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Abstract

The continuing increase of axle loads, train frequencies and train speeds both in passenger
service and freight operations are causing a consequent increase in stress on track and trains.
Infrastructure owners have to face the challenge to manage and reduce the costs caused by
the effects of these increasing stresses — Rolling Contact Fatigue (RCF) and wear. According
to shakedown theory several approaches can be selected to mitigate the formation of damage
on the rail surface. The rail grade influences the formation of damage by its microstructure
and mechanical properties. Managing the friction between wheel and rail with a friction
modifier will reduce the maximum possible traction that can be transmitted from wheel to
rail. A friction modifier provides constant and positive friction characteristics (no maximum
in the traction - creepage relationship) at an intermediate friction level without influencing
traction or braking behavior of trains.

This thesis investigates the wear and RCF behavior of several pearlitic and bainitic rail steels
on a full scale test rig at voestalpine Schienen GmbH under dry and friction modifier contact
conditions and compares the results with selected track tests of voestalpine. The test rig
is capable of producing realistic contact conditions that allow the formation of wear and
RCF defects in very short time periods within 100,000 wheel passes. On the test rig the
improved wear and RCF resistance of higher hardness steels is clearly seen. Bainitic steels
show a slightly different behavior — the wear resistance is reduced compared to a pearlitic
steel with the same hardness level though the RCF resistance is higher. The tests with the
friction modifier highlight its capability to further reduce the formation of wear and RCF and
thereby provide an addition to rail life extension. Although the trends are consistent on the
rig and in track, the absolute values concerning wear and RCF differ due to some specific
differences between track and test rig conditions. Finally ideas are postulated that explain on
one hand the test rig specific wear behavior of the rail grades and on the other the formation
of periodic, rail grade dependent crack spacing of the defect type head checks.
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1. The railway system

The history of railways and railway track goes far back to ancient times. The Greeks and the
Romans [1, 2] used stone carved grooves to guide vehicles for religious or trading reasons.
Around 1500 wooden board track is mentioned to be used for mining vehicles. The year 1789
can be seen as the hour of birth for the modern railway track as the first cast iron rail was
produced in England. Since then the continuing increase of axle loads, train frequencies and
train speeds both in passenger service and freight operations is causing a consequent increase
in stress on track and trains. Infrastructure owners have to face the challenge to manage and
reduce the costs caused by the effects of these increasing stresses — rolling contact fatigue
(RCF) and wear. Since the early days of railway operations the steel quality of the rail steel
was continuously improved and further developed to conquer the degrading effects of steel
on steel contact. Soon after the breakthrough of the railway in Europe research attention
was put to the railway system resulting in outstanding scientific findings that help to better
understand this system (e.g. Hertz 1881 [3], Klingel 1883 [4], Carter 1926 [5], Archard
1953 [6], Johnson 1985 [7]etc..). Still nowadays the complex and multi-scale challenges of
the railway system with the small rail wheel contact as the center point of this system (see
figure 1.1) provide many areas with so far unsolved problems. The work in this thesis focuses
specifically on this central point - the rail wheel contact - and the resulting problems of wear
and rolling contact fatigue (RCF).

)
£ g
5
1 1 1 1 1 ‘ ‘ 1
e » S
1nm 1um 1000km 1000000km

Figure 1.1.: The railway system - a multi-scale challenge. From the atomic structure of the
material to the wheel-rail contact to the global line network.
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2. Rail Wheel Contact

This chapter represents a compendium of [8]. Additional references are listed in the text.

2.1. General Contact Conditions

The general conditions of steel bodies brought into contact are shown in figure 2.1. A problem
according to figure 2.1 is called a normal contact problem as two bodies are brought into
contact normal (perpendicular) to their surface (in z-direction). Both bodies are considered
to be elastic with known mechanical properties (E, v/) and they will meet at an initial contact
point 0 (origin of coordinate system) when the normal distance (normal to a body) between
these two bodies reaches a minimum. The surfaces of these bodies can be described by
polynomial surfaces of the order of two as

z = Az? + By (2.1)

If a normal load (P) is applied, the bodies will deform and a pressure distribution p(x,y)
within the contact patch will provide an equilibrium condition. 4, describes the normal
distance of a point from the surface in the case of penetrating bodies without interaction.
In case of tangential loading (Q;, Q) a tangential deformation d;and §,0f the bodies will
take place. The equilibrium concerning tangential forces is maintained by shear stresses
dz(xy) and gy(x,y). In order to solve the contact problem it is necessary to know either the
deformations (8, dy, d,) or the global loads (P, Qz, Q) or a combination of both so that the
pressure distribution p(x,y) and resultant shear forces (q.(x.y), qy(x,y)) can be determined.
The following assumptions are necessary:

= Small strain settings of elastic, isotropic and homogeneous materials.

= The contact area is much smaller than the dimensions of the contacting bodies (infinite
half spaces). Consequently this only applies for non-conformal contacts (point or line
contacts).

= Flat contact surfaces within the contact patch. As a result the pressure distribution is
acting in z direction.

2.2. Normal contact problem

Heinrich Hertz developed his normal contact theory at the age of 24 when he was working as a
research assistant at the University of Berlin [3]. The Theory of Hertz proved that the normal
contact between two elastic non-conformal bodies has the shape of an ellipse and he proposed
a method of calculating the pressure distribution within the contact area and the semi axes
of the contact ellipse. Besides this general contact condition Hertz developed equations for

13



2. Rail Wheel Contact
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Figure 2.1.: General contact between two elastic bodies loaded with normal load P and
tangential load Q, taken from [9].

the vertical deformation, contact size, maximum pressure and pressure distribution for two
special cases (figure 2.1) that are of particular interest for the rail wheel contact:

= Line contact - contact between cylinders.
= Point contact - contact between two spheres.

For the general case (two bodies with convex curvatures in all directions, radii Rx and Ry)
no explicit equations are available. A summary of the equations calculated by Hertz for the
two special conditions can be seen in table 2.1.

2.3. Tangential contact problem

When applying a tangential force to the normally loaded contact sliding will eventually occur.
Before the whole contact will start to slide (macro slip) only parts of the contact will develop
local slip. The rest of the contact will still stay in the stick condition. This condition is
referred to as micro slip. Slip will start in regions with low pressure distribution. This means
for circular or point contact that slip will form in the outer region of the contact whereas
the center still remains in stick condition (circular shape). For the line contact the slip area
will have a rectangular shape surrounded by the slip region. For a body that is normally
loaded by P and subjected to a tangential load Q, equations for the calculation of the size
and shape of the stick and slip regions have been derived according to Mindlin [10] (based
on Carter [5]) for line contact (c: size of the stick region, u : coefficient of friction and a:
contact size according to Hertz - see also figure 2.5) as

14



2.3. Tangential contact problem
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Figure 2.2.: Two special cases Hertz contacts: a) line contact, b) point contact, picture
taken from [8].

X2

\ Nu {1

(a) (b)

Figure 2.3.: General Hertzian contact between two bodies, (a) bodies contacting initially in
one singular point (without load) and (b) resulting contact ellipsis if a certain
load (P) is applied. Figure taken from [8].
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2. Rail Wheel Contact

| | line contact circular contact elliptical contact j
Equivalent ) )
1 _ 1-v 1-v
Modulus of =5 1t 5
Elasticity
Equivalent 1 1 1 . .
=5+ 5 series of equations
radius R=®m 1R q
Contact 1 1 1
Sie —(2)’ =) | c=va= (D' RE
Maximum _ (pE*\3 _ (epE*?\3 _ (epE?\3 1
pressure Po—(m) Po—( =R ) po—( ™SR ) FP(€)
T I
Deformation not applicable 6, = (lﬁ’gﬂ.n) ? 6, = (%) ‘Fy €3]
Pressure p(z) = p(r) = p(z,y) =
Distribution 2 2 2 2
stributi poy/1 - (z/a) poy/1 - (r/a) poy/1 - (/a)? — (y/b)
Max. shear
stress, T1,maz = 0,30pg T1,maz = 0,31po numerical solution
T1,mazx
Location of z=0,78a z=0,48a numerical solution
T1,maz,» Z

Table 2.1.: Hertz equations for line, point and elliptical contact. For the explanation of the
parameters see figures 2.1, 2.2 and 2.3 as well as [8].

c=a(1—y%)%, 22)

and for point or circular contact as

c:a(l_#%)? 23)

The distribution of the shear stresses in the stick region is given by

KPo 1 1
a(z) = e [(a2 — .'1:2) 2 (02 - 12) 2] (2.4)
for line contact, whereas for point or circular contact one has

4z(z,y) = % [(a"’ - r2)% - (- 7'2)%] X (2.5)

1

The parameter r is defined by 7 = (22 + y2)2. The distribution of tangential traction in
the slip region is defined by up(z,y). A relationship between applied tangential load and
tangential deformation is given for the circular contact by

_ 3uP AY
b= To (1—( —#—P) ) (2.6)
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2.4. Application to wheel rail contact

with G* being defined as the combined shear modulus of the two bodies (G1 and G2 represent
the shear moduli of the two bodies) in contact as

i_2—1/1 2—1/2
G & Gy

(2.7)

For tangentially loaded elliptical contacts the results are similar to the circular configuration
however, with an elliptic shaped stick zone.

2.4. Application to wheel rail contact

Using the Hertzian approach for analyzing the rail wheel contact is a common method for
solving normal contact problems. Of course the assumptions and limitations of the Hertzian
theory must be considered:

= |deally smooth and frictionless surfaces.

s Material stiffness parameters must be identical for both rail and wheel.
= Linear elastic material behavior.

= Constant initial curvature within the contact area.

= Small contact area size in relation to the contacting body dimensions.

Though these conditions are only partly valid for rail-wheel contact this method is often used
especially in vehicle dynamics simulations due to the very fast computation times.

When analyzing the contact between wheel and rail a coordinate system is introduced where
the x-axis points in rolling direction, the z-axis denotes the normal direction rail upwards
and y the lateral direction (figure 2.4). A list of the important parameters of the rail wheel
contact is listed in table 2.2.

R wheel rolling radius vz longitudinal creep ratio
V  wheel traveling speed vy lateral creep ratio
Q  wheel rotational speed ¢  spin ratio
P normal force ur longitudinal displacement
Q: longitudinal creep force u, lateral displacement
Q, lateral creep force sz longitudinal normalized slip
M  spin moment s, lateral normalized slip
Av; relative in-plane translation velocity P contact pressure
between contacting bodies, ie {z, y}
Aw relative rotation velocity between qz tangential stress component in longitudinal
contacting bodies direction
a longitudinal contact ellipse semi-axis qy tangential stress component in lateral
direction
b lateral contact ellipse semi-axis u coefficient of friction
t time a  traction coefficient

Table 2.2.: Notation of quantities, wheel rail contact analysis. See also figures 2.1, 2.2 and
24.

17



2. Rail Wheel Contact

Figure 2.4.: Definition of coordinate systems and parameters in the rail-wheel contact. De-
tailed description in table 2.2.

According to Kalker [11] rigid body slip is defined as the sum of the rolling speed and the
circumferential speed of a rigid wheel rolling over a rail. The true slip or slip is defined as the
rigid body slip plus the time derivative of surface material deformation (elastic and or plastic)
in direction of the slip. Slip is also defined by Carter [5] as one body sliding over another
body. Creep is defined as a velocity difference between rolling speed and circumferential
speed. If the creep is normalized to the rolling speed this is referred to as creepage [12].
Often these terms and definitions are mixed up and are not used in their original meaning.

For the development of creep forces (tangential force) a certain amount of creep is necessary.
As listed in table 2.2 three different slip conditions can be found: slip due to longitudinal
creep, slip due to lateral creep and slip due to spin creep. Generally the tangential forces
depend on the normal load, friction conditions and relative motion between wheel and rail.
The creep and spin ratios in the contact depend on the relative velocities normalized to a
reference speed (e.g. traveling speed of the train) as

2A’U,; .
v, = V+OR i€(z, y), (2.8)
2Aw
Y= VIOR (29)
The traction coefficient is defined by the ratio between tangential and normal force as
VO3 + @2 216

18



2.4. Application to wheel rail contact

-

P »e
¢ L0

Slip q/p=u Stick g/p<u

‘ Direction of Traction Direction of (Train) Motion }

Figure 2.5.: Stick and slip in the contact patch for longitudinal loading according to [5].
Relation of stick and slip zones depend on the applied tangential force Q and
the resulting tangential stress q(x) which is limited by the friction (1) between
wheel and rail. Picture taken from [13].

Carter developed in 1926 [5] a creep force law by analyzing locomotive wheels transmitting
large traction or breaking forces (only longitudinal creep - figure 2.5). Carter could show
that the maximum tangential force is limited by Coulomb's friction law and that at zero slip
no tangential force is transmitted (traction - creepage relationship). Between full slip and
zero slip there is a relation of stick and slip in the contact patch dependent on the tangential
force (see figure 2.6) as

_ 132, | :
Qe [ —kug+ 120, | vy | szIVx|S2}. (2.11)

u_P:I —sgn (vz) ifk|vg |>2
The coefficient k is called Carter creep coefficient. %% represents the relationship of the

normal force and the longitudinal creep force (traction force) limited by the coefficient of
friction (see also figure 2.6).

The slip (or true slip) can be defined by the rigid body slip and the surface strain as

2. (2,,1) = v (1) — g (1) -y — =2 4 ) - Pueffail), 212
— o Ty 1::) 1 auy&:?/,t) ( ! )
sy(z,y,t)—uz(t)—goz(t)-y— Oz +V._¢9—t~'
Additionally also Coulomb's friction law is applied as
|Q| (E,y,t) <N‘P($,y,t)), (213)

q= [‘h (.r,y,t) yQy (z,y,t)] .
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2. Rail Wheel Contact
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Figure 2.6.: Traction - creepage relationship dependent on tangential force according to [5].
An increase in traction results in an increase in creep. Furthermore with in-
creasing traction also the ratio between stick and slip zone in the contact patch
moves towards full slip. Maximum possible traction (at full slip) is limited by
the coefficient of friction (). Picture (replot) taken from [14].

These calculations are only valid for assumed steady state conditions. In this case the time
dependent term can be neglected.

2.5. Numerical solutions

Kalker [15] developed a linear creep theory based on the Carter equations. Kalker considered
longitudinal and lateral creep in an elliptic contact patch according to Hertz as

F; Cihn O 0 Vg
Fy = G02 0 022 0023 Yy . (2. 14)
M 0 6023 6033 ("2

c?=ab and C;;represent the Kalker coefficients (functions of Poisson's ratio and the ratio
of contact ellipse semi-axes). Kalker’s theory is nowadays widely used in vehicle dynamics
applications. Further developments also include non-elliptic contact configurations of elastic
bodies and boundary element discretisisation of the contact patch. Kalker's algorithm was
included into the CONTACT code [16] that is widely used for simulation. Due to that fact
that CONTACT required too much computation time to be included in online vehicle dynam-
ics calculations, Kalker developed a simplified theory based on the concept of a thin elastic
layer that is rigidly supported. This algorithm is referred to as FASTSIM [17]. Although this
algorithm was originally developed for elliptic contact it can also be applied for non-elliptic
contact zones [18]. Besides creep forces FASTSIM can also be used for calculating shear
stresses. A constant stress gradient is assumed in the simplified theory until the traction
bound (contact pressure times coefficient of friction) is reached. The resulting shear stress
assumes the value of that bound limit. The tangential stress distribution is calculated by
numerical integration over the contact patch [8].

20



2.5. Numerical solutions

Improved methods have been developed over time that base on FASTSIM but provide ex-
tensions to the original algorithm. These algorithms (iterative or non iterative) divide the
contact patch into several strips and provide solutions for each strip (independently or de-
pendently) to provide a solution for non-elliptic curved contact patches. A similar approach
was chosen by the “Virtual Vehicle Competence Center” (ViF) for the development of their
contact model as a part of a voestalpine co-funded project [19]. Another approach used
for simulations of some contact conditions in this thesis was chosen in [20]: the conformal
contact (conformal contact: high lateral extension of the contact patch as wheel and rail
profiles “fit into one another”) between wheel and rail at the test rig of voestalpine was ap-
proximated by using two overlapping Hertz ellipses in the multi-body software VAMPIRE (see
http://vampire-dynamics.com/). Such multi-body software packages can be used to simulate
a whole vehicle running over a railway track. By implementing algorithms like CONTACT or
FASTSIM this software can not only provide global outputs like forces, moments or displace-
ments for the wheelsets but can also calculate local conditions for each rail wheel contact
(contact dimension, contact force distribution, stresses, creep, slip...) as mentioned above.
The partners of voestalpine are using the software packages GENSYS (Chalmers Railway
Mechanics Competence Center - CHARMEC, Sweden, http://www.gensys.se/), SIMPACK
(ViF, Graz, http://www.simpack.com/) and VAMPIRE (Kelsan Technologies now LB Foster
Friction Management, Vancouver, Canada).

If more detailed simulations have to be made the finite element method has to be chosen.
With free or commercial available software packages like ABAQUS (see www.simulia.com)
it is possible to model the rail wheel contact or specific details of the rail wheel contact very
accurately. The problem in applying a FEM simulation to the rail wheel contact consists in the
fact that many input parameters (e.g. strain hardening behavior of the material, material
characteristics of the strain hardened material like tensile strength or fracture toughness,
friction conditions, roughness conditions etc...) are unknown and that the calculation times
can go up weeks (dependent on available computation power and complexity of the model)
per simulation run. On the other hand these models are not restricted to specific conditions
like smooth surfaces or elastic material behavior as some of the other methods as mentioned
above. The Material Center Leoben as a partner of voestalpine uses the software ABAQUS
to simulate effects in the rail wheel contact [21].
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3. Rail damage due to loading

3.1. The shakedown map

Due to the transfer of the axle loads of railway vehicles in the relatively small contact patches
(size of a coin) between wheel and rail the rail surfaces are often loaded beyond the elastic
limit during their service time. In general when loading a material cyclically the response can
be within four possibilities (figure 3.1) [22, 23]. Case I: ideal elastic material behavior which
rarely happens in the wheel rail contact. Caste Il: if the load exceeds the yield limit of the
material plastic deformation takes place. The material will respond with strain hardening
and residual stresses will be introduced. Subsequently the material will return to an elastic
state after some plastic deformation cycles - elastic shakedown. Case lll: if the contact
load is further increased a closed loop behavior will develop after some accumulating plastic
deformation. The sum of plastic deformation per loop is zero. This material response is called
plastic shakedown. Case IV: in every load cycle there is an increment of plastic deformation
- this behavior is called ratchetting or cyclic plastic deformation. Due to the permanent
plastic deformation the material will finally rapture when the ductility is exhausted.

<

stress ¢
stress o
stress ¢
stress o

,ratchetting”

elastic »plastic shakedown”
!

A7 1]
shakedown” ﬂ, -7 / / //
PEERL e 5
z H

L & |
? strain g / straing strain €

p"l!ticny

Cyclic

limit

accumulated plastic strain

Figure 3.1.: Material response to cyclic loading. I: ideal elastic, |l: elastic shakedown, IlI:
plastic shakedown, |V: ratchetting. Picture recreated from [23].

Dependent on the traction coefficient T/N (T: tangential force, also referred to as Q in
table 2.2 on page 17, N: normal force, also referred to as P in table 2.2 on page 17) for
the elastic cases (I and Il in figure 3.1) the maximum shear stress and consequently the
fatigue damage of the rail is situated either sub-surface or on the surface (figure 3.2). With
a traction coefficient below 0.25 the shear stress maximum is situated below the surface at
a maximum depth of approx. z =0.5a (1/4 of the contact ellipsis width 2a) for pure rolling
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3.1. The shakedown map

1 = 0. With an increasing traction coefficient this maximum starts to move towards the rail
surface. Above a traction coefficient of 0.25 this maximum will reach the rail surface.

0.5

20

Figure 3.2.: Contact of cylinders in the elastic case; |: subsurface stress state along the axis of
symmetry and contour plot of shear stress for T/N=0 (pure rolling); II: contour
plot of principal shear stresses for T/N = 0.2. [7].

The shakedown map shows the elastic and shakedown limits (surface and sub-surface) for
bodies that are in rolling contact. The basic work was done by Johnson [7] based on
Hertzian contact conditions. Figure 3.3 shows a replot of a shakedown map from [24]
for a rolling sliding point contact. The x-axis represents the traction coefficient (T/N).
The maximum possible traction coefficient is limited by the characteristics of the traction-
creepage relationship (i.e. the friction coefficient) - therefore in some diagrams also the
friction coefficient is used instead as a label of the x-axis. The y-axis is labeled as the
load factor. This load factor consists of the maximum normal contact pressure py divided
by the material parameter k. that represents the shear yield strength of the rail material
(po/ ke). The lines within the diagram separate the different material response areas and
were derived by shakedown theorems. The green line represents the transition from elastic
material response to elastic shakedown. The horizontal blue line separates plastic shakedown
from elastic shakedown. Finally beyond the red line only ratchetting material behavior will
occur. The transition from subsurface to surface induced damage is indicated by blue vertical
lines. With reference to the shakedown map damage can be mitigated or reduced for a given
rail-wheel contact condition in several ways:

= Traction coefficient: by applying a lubricant to the gauge face of the rail or a friction
modifier to the top of rail the maximum possible traction is reduced (moving along
the x-axis from right to left). The friction modifier does also have an influence on the
curving behaviour of a vehicle therby weakly reducing the maximum contact pressure

Do-

= Rail material: using a heat treated rail grade instead of an as-cooled grade the shear
yield strength is increased resulting in a reduction of the load factor (moving down
along the y-axis).

= rail and wheel profiles: by optimizing rail and wheel profiles it is possible to reduce the
maximum contact pressure reducing also the load factor (y-axis).

In practical every day railway operation these three methods are used to reduce rail damage
by rail grade selection (k.), preventive or corrective grinding (po) and friction management

(T/N).
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3. Rail damage due to loading
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Figure 3.3.: A shakedown map for rolling-sliding contact representing different material be-
havior areas (elastic, elastic shakedown, plastic shakedown, ratchetting). Re-
plotted from [24].
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3.2. Wear

3.2. Wear

As both rolling and sliding occur in the rail wheel contact one of the most important damage
mechanisms is wear. According to [25] wear is defined as the loss of material from a surface,
transfer of material from one surface to another or movement of material within a single
surface. One of the widely used physical models for wear between two sliding bodies was
introduced by Archard in 1953 [6] as

Nl

V=—K—. 3.1
H (3)

He V is defined as the worn material volume, N as the normal load applied to the surface
by the counter body, / as the sliding length and H as the material hardness. The parameter
K is called the wear coefficient (dimensionless) and gives and indication of the severity of
the wear process. The variation of the the wear coefficient and its relation to different wear
classifications can be seen in figure 3.4.

Wear by hard

particles ' '
Unlubricated
sliding ' '

Boundary
Lubricated
sliding
HL
10714 10712 10710 1078 107 1074 1072 1

K

Figure 3.4.. Schematic relationship of the range of the wear coefficient K and different wear
classifications. HL: hydrodynamic lubrication, EHL: elastohydrodynamic lubri-
cation [25].

For the rail wheel wear often the terms mild and severe wear are used. Mild wear is defined
[26, 23] as a mainly oxidative process with growth and spalling of oxides at the surface
asperity level. There is a continuous process of forming and removing of this oxide layer
in the wheel rail contact (see also third body layer in chapter 4). Mild wear conditions in
the wheel rail contact can be achieved by material choice, profile optimization and friction
management [27]. Severe wear will result in rough or scored surfaces. The oxide layer will be
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3. Rail damage due to loading

destroyed and particles will be removed from the rail surface. Direct metal to metal contact
will result in excessive shear deformation of the surface inducing cracks that grow parallel to
the rail surface and finally lead to delamination of bigger surface areas (small plates) [27].
The different wear modes can be plotted in so called wear (coefficient) maps that provide a
wear overview in relation to the parameters contact pressure and sliding speed [9]. Besides
classifying wear according to its severity also a classification according to the fundamental
mechanisms is possible [9]:

= Adhesive wear occurs due to adhesive interaction of two surfaces. This wear mechanism
is often associated with severe wear as worn surfaces often appear scuffed and scored.

= Abrasive wear is produced by scratching of hard particles along a surface. The particles
generated by corrosive wear (hard iron oxides) can result in abrasive wear when they
move through the rail-wheel contact.

= Corrosive wear is a consequence of the chemical reaction of the surface with the
environment. This will form a reaction layer on the rail surface that will be again
worn off by mechanical action in the wheel-rail contact. As mentioned above this wear
mechanism is associated with the mild wear regime.

» Surface fatigue wear is characteristic of rolling contact. Pits and flakes will form on the
rail surface. Due to repeated high contact stresses the rail surface becomes fatigued.
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4. Friction

4.1. Friction conditions in the rail-wheel contact

Leonardo DaVinci was the first person to state a friction law. As it was only published in
his personal notes it was rediscovered by Amonton and further developed by Coulomb as
follows: [28]

= Friction in general is defined as the force resisting a relative lateral (or tangential)
motion of solid surfaces.

= The friction force is proportional to the normal load (F = p - N).
= The friction force is independent on the contact area of the two bodies.
= The friction force is independent of the sliding velocity.

These general statements cover both rolling and sliding friction. The friction conditions
between wheel and rail have a huge impact on traction and breaking capabilities of a train.
As shown in figure 2.5 in chapter 2 the contact patch is divided into stick and slip regions
(dependent on the tangential force). In [29] and [30] a third body layer concept was in-
troduced. A third body layer is a layer of material that may separate wheel and rail and it
may influence the friction conditions between wheel and rail by its rheological behavior. The
third body layer approach was adopted by the NRC (National Research Council, Canada)
[31] and possible variations of the composition of the third body layer were analyzed. The
predominant constituent of the layer is fine iron oxide powder. Furthermore, there are en-
vironmental contaminants such as leaves and dust. Also leaking transportation good can
cause a contamination (coal, sulphur, grain ...). Sanding from locomotives will add silica to
the rail wheel contact. Furthermore also intentionally applied materials like oil and grease for
flange lubrication will contribute to the layer. Figure 4.1 summarizes the influencing factors
on the formation of the third body layer between wheel and rail.

Another way of looking at the effects within the rail-wheel contact with reference to the third
body layer is the so called “bathtub model” [31]. The wheel rail interface is represented by
the content of the bathtub. A mixer/heater in the bathtub represents the effects caused by
the wheel loads. Several drains simulate the consumption/decomposition of the third body
layer. Depending on what tap is open or closed and on what drain is open or closed the
composition of the third body layer can vary thereby directly influencing the friction between
wheel and rail.

It is assumed [31] that the third body layer typically consists of deformed asperities (surface
roughness of wheel and rail), wear particles and other debris. When traction and extreme
pressure are applied to the layer it will start to deform first elastically (shear module G) and
then plastically (plastic modulus k) - figure 4.3. It is assumed that the layer is incompressible
in z-direction. If the elastic limit is exceeded the increasing shear stress within the layer can
be accommodated in several ways (shear stress accommodation mechanism):
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4. Friction
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Figure 4.1.: Factors that influence the composition of the third body layer and the friction
conditions between wheel and rail [31].
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