms asso-
ciated with the leading and trailing edges of the contact
patch, respectively.

In order to determine the contact boundary for wheel-
roller contact, the following modifications of Eq. (3) are
proposed. Firstly, the contact patch is partitioned into strips
paralleling with the x-axis towards to the rolling direction
of the wheel. Hence, the profile functions are converted to
discrete forms by strips y; (i = 1...n). Then, the extremities
of each strip can be determined by solving Eq. (4) instead
of Eq. (3). The two solutions of Eq. (4) for each strip
correspond to the coordinates of the leading and trailing
edges of that strip. All the coordinates comprise the
boundary of the contact zone.

20 (6, 3i) — 2 (6, 3i) = 8,2 (i) (4)

where g,. (y;) is the interpenetration function at the i-th
strip in contact patch, zy.(x,y;) and z..(x,y;) are the rolling
circle of the wheel and roller with the radius of R.,(y;) and
Se:(yi), respectively, over the i-th strip, which are expressed
by Egs. (5) and (6).

Z)\:lz(x’yi) = RCW(yi) Y R(Z:W(yi) —x? (5)
= Scr(yi) - Sgr(yi) —x? (6)

where x € [—R (), Rew(y:)] is the longitudinal coordinate
of the rolling circle in the contact plane. It should be noted
that S..(y;) is a straight line in the case of tangent track.

Moreover, it is assumed that the normal pressure is
semi-elliptical in the direction of rolling and has the fol-
lowing expression:

chz(xayi)

p 1 (v )2 42 (v
p(xj,y»:)T;’D (. (30)) " =x2(3)- (7)
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Following the same procedure documented in Ref. [21],
the normal contact problem can be solved numerically for
both wheel-rail and wheel-roller contact system.

It should be pointed out that the influence of the
wheelset’s yaw angle on the normal contact solution is
essential for wheel-roller contact and can be included based
on the similar idea proposed here, but it will not be dis-
cussed further in the current paper for simplicity.

3.3 Kinematical Problem

With reference to Fig. 1, it can be seen that the wheelset on
the roller rig has the same degrees of freedom as on a track,
except the constraint in longitudinal direction. Further-
more, the two rollers fixed on the same axle can only rotate
around its axle. To accomplish the kinematic analysis of a
wheelset on a pair of rollers, a convenient set of reference
frames should be introduced as shown in Fig. 4. The
wheelset reference frame is denoted by OyX,Y\Zy
attached to the wheelset’s centre of mass so that axis O Yy,
coincides with the wheelset’s axis of rotation, the OyZ,,
axis points upwards and the Oy,X,, axis completes the right-
handed coordinate system. Similarly, a roller reference

21

frame is introduced and denoted by O,.X;oY:0Z:o attached
to the roller’s centre of mass which is defined as the inertial
frame. Two contact reference frames O, X.Y.Z. and
O XY Z., are introduced at the contact interfaces
between the left-hand and right-hand wheels of the
wheelset and rollers at the wheelset central position.

It is assumed that the wheelset reference frame
0. X YwZ, is obtained from the inertial frame by per-
forming two successive rotations. The axes of the refer-
ence frames are parallel before rotation, and the first
rotation is made about the z-axis by an angle y called
yaw angle (positive in counter-clockwise direction) fol-
lowed by a second rotation about the x-axis by an angle ¢
called roll angle. Therefore, the transformation matrix
AY% connecting the wheelset frame to the inertial frame is
expressed as follows:

' cos —siny 0
AYY = |sinycosp cosycosp —sing (8)
siny/singp cosysing  cos@

Since the angles of rotation are generally small in rail-
way dynamics, the small angle approximation can be
applied, so that the transformation matrix reduces to

Front view (no yaw)

Fig. 4 Reference frames defined in the roller rig system

Side view (non-zero yaw angle)

@ Springer



220 Urban Rail Transit (2015) 1(4):215-226
‘ I =y 0 ' —resin 4+ Y
AV ly 1 —of. 9) Uy = AV iy =~ | —rfsinf— [+ rrpcos
0 o 1 —lp —r.cosf
The position vectors of the contact points on the wheel and N —"lr p+p 17
roller can be defined in the inertial frame as follows: ~ l(/_)‘_ g (17)
—lp — 1,

rwi =Ry + A"y (i=1r) (10)

where the position vector of the origin of the wheelset
reference frame in the inertial frame is expressed as

Ry=1[0 y 2" (11)

and the position vectors of the contact points in the
wheelset reference frame can be expressed in the following
forms: for the left-hand wheel

iy = [nsinp 1 — rlcosﬁ}T (12)

and for the right-hand wheel

gy = [—rsinf —  —rcosp]’, (13)

where r; (i = L,r) represents the radius of the left-hand and
right-hand wheels, respectively, [ is the half distance
between the contact points on the left-hand and right-hand
wheels and f is the shift angle of the contact point on the
roller with respect to the vertical plane of the inertial frame
caused by a non-zero yaw angle . It is assumed that this
angle is the same for the left-hand and right-hand side on
the roller and can be approximated by Eq. (14), since it is
very small in ordinary circumstances.
g

b= ro + So (14)

In Eq. (14), ry and s, denote the radii of the wheel and
roller at the central position, respectively.

Taking the derivative of Eq. (11), the velocity vector of
the contact point located on the wheel with respect to the
inertial frame is obtained as

(i:lar)a (15)

where uy; = A%, is the position vector of the point of
contact on the wheel defined in the inertial frame which is
determined from Egs. (9), (12) and (13) for the left-hand
and right-hand wheels, respectively, as follows:

Vwi = Rw + 0w X Uy

rpsin f — Iy
Uy = A iy ~ | rysin B+ [ + rip cos
i lo —ricosf
nfp =y
~ | l+ne (16)
lgo —n |

and

@ Springer

and wy, is the absolute angular velocity vector at the point
of contact defined in the inertial system as

0 @ @cosyy — Qy, siny cos @
ow=|0|+A"| Q| = | ¢siny + Qycosycos e
L 0 U+ Qy sing

P — Quip
5 q:)z//+Qw
L+ Quo

(18)

with Q. = V/ry the rolling angular velocity of the
wheelset.

Substituting Eqgs. (11), (17) and (18) into Eq. (15), the
velocity vectors of the contact point on the wheelset in the
inertial frame are obtained as follows. For the left-hand
wheel:

Vwl = Ry + Oy X Uy

—lj — ri(@W + g + Qy)
Ay —Uop +yi) + (e +yp—QuY) (19)
2+ 1¢ +ri(pp — Qup)

and for the right-hand wheel:

Var = Ry + 0y Xty

W — (W + o + Q)
~ Y+l + YY) + (g —yB—Qu) |- (20)
= 1p +r(opp + Qup)

Similarly, the velocity vector of the contact point on the
roller in the inertial frame can be expressed as

(i=1r), (21)

where w,, is the angular velocity of the roller with the
following form:

Vroi = Wro X Uyoj

0 0
1%
= Q| =|-— (22)
50
0 0

and u,,,; stands for the position vector of the contact point in
the inertial frame. For the left-hand roller, the expression of

this vector is
Urol = [—sisinff 1 slcosﬁ]T (23)

and for the right-hand roller the expression is
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Uror = [erinﬁ -1 SrCOSﬁ]T. (24)

Hence, the velocity vector of the point of contact is
obtained. For the left-hand roller,

0

% —s;8in f
Viol = Wro X Ul = | — | X [
S0
0 s;cos f
v
——s;co8f ——5
S0 S0
- Yo |~| 0 (25)
) Vv
——s;sinf8 ——sf
S0 S0
and for the right-hand roller:
OV spsin
Vior = Wro X Uror = | —— | X —1
S0
0 s cos f§
Vv Vv
——spcosff ——s
S0 So
= 0 ~ 0o |. (26)
. Vv
—s;sin ff —s:f
S0 S0

Thus, the velocity differences between the wheel and
roller at each point of contact in the inertial frame can be
calculated as follows. For the left side

Av; = vy — Vyol
—hjr — (Y + o + Q) + %SI
= |V — oo+ ) +n<¢+¢ﬁ; Q) (27)
2419+ ri(op — Qup) +gslﬁ

for the right side:
Ave = Vyr — Vior
W — (@Y + Yo + Qu) + %sr
= |3+ U + ) + (@ — Y — Qu) (28)
=1+ r(pp + Qup) — gsrﬁ

and the difference of angular velocity is
¢ cos iy — Qy, sinyy cos @
Vv
Aw = 0y — 0y = | @SinY + Q, cosyycos o +—
S0

lﬁJrQwsin(p
Qb—leP
. \%4
S0

¥+ Quo

To determine the creepages and spin, the velocity dif-
ferences obtained above must be resolved in the contact
plane where they are defined. It is assumed that the contact
frames are connected to the wheelset frame by the fol-
lowing transformation matrices for the left and right
wheels, respectively.

cos f8 0 sin f§
AV = | —sinfsind, cosd; cosPsind,
| —sinficosd; —sind; cosfcosd;
(1 0o B
~| 0 1§ (30)
-8 -6 1
and
cos f8 0 —sinf
AV = | —sin fsind, cosd, —cosfsind,
| sinficosd, sind,  cosfcosd,
(1 0 -—p
~ [0 1 =6,], (31)
1B o 1

where 9;(i = [,r) denotes the contact angle.

Hence, the transformation matrices connecting the
inertial frame to the contact frame can be obtained for the
left and right side wheels by the following operation. For
the left side

Aich _ Aw2clAi2W — Achl (AiZW)T
1 ¥ B
~ | =Y 1 o+ ¢ (32)
B —o—0 1
and for the right side:
AiZCr — AWZCrAiZW — AWZCr(AiZW)T
1 v —p
~ | -y 1 -0, + ¢ (33)
ﬁ 0 r— @ 1
Therefore, the velocity differences between the wheel
and roller in the contact plane are obtained as
Avg = A% Ay,

b 34
Ao = A% Ao, (34)

Now, the creepages can be obtained by definition as
follows. The longitudinal creepages on the left and right
wheels are

Avac W b _n 3 s i 19
Sir R R i s s s
Vv Vv Vv ro V s V Vv
g Bven W e 1 W s B 1B
Vv Vv Vv ro V s V \%

(35)
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the lateral creepages are

o

Avay VBV B+ g + 161§ + 20+ 2

Ty v
. Avm y_:_(:lpv_ rrlpﬂ"'_rr(p'*'lér(/-)""zér —Z(P
Ty v
(36)
and the spin creepages are
Aw 0 ) ) Q.01 Qo
lez:—dzz——l-i-%—@—ﬁ—i— or0 | o
14 ron V. V Vv 14 (37)
Eo= A, ~ é + ﬂ ﬂf _ Qo0 Qorp
" Vi rn V.V 1% v

It can be seen from the expressions above that the radius
of the roller and the shift angle (function of yaw) contribute
to the differences in terms of creepages and spin with
respect to wheel-rail contact condition. The corresponding
expressions for wheel-rail contact condition can be
obtained by setting so = oo and f = 0. Moreover, the
longitudinal and lateral creepages can be simplified further
by assuming that the contacting bodies remain in contact at
all times which means the z components vanish in the
expressions (35) and (36).

3.4 Tangential Problem

The common method to solve the wheel-rail tangential
contact problem is represented by the FASTSIM algorithm
[13], also due to Kalker. This method was originally
developed for elliptic contact condition, but can be exten-
ded to cover a more general geometry of the contact patch.
The difficulty is to determine the flexibility parameter that
is required by this method. To overcome this, Kik and
Piotrowski proposed a method to define an equivalent
ellipse for each separate contact zone by setting the ellipse
area equal to the non-elliptic contact area and the ellipse
semi-axes ratio equal to length to width ratio of the patch.
The flexibility parameter is determined by equating the two
solutions obtained from the linear complete theory and
from the simplified theory for elliptical contact area and
pure longitudinal, lateral and spin creepages. In addition,
there are two options with respect to the choice of the
flexibility parameter, namely considering one single
weighted mean flexibility parameter or three flexibility
parameters one for each creepage component. According to
[27], the single flexibility parameter will reduce the
agreement of FASTSIM to the exact theory. Therefore,
three flexibility parameters are used in the current study.

From the main assumption of the linear theory which
neglects slip in the contact zone, the tangential stress dis-
tribution is derived in the form:

@ Springer

Tx(xay) é _yél

_ 1
L L (r=x)

§00) = 2 (e o) i (7 - ()°)

where £,(i = 1 — 3) are the longitudinal, lateral and spin
creepages, and Li{i =1 — 3) denotes the flexibility
parameter for each creepage component.

The stresses stated in Eq. (38) cannot exceed the so-
called traction bound. Slip occurs in the region where the
tangential stresses predicted by Eq. (38) are greater than
the traction bound. The formulation for the traction bound
used in this paper is obtained by applying Coulomb’s
friction law locally with a constant friction coefficient, i.e.
up(x;,y;). The tangential forces are obtained from the
numerical integration of the stresses over the contact patch.

4 Results and Discussions

The effects of roller rig testing in the experimental inves-
tigation of wheel-rail contact have been addressed in
Sect. 3 under four different points of view. In reality, all of
these factors interact with one another, thereby it is
essential to investigate their combined influence on the
contact solution. To this end, a set of cases with various
contact positions and radii of roller have been chosen to
quantify the influence. The calculation parameters listed in
Table 1 are used throughout the simulations.

For simplicity, the track irregularities are neglected and
no wheelset velocity component is considered except in the
rolling direction. The creepages are calculated according to
expressions (35)—(37) as presented in Table 2. According
to Eq. (35), the last three terms represent the additional

Table 1 Calculation parameters

Parameter type Value
Wheel profile New S1002
Rail/roller profile New UIC60
Rail/roller inclination 1:40
Track/roller gauge 1435 mm
Wheel flange back spacing 1360 mm
Tape circle to flange back distance 70 mm
Wheel radius 460 mm
Roller radius 0.5 m/1.0 m
Young’s modulus 210 MPa
Poisson’s ratio 0.3

Friction coefficient 0.35
Normal force 80 kN
Velocity 72 km/h
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Table 2 Parameters defining the case studies
No. y (mm) Longitudinal &, Lateral &, Spin &, (m™h
Rail Roller Roller Rail Roller Roller Rail  Roller Roller
so=1m so=0.5m so=1m so=0.5m so=1m so = 0.5 m
1 0 0 0 0 0 0 0 0.075 0.109 0.143
2 3 —0.0017 —0.0022 —0.0027 0 0 0 0.197 0.287 0.377

contribution of the roller rig to the longitudinal creepage
with respect to wheel-rail contact case. It is clear that the
major difference in the longitudinal creepage is caused by
the variation of the roller head circumferential velocity
across its profile. The lateral creepage is zero when the yaw
angle is assumed to be zero based on Eq. (36) under the
considered contact condition. It can be seen from Eq. (37)
that the additional contribution of the roller rig to the spin
creepage is coming from the last three terms in the
expression that represents, respectively, the effect of the
wheelset yaw angle and of the angular velocity of the
roller. These additional terms explain the remarkable
increase of the spin for the roller rig case which is shown in
Table 2. The contact estimation results are presented in
two groups for normal contact solution and tangential
contact solution, respectively.

4.1 Normal Contact Solution

The solutions of the normal contact problem in terms of the
shape and area of the contact patch and the corresponding
pressure distribution within the contact region are obtained
by the method proposed in Sect. 3.2 for wheel-rail and
wheel-roller contact conditions, respectively. The calcula-
tion results for the case studies listed in Table 2 are pre-
sented in Fig. 5, and the results of wheel-rail contact and of
wheel-roller contact obtained at the same contact position
are presented in the same figure for comparison.

It can be seen from Fig. 5 that these two simulation
cases correspond to a highly non-elliptic contact condition
in the first case and nearly elliptic contact condition in the
second case. In Fig. 5a, b, it is observed that the length of
the contact patch in longitudinal direction decreases for the
roller rig with respect to the rail due to the finite radius of
roller, this effect being more visible for the smaller value of
the roller radius. On the contrary, the width of the contact
patch is slightly increased in the case of wheel-roller
contact. The maximum contact pressure over the contact
zone is increased by a decrease of the roller radius as the
same load is spread across a smaller contact area, see
Fig. 5c, d. The change of the contact patch also affects the
semi-axis ratio and consequently affects the creep coeffi-
cient and the creep forces. The differences caused by the

roller rig in terms of contact area and maximum contact
pressure should be taken into account when the roller rig is
used for contact deterioration mechanism studies such as
wear and rolling contact fatigue. To quantify the difference
involved in the normal contact solution, a statistical sum-
mary of the results is presented in Table 3.

It can be concluded from Table 3 that the differences are
increasing with the decrease of radius of the roller and the
agreement between wheel-roller and wheel-rail contact is
better for the approximately elliptic contact condition, i.e.
case 2. It should be mentioned that the results reported here
are dependent on the particular parameters assumed in this
study, but the analysis approach and the conclusions are
generally applicable to any roller rig of this kind.

4.2 Tangential Contact Solution

The corresponding tangential contact solutions for the
cases introduced in Sect. 4.1 are presented in Fig. 6 in
terms of the stress distribution and division of the contact
patch into a stick region and a slip region.

It can be observed from Fig. 6 that the pattern of the
stress distribution over the contact patch is similar for
wheel-rail and wheel-roller contact conditions in both cases
considered. However, the relative percentage of the slip
region over the whole contact area is slightly larger in the
case of wheel-roller contact. The resultant tangential creep
forces in longitudinal and lateral directions are calculated
by integration over the contact area, and are presented in
Table 4 together with the differences caused by the roller
rig test.

It can be seen from Table 4 that the resultant longitu-
dinal force produced on the roller rig differs significantly
from the same quantity in the wheel-rail contact case when
the contact patch is highly non-elliptic, i.e. for y = 0 mm,
and the difference increases as the radius of roller
decreases, whereas the differences are relative small for
approximately elliptic contact condition, i.e. for
y = 3 mm, especially when the lateral component of the
tangential force is concerned.

To evaluate the contact surface damage situation the
frictional power at the contact patch is calculated for each
case study, and the results are summarized in Table 5.
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Fig. 5 Contact patch (fop) and the pressure along its y-axis (bottom) for cases 1 (left column) and 2 (right column)

Table 3 Summary of normal contact solution

y (mm) Contact area A, (mmz) A..difference (%)

Max. pressure P, (MPa) P, difference (%)

Rail Roller Roller Roller Roller Rail  Roller Roller Roller Roller
so=1m so = 0.5m so=1m so = 0.5m so=1m so = 0.5m so=1m so =0.5m
201 176 159 —12.4 —-20.9 598 682 754 14.0 26.1
3 94 84 78 —10.6 —17.0 1336 1498 1632 12.1 22.2

It is clear from Table 5 that the frictional power
increases considerably in the case of wheel-roller contact
with respect to wheel-rail contact under the same condi-
tion, and the differences are particularly relevant for a
smaller radius of the roller. It should be noted that the
increase of frictional power implies an accelerated mani-
festation of wear and fatigue effects in the contact pair.
This accelerated effect caused by the roller should be taken
in proper account by wheel-rail surface damage/deteriora-
tion studies performed using roller rigs. It is worth men-
tioning that this accelerated effect is desirable for wheel
material comparison/optimization concerning  wear,
because the roller rig is capable of reproducing wear pat-
terns within a much shorter time compared to field testing.
The test results from the roller rig can be used to examine
and document differences in hardening, profile develop-
ment, polygonalization and possible crack formation of the
wheel under test [28]. More details on the wear test on the
roller rig can be found in references [28, 29].

@ Springer

5 Conclusions

This paper investigated the differences between wheel-rail
contact and wheel-roller contact, with the final aim of
assessing the extent to which the results obtained on a
roller rig can be extended to the case of a wheelset running
on a real track.

A systematic description and comparison on the
methodology for solving the contact problem at the wheel-
rail and wheel-roller interfaces have been done in terms of
the geometric contact problem, normal contact problem,
kinematic problem and tangential contact problem. A
modified Kik—Piotrowski model has been proposed to deal
with the wheel-roller contact problem for zero yaw angle
contact conditions.

Simulation results have pointed out the differences
implied by a test performed on a roller rig compared to
wheel-rail contact in terms of size and shape of the contact
patch and distribution of the normal and tangential stresses.
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Fig. 6 Stress distribution over the contact patch formed by wheel-rail
(top), wheel-roller with a radius of 1 m (middle) and wheel-roller with
a radius of 0.5 m (bottom) for cases 1 (left column) and 2 (right

Table 4 Summary of tangential contact solution

-10 -5 0 5
y coordinate in contact plane [mm)]

column). Black and red arrows represent the stress vector in the stick
and slip regions, respectively

y (mm) F, (kN) F, difference (%) F, (kN) F, difference (%)
Rail Roller Roller Roller Roller Rail Roller Roller Roller Roller
s0=1m s0=0,5m s0=1m s0=0.5m s():lm 50=0.5m S()Z]m SOZO.Sm
0 —4.96 —5.76 —6.16 16.13 24.19 —3.24 —-3.46 —3.45 6.79 6.48
3 16.46 17.03 17.87 3.46 8.57 —-5.70 —5.45 —5.65 —4.39 —0.88

This analysis provides a useful framework for interpreting
the results of tests performed on a roller rig, e.g. wear and/
or rolling contact fatigue tests and for extending the results

to the real behaviour of the wheelset in the field. The
accelerated effect on wheel surface deterioration during the
test on the roller rig is preferable for material optimization

@ Springer
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Py.difference (%)

Roller so = 0.5 m Roller so = 1 m Roller 5o = 0.5 m

226
Table 5 Frictional power y (mm) Frictional power Py (Nm/s)
Rail Roller so = 1 m
0 72.41 116.59
3 608.50 847.42

200.94
1119.02

61.01
39.26

177.50
83.90

study, while it is not the case for reproducing the wear
process of the wheel in service. In this second case, the
above-mentioned effect must be taken into account when
translating the results of the test to the field case.

Further work will focus on the development of a contact
model which is capable of taking into account the influence
of yaw angle for both normal and tangential problems.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
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