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Rolling contact in railways:
modelling, simulation and damage prediction

K. DANG VAN and M. H. MAITOURNAM
Laboratoire de Mécanique des Solides (CNRS UMR 7649), Ecole Polytechnique, 91128 Palaiseau, Cedex, France

Various kinds of defects are induced by rolling contact on the rail track: kidney-shaped cracking, shelling and
nowadays squat and head checking, which are studied under the sponsorship of the French national railways
company SNCF.Modelling of such defects requires the development of specific computational tools in order to
evaluate, in the vicinity of the wheel-rail contact zone, the mechanical state (stress, plastic strain cycle and residual
stress pattern), which is at the origin of the damages. Moreover, since the loadings induce multiaxial stress and strain
states, it is necessary to use a multiaxial criterion to predict the occurrence of fatigue cracks. This review paper is devoted to

the presentation of the main results of this research.

Keywords 3D-mutiaxial fatigue; elastic/plastic shakedown; numerical methods; residual stress; rolling contact

INTRODUCTION
Objectives of the researches

Various types of rail defects are encountered in railheads.
They motivated and continued to generate researches sup-
ported by the French national railways company SNCE. In
the 1960s and until the end of mid-1980s, the main effort
was devoted to the understanding of the initiation and
propagation of kidney-shaped cracks, which were quite
frequently encountered on the track. This problem was at
the origin of the methods (initiation criterion and compu-
tational methods to evaluate the stress and strain cycles)
proposed to study contact fatigue. Some attention was also
focused on shelling phenomena, which are observed on
some curves or on especially heavily loaded lines; shelling
is associated with severe superficial plastic deformation.
Nowadays, squats and head checks are the major defects
that affect the rails and important efforts are made by
French industries and research institutions to model the
conditions, which govern the occurrence of these contact
damages. The aim of these researches is to develop simula-
tion tools which permit an optimized maintenance policy
in order to preserve passengers’ security and rail integrity.
In this paper, we are mainly interested in kidney-shaped
cracking, squats and head checks. Some aspects of wear
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modelling related to the characterization of the surface
ratchetting are also discussed. The main characteristics of
the studied defects are as follows:

Kidney-shaped cracks (Fig. 1): They initiate in the rail head
at a depth of around 7 mm from the running surface and
propagate mainly downwards in the rolling direction, in
a plane making an angle of about 30° from the vertical.
The propagation downwards is quite stable in the rolling
direction. Two main questions arise.

First, classical approaches in fatigue are based on Mises
or Tresca-type criteria. The predicted initiation locus
should then be situated at a depth of about 3 mm, where
the shear stress (as well as the octahedral shear stress) is
maximum. In reality, the initiation site is deeper under
the rail surface in a region where these stresses are lower.
Second, the propagation of the crack takes place in a very
complex and varying stress field; the corresponding situ-
ation is then very different from the situation of the lab-
oratory test specimens, which are used to derive fatigue-
propagation laws. Direct application of the Paris law is,
therefore, difficult and questionable, for different reasons
which will be recalled.

Squats (Fig. 2): They are encountered at straight tracks
or shallow curves. They initiate in the deformed zone of
the running surface. When these cracks reach a certain
size (around 5 mm) below the surface, they propagate
downwards to form progressively transverse cracks. These
cracks then propagate quite fast, because their size is
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already important. This is the reason why their prevention
is necessary.

Head checks: These are angle cracks observed on the high
rail in curves and on crossing rails. They initiate near the
rail gauge corner and can join up to induce a gauge corner
breaking.

Difficulties and proposed solutions

In order to propose appropriate prevention solutions (par-
ticularly the maintenance policy) to preserve security con-
ditions and rail life, it is desirable to predict the initiation
of squats and head checks in relation to the railway’s traf-
fic parameters and rail physical and mechanical properties.
Because squats and head checks occur first very close to
the surface, influence of friction on the local stress and
strain field must be taken into account. It is clear that the
evaluation of these quantities is crucial for the understand-
ing of the damage built-up mechanism. It is, however, a
very difficult task, because due to load level, plastic defor-
mations occur under repeated rolling contact. As a conse-
quence, the models based on elastic computations, which
do not take account of contact-plasticity phenomena are
inadequate. Moreover, the simulation of such processes by
using classical existing FEM codes is difficult for two main
reasons: first, it is necessary to reproduce the motion of
the load because the residual stress and strain distribution

Fig. 1 Kidney-shaped crack (from SNCF).
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Fig. 2 Squat defect in rail head (from
IRSID).

cannot be derived from a static elastoplastic calculation
(even if it is repeated) as it will be shown hereafter; and
second, depending on the load level and the material be-
haviour, the stabilization may sometimes be obtained only
after a great number of cycles, which is difficult to simulate
using classical FEM codes. To evaluate the inelastic me-
chanical parameters and their evolution under repeated
rolling/sliding contact, we have developed a special effi-
cient computational method, the stationary method,!™
which is capable of determining the current or the stabi-
lized state of any kind of inelastic structure subjected to
repeated moving loads with a reasonable computational
time.

Another difficulty is the prediction of damage; it necessi-
tates the use of methods which can be employed in a com-
plete multiaxial situation. Moreover, the stress field gen-
erated by the passage of a wheel is mainly compressive and
varies widely (sharp gradients). These two remarks lead to
the following conclusion: a pure fracture-mechanics ap-
proach based on the use of stress-intensity factors is very
difficult from a theoretical as well as a practical point of
view. Great effort was devoted to study the propagation
of cracks in the presence of multimodal conditions.*¢
Because the stress field under the wheel is mainly com-
pressive, different researchers propose mode II cracking.
However, the evaluation of the stress-intensity factors
does not take into account the stress redistribution due



to plasticity. Moreover, friction on the lips of the fracture,
which must be very important, is generally neglected be-
cause the influence of friction is difficult to be introduced
in the computations. This is the reason why another ap-
proach was chosen, which is based on the use of a multi-
axial directional stress fatigue criterion. As will be shown,
one can predict the conditions for the initiation of cracks
and the direction of these cracks in relation to the load-
ing cycles by using the proposed approach. The material
constants of this criterion can be determined by simple
classical fatigue experiments (tension—compression, bend-
ing or torsion tests). The paper starts by recalling the two
key points of the proposed modelling: the computational
method for evaluating the stabilized mechanical state in-
duced by rolling contact on the rails; and the multiaxial
directional stress fatigue criterion. Applications to the pre-
diction of cracks and damages in rail are then performed.

EVALUATION OF THE MECHANICAL STATE
UNDER REPEATED ROLLING

Because of the small size of the contact area between the
wheel and the rail, the stresses are initially beyond the
elastic limit; it is therefore necessary to take account of
the plastic deformation and the residual stresses resulting
from the sequence of repeated rolling or rolling—sliding
contact. Different limit states in the rail are possible, de-
pending on the variable load level: elastic or plastic shake-
down, ratchetting. Elastic shakedown corresponds to a
stabilization (reached after a certain number of cycles,
which could be high) on a purely elastic cycle. A local
residual stress pattern arises, due to incompatible plastic
deformations resulting from the first loadings. The plastic
shakedown corresponds to a stabilization on a plastic cy-
cle. Finally, ratchetting takes place when there is no possi-
ble stabilization. Classically, to these different asymptotic
states are associated different types of damages: on one
hand mild wear or high cycle fatigue are supposed to oc-
cur at low load level associated with an elastic shakedown
regime; on the other hand, high load level associated with
plastic or ratchetting leads to low cycle fatigue or severe
wear corresponding to rapid deterioration of the rail head.
Evaluation of the mechanical state due to repeated moving
loads by using classical FEM softwares requires incremen-
tal translation of the loading. This way of calculating was
first used in the late 1980s and is still employed by some
researchers; it is time consuming, cumbersome and not
sufficiently accurate: in fact, each position of the load cor-
responds to a sequence of non-linear (iterative) analyses,
each cycle to many positions and a great number of cycles
are necessary to reach the stabilized state. This number
depends on the load level and the material behaviour. In
order to overcome these difficulties, we have developed
specific computational techniques based on original sta-

tionary algorithms. The basic idea is to make the assump-
tion of steady state in the reference frame moving with
the load. Thanks to this assumption; the rate derivatives
which intervene in the non-linear integration problem are
replaced by spatial derivative along the stream lines. The
presentation of these methods can be found in Refs [1-3].
In this way, it is possible to determine the stabilized state
of any kind of inelastic structures subjected to repeated
moving loads by following the evolution of the pass-by-
pass stationary method PPSM. It is also possible to find
directly the limit-stabilized state by the direct stationary
method (DSM) using the property of stationarity of the
limit state (the stress field is periodic as is the strain in the
absence of ratchetting). These methods (PPSM or DSM)
were validated by comparison with analytical results ob-
tained in some simple configurations by Johnson.” These
methods are very efficient for the description of strains
and stresses due to cyclically or reciprocating moving con-
tacts and for the quick determination of the nature of the
stabilized state (elastic or plastic shakedown, ratchet).

Application to two-dimensional problems

Analyses of repeated moving contacts using the stationary
algorithms were first carried out in two dimensions.!? In
the following, some examples are shown, which demon-
strate the wide applicability of the methods to repeated
rolling/sliding contact problems. The considered prob-
lem first corresponds to the simplest schematization of
the wheel-rail contact represented by a semi-elliptical
Hertzian pressure distribution moving on a elastoplas-
tic half-space. In Fig. 3, the notations and characteris-
tics of the contact loading are represented. The material
is elastoplastic, with the following parameters : E (Young
modulus) =207 GPa, v (Poisson ratio) = 0.3, % (shear yield
limit) = 159 MPa and C (3C/2 is the kinematic harden-
ing modulus) = 0 for perfect elastic—plastic material, C =
69 GPa for the linear kinematic hardening elastic—plastic
material.

Calculations of residual stresses after repeated pure
rolling (no friction) are performed using the previous

methods.

Fig. 3 Characteristics of the contact loading.
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Fig. 4 Stress—strain cycles induced by successive passes of the Hertzian pressure (Py/k = 5) at depth y = 0.954.!
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Fig. 5 Residual stresses induced by successive passes of the Hertzian pressure (Po/# = 5) and by repeated applications of a non-moving
Hertzian pressure: (a) for perfect plastic material, (b) for a linear kinematic hardening elastic—plastic material.!

In the first example, the rail is considered as a linear kine-
matic hardening material; for a loading defined by po/k =
5 with no friction, the evolution of shear stress (o 12) versus
shear strain (e,) are represented in Fig. 4. It can be seen
that the stabilized shear strain varies but its cycle is closed:
plastic shakedown has occurred. In Fig. 5, the distribu-
tion in depth of the longitudinal residual stresses (o'11)
obtained after repeated passes of the previous loading are
represented. They are compared with the residual stresses
obtained along the axis of symmetry of the contact, by re-
peated application of the same Hertzian pressure acting
on a fixed surface (no motion of the load). Two material
behaviours are considered. In Fig. 5a, the rail is supposed
to be an elastic perfectly plastic material; in Fig. 5b, it is
supposed to be a linear kinematic hardening material. In

all cases, the residual stress pattern builds up progressively;
the convergence towards the asymptotic state is faster for
the hardening material. It can be observed that the residual
stress distributions induced by rolling contact differ sig-
nificantly from those resulting from repeated applications
of a non-moving load: for the rolling contact the maxi-
mum pressure is higher; its distribution is also different.
The difference is very important in the case of a single ap-
plication of the load (not represented in the figure): these
results show that it is not possible to estimate mechanical
state under rolling contact without taking account of the
motion.

Another remark refers to the number of passes, which are
necessary in order to have a good estimation of the stabi-
lized mechanical asymptotic state. This number depends



on the load level (and also of the material constitutive
equation as has been mentioned before). For instance, for
the previous load level of Py/k = 5 and a perfect plas-
tic material, one can see in Fig. 5 the difference between
the residual stresses obtained after one pass and 10 passes
on the half-space: about 40 cycles are numerically needed
to reach the stabilized state. Let us recall that most of
the existing rail defect modellings are based on numeri-
cal calculations with only a few number of passes, which
could not be sufficient. The same methodology can be ap-
plied to more a sophisticated constitutive equation in or-
der to evaluate the ratchetting rate observed on a rail head.
This effect is associated with severe wear or low cycle fa-
tigue.® The evaluation of the evolution of the mechanical-
parameter cycles in the vicinity of the rail surface under
different conditions of rolling/sliding is particularly inter-
esting from a theoretical as well as practical point of view.
Bower and Johnson? have proposed a method for esti-
mating the ratchetting rate, using a non-linear kinematic
hardening constitutive equation. The rail in that case is
schematized by a semi-infinite space. However, the me-
chanical fields cannot be calculated that way. With our
computational method, ratchetting rate and the field of
mechanical parameters near the surface under the contact
can easily be calculated using real rail geometry. As an
example, Fig. 6 shows the deformed mesh obtained after
more than 1000 rolling-contact passes, which can be com-
pared to a micrography of a section of the running surface
of a rail. Such calculations permit first an understanding
of the wear mechanisms in the rail head and second a
quantitative study this phenomenon.

Application to three-dimensional problem

The real case of rail-wheel rolling-sliding contact is a
three-dimensional problem. In order to make the prob-
lem tractable, a technique to reduce the size of the calcu-
lations, and therefore the computational cost, is devel-
oped. It consists of a combination of two-dimensional
finite-element analysis and a Fourier expansion along a
longitudinal direction of the rail (z-direction). The 3D

problem is solved iteratively, each iteration consisting of
a elastic solution and a determination of plastic deforma-
tion and internal variables. Fourier expansion allows re-
duction of the elastic 3D problem to a finite sum of 2D
problems over a transverse section of the rail. This re-
duction introduces a great simplification of the 3D sta-
tionary elastoplastic problem and makes tractable the re-
search of a stabilized solution for which many passages are
necessary.

Typical examples of results obtained for one pass of the
loading and for the stabilized state in the rail are repre-
sented in Fig. 7.

MULTIAXIAL DIRECTIONAL
FATIGUE CRITERION

"To predict crack initiation and propagation induced by the
traffic in the rail head is a difficult problem because the
stress and strain fields are multiaxial and vary in a complex
way (principal stress axes rotate during each loading cycle).
Depending on the load level, low or high cycle fatigue may
occur. The case of plastic shakedown or ratchetting cor-
responds to low cycle fatigue. High cycle regime is related
to elastic shakedown and a multiaxial fatigue criterion the
Dang Van criterion, is used.!® This criterion is based on
two ideas: (i) the material is considered as a structure (the
microstructure) subjected to cyclic-variable loadings; (ii) it
is assumed that an elastic shakedown occurs before crack
initiation. Two scales are introduced: (i) a macroscopic
scale characterized by an arbitrary representative elemen-
tary volume (REV) surrounding the point, where fatigue
analysis is done (the REV represents, for instance, an ele-
ment of finite element mesh or the dimension of a strain
gauge; it is the usual scale considered by engineers); (ii)
a mesoscopic scale corresponding to the subdivision of
the previous volume; the stress tensor at this scale o (x, 7)
results from the macroscopic one X (X, ¢) and the local
residual stress due to local inelastic deformations p(x, t).
More precisely:

o(x,t) = X(X, 1) + p(x, 1).

Fig. 6 Severe surface plastic deformation and its numerical simulation for 1000 passes of the load.?



Thanks to the shakedown assumption at all scales of ma-
terial description, it is possible to estimate the local stress
cycle from the macroscopic stress cycles. More precisely, '
in the deviatoric stress space, one constructs the small-
est hypersphere surrounding the macroscopic deviatoric
stress cycle S = devX, the center of which corresponds ap-
proximately to —p (p is thus also deviatoric). The criterion
is then expressed as:

mtax{t(t) +ap@®)} < b,

where 7(#) and p(z) are the instantaneous mesoscopic shear
stress and hydrostatic stress, and # and b are material con-
stants, which can be determined by two different classi-
cal fatigue tests, (completely independent of any contact
problem on the contrary of some methods used for study-
ing contact fatigue). 7(#) depends on the direction. It is
useful to note that the maximum value of 7(¢) corresponds

Fig. 7 Equivalent residual stresses (Pa) for
the first pass and the stabilized state.

to Tresca (o(t)) = max(o;() — 07())/2, o1(t) and o 5(z)
are the principal mesoscopic stresses at time #. One can
define a parameter d that quantifies the danger of fatigue
occurrence by:

()
b—ap()

where d(z) is calculated over a period and its maximum is
to be taken over a cycle. If d(z) > 1 for some instant ¢ of
the cycle, fatigue should occur. For this instant, the prin-
cipal axes I, J are known and the plane which realises the
maximum of 7(¢) = Tresca (o (¢)) is also known: the plane,
where the crack is supposed to initiated is determined.
The proposed multiaxial fatigue criterion is thus also di-
rectional. Practically, the fatigue resistance of the rail is
checked point by point. Two different representations are
used.

@) = ¢y



1 The first one is the representation of the loading path (p(z),
7(t)) at each point in the (p, 7) diagram. In this diagram, the
safety domain is limited by a straight line corresponding to
equation (t 4 ap =b). For the homogeneous material, if the
loading path at each point is entirely in the safety domain,
there is no fatigue crack, otherwise fatigue damage occurs.

2 In the second representation, one evaluates at each point
the danger of fatigue d. If dy,,x = max, d(t) is greater than
1, it means the occurrence of fatigue cracking.

These representations are useful to visualize the danger
of fatigue damages at different depths. If in reality, the rail
material is not homogeneous, fatigue properties may vary
in the rail head: in that case, the parameters #, b will depend
on the position. In the applications presented hereafter
they are supposed to be constants.

These two representations are used to predict the high
cycle behaviour of rails. The predictions refer to the fol-
lowing points: application of the method permits

® first, to determine systematically the critical load system
(Hertzian load characterized by py /, rolling sliding regime
in relation with friction coefficient...), which can be
damaging;

® second, to find the crack-initiation locus (depths) when the
critical load is exceeded;

® third, to predict the crack path at the beginning of the
propagation period.

APPLICATION TO THE MODELLING
OF RAIL DEFECTS
Modelling of kidney-shaped defects

The previous methodology was applied to study the
kidney-shaped cracking, which was first schematized as
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Fig. 8 Residual stresses and loading path are the most critical points.

a two-dimensional problem. Two-dimensional repeated
elastoplastic calculations were performed to evaluate the
stabilized state and the residual stress pattern at differ-
ent depths of the rail. In that way we obtained the lo-
cal stress cycle for various conditions of traffic. Appli-
cation of the previous fatigue criterion allows to predict
the locus of the crack initiation in relation with the load
parameters. The methodology and some results were pre-
sented in Refs [2, 3]. For instance, we consider the fol-
lowing problem. An elliptic Hertzian distribution (Py =
790 MPa, contact area of half-minor-axis b = 6.32 mm,
and half-major-axis # = 10.1 mm) is repeatedly moving on
the centre on a running surface of an UIC60 rail. The rail
material is assumed to have a linear kinematic hardening
elastic—plastic behaviour, with the following parameters :
E (Young modulus) = 210 GPa, v (Poisson ratio) = 0.3, %
(shear yield limit) = 202 MPa and C = 13.33 GPa (3C/2
is the kinematic hardening modulus). The use of the sta-
tionary method, here in 2D, shows that the stabilized state
is obtained after four passes of Hertzian pressure distri-
bution and is an elastic shakedown. Then the application
of the Dang Van fatigue criterion (2 = 0.33, » = 160 MPa)
is applied. In Fig. 8, these results are represented: resid-
ual stresses and loading path at the fatigue critical point
located at the depth —0.294. Moreover, it is also possible,
at a given depth, to find the plane which maximizes the
damage parameter d defined by Eq. (1).
Three-dimensional simulations which are more realistic,
can be done with a reasonable computational time. As an
illustration, we consider the following example: the mov-
ing load is characterized by 2 = b = 10 mm and po/k =
4.25. The fatigue limits of the rail are 460 MPa in ten-
sion and 270 MPa in torsion. The stabilized mechanical
state is an elastic shakedown. Figure 9 shows the results of
the application of the Dang Van multiaxial criterion: the
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most critical point is situated in depth, which is typical
of a kidney-shaped crack initiation. Let us note that the
region situated at the limit of the rolling track is also crit-
ical. However, generally the region situated in the depth
of the rail is more critical relative to the danger of fa-
tigue, particularly when friction is negligible. Moreover,
the dynamics of wheel-rail is such that the rolling track
is not fixed so that fatigue cracks are not observed at the
limit of the rolling track. Such type of fatigue cracks can
be observed in ball bearings, because in this situation, the
rolling is always the same.

Two-dimensional rolling/sliding fatigue map

Systematic 2D elastoplastic and fatigue calculations using
the previous methods were performed and the numerical
results are summarized in the fatigue map presented in
Fig. 10.

This map contains two kinds of results: on one hand,
the shakedown map, which was already established by
Johnson” for a particular constitutive equation; on the
other, the fatigue predictions which were possible due to
the knowledge of the whole stress field evolution (which
is not possible with Johnson’s method). Depending on
the load parameter and the friction coefficient, different
types of fatigue can be expected. Region 1 corresponds
to high cycle fatigue in the elastic and elastic shakedown
zones with crack initiation in the depth. Region 2 cor-
responds to surface damage; when the plastic shakedown
occurs (plastic deformation cycles), this regime leads to
shelling, which is relevant to low cycle fatigue.!! In the
case of high friction (braking zone, for instance), sur-
face plastic flow may be severe so that wear phenomena
are predominant. Generalization to rolling under par-
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Fig. 10 Fatigue map in 2D.}

tial slip conditions or for different types of elastoplastic
constitutive equations can be easily obtained using this
methodology.

Modelling of squat

Two-dimensional analysis fails in explaining the occur-
rence of squat cracking; three-dimensional approaches
are necessary. In this case, the microscopic observations
show that superficial contact effects have to be taken into



account. In Fig. 11 one can observe different fibre orien-
tations (corresponding to severe local superficial plastic
flow) depending on the position on the rail head surface:
squat damage appears in a precise position.

Dynamic computations of wheel-rail system performed
by INRETS in France based on Kalker’s method as in

Traffic direction

30

JA

{gauge side)

Fig. 11 Observations of the orientations of the fibres in the running zone: squat appears in the central zone.

Ref. [11] show complex evolutions of the rail-wheel con-
tact with different shapes of the contact area, pressure
and spin distribution. The contact area changes from
one to two separate areas as represented in Ref. [3] To
simulate this phenomenon, we choose a simplified sce-
nario consisting of sequences of eight different passes of
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different contact loading. Each one corresponds to a par-
ticular position on the wheel on the rail. The contact—
stress distributions consist of normal pressure and impor-
tant concomitant tangential stresses resulting essentially
from spin effects. Three-dimensional numerical calcula-
tions using the PPSM are conducted. The method which
combines Fourier expansion and finite elements is used. In
the calculations performed, the rail steel is considered as
a von Mises elastic—plastic material with linear kinematic
hardening. The material constants are: E = 210 GPa, v =
0.3, £ = 550 MPa, C = 20 GPa; the loading parameters
are: Py = 1.6 GPa; Py is the maximum of the Hertzian
pressure distribution; tangential stress is as high as 500
MPa. After the numerical determination of the stabilized
stress state due to the loading sequences described above,
fatigue analysis is performed. The loading path at three
different points (gauge side, central zone and field side) on
the running surface are shown in Fig. 12. It can be seen
that fatigue cracks are likely to occur in the central zone,
as observed in service.

CONCLUSION

Quantitative modelling of damage induced by wheel-rail
contact is an important but difficult problem. It has been
studied for some decades in France, but the main progress
is more recent. Among other difficulties to be overcome
are the onset of important plastic deformation and residual
stresses, the complexity of the geometries of the structures
makes the use of elastic approaches inoperative. There-
fore, it is necessary to use sophisticated and robust com-
putational methods (based on the stationary elastoplastic
algorithm), which were developed recently. The use of a
commercial code based on classical methods is generally
not suitable nor convenient to evaluate the stabilized me-
chanical state under repeated rolling contact. These cal-
culations are essential to progress in the correct interpre-
tation of physical phenomena arising near the wheel-rail
contact: the prediction of the rail resistance to repeated
rolling can be evaluated only if the resulting mechanical
field is known (stress, plastic strain cycles, residual stress
...y with good accuracy. Finally, these parameters must be
associated with a relevant multiaxial fatigue criterion. Ap-
plications of this methodology to the study of rail defects
like kidney-shaped cracking, squats, head checks seem en-
couraging: the main features of these defects are well de-
scribed by the computational model. A program is now
being undertaken in France for a systematic and ratio-
nal exploitation of this model in order to propose a guide

10

for rail maintenance management for reducing overall life
cycle cost.
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